1999BVICAtAGlance

WednesdayiVioming,June 30,1999

8:30AM EMCPLENARY LECTURE/STUDENT AWARDS
Room: CorwinPavalion
Plenary Speaker: Shuji Nakamura, Nichia Chemical Industries, Ltd., R&D Dept., 491, Oka, Kaminaka
Anan, TokushimaJapan
Topic: "Present and Future Prospects of InGaN-Based Blue LEDs and LDs"
Break: 9:30 AM-10:00 AM
SessionA. Semiconduc- SessionB. Materials SessionC.Characierizafion,
RoomdViilicullsaiCenier Thealer RoomStieSkect RoomSentaBaharaHabaRoom
1000 A1,Gainand Emission Characteris 10:00 B1+,Fabricationof ThinFilm 1000 C1,Dependence of Emission
tics of MOVPE Grown InP/GalnP InGaNLED MembranesbyLaser Quantum Yield on Chain Packingin
QuantumDotLasers Liftoff BectroluminescentPolymers
.................... ThomasRied smermmenanenaann. WillEMS.Wong caseessmnnnsanens LEWISJRothberg
1020 A2,4WattHighPowerQuantumDot 1020 B2+,GaNLEDs Transferredto 10220 C2+,NearField Scanning Optical
Lasars Copper Substrates UsingLaser Microscopy of Conjugated Polymer
.................. MGundmam Assisted Debonding Fims
------------------ PhiipRTavemier cesmsmemenssnenaes JeSSieADeAo

1040 A3,Bectroluminescenceof Stacked

14mm

1040 B3+, AComparison of Wetand Dry

100 B4+,Depositionof Borosilicate

M20 BS5,lon-cutting of GaSbhWafers

1A B6,LateNews

120 C5,Nanoscaleinvestigationofthe
Optical Properties of Tris-8-
Hydroxyquinoline Aluminum Films



1000 D1+, IncreasedLateral Oxidation
Ral&sofAllnhonlnPUsmgShort

GaeDHeclnc

20 E3* GdlLaterdEpl‘ladever

Sapphire Substrates

230 F5,Optical Properties ofInAs/inP
Self-Assembled QuantumDots
GrownbyMetalorganic Chemical
VaporDeposition

3D F7,0rigin of Size Distribution in
ZnSe SelfOrganized QuantumDots
GrownonZnSlayers
.................. TaehioTawaa

410 F8,Stuctural Studies of Stacked
InAs Quantum Dots inaSilicon
Matrix Grown by MBE
.................. N.D.Zakharo

43 F9,InSituSelf-Organization of Two-
and Three-Dimensional High-Density
InAs QuantumWire Arrays on (100)
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SessionH. Bectronic SessionL CohmnlIV
SessionG. Epitaxyfor TransportinOrganic & Heterostructuresand
Devices MoleculariViaterials Devices
RoomStieSkeetRoom RoomSantaBaharaHaborRoom RoonFyingASkudios
10 G, TellwiumMemoryEffectson 130 H1*WhatDeterminestheResistance 140 M+ Exploitation of Facet Formations
OMVPEgrown ofaMolecule? in SiGe!Si Selective Epitaxial Growth
IN03Ga07As0997N0003GaAsLaser | SupriyoDatta for AchievingaNanometer
Diodes . Tenplte
.................. Nein-YiLi 210 H2,Simulationof MolecularDevices ——c - ) 11, )
o from First-Principles
10 G2+ nvestigationofptypeGalinNAs | MessimnoDiVenta 150  [2+SelectiveSiEpitaxial Growth
for Heterojunction Bipolar Transis- Using Ultrathin Oxide Mask Formed
orBaselayers 2%  H3+ Hectronic TransportCharacter: ByResistless Patteming
.................. HuopingXn istics Through Diisocyanide - T leh -
20 a3+, and of | mmm— JiaChen 20 B caland
LongWavelength (1 micron) 25  H4,Improved ContactsforOrganic terization of Single Crystalline SiGe
GainAsN Photo-detectorsusing Gas Blectronic Devices Using Self- Formed by Ge Depositionand RTP
Source MolecularBeam Epitaxy AssembledChargeTransfer = | = coccccsseecsnnee. Y.HWu
.................. mmﬂw Naterizls
.................. JamaWang 230 K, SufactantMediated Epitaxy of
230 G4,InGaAsN forHigh Efficiency Ge/SiHeterostructuresforDevice
Solar Cells Grown by Metalorganic 310 Break Applications
ChemicalVaporDeposion | L —— KasiRHofimamn
.................. AndrewA Alerman 330 m*,Hy‘Mitym'rm
in Aromatic Hydrocarbon Single 23  I5+,Direct Growth of Ge on Sifor
250 G5,LateNews Crystas Integrated SiMicrophotonic
.................. JanHenchikSchin Photodetectors
310 Break L —— HsinChiaoLuen
410 HG6, High Mobility Polymer Thin Film
30  G6+AlIGaAsandinGaAshased Tlasliss"tmsandeCopolylmsof 30  Break
CradedGeSiBufferlayer | JamaWang 330 16+, Boron Segregationin Polycrys-
.................. MichaelEGroenert talline Si(1->y)Ge(x)C(y) Alloys
430 H7+,ContactLimitedPerformanceof | = soccvesscsesssn BicJonathanStewart
3D  G74lLatticeMatchedZn Be,, Te Pentacene ThinFilm Transistors
FimswithGaAsandZnSeforp- | ... DawidJ.Gundiach A0  I7,XRayDiffractionand Transmis
ContactLayers of ZnSe- sion Electron Microscopy Study of
BasedB-VILaserDiodes 4550 H8,LateNews the Developmentof Texturein
.................. M.W.Cho Polycrystiallin Si,, Ge, ThinFilms
.................. WeiQin
410 G8,SelectiveinAs ContacttoGaAs
.................. KumarShickagi 410 18, Diamond Epitaxyfor Electronic
Devices
430 GY+DevelopmentofMut- | ANeksandarAleksov
functional InGaAs-based Ohmic
ContactsforGaAsDevices 430  19+,Epitaxial Growth of S'Y203/Sk: A
.................. MisumasaOgura Potential SOS Structure
.................. NMichaelEdwaadHunter
45 G10,Useof Multi-quantum Wells for
Photoabsormption Enhancementin 45 MO, InSituObservation of Epitaxial
Compound Semiconductor Solar Co Silicidation on Si(001)
Cls e KurihioSalamobo
.................. YoshiblaOlada
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SessionJ. Epitaxyfor SessionK. Nanoscale SessionL. Wide Bandgap
Devices Characterization AGaNGaN
Heterostuctures
RoonmCarwinEast RoomCorwinWest RoomiotielehmenHAl
J1+,DC Charaterization of Anneal- K1+,Nanoscale Charge Transport L1, Stress/Strain during MOCVD of
ing Effect on the Carbon Doped Properties of Co/SiO, Multilayer AIGaN/GaN onLT GaN/AIN Buffers
Base ofInGaP/GaAs HBTs Grownby Stucturesand TheirApplicationina | = .....ceeeeeee JungHan
LPAMVIOCVD Novel Magnetic Field Sensor
.................. Qinghong(Jack) Yang [— - | R &0 L2+, LocalElectronic Structure of
AIGaN'GaN Heterostructures Probed
&0 J2 EffectofHigh-Temperature &0 K2 Novel Application of Kelvin by Scanning Capacitance Micros-
Annealing on Device Performance of Force Vicroscopy copy
GainP/GaAsHBTsGrownbylLP- | ... RafiShider @ | = e Kirt\LSmith
NOWE
.................. FBrumer A0 K3, +inGaAsinP QuantumWell A0 L3,Polarization Fields in AlIGaN/GaN
Intermixing Studied by Cross- Heteropunctions
900 J3,LowResistance Visible Wave- sectionalScanningTuneling = | = ceeeeeeens JamesPaullbbetson
length Distributed Bragg Reflectors Microscopy
.................. J-M.Fastenau [— L 1 e <] L4+, Surface Potential Effects Dueto
the Piezoelectric Charge Associated
J4, High P-type Doping in InAIP K4, Orderinginduced Band with DislocationsinGaN
Grown by Metalorganic Chemical StuctureEffectsinGalinPStudiedby | = ...cceeeeeeee ChangclunShi
VaporDeposition Ballistic Electron Emission
.................. YuichiSasapma Spectroscopy 90 L5, TwoDimensional ElectronGas
.................. MichaelKozhevnilov Density and Polarization Effectsin
0  J5+,Growthand Characterizationof AlGainN'GaN Heterostructures
INAIGaP Superiattice Lasers M KS5LlateNews =00 | eeeeeesss JW.Yang
.................. RichardD.Heller
1000 Bresk 1000 Bresk
1000 Break
1020 KG6,+HNanoscale Characterizationof 1020 L6+,Growthand Characterizationof
1020 J6,Device Quality, Bandgap StressesinSemiconductorDevices AIGaNGaNHeterostructures
EngineeredinAs-ChannelFet = | = eeeeeee JamesJomDemarest | 200 . ChristopherJ.Bting
Material Sructures
.................. LeyeA.Aina 1040 K7, Extending Lateral Composition 1040 L7,Effectof Surface Roughnesson
Modulations inInAs/AlAs Electron Mobility in AIGainN/GaN
1040 J7,TransportProperties ofinAs Superiattices with Viscut Substrates Heterostructires
LayersGrownonGaPSubstrateby | = ................ DaviiMlFollstaedt @ | = ................. Asihen
NBE
.................. E.H.Chen 100 K8+, Non-Alloyed Ohmic Contacton M00 L8+, HighElectron Mobility 2DEGin
GaAsatNanometerScale AIGaNGaN Structures
100 J8,Effectsof HEMTPseudomorphic | = . .ceeeeeeees Tadeelee | 0 L. ChrisR.Hsass
Channel Material Design onDevice
Performance 120 K9,Nanomagnetic and Supercon- 120 L9,Cormrelation BetweenMaterial
.................. ‘YaocdhungChen ducting Properties of Selfassembled Quality and LowFrequency Noise
QuantumDots Levelin GaN Heterostructure Field
M1M20 J9,GrowthofHighPerformanceinP e SUPHYO Bandyopadhyay Effect Transistors
IMPATT DiodesbyMetalorganic | | —— AleanderA.Balandin
Chemical Vapor Deposition 140 K10,LateNews
.................. HoKiKwon 140 L10,Characterizationof GaNMIS
Stuctures
10 HoLateNews | eee———— TanosuHashiame
iv 10:00AM +

Fabrication of Thin Film InGaN LED
Membranes bvLaserLiftof WillizarmS
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SessionM. SICGrowth& | SessionN. InfraredMateri- | SessionO. IssuesforFer-
Characterization alsandDevices roelectricandHighPermit-
tivity ThinFimMaterials
RoomiViiiculiusaiCenter Thealer RoomStieSkectRoam Room:SeniaBaheraHahorRoom
M1+, Formation of Macrodefectsin N1, Influence of Interfacial 01*, Modeling of Oxide Materials for
SiC Physical Vapor Transport Layers onGaAsShinP Memory Applications
Gowth Heterostucimes = | cesssssssssssssses RainerWaser
.................. MKM rerrerereeneenees SEMONPWalkiNS
900 02 TheEffectofThicknessonthe
80 M2, Local Epitaxyand Epitaxial a0 MOCVD GrowthofinAsSbInPSb Dielectric Properties of Thin
Laterial Overgrowth of SiC SNI?’S'sforUsemlnﬁ'aredElntlers Epitaxial Films of BaTiO3
—————lgorivanovichKhlebnkov | RobatMBicfdd @ | = sreeeseessesses SomaChatiopadhyay
900 M3, SusceptorEffectson4H-SiC a0 N3+ MBE Growth of High Quality 03, Non-Stoichiometry Accommoda-
Epitaxial Growth INGaAsShAIGaAsSh tion and Properties in (BaxSr1-
.................. BarbaraE.Landini Heterostructures Using the Digital X)JTi+yO3+z Thin Fims Grown By
Alloying Technique Chemical VaporDeposition
M4,Epitaxdal Growthof6HSiCon  ( ~ CMowad | = eeeeesesesseesns SusameSemmer
Spherically Polished 6H-SiC
Substrate Using Si,Cl,+C,H, +H, by N4, InSb Based MicHR Light 90 04,AMass Spectral Study ofthe
(o7 Emiitting Diodes and Lasers Surface Decomposition Chemistry of
.................. ShigehiroNishino seeensearseeenes TIMASHIGY PrecursorsforChemicalBeam
Epitaxy of Lithium Niobate
90  M5+,Crystalline Qualityand S DovasSaulys
Polytype Formation of SiC Films 0 m‘; CM' R EWWE':' Dov
ofGeon(111)SiSubstrates | EchwardHughAfler
.................. WendyL. Samey 1020 O5*,Advanced Gate Dielectricsfor
1000 Break ScaledCMOS
100 Beek 1 e GlenWik
1020 M6, Deep Donorin Bulkntype4H- o0 mmmwm 100 06, Characterization of MFIS and
.................. W.C.IVitchel e MichaelE.Fatte FimwithSiTa206/SiION Stacked
BufferLayer
1040 IM7+,RadiotracerSpectroscopyon B 1040 N7+.CamierRecombination @ | = weeweessesssesesn BsuleTdamilsu
Related DeepLevelsindH-SiC B ’ InGaSb Undk
—JoachimKurt Grillenberger Piooseoa:FneeEecmeaser MM20 O7,Processintegrationof TEOS-
Bxcitation Based SiO2 Filmsfor inter-Layer
10 M8 EffectofNOAmmealing | RTKotitschke Dielectric onFesroelectric Capaci-
Conditions on Electrical Character - tors
ization of ntype 4H-SIC MOS 1100 N8,OpticalandStuctwalStudiesof | ~ wweeseseesess YanghanYoon
Capacitors L InAsS/AIINASSb Quantum Wells for
.................. HuifenglLi UseinMIDJRLasers 140 08, PhotoPattemable Precursorsto
.................. PhiipD..J.Calcott Oxide Electrodes for Feroelectric
120 NO,LateNews MemoryDevices
20 NO,Fabricationofa3DSimple | e CharlesD.E.Lakeman
0 M0 LateNews Cubsic Infrared Photonic Crystal
llllllllllllllllll m‘ H .
110 N10,InXGal-xAsAlyGalyAs/AGal
zAs Asymmetric Step QgantumWell
MicHnfrared (3-5.3um) Detectors:
.................. WenGangWu
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Session P. Orderingin SessionQ. Nanostructure SessionR. Properties of
andDevices
RoomCarwinEast RoomCorwinWest RoomiotielehmentHal
1430 P1,0OrderedInGaAs:Low- 10  Q1,InSituGrowthofInAs Quantum 130 R1,SingleMode Nitride-BasedLaser
Temperature MOVPE Growthand Dots onPattemed GalnAs/InP Diodes Using Thickn-AlGaN Layers
Polarization Dependent Nanostuctres = | secseesssssssssaes TTakeuchi
HectroabsomptionMeasuwrements | e WemerSeiiert
.................. WemerProst 150 R2 Violet-Blue InGaN/GaN MQW
130 Q2 FormationofNanoscale Self- Light Emitting Diodes on Epitaxdally
10 P2 Microstructure of CuPtB Assembled Si1-xGexIslands Using LaterallyOvergrownGaN
Ordered GalnAs Films ChemicalVaporDepositionand | = scccccsssesssssan KoenJacobhs
.................. S.PAhrenkiel Subsequent Thermal Annealing of
ThinMetastable Fims 210 R3,Dislocation ReductioninGaN
210 P3,PhaseSeparatonandOrdering | = ..ceeeeee RashiciBashir Epilayers viaLateral Overgrowth
Co-bxstinginMOCVD InxGa1-xN fromTrenches
.................. MarkiKBehbehani! 210 Q3+,Fabricationand Characteriza- [RR——— {0~ - ]
tion of Magnetic Semiconductors
230 P4,Band Structure and Stability of “Spin Wires” and “Spin Dots” 20 R4+,MeasurementofCrystallo-
OrderedZincBlendeBased | Lcesseeen ORay graphic Tiltin the Lateral Epitzndal
SemiconductorPolytypes OvergrowthofGaN
.................. SuHuaiWei 230 Q4,Preparationand Characteriza- (R— 1§ N ]
tion of Gold-Platinum Nanorods
25 P5X-RayDiffractionStudyof | ... TheresaMayer 250 R5+,MOCVD Growthand Character-
Orderingiin Epitaxial ZnSnP ization of AliInGaN Quatemary Alloys
.................. SehastienFrancoewr 25) Q5t+,SelfAssemblyofPattemed — = | FLTT
Films of Nanometer-Diameter Gold
310 Breck Clusters that are Linked by Organic M0 Beck
Molecules
330 P6,ComparisonofDopantsusedto | .eseene Jialiu 30 R6,Behaviorof QuantumWell
Control Ordering in GalnP Excitons, under Intemal Fields of
.................. ChrisFetzer M0 Bek GalN/AIGaN and InGaN/GaN/AIGaN
QuantumWell Structures
35 P7,0rderingand Antiphase A0 Q6+ DirectedSelfAssemblyof | seeeeeeessssseeees ShigefusaF-Chichibu
Boundariesin Te-doped GalnP Metal'Semiconductor Structuresfor
Layers Grown by Organometallic Nanoelectronic Devices and Circuits 350 R7,Piezoelectric Effectsinthe
VapowPhaseEpitaxy | e BrianLWaish Radiative Centers of GalnN'GaN
.................. T-YSeong QuantumWells and Devices
30 Q7,DryEtchedGratingintheMQW | = ccreseessesseanes ChristianWetzel
inCuPtOrdered Al Ga, , InP (0£x£1) Falwication 410 R8,Phase SeparationininGaN/GaN
DeterminedbyGeneralized @ | = e TaneauAme MQWs:
Hipsomety || seseesssseses L T.Romano
.................. M.Sclubert 410 Q8,Various AFMNano-Oxidation
Processes forPlanar Type Single 430 R9+,RoleofBelowBandgap States
430 P9+,0bservationof Typelll Blectron Transistor inthe Radiative Emission of InGaN/
TransitioninGaAsinGaP | e KMatsumobo GaN QuantumWell Structures:
HeterostructwebyCVProfiling | | e GeorglyO.Vaschenko
.................. ShowvikDatia 430 Q9+ SemiconductorPatteming
Techniques Based on Self- 45  R10+0ptical Band GapDependence
45 P10LateNews Assembled Structires on Thickness and Composition of
.................. M.\Batistuta InGaN GrownonGaN
e Chiristopher Arlen Parker
45 Q10,ThemmoiMechanical Properties
of Polymers for Nanoimprint
Lithography
.................. ThomasHolimam
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SessionS. Silicon Carbide
ProcessingforDevices

210 S3+,Effectofimplant Activation
Annealing Conditions on the

and6H-SICMOSFETs

3
{

B

$6, High Rate Etching of Silicon
Carbide
.................. FKhan

3D S7,Fast,Smooth, and Anisotropic
Etching of SiC using SF6/Ar
.................. MyeongS.So

410 S8,Analysis of the Temperature
Dependence of the the SiO, /SiC
BanierHeight

SessionT. Materials SessionU.
IntegratiorsGrowthand Themmophotovoltaic
Characterization Materials & Devices
RoomSiaieSkeetRoom RoomSantaBaharaHahborRoom
1430 T1,LatticeMismatchedinGaAs 130 U1,PhotonRecyclingin0.53eV
Layers Grownon GaAs andInP InGaAsSh
CompliantSubstates @~ [ s, GregWalterChaxache
.................. KoenVanholichdle
130 U2 SpectralEllipsometry of GaSbh
15 T2 AComparisonof Experimental and GalnAsSh/GaSh: Experiment
and Calculated HRXD Spectraof andModelling
MismatchedInGaAsFlmsGrownon | 2= seessssssssssesns MartiniVinoz
Borosilicate Glass-Bonded GaAs
Compliant Substrate Stuctures 210  U3,Phaseinstabilities and Micro-
.................. PD.Moran structureininGaAsShiGaSh
Heterostructures
210 T3+StainRelaxationininxGalxAs |  seessessssssn KiishmaRagn
Lattice Engineered Substrates
.................. PrashantV.Chavarlar 230 U4,0MVPEGrowthofinGaAsSh
Thermophotovoltaic Cells
20 T4+,OntheStainRelaxationand | seeeeesssssseeeen Z.A Shellenbarger
Misfit Dislocation Introduction
MechanismsinHighly Lattice 230  U5,AStudyofthe Relative Tiltof
Mismatched InAs/GaP Epitaxy GalnShEpitaxial Layers on GaSh
.................. VidyutGopel Substrates Grownby Metalorganic
VaporPhase Epitaxy
25 T5EpitadalGrowthandUV = | 0 e shwaraB.Bhat
Luminescence of CaF2Zn0O/CaF2
Heterostructureson Si(111) 30 Bresk
.................. NMaschioWatanche
30 Beck
330 T6,ComparisonofinGaShinAs
Superiattice Stuctures Grownby
MBE on GaSh, GaAs, and Compliant
GaAsSubstrates
.................. D.H.Tomich
35 T7,LowDislocationRelaxedSiGe
Grown onaNovel Compliant
Substrate
.................. Yuhooluo
410  T8,Optically-Pumped MicHnfrared
Lasers on Traditional and Compliant
Substrates
.................. StefanJ.Muny
430  T9,OpticallyPumped Stimulated
Emissionin Freestanding GaN
Prepared by Hydride Vapor Phase
Epitzoy
.................. S.TKim
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ThurscyAftemoon{Conty
SessionV. Thermoelectric
andOtherNanmowGap
Naterials
RoontSantaBabaraHarbor

SessionW. Epitaxy of llFV

SessionX. Composite
Miterizl 1Avolicat

RoonxCawinEast1

330 V1,MOCVD Growth of High Mobility
InSh on Si Substrates for Hall Effect
Applications

410 V3,300K Thermoelectric Figure of
Meritin the Range of 3 Utilizing
Phonon Blocking Electron-

45 V5 Temperature Dependenceof
Thermionic Emission Cooling in

doped QuanumWells with (411)A
Super{iatinterfaces Grownby

1020 X1+, Transit TimeandLight
Absorption Effects inITG-GaAsand

1100 X3+,Experimentally Verified

M2 X4+, Thermal Conductivity of Low-

1140 X5, Surface Atomic Processof
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SessionY. Properties of SessionZ WideBandgap | SessionAA. MetalCon-
QuantmWiresandWells Nitrides(VIBE Theary,and | tactstoWide BandGap
AN Semiconductors

RoomCaninWest Roomotiel.chmantl RoomdViuliculiusaiCenier Thealer

i ) Z1+, Dielectric and Lattice Dynamical . i

Y4, Structural and Alloy Composi ! dL AA1, Large Schottky Bamriersand
tion Uniformity of InGaAs Ridge Properties ofliNitrides (Student Memory Operation forNijpGaN
QuantumWires Grownby Selective Paper) Contacts
MBEonPattemedinPSubstrates | T UleCosensr | KenjSticima
.................. ChaoJiang ; .

80 22 Pressure Coefficient of Nitrides 80 AA2+,High Temperature Behaviorof

&0 Y2, SpinSplitting of Exciton Bandin andTheirllVAlloys Barrier Height and Ideality Factor of
AopemcticDoubloGunbamWells | e SubsiWe NiAUContactstoptypeGaN
.................. GuangyouYu a0  Z3,Measurementof AlViole Fraction [— o (Ve LT Te T2

a0 Y3, Mobility Edge and Exciton Relax “B“‘A'Ga"a“"b:m" a0 AA3,CulentTla\Sﬁ_tMechalsm
ationin CdSeZnSe QuantumWells Heterostruchures of LowResistance TaTiOhmic
.................. JiniShen PhotoconductanceandReflectance ContactMaterialsforp-GaN

m IIIIIIIIIIIIIIIIII i

SR IN—G—— LS.Yu Yosuokokde
Measurements ofInGaN/GaN AA4+, Indium TinOxideasa
Multiple QuantumWels ‘z’4+ »Growth of Bulk ALN by Physical Transparent ContacttopGaN
.................. EunjooShin “2.!3..Uul"|.|.a"l5P"“°-th B [——— . -, = T, 1= \T}

A0 Study of Temperature-Dependent ) 90 AAS5+ Surface Treatmentofp-GaN
Yﬂ?obunentalﬂnakunent 90 Z5,Microstructural Analysis of the KOHSollmonsuldiedbySyndmby
Measurements foraMaximization of Recrystallizationin AIN Nucleation tron Radiation Core-Level Spectros-
Carrier Collection and a Voltage Layers : copy
Enhancement of MGW pinDiodes ——YvesMatthieuleVaillant | .. JingpdSun
.................. CedhicVionier 10:00 2000

1000 Beeck

1020 26, Lateral Epitandal Overgrowth of 1020 AAS+ Characterization of Rhenium

1020 Y6, improved Heterointerface Quality GaNflms by MolecularBoam Schotthy Contactsonn-Type AbGar-
of AIGaAs/GaAs QuantumWires Epitzoy LR Hoit xNatHigh Temperatures
CharacterizedbyAFMandMicro- | = "ooomeeesessssssss TR 1 s LZhou
.................. YXueLunWng 1040  Z7,Strain Relaoation and Homoge- 1040 AA6, Improved Surface Morphology

neity of AiGaN Grown by Molecular and Thermal Stability of AlTin-GaN

1040 Y7+,Optical PropertiesininGaN/GaN BeamEpitzy SR (N —— JoonSeopKinak
St Gy Mot O, | e Einfokit
Chemical VaporDeposition 100 AAT7+,ANew ApproachtoThemmo-

Moo iRy 1100  Z8+,SurfactantEffectand Polarity cyremicelly StehieContercisfor
.................. v Dot Mot yrorically _

1100 Y8, Modulation Spectroscopy Study GalN(0001)Surface tors
ofaStrainedLayerGaAsGaAsP | e Ramechendan | e EnShaiish
Multiple Quantum Well Structure
.................. LMallova D 29, nfluenceofShuchaal Defocts 20 AAS,Metallization Schemesfor High

onTransport Properties of GaN Temperature Bectrical Contactsto

120 Y9,The Effects Grownhy Reactive MBE and Silicon Carbide
Y9, Annealing onOptical .
and Structural Properties of Magnetron Sputter E""a"ym('“sﬂ .................. LisaM.Porter
isimiiralion oo IN— Heipeng
Superiattices Multiple Quantum o ] 110  AA9,Effectof Sil-xCxinterface Layer
Wels 150  Z10+, Optimization of High Quality onthe Properties of Metal Contacts
.................. RuChinTu GaNbyMBE toptype SiC

.................. BHeying D oresson OkfermiOloworafe

1140 Y10+, TransientLuminescenceand
ExcitonDynamicsin
(CdVInjTe(CdVigjTe QuantumWelils
.................. MulaiC.Debrath
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. FridayAftemoon
PassivationofCompound DefectEngineeringfor tive Testingand‘in-Sitws”’
RoomSieSkecfRoom RoonmtSantaBaharaHabaRoom RoomCowinEast
BB1+,In Situ Etch and Regrowth of CC1+,Wafer Edge Misfit Dislocation 130 DD1,Characterization of p-Dopant
alnAs/AIGaShHeterostructure Nucleationin pjp+VaporPhase Interdiffusionin 1.3 pm InGaAsP/InP
.................. GiovamiBellomi Silicon o Laser Structures Using Modulation
.................. PetraFeichiinger Spectroscopy
&0 BB2+inductivelyCoupledPlasma | . AJeager
Selective Reactive lonEtching of 80 CC2 ReductionofDefectinduced
GaAs/inGaP ForDevice Fabrication Leakage Currentsby the Use of 145  DD2,RoomTemperature Polarized
.................. W.Lanford Nitrided Field Oxides in Selective Photoreflectance Hotoreflectance
Epitaxial Growth (SEG) Isolationfor Characterization of GaAlAsInGaAs
900 BB3,GaAs/AlGaAs Selective Dry SiliconULSI High Electron Mobility Transistor
EtchingbySawtoothwaveModu- | seeescsescseunens RashidBashir Structures Including the Influence of
Plsma yoelecivedNGeNanosbuctwes |
.................. YisueMatsuara GrownbyUHVCVD Yrosharetters
e THOMAS Andirew Langdo 210  DD3+,DepthDefined Optoelectronic
BB4, Air-Stable Surface Passivation Moduiation Spectroscopy
of lIlV Semiconductorsand CC4+,Minority Canier Properties | JohnGarthSwanson
ApplicationtoDevices and Defectsin MBE-Grown AIGaAs/
.................. CarolLH.Ashby GaAsHeterostructuresonGe 23) DD4+Suface Photovoltage
.................. JohnA.Carfin Spectroscopy of TwoDimensional
90  BBS,EffectsofChemical Treatments StructuresandDevices
and Sulfide Passivationon Surface 90 CCS+PeffomanceandMicrostrue- | NuitAshkenasy
RecombinationinGaN ture of Visible Light-Emitting Diodes
.................. G.L Martinez Grownon High-Quality InGaP/GaP 250 DD5+ UHVContactiessCapacitance-
Epitanial Transparent Substrates by Voltage Characterization of Free
1000 Breck MOWE SiliconSurfaces
------------------ AndrewYKim eevemenmensenennes TOShiyUliYoshica
1020 BB6, Investigation of the Chemi-
sorptionand Reaction of Chiorine 1000 Breck M0 Beck
withthe GaNI(0001) Surface
.................. JingpdSun 1020  CC6,Photoreflectance Study of 30 DD6+FarUVSpectroscopic
PassivationofGaAs Reflectometry
1040 W,Hmm .................. IidadBeady __________________ S.Lim
ments of Dry EtchDamage
inGaN 1040 CC7,Reversal ofElectrical Stress 3%  DD7,Spectroscopic Elipsometryfor
.................. HaineD.Haberer Degradation in Fully Self-Aligned RealTime Control of Heteroepitaxy
InP/GaAsShInP DHBTs by aSurface of HgCdTe onSi
1100 BB8,ASimpleWetEtchforGaN TreatmentinOzone | .. LA Almeida
.................. JenniferA Bardwel sussssssnnnannnnns ColomboR Bolognesi
410 DD8, InSitu Controlled Electronic
1120 BB9,Photoelectrochemical Etching 100 CC8+,TrapsinPseudomorphic Properties of Low Temperature
of GaN for Materials Characterization InGaAs/AIGaAs/GaAsHEMTs GaAs(001)for Two-Photon Absorb-
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Session Chair: Thomas Kuech, University of Wiscon- Session Chairs: Kang Wang, University of California,
sin, Department of Chemical Engineering, Madison, WI Los Angeles, CA USA; Mark Miller, University of
53706 Virginia, Dept. of Elect. Eng., Charlottesville, VA USA
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10:00 AM
Plenary Speaker: Shuji NakamuraNichia Chemical Industries, Ltd., Gain and Emission Characteristics of MOVPE Grown InP/GalnP
R&D Dept., 491, Oka, Kaminaka, Anan, Tokushima Japan Quantum Dot Lasers Thomas Riedj Joerg PorschigMarkus Ost

Ferdinand Scholz Andreas Hangleitér tUniversity of Stuttgart, 4th

Topic: "Present and Future Prospects of InGaN-Based Blue Physical Institute, Pfaffenwaldring 57, Stuttgart 70550 Germany
LEDs and LDs" The optical properties of self-assembled quantum dots (QDs) grown

Highly efficient light-emitting diodes (LEDs) emitting ultraviolet  in the Stranski-Krastanow growth mode have attracted a lot of interest
(UV), blue, green, amber and red light have been obtained through theover the past few years both due to their fundamental physics and
use of InGaN active layers instead of GaN active layers. Red LEDs with potential device application. A lot of investigations have been per-
an emission wavelength of 675 nm, whose emission energy was almosfformed in the material system InGaAs/GaAs and some results concern-
equal to the band-gap energy of InN, were fabricated. The dependenceéng QD injections lasers are quite promising. In the material system
of the emission wavelength of the red LED on the current (blueshift) is InP/GalnP, however, which gives a pathway to QD lasers emitting in
dominated by both the band-filling effect of the localized energy states the visible part of the spectrum, knowledge about the QD electronic
and the screening effect of the piezoelectric field. In the red LEDs, a Structure, gain of the excited states and the consequences for lasers is
phase separation of the InGaN layer was clearly observed in the emisdimited. Laser structures with a single layer of self organized InP/GalnP
sion spectra, in which blue and red emission peaks appeared. In terms oRDs grown by metalorganic vapour-phase epitaxy (MOVPE) have
the temperature dependence of the LEDs, InGaN LEDs are superior tobeen investigated by power-dependent photoluminescence (PL), pho-
the conventional red and amber LEDs due to a large band offset be-toluminescence excitation (PLE) and optical gain measurements. The
tween the active and cladding layers. The localized energy states causedonsequences of our findings are directly compared to the emission
by In composition fluctuation in the InGaN active layer contribute to Ccharacteristics of MOCVD grown InP/GalnP QD injection lasers that
the high efficiency of the InGaN-based emitting devices, in spite of the we fabricated for the first time. The samples were grown on (100) GaAs
large number of threading dislocations and a large effect of the piezo-Substrate tilted towards the (111)B plane by itborder to suppress a
electric field. The blue and green InGaN-based LEDs had the highestbimodal size distribution of the dots an to preferentially obtain smaller
external quantum efficiencies of 18% and 17% at low currents of 0.6 dots. At low excitation densities we observe strong PL due to the QD
mA and 0.1 mA. The luminous efficiency (60 Im/W) of green LEDs is ground state at 1.7-1.72 eV (5K) with a FWHM of 30 meV due to
close to that of a fluorescent light (80 Im/W). Thus, there is a possibil- nhonuniformities in size and shape. Increasing the excitation density
ity of replacing conventional incandescent bulbs and fluorescent lights saturates the QD ground state and pronounced excited states become
with LED all-solid-state light sources in the near future. An violet Visible. Absorption due to these excited states is clearly found in PLE
InGaN multi-quantum-well (MQW)/GaN/AlGaN separate-confinement- measurements and shows an excellent agreement with the PL results.
heterostructure laser diode (LD) with an emission wavelength of 400 We also performed optical gain measurements on the laser structures
nm was grown on epitaxially laterally overgrown GaN on sapphire. The using the variable stripe length method. Gain due to the dots is found in
threshold current density was 2-4 kA/cm2. The LDs with cleaved mir- transverse electric (TE) polarization, while there is no gain in trans-
ror facets showed an output power as high as 30 mW under room-verse magnetic (TM) polarization. At high excitation densities our
temperature continuous-wave (CW) operation. The stable fundamen-samples also show gain due to the GalnP waveguide which does not
tal transverse mode in the near-field patterns was observed at an outpudepend on polarization. The excited state features found in PL and
power up to 30 mW. The lifetime of the LDs at a constant output PLE are also visible in our gain measurements. However the excited
power of 5-30 mW was more than 1,000 hours under CW operation atStates show comparable and even higher modal gain than the ground
an ambient temperature of 8D. The estimated lifetime was approxi- State even before the ground state is completely saturated. Our single
mately 3,000 hours under these high power and high temperature operfayer injection lasers behave as expected from our above findings.
ating conditions. These results indicate that these LDs already can beAbove threshold (about 500 A/émthey emit strongly TE polarized at
used for many real applications, such as DVDs, laser printers, sensorsl.78-1.82 eV (90K) which can be clearly identified as lasing due to an
and exciting light sources as a commercial product with a high output excited state of the QDs. This leads to a rather weak carrier confine-
power and a high reliability. ment (wetting layer \@ 1.88 eV) and poor temperature characteristics.

Thus it is necessary to either reduce internal as well as mirror losses or

BREAK: 9:30 AM - 10:00 AM
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use lasers with QD stacks to obtain groundstate lasing and by this meangound to be strongly dependent on the cap layer growth rate. TEM and
a better performance of our lasers. PL measurements consistently show that the lowest dislocation densi-
ties are observed when the GaAs cap layer is grown at very low growth
rates (&= 120 nm/h) or in migration enhanced mode. However, under
these conditions the QD luminescence is blue shifted by 40 - 50 nm as
compared to samples where the cap layer has been grown at three times
A. R. Kovsh; A. Yu. Egoro; D. A. Lifshite; M. V. Maximow; Yu. M. higher growth rates. This impact of the cap layer growth rate is ex-
Shernyako¥ V. M. Ustinow; A. E. Zhuko¥; Zh. I. Alferow; 1TU plained by enhanced In-redistribution during slow cap layer growth.
Berlin, Institute of Solid State Physics, PN 5-2, Hardenbergstr. 36, First room-temperature electroluminescence spectra indicate the onset
Berlin 10623 Germany?A.F. loffe Physico-Technical Institute, of ground state saturation at ~100 Afcand continuous state filling
Polytechnicheskaya 26, St. Petersburg 194021 Russia for a further increase of the current density. /1/ D. Bimberg, M.
The use of quantum dots (QDs) offers, via zero-dimensional charge Grundmann and N.N. Ledentsov, “Quantum Dot heterostructures”, John
carrier localization and reduction of charge carrier diffusion, potential Wiley & Sons, Chichester, 1998 /2/ I. Mukhametzhanov, R. Heitz, J.
advantages for high power lasers. Reduced non-radiative surface recomZeng, P. Chen and A. Madhukar, Appl.Phys.Lett. 73, 1841 (1998) /3/
bination decreases facet overheating and higher COD threshold is ex-M.V. Maximov, D.A. Bedarev, A.Yu. Egorov, P. S. Kop'ev, A. R. Kovsh,
pected. Those advantages can be combined with the low threshold, theA.V. Lunev, Yu.G. Musikhin, Yu.M. Shernyakov, A. F. Tsatsul'nikov, V.
high temperature stability and the extended wavelength range of QD M. Ustinov, B.V. Volovik, A. E. Zhukov, Zh. |. Alferov, N. N. Ledentsov
lasers to create high power lasers with lower temperature sensitivity,and D. Bimberg, Proceedings ICPS24, Jerusalem, 1998, D. Gershoni,
slightly larger wall-plug efficiency than conventional quantum well- Ed. (World Scientific, 1999).
based lasers. No real high power devices, however, were reported yet.
We have fabricated high power QD lasers using MOCVD (TUB) and 11:00 AM
MBE (loffe). The MOCVD lasers are based on three-fold and six-fold Collisional Carrier Kinetics and Broadening of Spectral Lines
stacks of InGaAs/GaAs QDs in Al-free GaAs/GalnP waveguides. An in Quantum Dot Structures: Alexander V. Uskdy !Lebedev Physi-
emission wavelength around 1100 nm is intended for the pumping of cal Institute, Div. of Quantum Radio Phys., Leninsky pr 53, 117924
fiber (up-conversion) lasers for the blue spectral range which is cur- Moscow Russia
rently not commercially available. The wafers have been processed Self-Assembled Quantum Dot (SAQD) semiconductor lasers attract
into ridge waveguide Fabry-Perot devices with injection stripe width of much attention due to their interesting physics and potential applica-
50 um. For a cavity length of 1mm they exhibit an output power of 12 tions. In these lasers, carriers are pumped into barriers around the
mW (I =1068 nm) during pulsed operation (650 ns pulses, 1/384 duty Quantum Dots (QDs), and then are captured by the QDs, and relax via
cycle) at room-temperature, corresponding to 4.5 W cw operation. QD energy levels to the low-lying lasing ones. These relaxation pro-
The slope efficiency is 0.72W/A. We find a rather small vertical far cesses can strongly affect laser characteristics, and are currently under
field divergence (1A of 31°; the lateral divergence is 4.5°. The spec- intense study. While in quantum well (QW) lasers fast carrier capture
tral characteristics under injection indicate a non-thermal (i.e. not and relaxation are mediated by carrier-LO phonon interactions, in QD
Fermi) carrier distribution. The MBE grown lasers contain a triple structures carrier relaxation via LO phonon scattering is highly im-
stack of InAlAs/AlGaAs seed layer dots and a triple stack of (the laser probable due to the discrete nature of the QD energy levels and the
active) InAs/AlGaAs QDs. The optical cavity was 0.4 um thick. The fixed energies of LO phonons. Therefore, observed in SAQD structures
devices have been operated continuously at room-temperature anctarrier capture and relaxation with characteristic times ~1-100 ps is
exhibited a maximum optical output power of 3.6 W (at 840 nm) at ascribed, at least, in part to carrier-carrier Coulomb collisions in SAQD
10°C heat sink temperature. The stripe width was 100 um and thestructures. In the present work, carrier capture into SAQDs and their
cavity length 945 pm. The differential efficiency was 80% (1.12 W/A) subsequent relaxation in them due to carrier-carrier Coulomb interac-
in a cw mode. The internal quantum efficiency was determined to be tions is under consideration. Rate equations, which describe these car-
92%. rier kinetics, are formulated, and the calculated rate constants for car-
rier capture and carrier relaxation are given. Numerical examples dem-
onstrate that the carrier capture time and carrier relaxation times can
be ~1-100 ps in dependence on carrier density in wetting layer of SAQD
structure. Laser behavior and characteristics (mode competition and
modulation characteristics, for instance) can depend not only on car-
rier relaxation times in laser structure, but also on the dephasing time
T, of lasing transition. The dephasing time for QDs similarly to bulks
Germany and QWs is defined by interactions of QD carriers with surrounding
The realization of light emitters for the In® spectral range on phonons and carriers. The homogeneous linewidtg,&22meV =1/
GaAs substrates is a challenging task, since such devices - which cannol,) have been observed in photoluminescence of single QDs at low
be produced with “classical” InGaAs/GaAs quantum wells - could serve temperatures, and have been ascribed to carrier-acoustic phonon inter-
as a cheaper replacement for InP-based lasers and LEDs. Furthermoreactions. In room-temperature QD lasers with carrier injection, many

10:20 AM
4 Watt High Power Quantum Dot Lasers M. Grundman#; Ch.
Ribbat; M.-H. Mad'; F. Heinrichsdorff, N. N. Ledentsoy D. Bimberg;

10:40 AM

Electroluminescence of Stacked In(Ga)As/GaAs QDs at 1/8m

- 1.4mm: Frank Heinrichsdorff, Nikolai Zakharo¥;, Peter Wernér
Alois Krost; Dieter Bimberd; 1Technische Universitat Berlin, Institut
fur Festkorperphysik, Sekr. PN 5-2, Berlin 10623 GermaMax-
Planck-Institut fur Mikrostrukturphysik, Weinberg 6, Halle, 06120

the possibilities for the integration of 1m8n light emitters with GaAs-
based electronics and the fabrication of (monolithic) in8 VCSELs
with AlGaAs/GaAs Bragg mirrors are of great promise /1/. We describe
the MOCVD growth and characterization of 1.3-Twh electrolumi-
nescence InGaAs/GaAs quantum dot devices. The, Aiséksure turns

carriers can surround QDs, and their interactions with QD carriers are
able to lead to substantial broadening of optical transitions in QDs.
Results of calculation of homogeneous broadening (i.e. the dephasing
time T,) and shift of spectral lines in SAQD due to elastic Coulomb

collisions between carriers in SAQD structures are given in the present

out to be the key parameter to determine the size and emission wavework. According to the calculations, collisions of 2D carriers of wetting

length of the QDs via modification of the adatom mobility during
growth. To overcome the problems of defect formation and low QD
density during the growth of large QDs under high adatom mobility

layers with SAQDs can lead to the dephasing tiwlps at the carriers
densities N~18 m2. The time is much shorter than collisional carrier
relaxation times in QDs at the same carrier densities. The situation,

conditions, we use the concept of QD seeding to predefine the nucle-when homogeneous broadening is defined rather by dephasing elastic

ation sites for the large QDs /2,3/. The combination of one or two
layers of small QDs (“seed” layergl2 nm base width) and a single

sheet of large QDs@8 nm base width) separated by 2-5 nm of GaAs
leads to vertically correlated QD growth with low defect density, as
directly proven by TEM and AFM investigations. Depending on the

collisions then by inelastic collisions, is typical for atomic gases.

11:20 AM  +
Direct Bandgap Materials for Monolithic Optical Interconnects
on Silicon: Victoria Ann Williams; Alfred T. Schremer Joseph M.

separation layer thickness and amount of material deposited, lateralBallantyné; 1Cornell University, Elect. Eng., Ithaca, NY 14850 USA

QD densities of up 6x20cm? and a maximum emission wavelength of

An optical databus could be used to increase data transmission rates

1.42 mm have been achieved. Surprisingly, the dislocation density is and lower power consumption for off-chip communications. The main

2



limitation to realizing this optical interconnect technology is the lack transferred onto Si substrates by pulsed UV-laser processing. The
of a high-quality, light-emitting material that can be monolithically film InGaN LED structures on sapphire were initially bonded onto tl
integrated with silicon electronics. Our group has recently investigated Si substrate with a polymer based adhesive. A single 600 :@B38ms
one approach to solving this problem. Initial results indicated that the KrF excimer laser pulse was directed through the transparent subst
(Al)GaP system may be deposited directly on silicon by selective areato induce a rapid thermal decomposition of the GaN at the GaN/s
epitaxy MOCVD. Additionally, it was shown that GalnP deposited on phire interface. The decomposition yields metallic Ga an@dj&s that
GaP substrates by MOCVD formed strain-induced quantum islands with allows separation of the GaN film from the substrate. Free-stand
efficient luminescence. By combining the (Al)GaP/Si and GalnP/GaP InGaN LED membranes were fabricated by immersing the InGaN LE
technologies, it may be possible for high quality optical material to be adhesive/Si structure in acetone to dissolve the glue bond. Characte
deposited on silicon. Several aspects of the research on the GalnRion of the InGaN LED before and after the sapphire substrate remo
quantum islands will be presented. Optimization of growth conditions showed no measurable degradation in device performance. Currg
has produced a 10X improvement in the photoluminescence intensi-voltage measurements of the LED membranes showed the diode
ties, compared with that previously reported by this group. Also, as a on voltage to remain unchanged after liftoff. The room-temperatu
first step toward integrating the GalnP system on silicon, the deposi- emission spectra at a 10 mA dc forward current exhibited no cha
tion of GalnP on patterned GaP substrates has been investigated. Theefore and after liftoff with a peak emission wavelength at 389 nm a
dimensions of the mask features were found to have an effect on islanda spectral full-width at half maximum of 10 nm. Light output for th
density, as well as the intensity of the photoluminescence peak and thdeED membrane was 4 mW at a 100 mA forward current with g
emission wavelength. Larger mask dimensions produced a larger den-external quantum efficiency of ~1.3%. The advancements made
sity of islands and an increased photoluminescence intensity. LaserGaN growth and device processing on sapphire combined with the |
structures grown on GaP substrates and containing a GalnP active reliftoff technique will allow direct integration of GaN with more accor
gion with AlGaP cladding layers have been optically pumped with a dant substrate materials for improved device performance.
nitrogen laser to measure the amount of gain in the waveguide, which

will determine the suitability of this material for optoelectronic de- 10:20 AM +

WEDNESDAY AM

vices. Stimulated emission has been observed in these structures. GaN LEDs Transferred to Copper Substrates Using Laser As-
sisted Debonding Philip R. Taverniet, Monica C. Hansen Steve P.

11:40 AM Late News DenBaarg David R. Clarké& 1University of California Santa Barbara,
Dept. of Mats., Bldg. 503, Rm. 1355, Santa Barbara, CA 93106-5050
USA

GaN light emitting diodes grown on sapphire substrates have been
successfully transferred to copper substrates after laser assisted debonding.

Session B. Mate“als |ntegl’at|0n - The use of high-energy pulses from a UV/Excimer laser system allows

Substrate Fabrication and the original sapphire substrate to be removed and substituted with any
. number of more thermally conductive materials. Although electrical

BOndIng and optical characterizations of this novel device structure shows some

deterioration in the |-V characteristics, no significant degradation in
optical intensity was found suggesting that the transfer process is viable

Wednesday AM  Room: State Street Room for future applications.

June 30, 1999 Location: University Center

10:40 AM +
Session Chairs: Pete Moran, University of Wisconsin- A Comparison of Wet and Dry Chemistries for Hydrophobic
Madison Dept. of Chem. Eng. Madison. W1 USA: Silicon Wafer Bonding: James B. MattzelaPaul A. Romah Jerzy
" . o ' ' Ruzyllot; Theresa S. Mayér The Pennsylvania State University,
Alan Doolittle, Georgia Institute of Technology, Atlanta, Dept. of Elect. Eng., University Park, PA 16802
GA USA Hydrophobic silicon wafer bonding has been investigated for the

high quality electrical interface it produces, which lends itself to the
fabrication of novel power devices such as dual gated insulated gate
bipolar junction transistors (IGBTs) and MOS controlled thyristors

10:00 AM + (MCTs). As improvements are made in silicon surface preparation for
Fabrication of Thin Film InGaN LED Membranes by Laser Liftoff : integrated circuit (IC) manufacturing, the resulting techniques can also
William S. Wong Nathan W. Cheurfg Timothy D. Sands Michael be applied such as silicon wafer bonding. One recent advance in silicon
Kneisst; David P. Bout; Ping Mef; Linda T. Romanty Noble M. surface preparation has been the move from surface cleaning processes
Johnsofy University of California, Dept. of Mats. Sci. and Min. Eng., to surface conditioning processes. These new processes are comple-
211-181 Cory Hall, #1772, Berkeley, CA 94720-1772 U3niver- menting wet surface cleaning chemistries with similar dry (gas phase)
sity of California, Dept. of Elect. Eng. and Comp. Sci., 513 Cory Hall, surface conditioning chemistries [1]. The dry phase processing has
Berkeley, CA 94720 USAiUniversity of California, Dept. of Mats. many advantages over current wet procedures that can be utilized for

Sci. and Min. Eng., 559 Evans Hall, Berkeley, CA 94720-1760 USA; wafer bonding applications - smaller amount of chemicals consumed,
4Xerox PARC, Electr. Mats. Lab., 3333 Coyote Hill Rd., Palo Alto, CA less direct contact between personnel and wafers, and the vacuum envi-
94304 USA ronment lends itself to usage in a “cluster” tool environment. In addi-
The rapid development of GaN based light-emitting diodes (LED) tion, the surface termination left by gas phase processing is more
and laser diodes (LD) has impelled a tremendous increase in group llicontrollable and more reproducible than that obtained on wet processed
nitride research. As a result of this swift progress, GaN based high- surfaces. In this talk, we will compare the quality of hydrophobic sili-
brightness blue LEDs, and more recently, blue LDs have become com-con wafer bonds obtained on samples prepared using wet and dry chem-
mercially available. Despite the rapid advances, the most commonly istries. The wet processed samples were prepared using traditional sili-
used growth substrate, sapphire, still imposes constraints on GaN filmcon cleaning techniques, which consisted of a Standard Clean 1 (SC1)
quality due to the lattice and thermal expansion coefficient mismatch followed by a Standard Clean 2 (SC2) to remove particulate and metal-
between the sapphire and GaN. In addition, the sapphire constraintlic contamination. The surfaces were rendered hydrophobic by dipping
inhibits LED and LD device performance due to the poor thermal and the samples into a 1% hydrofluoric acid (HF) solution immediately
electrical conductivity of the substrate. To alleviate the substrate con- prior to room-temperature bonding. The dry processed wafer pairs
straint, we have developed a laser liftoff technique to separate GaN thinwere cleaned with SC1 to remove particulate contamination prior to
films from its growth sapphire substrate, and create free-standing GaNloading into a commercially available dry cleaning module. Once loaded,
membranes. As a demonstration of this laser liftoff process, InGaN- the dry cleaning procedure consisted of anhydrous HF etch to remove
based LEDs, prefabricated on sapphire substrates, have been bonded anile native oxides remaining on the silicon surface followed by a “rinse”
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in gaseous methanol. It was demonstrated previously that the surface GaSb based structures are of potential interest in the fabrication of
termination and rms roughness of such dry processed wafers is similamicrowave devices. This can be seen in the case of InGaSb, which has
to that obtained by wet cleaning [1]. For both the wet and dry processedbeen proposed as an ideal material for transferred-electron devices. In
samples, wafer bonding was initiated at room-temperature by applying such a device, a semi-insulating substrate lattice-matched to InGaSb is
a point source of pressure to the silicon wafers. Following room-tem- required. GaSb seems to be the obvious choice. However, semi-insulat-
perature bonding, the samples were annealed at°C1DON, for 2.5 ing GaSb wafers are currently not available. One way to solve this
hours to strengthen the bonded interface. The surface energy of theproblem is to grow a thin layer of GaSb on a semi-insulating substrate,
bonds were measured using the crack method and were determined to be.g. GaAs. However, in this process, lattice mismatch has an influence
approximately 1600 and 1580 ergsfcfar the wet and dry processed  on the quality of the grown GaSb layer. An alternative way is to transfer
wafers, respectively. This suggests that gas phase surface conditioning thin layer of GaSb onto an insulator using lon-cutting. In this tech-
is a viable alternative to wet cleaning chemistries for preparation of nique, H and/or He ions are implanted in a GaSb wafer with a dose of a
silicon for applications requiring hydrophobic silicon wafer bonding. few times 1@ cm?, followed by bonding to a stiffening wafer coated

[1] M. Heyns, P. Mertens, J. Ruzyllo, and M.Y.M. Lee, Solid State with an insulator. Upon appropriate annealing, a thin layer of GaSb is

Technology, 42 (3), 37 (1999). transferred onto the insulator, thus serving as a template for further
growth of semiconductor layers, e.g. InGaSb. In this study, n-type (100)
11:00 AM + GaSh wafers, Te doped with a dopant level of 7xt@n3, were im-
Deposition of Borosilicate Glasses by Low Pressure Chemical planted with 150 keV H and He ions, respectively, at various doses. We
Vapor Deposition Using Tetraethylorthosilicate and Trimethy- found that blistering occurred readily in both H and He implanted
Iborate: Darren Michael Hansen David Charters Yee Au; Wai samples. The surface bubbles showed a tendency to coalesce to form
Mak?; Wisnu TejasukmarniaPeter D. Morah Thomas F. Kuech Uni- large areas of exfoliation. This can be clearly seen in samples annealed
versity of Wisconsin, Chem. Eng., 1415 Eng. Dr., Madison, WI 53706 faced down on a smooth substrate, where an entire surface layer was
USA exfoliated from the GaSb substrate, in marked contrast to the blistering

Borosilicate glass (BSG) has many desirable properties required inphenomenon of hydrogen-implanted silicon wafers. The tendency of
semiconductor device processing applications. BSGs possess a compothe H- and He- implants in GaSb to form large-area exfoliation without
sition-dependent viscosity which is much lower than silicon dioxide and bonding indicates a less stringent requirement on the bonding strength
has been investigated as a means of reducing the thermal budget assodbetween GaSb and the stiffening wafer. However, low temperature hy-
ated with planarization using glass reflow. In addition, the composition- drophilic bonding (typically < 40CC) of GaSb to other substrates proved
dependent viscosity is being used in the development of a compliantto be difficult, due to the poor wafer surface quality and the difficulties
substrate. These compliant substrates employ the BSG as a medium tin providing hydrophilic surfaces. Our preliminary results showed that
support a thin template layer on a thicker handle wafer. We have the bonding of GaSb wafers could be facilitated by an appropriate bond-
studied the BSG deposition of over a wide range of conditions and ing medium. The transfer of GaSb surface layer onto an insulator was
compositions. The deposition of BSG was investigated using low-pres- demonstrated for the first time by using flowable oxide as the bonding
sure chemical vapor deposition, at pressures around 1 Torr, utilizing medium. Possible ways of improving bonding quality will be discussed.
tetraethylortho silicate (TEOS) and trimethylborate (TMB) as the *Acknowledgement: A portion of this work was performed at Oak
precursor materials. Deposition of silicon dioxide using TEOS is a well- Ridge National Laboratory and sponsored by the U.S. Dept. of Energy,
studied system and our investigations are consistent with those of pre-Div. of Mats. Scis., under contract DE-AC05-960R22464 with Lockheed
vious investigations revealing that the deposition process is reactionMartin Energy Research Corporation The work at Los Alamos Na-
rate-limited with an apparent activation energy, Ea, of 56+8 kcal/mol tional Laboratory was supported by the US Dept. of Energy, Office of
over the temperature range 650-710°C. The morphology, as measuredasic Energy Sciences, Div. of Material Sciences.
with atomic force microscopy (AFM), and the uniformity of the grown
layer impact the quality of bonding for compliant substrate applica- 11:40 AM Late News
tions and were found to be a function of the reactor conditions such as
temperature and pressure. The deposition of the BSG, (SiO2)x(B203)1-
X, was investigated over the entire composition range, i.e. 0<x<1.
Growth of high boron-content BSG (x>0.20) is not a well-understood

process. This is due, in part, to the reaction of high boron oxide con- SeSSion C CharaCterization,
tent glass with water forming boric acid on the glass surface in the room Growth and Properties of Organic

ambient, leading to film degradation. Measurement of the apparent . .
activation energy for the reaction for different BSG compositions EIeCtronlc Materlals
indicates an activated process as the rate limiting step with a measured

apparent activation energy of Ea=53+7 and 665 kcal/mol for x=0.84 .
and 0.50, respectively. This result is consistent with the observation Wednesday AM Room_' Santa Bark_)ara Harbor
that the deposition rate was found to be independent of reactor spaceJune 30, 1999 Location: University Center
time, i.e. the residence time of the precursors within the reactor vol-

ume. Proposed decomposition pathways leading to BSG deposition Sassjon Chairs: Jianna Wang, Penn State University,
from these precursors will be presented. In addition, the morphology Dept of Elect Eng., State College PA USA: Rashid

and uniformity were discovered to be excellent for a wide range of x . . .
values and reactor conditions. Typical rms roughness values for the asBaShlr’ Purdue University, School of Elect. and Comp.

deposited glass were ~0.50 nm over a 5 um square window as determine®&Nnd., West Lafayette, IN USA
by AFM with a thickness uniformity which is typically better than
+10% over a 3" wafer. These results have allowed the use of BSG in the
development of compliant substrates.

10:00 AM
11:20 AM Dependence of Emission Quantum Yield on Chain Packing in
lon-Cutting of GaSbh Wafers. Y. Zheng Z. F. Guai S. S. Lag D. Electroluminescent Polymers Lewis J. Rothberg Christopher J.
M. Hanse# T. F. Kuech, T. E. Hayne% T. Hoechbauér M. Nastas Collsiont; Rachel Jakubiak Yi Li%; Christine M. Liberatore EdVin

1University of California, San Diego, Dept. of Elect. and Comp. Eng., Sof; *University of Rochester, Dept. of Chemistry/NSF Center for
9500 Gilman Dr., Mail Code 0407, La Jolla, CA 92093-0407 USA; Photoinduced Charge Transfer, Hutchison Hall 200, Rochester, NY
2University of Wisconsin-Madison, Dept. of Chem. Eng., Madison, WI 14627 USA

53706-1691 USA8Oak Ridge National Laboratory, Solid State Div., The efficiency of organic light-emitting diodes depends on the emis-
Oak Ridge, TN 37831 USAfLos Alamos National Laboratory, Mats. ~ sion quantum yield of the lowest excited singlet state. Aggregation
Sci. & Tech. Div., Los Alamos, NM 87545 USA quenching of luminescence in fluorescent dyes is commonly observed
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in the solid state. This phenomenon is less prevalent in emissive poly-Current-voltage (I-V) curves are recorded as a function of probe-el¢
mers but solid state luminescence in neat conjugated polymer films istrode separation. From these data, one can estimate the tip-cr
still much less than in dilute solution. Moreover, luminescence yields contact resistance as well as the conductivity of each crystal. Our
and lasing thresholds depend strongly on processing conditions, sug+ecent measurements are geared toward quantifying the dependend
gesting the importance of polymer morphology in the photophysics. the I-V characteristics on crystal thickness as well as mapping
We report a study of soluble substituted phenylenevinylene polymers in electronic properties of individual defects (e.g. grain boundaries). Pl
solution that addresses the relationship between order and lumines-of Resistance (R=V/I for a particular point on each I-V trace) vs. ti
cence quantum yield. Deliberate aggregation of the polymer MEH-PPV electrode separation (L) can be used to estimate the contact resist
in bad solvents leads to film-like spectra and low quantum yields. Our of the tip to each crystal. Defects, such as junctions or constrictiong
results indicate that polymer chains behave in two distinct ways de- the crystal are manifested as a change in slope on the R vs L plot.
pending on their local ordering. One set of chains produces high fluo- | vs Log V plots can also be constructed to estimate the conducti
rescence quantum yield blue emission characteristic of good solventsand the extent of trapping in each crystal. Finite Element modeling
and a second set of chains emits similarly structured red shifted lumines-being performed concurrently to increase the physical understanding
cence characteristic of bad solvent environments. All of the samplesour data and to relate it to applicable theory (e.g. Space Charge Lim
we have studied can be well represented by a superposition of these tw&€urrent, SCLC). Heightened interest in molecule-based electronics
discrete populations. We have characterized these extreme cases usingnderscored the need for better understanding of conduction med
optical methods and nuclear magnetic resonance and concluded thahisms in organic materials, particularly in thin film form. CP-AF
the primary explanation of the spectroscopic difference is increased offers a unique method of correlating the supramolecular structure
conjugation length in bad solvent due to steric suppression of torsionalthe electronic properties of thin, organic semiconductors.

motion caused by packing of the polymers. The reduction of photolu-

minescence in bad solvents does not coincide with a substantial reduc11:00 AM +

tion of the excited singlet state lifetime. Instead, we believe that the Growth of Thermally Evaporated Pentacene Films on SiO2
reduced quantum yield in these packed regions is due to interchainJonathan Andrew NichdisDavid James GundlaghChris D. Sheraly
interactions that lead to rapid formation of excimers that do not have Darrell G. Schlorf Thomas Nelson JacksgniThe Pennsylvania State
significant quantum yield for emission. We will present evidence for University, Dept. of Elect. Eng., 121 Elect. Eng. East, University
these from transient absorption and luminescence measurements. ThesRark, PA 16802 USA2The Pennsylvania State University, Dept. of
results are especially important since they are prescriptive for syn- Mats. Sci. and Eng., 103 Steidle Bldg., University Park, PA 16802 USA

WEDNESDAY AM

thetic design of the polymers. In addition, characterizing order in solu- Pentacene has been used to fabricate thin film transistors with per-
tion is essential in understanding the factors that determine the effi- formance comparable to devices using hydrogenated amorphous sili-
cacy of different processing methodologies. con; such devices are of interest for use in displays and other broad area
electronic applications. Thermally evaporated pentacene films often
10:20 AM  + show significant ordering and the morphology of deposited films ap-
Near-Field Scanning Optical Microscopy of Conjugated Poly- pears to have a strong influence on the device characteristics. In this
mer Films: Jessie A. DeArg Paul J. Carsdn Jonathon Z. Sextén study, pentacene films thermally evaporated onto substrates held at
Steven K. Buratth !University of California, Santa Barbara, Chemis- different temperatures were examined using atomic force microscopy
try Dept., Santa Barbara, CA 93106 USA (AFM). All of the investigated films were deposited onto bare silicon

We will discuss the application of Near-Field Scanning Optical Mi- dioxide (thermally oxidized silicon, rms roughness < 0.2 nm) at rela-
croscopy (NSOM) and Near-Field Optical Spectroscopy (NFOS) to the tively slow deposition rates (0.01-0.06 nm/s). Film nucleation was
investigation of the mesoscale (10-100nm) optical, transport and pho- studied by comparing images of substrates exposed to the same total
tochemical properties of semiconducting polymers such as poly(p- dose (1 nm average thickness on a water-cooled quartz crystal mi-
phenylene vinylene) (PPV). Photoluminescence (PL), linear dichro- crobalance) of evaporated pentacene deposited at various substrate
ism, photo-oxidation and photoconductivity NSOM experiments on temperatures. It was found that as the substrate temperature is in-
conjugated polymer films show a strong dependence of these propertiesreased, the nucleation density decreases from 8lert® at 30C to
on the local (50nm) film morphology. Blends of stretch-oriented MEH- ~2x10 cm//bdp/-2 at 75C while the grain size increases from ~0.25
PPV and ultra high-density polyethylene show 50nm domains of phasenmm at 30°C to ~2vm at 78C. The nuclei are one molecular layer high
separation directly related to the film morphology. Spatial hole burning (~1.5 nm). At 78C, the grains, which consisted of micron-sized branches,
NSOM experiments measure the carrier diffusion in poly(2-methoxy- look significantly more dendritic than those deposited at lower tem-
5-(2'-ethyl-hexyloxy)-1,4-phenylene vinylene) (MEH-PPV) thin films. peratures. The examination of progressively thicker films revealed
This technique provides a tool for nanoscale photo-patterning, the that the pentacene nuclei grow and coalesce, eventually creating a
resulting pattern is sensitive to ambient conditions, heat transport, connected network, one molecular layer in height, containing isolated
carrier diffusion and local film morphology. PL spectra, collected con- voids. This is followed by similar layered growth until eventually a
currently with the photo-oxidation pattern, show a changing PL pro- switch to island growth occurs. The thickness at which the transition in
file versus exposure time. Single polymer molecule experiments of this Stranski-Krastanov growth takes place appears to be dependent on

MEH-PPV will also be discussed. the substrate temperature. An increase in the adsorbed molecule surface
mobility at higher temperatures allowed better ordering within and
10:40 AM between the grains and resulted in the observation of distinct faceting in
CPAFM: A Tool for Nanoscale Structure and Electronic Proper- 90°C, 50 nm average thickness films. At higher substrate temperatures,
ties. Tommie Wilson Kelley C. Daniel Frisbig University of Minne- the sticking coefficient decreased and film nucleation was more diffi-

sota, Chem. Eng. and Mats. Sci., 421 Washington Ave. SE, 151 cult.

Amundson Hall, Box 134, Minneapolis, MN 55455 USAlniversity

of Minnesota, Chem. Eng. and Mats. Sci., 421 Washington Ave. SE, 11:20 AM

151 Amundson Hall, Minneapolis, MN 55455 USA Nanoscale Investigation of the Optical Properties of Tris-8-Hy-
Conducting Probe Atomic Force Microscopy, (CP-AFM), is a valu- droxyquinoline Aluminum Films (Alq,): Grace M. Credy Steven

able characterization tool for relating microstructure of organic thin K. Burattd; UC Santa Barbara, Dept. of Chemistry, Santa Barbara, CA

films to their electrical properties. Our current research focuses on the93106-9510 USA

crystalline organic semiconductarsexithiophene, which is vacuum For the past decade, thin films of the luminescent organic semicon-

deposited as single crystals (1-5 molecular layers in thickness and hun-ductor tris-8-hydroxyquinoline aluminum (A)Jghave been widely stud-

dreds of nanometers to several microns in spatial extent) onto insulat-ied due to their tremendous potential as the active layer in organic

ing substrates that have been photo- and nano-lithographically pat-light-emitting devices. Despite the numerous spectroscopy techniques

terned with Au electrodes. A Au-coated AFM probe is then used to applied to Alg films, the dependence of the optical properties on film

image each crystal, including defects, and to subsequently make point-morphology, particularly on a sub-micron level, remain poorly under-

contact electrical measurements at particular positions on each crystalstood. The principal reason for this is that previous studies rely on far-
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field spectroscopy techniques which average over many morphological Native oxide formed by wet vapor oxidation of crystalline Al-
domains. In order to overcome this drawback, we use confocal andbearing compound semiconductors has been used for many applications
near-field scanning optical microscopy (NSOM) to probe carrier trans- in optoelectronic devices, such as current confinement and distributed
port and diffusion length in Algvacuum-deposited films with 10-100 Bragg reflectors (DBRs) of vertical cavity surface emitting lasers
nm resolution, the length scale of many interesting structural domains. (VCSELs). We have demonstrated in our previous work the formation
We use concurrent shear force microscopy (an analog to atomic forceof amorphous Al-bearing compound semiconductor grown on GaAs,
microscopy, AFM) to correlate morphology (crystalline vs. amor- InP, and GaP substrates by molecular beam epitaxy (MBE) at low
phous regions) to intensity variations in our fluorescence images as welltemperatures. In this work, a new technology is presented to control
as variations in the localized fluorescence spectra. Our results lead to ahe crystallinity of AlIGaAs compound and to demonstrate its applica-

better understanding of how the nanoscale structure ip afgcts its tion as the DBRs of VCSELs, which are formed by lateral wet vapor

optical properties. oxidation. Samples of (Ga,As) and (Al,As) layers were grown with MBE
on GaP substrate at low temperatures around@,0@ith different As

11:40 AM Late News pressures: 5E-7, 2E-7, and 8E-8 torr. Deposited at higher As overpres-

sure of 5E-7 and 2E-7 torr, the (Ga,As) and (Al,As) compounds remain
amorphous. Auger Electron Spectroscopy (AES) indicates that excess
50% and 30% As are incorporated in the film respectively. The higher
Session D. Oxides for Devices As incorporation is attributed to the higher As overpressure. Deposited
at 8E-8 torr, however, the (Ga,As) and (Al,As) become polycrystalline
and there is no obvious interface between these two layers. Wet oxida-
Wednesday AM Room: Flying A Studios tion has been conducted on the samples at@56r 1 hour. The as-
June 30, 1999 Location: University Center grown amorphous (Al,As) layers become aluminum oxide while the
amorphous (Ga,As) becomes a mixture of gallium oxide and (Ga,As)
. . . . crystalline. In contrast, the poly-crystalline as-grown film remains
Session Chair: Dan Dapkus, University of Southern polycrystalline arsenide compounds because of slow oxidation rate at
California, Los Angeles, CA USA low temperatures. The thickness of AlxOy shrinks to 80% to 85% of
the original of AlAs. Better mechanical strength can be obtained by
annealing the oxidized sample at 860for 45 minutes. In-situ anneal-
ing and ampule seal technique (without water vapor) have been used to

10:00 AM + verify the recrystallization of amorphous (Al,As) and (Ga,As) at’@20
Increased Lateral Oxidation Rates of AllnAs on InP Using for 20 minutes, and solid state epitaxy has been observed near the
Short-Period Superlattices Eric Hall; Andrew Huntingtoft Ryan substrate interface. The large difference in oxidation rate at low tem-
Naoné; Herbert Kroemer Larry A. Coldred; Universitiy of Califor- peratures between polycrystalline GaAs and amorphous (Al,As) allows
nia, Santa Barbara, Mats. Dept., Santa Barbara, CA 93106 W&W\; us to fabricate a high reflectance Bragg reflector suitable for 1.55 um
versity of California, Santa Barbara, ECE Dept., Santa Barbara, CA semiconductor laser. To achieve that we have deposited several pairs of
93106 USA poly-GaAs and amorphous-AlAs on InP substrates by controlling the

The wet thermal oxidation of AlIGaAs compounds has found many As overpressure in MBE. Conventional photolithography and reaction
useful applications in GaAs-based devices. For InP-based devices, howion etching (RIE) have been applied to delineate stripes of 125 um wide
ever, similar progress has been limited by the absence of a suitableand complete lateral oxidation has been accomplished 4C3&0 14
oxidation material lattice-matched to this substrate. The oxidation of hours. The high reflectivity obtained from those oxide/semiconductor
lattice-matched AIAsSb compounds has been found to leave an elemenypairs indicates that it is a promising technology for the realization of
tal antimony layer at the oxide-semiconductor interface [1], and the DBRs.
low Al mole fraction of lattice-matched AllnAs slows oxidation rates
and demands higher temperatures. [2] We present greatly increasedl0:40 AM +
lateral oxidation rates for AllnAs grown as a short-period superlattice The Effect of an Oxide Aperature on the Base-Collector Ca-
of InAs and AlAs compared to the analog alloy. The tensile strain in pacitance of a GaAs Heterojunction Bipolar Transistor James
the AlAs layers is balanced by the compressive strain in the InAs layers,G. Champlaif; Umesh K. Mishrg 1University of California, Elect.
creating a strain-compensated alloy lattice-matched to InP. Oxidation and Comp. Eng., Santa Barbara, CA 93106 USA
layers with superlattice periods up to 40A and cladded by lattice-matched In an effort to increase the frequency performance, namely the
InGaAs layers were grown on InP substrates and laterally oxidized at current-gain cutoff frequency Jfand maximum frequency of oscilla-
temperatures ranging from 43D to 550C. The oxidation depth for a tion (f.,.), of GaAs heterojunction bipolar transistors (HBTs) parasitic
given time and temperature was seen to increase with superlattice pecomponents of the transistor, such as base resistapyeaf® base-
riod. For a period of 40A, an oxidation temperature of°&25and an collector capacitance (), must be reduced. To this end, many groups
oxidation time of one hour, the superlattice had oxidized over 6pm have attempted to reducgQusing flip-chip processes which allow the
while the analog alloy had only oxidized ~2um. The same oxidation physical reduction of the collector area and have succeeded with great
depth as the analog alloy for these conditions could be achieved, in factresults. But commonly these processes are involved and increase the
with the superlattice at a temperature of 4C5 The oxidized complexity of the overall fabrication. In this paper we propose a
superlattices were examined using cross-sectional transmission elecimethod of reducing the ;€ of an HBT by the partial oxidation of the
tron microscopy. The longer-period superlattices (40A) showed a very collector. Given that the relative permittivity of GaAs/AlAs is 13.2/
non-uniform oxide front with the oxide confined to the AlAs layers 10.9 and AJO, (resulting from the oxidation of ABa_As, X > 0.96) is
and the InAs layers remaining unoxidized. For shorter superlattice approximately 5.8, by this method it is theoretically possible to reduce
periods (20A), the superlattice is no longer visible in the oxidized C,. by a factor of nearly two, depending upon layer structure and device
region and the front is more uniform. This work was supported by the geometry. But unlike flip-chip processes, this method requires no addi-
Heterogeneous Optoelectronics Technology Center. [1] O. Blum et al., tional processing and offers similar results in performance. For this
Appl. Phys. Let. 68, 3129 (1996) [2] H. Gebretsadik et al., Appl. Phys. experiment, base-collector structures, similar to those in the proposed

Let. 72, 135 (1988) HBT, were grown by molecular beam epitaxy (MBE). The layer struc-
ture consists of an 6000 A fSi: 4 x 108 /cn®) GaAs sub-collector/
10:20 AM  + buffer grown on a semi-insulating GaAs substrate, followed by a 2500 A
As Overpressure Mediated Crystallinity Change of AlGaAs Al,4Ga, As collector, a 2500 A linear grade to GaAs, a 500*ARe:
Compounds and its Application in Formation of Bragg Reflec- 1 x 109 /cn®) GaAs base, and a 30 A AlAs etch-stop with a 200 A GaAs
tors: Kuo-Lih Chang; D. E. Wohlert; G. W. Pickrelt; J. H. Epplé H. protective cap for oxidation. Large area capacitor mesas were fabri-

C. Lint; K. Y. Cheng; K. C. Hsiehl; University of lllinois at Urbana- cated using standard photolithography and i@hactive-ion etching
Champaign, Dept. of Elect. and Comp. Eng., Urbana, IL 61801 USA (RIE). This was followed by oxidation at 425 for 10, 20, 30, 45, 60,
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and 120 minutes. Finally, the protective cap was removed by a wet etch

and Ti/Pt/Au contacts were deposited onto the base and collector by e-

beam.evaporation. For this_ _experiment, large area (high capaci?ance)Session E. Specia| Topica|
capacitors were used to facilitate easy measurement and comparison oé .

total capacitances. Our results show that by partial oxidation of the ession

collector the total capacitance of the base-collector structure is re-
duced. For greater oxidation times, and therefore a larger oxidized area .

smaller capacitances may be achieved. For an unoxidized sample the\NedneSday PM Room. Lotte L?hma_‘n Ha"
total capacitance is 115 pF, whereas for the sample oxidized for 120June 30, 1999 Location: Music Building
minutes the total capacitance is reduced to 92.9 pF. This reduction in

capacitance can be modeled as a simple capacitor network with capaci-Sessjon Chairs: Jim Speck, University of California,

tors for unoxidized and oxidized material tied in parallel, and predicts Mats. Dept., Santa Barbara. CA USA: Richard Miles
the trend seen in our experiment. There are also no adverse affects o% : > ' ! !
DL Inc., San Jose, CA USA

the current-voltage characteristics of these diodes due to the oxidation.
Future work is planned to examine the base-collector layer structure
design in an attempt to optimize the effect on the reduction,ef C
This work supported by NCEE contract F33615-95-C-1755.

1:30 PM *Invited
11:00 AM + Electron Microscope Studies of Defects, Piezoelectric Fields

Electrical Properties of Al203 Gate Dielectric Chin Chang Liag and Microscopic Luminescence in InGaN/GaN Films D. Cherns,
W. J. Chen: C. H. Ly Albert Chirt: C. Tsal: 'National Chiao Tung 1University of Bristol, H. H. Wills Physics Laboratory, Tyndall Ave.,
University, Dept. of Electronics Eng., Hsinchu Taiwan; National Huwei Bristol BS8 1TL UK _ ‘
Inst. Tech, Dept. of Mechanical Mats. Eng., Huwei Taiwan This paper will describe the analysis of the microstructure of InGa
To continuously improve the MOSFET device performance, alter- GaN films by a range of electron microscope techniques, includi
native high-K gate dielectric other than SiO2 is urgently required. This imaging, diffraction and electron holography in the transmission ele
alternative dielectric must have the high K, low leakage current, low tron microscope (TEM) and cathodoluminescence in the scanning elec-
interface-charge density, good breakdown field and reliability. Although {ron microscope (SEMCL). The analysis of dislocations, nanopipes
Si3N4 has attracted much attention, but the application to VLSI can @nd inversion domains in MOCVD GaN/(0001) sapphire by TEM is
only last only one or two generation due to its relatively large leakage Priefly reviewed and some remaining problems are highlighted. Recent
current. Recently, we have studied the Al203 as an alternative gateWork is then described in which electron holography has been used to
dielectric by direct oxidation of deposited Al. The native oxide is Mmeasure piezoelectric f|e_|ds across strained InGaN quantum wells in
removed in-situ using ultra-high vacuum MBE before Al evaporation GaN. For example, the field across a 1.5nm In0.52Ga0.48N quantum

[1]. Similar Al203 by sputtering is also reported by Manchanda et al Well was measured as 4MV cm-1 corresponding to a potential drop of
from Bell Labs at IEDM [2]. However, in spite of the leakage current 0.6V across the well. Recent SEMCL studies are also described in which

and K-value, both of these two papers do not present more detailed"e have examined the luminescence from individua.l threading defects
mobility, reliability and device data that is important to further inte- N INGaN/GaN quantum well structures. The paper will discuss how the
grate Al203 into VLSI. In this work, we report the detailed electrical COmbined results of the TEM, electron holography and SEMCL con-
characterization of Al203 gate dielectric. We have also fabricated tribute to our understanding of how the microstructure of InGaN/GaN
MOSFET using Al203 gate dielectric to measure the electron mobility. films affects luminescence properties.

We have found that the presence of native oxide can severely reduce )

the K-value and native oxide is suppressed by HF-vapor passivation or2:00 PM ~Invited = _ o _
UHV desorption. Similar idea has been applied by us to achieve the The Technological Significance of Defects in III-Nlt_rlde Materi-
atomically smooth ultra-thin oxide with good electrical characteristics @IS S- Jeffrey Rosngr *Hewlett-Packard Laboratories, 3500 Deer
and reliability. A low temperature oxidation followed by a high tem- Creek Rd., Palo Alto, CA 94303

perature annealing in nitrogen is used to reduce Al and Si inter-diffu- ~ Defects in semiconductors for optoelectronic applications are a
sion. The formation of Al203 is confirmed by SIMS measurement. fruitful topic for study by materials scientists and solid state physicists.

The leakage current of the 4.8 nm Al203 capacitor is ~6 order of It has long been held as conventional wisdom that unintentionally
magnitude lower than that of the equivalent thermal SiO2. From C-V introduced extended defects such as dislocations and stacking faults
measurement, a K of ~8.5 is obtained in an 11 nm thick Al203 capaci- have deleterious effects on the minority carrier populations in such
tor and a low mid-gap interface trap density of 1jN1011 eV/cm2 is matgrials, creating t_Jui_It-in electri_c figlds and' providing Igrge cross-
achieved. This low Dit value is further demonstrated by measuring the Sections for non-radiative recombination. Strain related slip relaxation
inversion layer mobility of a MOSFET. The measured electron mobil- ha_s often been the casqal mechanlfsm, but additional difficulties _Wlth
ity of an 8 nm Al203 MOSFET is compatible to that of thermal Si02 ePitaxial growth and device processing have also been found to intro-
over a large gate field. The good reliability of the 4.8 nm Al203 gate duce such defe‘cts.llt has _nearly ‘always beep difficult to fabrl(_:ate h_|gh
dielectric is evidenced from the small stress-induced leakage currentP€rformance minority-carrier devices in semiconductor materials with
after a 2.5V constant stress for 10,000 sec. We believe that the goodigh concentrations (> 1ES cm-2) of extended defects. Over the past
reliability is due to the direct Al thermal oxidation. Because this process V€ years, there have been many significant demonstrations in GaN
is similar to thermal SiO2, any possible process-related damage in Al203@nd related materials that appear to be contrary to this conventional
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can be minimized. wisdom. Indeed, highly efficient optoelectronic devices, both light-
emitting diodes (LEDs) and laser diodes (LDs) have been fabricated in

11:20 AM Late News materials with defect densities as high as 1E10 cm-2. A number of
unsupported misconceptions regarding the significance (and possible

11:40 AM Late News beneficial effects) of defects in these materials has arisen around such

demonstrations and the commercialization of these devices. Many of
these misconceptions can be addressed by quantitative study of the
materials properties associated with such defects. Additionally, the pres-
ence of dislocations severely limits the process latitude in the produc-
tion of such devices. Recently, there has been renewed interest in tech-
niques related to dislocation reduction in GaN base materials, largely
related to lateral overgrowth on patterned substrates. These have pro-
vided a unique opportunity to study the effects of defects in a con-
trolled situation, and are driven by the requirement for improved mate-
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rials properties in the materials. This will be discussed in the context of with the commonly observed yellow luminescence, a topic that will be

technology related to commercialization. addressed if time permits. | gratefully acknowledge collaborations with
J. Neugebauer and C. Stampfl, and the support of DARPA.

2:30 PM *Invited

GaN Lateral Epitaxial Overgrowth (LEO) on Silicon and Sap- 3:30 PM Break
phire Substrates S. P. Denbaafs !University of California, Mats.
Dept., Bldg. Ell, Santa Barbara, CA 93110 3:50 PM *Invited

Lateral epitaxial overgrowth (LEO) of low defect density GaN on The Effect of Doping and Growth Stoichiometry on the Proper-
Si(111) and Sapphire substrates is demonstrated. The mechanism ofies of Threading Dislocations in GaN Alan F. Wright; Kevin
defect reduction is characterized using scanning electron microscopy,Leungd; !Sandia National Laboratories, Dept. 1113, MS 1415, P.O.
atomic force microscopy, transmission electron microscopy, x-ray dif- Box 5800, Albuquerque, NM 87185-1415 USA
fraction, photoluminescence spectroscopy, and cathodoluminescence  Gallium nitride films grown on sapphire substrates typically contain
imaging. The <1_1 00>-oriented LEO GaN stripes grown on silicon between 1®and 1@ threading dislocations per émdue to the substan-
substrates are shown to have similar structural properties as LEO GaNial film-substrate chemical and lattice mismatch. A surprising result,
grown on GaN/AI203 substrates: the surface topography is character-however, is that it is still possible to fabricate highly efficient light-
ized by continuous crystallographic steps rather than by steps termi-emitting diodes and even laser diodes from material grown on sapphire
nated by screw-component threading dislocations; the density of thread-substrates. This has prompted suggestions that dislocations in GaN do
ing dislocations is <106 cm-2; the LEO regions exhibit crystallographic not produce defect levels lying in the forbidden gap and therefore do
tilt (0.7-4.7°) relative to the seed region. Devices fabricated on LEO not act as efficient minority-carrier recombination sites. To investi-
materials shown improved characteristics, in particular a large reduc- gate this possibility, we have examined the relaxed structure and forma-
tion in leakage current under reverse bias is observed for p-n junctiontion energy of an edge dislocation in GaN using first-principles theo-
and UV photodetectors. For detectors fabricated on the “wing” region retical techniques. Filled and open core structures have been examined
of the LEO a reverse-bias dark current of 10nA/cm2 is measured, inas well as structures having vacancies along the dislocation core. For-
contrast to 300mA/cm2 for conventional dislocated GaN diodes. LEO mation energies for these structures are calculated both as a function of
diodes also exhibit a decrease in unwanted sub-band gap spectral regrowth conditions (Ga- or N-rich) and Fermi level. In addition, we have
sponse and improved signal-to-noise characteristics due to reduced disexamined charge accumulation that occurs at an edge dislocation when
location densities. This work was supported by the Office of Naval in the presence of n- and p-type dopants in the surrounding material,
Research through a contract supervised by Dr. C. Wood and made use adnd the influence this charge accumulation has on formation energies
the MRL Central Facilities supported by the NSF under award DMR- and the Fermi level.

9123048. HM acknowledges financial support from NSERC (Canada).
PF acknowledges financial support from a National Defense Sci. and4:20 PM *Invited

Eng. Graduate Fellowship provided by ONR. Effects of Point Defects and Dislocations on Transport Proper-
ties of GaN David C. Look Wright State University, Semiconduc-

3:00 PM *Invited tor Research Center, Dayton, OH 45435

Effect of Native Point Defects on Nitride Materials and Devices In most semiconductor materials, point defects (vacancies,

Chris G. Van de Walle *Xerox PARC, 3333 Coyote Hill Rd., Palo Alto, interstitials, antisites, and small complexes of these entities) and line

CA 94304 USA defects (mainly threading dislocations) seem to have little effect on the

Native point defects have always been assumed to play an impor-electrical tranport properties, i.e. their influence on the carrier con-
tant role in the properties of nitride semiconductors. Nitrogen vacan- centration n (for an n-type sample) and mobilitys minimal. In GaN,
cies were long considered to be the source of n-type conductivity; we on the other hand, it is difficult, if not impossible, to explain the
now know that their concentration is too low to have any serious electrical properties by impurities alone. Early workers suggested that a
impact on doping of n-type material. The unintentional n-type con- native donor, the N vacancy,Vwas responsible for the high values of
ductivity is due to incorporation of impurities (mainly silicon and n, sometimes approaching 22@ms3. Later research has indicated that
oxygen); the theoretical predictions for the behavior of nitrogen va- O, or Si, species probably determine n in many or most cases, but some
cancies and donor impurities have been confirmed by experimentalresults still cannot be explained by these impurities. Recently, tempera-
measurements based on secondary-ion mass spectroscopy (SIMS), varture-dependent Hall-effect measurements, on electron-irradiated HVPE
able temperature Hall effect, photoconductivity, etc. While nitrogen and MOCVD layers, have been used to show thaisMndeed a shallow
vacancies do not affect n-type conductivity, they do act as compensat-donor, with an activation energy, Bf about 65 meV (at the TO-crm
ing centers in p-type material. The presence of hydrogen (abundantly? level), but that is not the typical residual shallow donor found in the
available during MOCVD and HVPE growth) tends to suppress the “best” present-day GaN layers, which havgs Eloser to about 20 meV.
formation of vacancies, but some degree of compensation is unavoid-However, \{ still may be dominant in some of the highly conductive
able. Complexes can also be formed consisting of a nitrogen vacancybulk and epitaxial samples. Besides n, we must also consider mafility
with one hydrogen (the maximum number that can be accommodatedand here the acceptor concentration is the most important factor (in
in the vacancy). | will discuss how these complexes behave during thean n-type sample grown under Ga-rich conditions, and indeed positron
annealing process used to activate p-type GaN, and why they may beannihilation experiments have identified a negatively-charged vacancy,
responsible for the observed shift in luminescence lines. | will also probably \, However, again in the “best” present-day layers, SIMS
describe the role of nitrogen vacancies as metastable centers responmeasurements indicate that impurities, mainly C, can account for the
sible for persistent photoconductivity, and for the commonly observed measured acceptor concentrations. Thus, the relative influences of
blue emission in p-type GaN. Understanding the behavior of point impurities and defects on the overall acceptor concentration is unclear
defects in GaN is important, but most nitride-based device structuresat this point. With regard to dislocations, GaN grown on sapphire is a
mainly consist of AlGaN. Experimental results indicate that doping special case, because threading dislocation concentrations can approach
efficiencies in AlGaN are lower than in GaN, and it is important to 10 - 10 cm2. Theory shows that threading edge dislocations should
assess the role of point defects in this behavior. Nitrogen vacancies turnact as negative line charges in n-type GaN, and that a concentration of
out to be more easily formed in AlGaN than in GaN. Along with an 2 x 10° cm? will reduce the 300-K mobility from about 700 to about
increase of the ionization energy, this causes a decrease in the observet50 cni/V-s in material with donor and acceptor concentrations in the
hole concentration. | will discuss whether acceptors other than Mg may low-10'7 -cm? range. Thus, it is likely that high values of dislocations
allow higher levels of p-type doping. The theoretical work described are responsible for low mobilities in such cases. This is perhaps the
here is based on first-principles calculations using density-functional explanation for the fact that MBE GaN layers typically have lower
theory and pseudopotentials. The focus on vacancies is justified by themobilities than those grown by MOCVD and HVPE. Thickness, of
finding that other types of point defects (self-interstitials and antisites) course, also is important in the determination of mobility. In summary,
have very high formation energies and are unlikely to occur in nitride both point defects and threading dislocations affect transport in GaN.
semiconductors. Gallium vacancies have been shown to be connectedVe can quantitatively predict the effects for given concentrations of



each; however, the inverse process in much more difficult, because,
among other things, impurity concentrations are not easy to determine

accurately. Hopefully, theory and experiment will continue to make Session F Semiconductor Quan_
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Lateral and Pendeo-Epitaxial Overgrowth and Defect Reduc-
tion of GaN Films: Robert F. Davis O-H. Nan}; Thomas Gehrke
Kevin J. Linthicum; Tsvetanka S. ZhelevaPradeep RajagopalDarren Wednesday PM  Room: Multicultural Center Theatre
B. Thomsos; Chris A. Zormah Mehren Mehregarty North Caro- June 30, 1999 Location: University Center
lina State University, Mats. Sci., Box 7907, Raleigh, NC 27695-7907
USA; 2Case Western Reserve University, Elect., Systems and Comp. . .
Eng. and Sci., Cleveland, OH 44106 USA Session Chairs: Ben V. Shanabrook, Naval Research
Conventional heteroepitaxial growth of GaN on low temperature Lab, Code 6870, Washington, DC USA, Craig Pryor,
GaN or AIN buffer layers previously deposited on Al203 and SiC sub- Pryor Consulting, Porterville USA
strates results in films containing a high dislocation density (108-1010
cm-2) due to the lattice mismatches between the buffer layer and the
film and/or the buffer layer and the substrate. The objective of this
research has been the significant reduction in dislocation density in1:30 pm
GaN thin films via special methods of MOVPE growth. The lateral |nfrared Spectroscopy of Intraband Transition in Modulation
epitaxial overgrowth (LEO) of GaN stripes patterned in an SiO2 mask Boron-doped GeSi Quantum Dot Superlattices Wen-Gang Wy
deposited on GaN film/AIN buffer layer/6H-SiC(0001) substrates was Yin-Sheng Tang University of California-Los Angeles, Device Re-
the initial method. The mask contained 3mm and 5mm wide stripe search Lab., Dept. of Elect. Eng., 56-125B EIV, P.O. Box 951594, L
openings, spaced parallel at 3-40mm, and oriented along < > and < > inapgeles, CA 90095-1594 USAUniversity of California-Los Angeles,
the GaN film. The deposited material grew vertically to the top of the pevice Research Lab., Dept. of Elect. Eng., 56-125B EIV, P.O. Box
mask and then both laterally over the mask and vertically until coales- 951594, Los Angeles, CA 90095-1594 USA
cence. The average RMS roughness of the LEO layers was 0.25 nm.  Fourier transform and Raman scattering infrared spectroscopy of
This is similar to the values of the seed GaN films. Threading disloca- mogdulation boron-doped Ge/Si quantum dot superlattices is reported for
tions, originating from the GaN/AIN buffer layer interface, propagate the first time in this paper. The structures, which were grown on (001)
to the top surface of the regrown GaN layer within the window regions oriented Si substrates by a solid source molecular beam epitaxy system,
of the mask. By contrast, there were no observable threading disloca-gre composed mainly of a 30 period Ge/Si quantum dot multilayers,
tions in the overgrown portions of the layer. The few dislocations each with a thin undoped Ge dot layer sandwiched in between two 6 nm
observed formed parallel to (0001) plane via the extension of the thick boron-doped Si spacer films. The structural properties of the
vertical threading dislocations after a 90° bend in the regrown region. superlattices and of the uncapped Ge dots grown on the surfaces of
They did not subsequently propagate to the surface of the overgrownsome samples were tested by cross-sectional transmission electron and
GaN layers. Recently we have pioneered a new process route to selecatomic force microscopes, respectively. The testing indicates that the
tive epitaxy of GaN and AlxGal-xN layers, namely, pendeo-(from the ell-grown Ge quantum dots have a typical flat lens-like shape with a
Latin: to hang or be suspended) epitaxy (PE). This approach differs pase dimension of around 42 nm and a height of around 4 nm and tend
from LEO in that gI’OWth is forced to SeleCtively begin on the sidewalls to be stacked on top of each other a|ong the growth direction while
of a tailored microstructure comprised of forms previously etched into theijr in-plane positions are random. The area density of the dots per
this seed layer. Continuation of the pendeo-epitaxial growth of GaN or |ayer should keep constant and its number is about 2x108 ¢ m-2. The
the growth of the AlxGal-xN layer until coalescence over and between ponuniformity of the dot size is estimated to be +-10%. The periodic-
these forms results in a complete layer of low defect-density GaN or jty of the structures is excellent in the growth direction. Through use of
AlxGal-xN. This is accomplished in one (GaN), two (AlxGal-xN) or  Fourier transform infrared and Raman scattering spectrometers, infra-
multiple (multilayer heterostructure) re-growth steps. In summary, con- req absorption signals peaking in the mid-infrared range were observed.
tinuous GaN films having low dislocation densities have been achieved An infinite-barrier quantum box without considering exciton effects as
via LEO and PE techniques. This work was supported by the Office of we|l as dielectric screening is used to be the model of any of the Ge
Naval Research under contracts N00014-96-1-0765 (C. Wood, moni- quantum dots. The calculated energies of the allowed hole states in the

WEDNESDAY PM

tor) and N00014-98-1-0122 (J. Zolper, monitor). dot suggests that the mid-infrared response be attributed to heavy hole
bound-to-bound intraband transitions in the Ge quantum dots. The
5:20 PM  *Invited coupling among the corresponding heavy hole quasi-bound states in
Characterization of Nitride Semiconductor Heterostructures different Ge dots along the growth direction is taken into the analysis
and Laser Diodes D. P. Bout; M. Kneisst; L. T. Romang C. G. Van account. Also, the polarization dependence features of the absorption

deWalle; J. Northrup; N. M. Johnsoh *XEROX Palo Alto Research  spectra were investigated. It is found that the absorption intensity
Center, Electr. Materials Laboratory, 3333 Coyote Hill Rd., Palo Alto, decreases as the polarization angle of the incidence infrared light in-
CA 94304 creases. With regard to the flatten lens-like Ge quantum dots sand-
GaN and InGaN/AlGaN heterostructures have been deposited on A'Wiched in between two boron_doped Si spacer ﬁ|mS, the quantum con-
and C-face sapphire substrates by MOCVD. We describe the structuralinement become strong along the growth direction but weak in the
and optoelectronic properties of these materials, and the performanceateral directions. The fact that the infrared absorption is strongly
characteristics of LEDs and laser diodes. Room-temperature, pulsedpolarized along the growth axis of the samples implies that the polar-
operation of a violet laser diodé & 400 nm), containing 5 x 3D ization selection rule of the intraband transitions within the valence
In,..GaN quantum wells and 4hGa0.92N cladding layers, was ob-  pand of the flat lens-like Ge quantum dots is similar to the polarization
tained, with threshold current density 5 kA/cm2. In this talk, nitride selection rule of intersubband transitions in the valence band of Ge/Si-
light-emitters will be discussed with an emphasis on how their perfor- pased quantum wells. This study demonstrates the application potential
mance characteristics are related to the nitride material properties. of this kind of Ge/Si quantum dot superlattices for developing mid-
infrared photodetectors.
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1:50 PM temporal resolution especially at wavelength longer than 1 micron.

Study of Phonons in Self-Organized Multiple Ge Quantum This paper describes the first observation of transient photolumines-
Dots: Jianlin Liut; Yinsheng Tang Kang L. Wang, University of cence (PL) of site-controlled InAs dots by using novel microscopic

California at Los Angeles, Dept. of Elect. Eng., Device Research Labo- exciting and probing system. The size of excitation beam was about 2
ratory, Los Angeles, CA 90095-1594 microns without using surface mask on the sample set in a cryostat, and

Self-organized Ge quantum dots by the Stranski-Krastanov growththe time and energy resolutions were several ps and below 1 meV,
mode have attracted much interest, because these quantum dots anmespectively. Site-controlled InAs dots were grown selectively inside
expected to show very large optical nonlinearity and offer the poten- the holes aligned at 1 micron pitch, and dots were scarcely found
tial for fabricating novel optical devices. To date, much experimental outside the holes. The total number of quantum dots under observation
progress on the photoluminence and Fourier transform infrared spec-was estimated to be several tens, because approximately five sites were
troscopy has been made to study the size-quantized electronic states iincluded in the excitation beam spot and nearly ten dots were observed
these dots. However, little work has been done on the investigation ofin each site in AFM images. The local density of quantum dots in one
the vibrational states of the self-organized Ge quantum dots embeddedsite was evaluated to be overi1@8m?, much larger than usually ob-
in Si matrices even though information on phonons is indispensable for served for conventional self-assembled Stranski-Krastanov (SK) dots.
understanding electron-phonon interactions in the dots. In this presen-The excitation was carried out by 160 fs-wide pulses with 80 MHz
tation, Raman measurements are used to study phonons in multiple Geepetition rate at the energy of 1.64 eV and the density of 30 W/cm
quantum dots. A series of multiple Ge quantum dot samples with differ- The PL spectrum of quantum dots was observed as a single peak at 1.25
ent dot sizes are grown using solid source molecular beam epitaxyeV with the FWHM of 80 meV, similar for conventional SK dots. The
(MBE). The shapes and sizes of the dots are characterized by means oPL decay times at different emission energies showed considerable
atomic force microscopy (AFM) and transmission electron micros- variation over twice difference. In contrast, the decay times in the
copy (TEM). Raman scattering is carried out at room-temperature in areference SK dots, which are uniformly dispersed in lateral dimension at
back-scattering configuration. All spectra are excited by 514-nm line about 1@° cm?2, were almost constant at 700 ps throughout the PL
and recorded by a CCD camera. From the Raman lines observed in thespectrum. For isolated dots, the PL decay time exhibits the individual
low frequency range (below 1000 cm-1), the information for acoustic, recombination lifetime, and this is independent of the emission energy.
optic and interface phonons is extracted. The size dependence of thdn dense dots, however, an excited state of coupled dots relaxes to a
Raman line shows phonon confinement and strain effects in the dots.local minimum through tunneling, and prolonged decay time is ob-
In the high frequency range (above 1000 cm-1), we perform polariza- served at lower emission energy [2]. Thus, microscopic PL decay was
tion-dependent Raman measurements. Raman peaks originating fronused to characterize the coupling among quantum dots. The result
the inter-sub-level transitions between the first and second quantizedreported indicates the capability of controlling the dot density in the

hole states in the dots are observed. present site-controlled growth technique. This work was performed
under the management of The Femtosecond Technology Research
2:10 PM Association (FESTA) supported by New Energy and Industrial Tech-
Raman Spectroscopy of the Topology of the InAs/GaAs Self- nology Development Organization (NEDO). [1] T. Ishikawa et al.,
Assembled Quantum Dots Yuri Alexander Pusep Federal Uni- Appl. Phys. Lett. 73 (1998) 1712. [2] A. Tackeuchi et al., Jpn. J. Appl.

versity of Sao Carlos, DF, Via Washington Luis, km 235, Sao Carlos, Phys. 34 (1995) L1439.
Sao Paulo 13565-905 Brasil

In order to study the topology of the InAs/GaAs quantum dots we 2:50 PM
measured the resonance Raman scattering of the interface vibrationaDptical Properties of InAs/InP Self-Assembled Quantum Dots
modes localized near the tips of the dots. The contribution of these Grown by Metalorganic Chemical Vapor Deposition Euijoon
modes to the Raman scattering, being proportional to the density of Yoori; Younghoo Moo#i Tae-Wan Lege Heedon Hwang Sukho Yoo#
the dots, has been shown to appear at the resonance with electrorYoung Dong Kim; Uk Hyun Leé&; Donghan Le& Hong-Seung Kirfy
excitations confined in the InAs dots [1]. Thus, the Raman lines asso- Jeong Yong Lee !Seoul National University, School of Mats. Sci. &
ciated with such interface modes can serve as indicators of the presenc&ng., Rm. 32-203, Seoul 151-742 Koréldyung Hee University, Dept.
of the quantum dots. By comparison of the Raman spectra measured irof Phys., Seoul KoregChungnam National University, Dept. of Phys.,
the samples with and without the GaAs capping layer it was found that Taejon KoreaKorea Advanced Institute of Sci. & Technology, Dept.
the dots are formed on both sides of the wetting layer. This result of Mats. Sci. & Eng., Taejon Korea
testifies to the formation of the dot structure under the wetting layer as The InAs self-assembled quantum dot (SAQD) on InP is a promising
well as on it, which agrees with the recent observations showing thatcandidate for the optoelectronic devices operating at tr5for
the dots are rather embedded within the wetting layer [2,3]. In addition, optical communication. Nevertheless, reports on InAs/InP SAQDs are
in the multilayered systems of the InAs/GaAs quantum dots, the evi- quite limited in number, in part due to the complexity of the dot
dence of the coalescence of the dots in neighbour layers separated bjormation mechanism associated with the As/P exchange reaction.
the distance smaller than 25 monolayers was obtained. [1] Yu.A.Pusep,Effects of MOCVD process parameters such as temperature, InAs cov-
G.Zanelatto, S,W. da Silva, J.C.Galzerani, P.P.Gonzalez-Borrero, erage, and growth interruption on InAs SAQDs have been reported.
A.l.Toropov, P.Basmaji, Phys.Rev. B58, R1770 (1998) [2] B.Legrand, However, the detailed role of the growth interruption and the As/P
B.Grandidier, J.P.Nys, D.Stievenard, J.M.Gerard, and V.Thierry-Mieg, exchange reaction in the InAs SAQD formation is not yet clearly
Appl.Phys.Lett., 73, 96 (1998) [3] P.D.Sieveras, S.Malik, G.McPherson, understood. We previously reported the growth of high-density (4.5 x
D.Childs, C.Roberts, R.Murray, B.A.Joyce, and H.Davock, Phys.Rev. 10 /cn?) InAs SAQDs on InP by MOCVD [1]. Effects of the As/P

B58, 10127 (1998) exchange reaction at various temperatures and V/IIl ratios on the for-
mation of SAQDs were discussed in detail. It was also found that the
2:30 PM “excess InAs” formation was very critical in the InAs/InP SAQD for-
Microscopic Transient Photoluminescence of Site-Controlled mation. In this study, we present the optical properties of the InAs/InP
InAs Dots: Tetsuya Nishimufa Tomonori Ishikawg Shigeru Kohmoty SAQDs prepared by MOCVD. Photoluminescence (PL) measurements

Kiyoshi Asakaw& Osamu Wada The Femtosecond Technology Re- were carried out at various temperatures (21-300 K) and various pump
search Association, 5-5 Tokodai, Tsukuba, Ibaraki 300-2635 Japan power densities (0.24 - 24 W/émHigh-resolution transmission elec-
Capability of controlling the location, size, density and mutual cou- tron microscope (HRTEM) images showed clear formation of quantum
pling of quantum dots are desired for the expertise acquisition of nano-dots without extended defects. The InAs/InP SAQD sample capped
structural physics and the application to novel opto-electronic devices. with InP without growth interruption showed a few PL peaks other
We reported the achievement of site-controlled InAs quantum dots than a quantum dot peak at 0.820 eV, presumably from the thickness
using in situ electron-beam process to form holes for growth sites [1]. fluctuation of the wetting layer before the complete evolution to quan-
The use of submicron site-control holes produces series of quantum dotum dots. However, the InAs/InP SAQD sample with 30 sec growth
arrays having high spatial density. However, there has been very fewinterruption before InP capping showed a PL peak at 0.776 eV at 21 K.
studies on optical characterization of quantum dots with spatial and The peak position shifted slightly to a lower energy of 0.742 eV at 300

10



K. The full width at half maximum (FWHM) of the peak, however, did will be monomers. This situation corresponds to the spontaneous nu
not change much with temperature: 116 meV at 21 K and 115 meV atation or freezing of monomers. Therefore, from the viewpoint of tl
300 K. Also, the integrated intensity of the peak from the quantum dot scaling function, it was clear that the main factor determining the s
remained relatively unchanged with temperature. The InAs SAQDs distribution of the ZnSe QDs is different from the InAs QDs case. T
grown on 2 nm InGaAs/InP showed the similar PL behavior except the influence of the size distribution on the surface roughness of the Z
fact that the PL peak position at 21 K was at 0.807 eV. The changes inunderneath layer was also examined. When the ZnSe QDs were gr
the PL peak positions were believed to result from the changes inon the ZnS surfaces which have the various surface roughness, it
barrier height as well as the changes in the shape of the dots with theevealed that the size distribution and the average size of ZnSe ¢
InGaAs buffer layer [2]. The dots grown directly on InP was dome- were reduced with the decrease of the ZnS surface roughness. T
shaped, whereas those grown on InGaAs buffer were faceted pyramidsesults indicate that besides the strain the fluctuation of the surfg
with parallelogram bases. In the latter sample, a peak from InGaAs potential seriously contributes to the size distribution of self-organiz
quantum well was also observed, however, it disappeared at temperaQDs. References [1] A. -L. Barabasi: Appl. Phys. Lett. 70 (199
tures higher than 80 K. The SAQD PL peak did not change its position 2565. [2] Y. Ebiko, S. Muto, D. Suzuki, K. Shiramine, T. Haga,
even though the pump power density varied by two orders of magnitudeNakata, and N. Yokoyama: Phys. Rev. Lett. 80 (1998) 2650. [3] J.
from 0.24 to 24 Wi/cr strongly suggesting that the InAs/InP SAQD is Amar, and F. Family: Phys. Rev. Lett. 74 (1995) 2066.

very promising for the future devices for long-wavelength optical com-

munication. [1] S. Yoon, Y. Moon, T.-W. Lee, E. Yoon, and Y.D. Kim, 4:10 PM

“Effects of As/P exchange reaction on the formation of InAs/InP Structural Studies of Stacked InAs Quantum Dots in a Silicon
quantum dots”, Appl. Phys. Lett., accepted for publication. [2] S. Yoon, Matrix Grown by MBE : N. D. Zakharo¥, Peter Wernet, Victor M.
Y. Moon, T.-W. Lee, E. Yoon, and Y.D. Kim, “Shape change of InAs Ustinow; George E. Cirlizg O. V. Smolsi; D. V. Deniso¥; P. S. Kop’ey,
self-assembled quantum dots”, Paper #B2.5, 1998 Fall Meeting of Mat. Zh. |. Alferov?; N. N. Ledentso¥ Robert Heit# Dieter Bimber§;
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Res. Soc., Nov. 30 - Dec. 4, 1998, Boston, MA. IMPI of Microstructure Physics, Halle (Saale) D - 06120 German
2A.F. loffe Physical-Technical Institute, St. Petersburg Rus$echni-

3:10 PM Break cal University of Berlin, Berlin D-10623 Germany

There is a great interest in combination of silicon, being a key
3:30 PM material of microelectronic technology, with IlI-V compound semi-
Fluorescence Intermittency and Quantum Efficiency of Indi- conductors being the key material of modern optoelectronics. It was
vidual Porous Silicon Nanoparticles Michael D. Masok Grace recently proposed /1/ that the IlI-V quantum dots (QD’s) can be coher-
M. Credd; Steven K. Buratty 2University of California-Santa Bar- ently introduced in a Si matrix. The InAs-Si system is very advanta-
bara, Dept. of Chem., Goleta, CA 93106 USA geous in view of its band alignment. If such InAs islands have a size of

We use a combination of scanning force microscopy, laser scanningseveral nanometers, discrete confined states can be formed. However,
confocal microscopy, and single particle spectroscopy to investigate due to the large lattice mismatch characteristic to the InAs-Si system
the optical properties of single porous Si nanoparticles. Our experi- of about 10%, the growth can proceed via formation of mesoscopic
ments have shown a variety of phenomena not previously observed indislocated clusters rather than via formation of strained nanoscale
the emission from porous Si including a distribution of emission wave- islands which can be usually realized via Stranski-Krastanow growth on
lengths, dynamic spectral drift, resolved vibronic structure, discrete GaAs substrates. Molecular beam epitaxy (MBE) was applied to fabri-
jumps in intensity, luminescence intermittency and irreversible cate coherent InAs islands on a (001) Si substrate, afterwards epitaxi-
photobleaching. We will present our recent findings regarding the fluo- ally covered by silicon layers. The influence of growth parameters,
rescence intermittency and near unity quantum efficiency of individual such as substrate temperature (in our experiments: 400-620°C), the
porous Si nanoparticles as well as our working model of a statistical InAs growth rate, the average thickness of the insertion and the As

distribution of high QE quantum-confined Si chromophores. pressure during growth have been investigated. Scanning tunneling mi-
croscopy (STM) studies demonstrated that small InAs quantum dots
3:50 PM (QDs) can be, indeed, formed on a Si (100) surface, and, after over-
Origin of Size Distribution in ZnSe Self-Organized Quantum growth with Si, these QD’s demonstrate intense and broad luminescence
Dots Grown on ZnS layers Takehiko Tawarg Satoru Tanakia line at about 1.3 microm at 10 K /2/. Despite of the high importance of

Hidekazu Kumang Ikuo Suemune !Hokkaido University, Research these spectroscopic results no direct proof of the coherent nature of
Institute for Electr. Sci., Kita-12, Nishi-6, Kita-ku, Sapporo, Hokkaido the InAs insertions in a silicon matrix was given. The present work
060-0812 Japan describes the results of structural characterization of nm-scale InAs
In recent years, self-organized quantum dots (QDs) have attractedQD’s incorporated in a Si matrix. High-resolution electron microscopy
much attention to the application of new optical devices such as QD has been applied to prove the coherent nature of the InAs inclusions.
lasers. However, the size inhomogeneity of the self-organized dots isExperimental micrographs were additionally compared with computer
usually broadened and reduces the optical gain. From this view point, itsimulated images of crystallographic models. We observed that the
is necessary to understand the main factors which determine the sizequality of the grown structures severely depends on the substrate tem-
distribution. In self-organized QDs, it has been attributed to the strain perature, growth sequence, and geometrical parameters of the
in QDs induced by the mismatch with an underneath layer. [1] On the heterostructure. In addition to the STM results, one can also conclude
other hand, Ebiko et al. reported that the dot size distributions of the that the Si crystal lattice can only adapt a limited volume of the
InAs QDs are independent of the strain and are well reproduced by thedeposited InAs in a form of coherent clusters; excess of InAs is accumu-
same scaling function regardless of the QD densities. [2] In this paper,lated in large, dislocated precipitates. The growth phenomena observed
the main factors determining the size distribution in ZnSe self-orga- is discussed in view of the interplay of thermodynamic aspects and
nized QDs grown on ZnS layers are studied. All of the samples were kinetic pathways of the growth process. /1/ N.N. Ledentsov, Proceed-
grown by metalorganic vapor phase epitaxy at°850rhe ZnSe QDs ings of the 23rd International Conference on the Physics of Semicon-
were grown by depositing about 3-monolayer-thick ZnSe after the ductors, Berlin, Germany, July 21-26, 1996, Ed. by M. Scheffler and R.
growth of ZnS underneath layer. The sizes of the individual ZnSe QDs Zimmermann (World Scientific, Singapoure, 1996), v. 1, p. 19./2/ G.E.
were measured by an atomic force microscope. To understand the sizeCirlin, et al., Semicond. Sci. and Technol. 13, 1262 (1998).
determining process in our ZnSe QDs, the scaling characterization
using standard rate equation theory based on deposition, diffusion and4:30 PM
aggregation rates considering the smallest stable island size [3] wasIn-Situ Self-Organization of Two- and Three-Dimensional High-
attempted. In the case of the InAs QDs, its size distribution has a Density InAs Quantum Wire Arrays on (100) InP. Hanxuan L};
critical size and the smallest stable island size was like polymers, i.e.Theda Daniels-Raé¢geZhanguo Wang !Duke University, Dept. of
dimers, trimers and so on. [2] The scaling of the ZnSe QDs size distri- Elect. & Comp. Eng., Durham, NC 27708-0291 USHqstitute of
bution was also possible, but it did not show any critical QDs sizes. In Semiconductors, Chinese Academy of Sciences, Laboratory of Semi-
this case, the smallest stable islands contributed to the size distributionconductor Mats. Sci., Beijing 100083 P. R. China
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The continued minimization of electronic devices continues to lead
us into a realm of nanostructures. Although InGaAs quantum wires
(QWRs) on vicinal InP (100) substrates have been demonstraiedi Session G. Ep":axy for Devices
reports are available on the realization gfAln, As QWRs by deposit-
ing InAs/AlAs short-period supperlattices on on-axis (100z#nkhere
are no results available regarding the formation of InAs QWRs on InP Wednesday PM Room: State Street
substrates. In this work, we report the observation of InAs wire forma- j,ne 30, 1999 Location: University Center
tion on (100) InP by molecular beam epitaxy. By stacking the wires
into multilayers, highly correlated three-dimensional (3D) wire arrays . . .
are realized. The samples were grown on semi-insulating (100) Inp S€ssion Chairs: Ray Tsui, Motorola Labs, Tempe, AZ
substrates by a solid-source MBE system. The heterostructures consist/SA; Mike Tischler, Epitronics Corporation, Mesa USA
of a 200-nm A} dn,,As buffer layer, an active region, and a 50-nm
Al dngs,As cap layer. For the single-layer samples, the InAs active
layer was varied from 1.5~10MLFor the multilayer samples, 20-, 10-,
and 5-nm A| ,dn,,As spacer layer were grown after each InAs deposi- 1:30 PM
tion. Growth was carried out under As stabilization with a V/III flux Tellurium Memory Effects on OMVPE-Grown In0.3Ga0.7As-
ratio 15~20. The growth rates of Alln,s,As and InAs were 0.7 and 0.997N0.003/GaAs Laser DiodesNein-Yi Li; Chris Haing, Jun Lu;
0.2 mm/hr, respectively. No growth interruptions were introduced dur- Kai Yangd:; Julian Cheng University of New Mexico, Center for High
ing the growth process. The samples were characterized by in situTechnology Materials, 1313 Goddard Ave. SE, Albuguerque, NM 87106
reflection high-energy electron diffraction (RHEED) measurements, USA
ex situ atomic force microscopy (AFM), transmission electron micros- Recently, a new semiconductor alloy, InxGal-xAsl-yNy, which can
copy (TEM) and photoluminescence (PL) to examine and verify the be lattice-matched or strained to a GaAs substrate, has been extensively
existence of quantum wires. The surfaces of the single-layer samplesstudied by molecular beam epitaxy (MBE) and organometallic vapor
are dominated by quasi-periodic quantum wires which are coherently phase epitaxy (OMVPE) since it has been shown a great potential to
strained to the substrates. It is confirmed from the diffraction pattern realize long-wavelength edge emitting laser diodes and vertical-cavity
that the wires are elongated along the <-110> direction, while the surface emitting laser diodes lasing in the 1.15 to 1.30 ym regime with
height undulation is manifest in <110>. In the 3~6 ML regime, the high-temperature performance for the future low-cost and high-capac-
surface structures appear extremely stable, the wires grow, but retainity optical data links. Among these studies, silicon (Si) has been widely
their essential shape. One distinct dimensional changes of the wires isused as the n-type dopant, and its doping effects on optical properties
that the lateral size, height, and periodicity of the wires increases of InxGal-xAs1l-yNy quantum wells (QWSs) is believed to be negligible.
significantly with deposition. At 6 ML, the average spacing, lateral In this study, tellurium (Te) is employed as the n-type dopant due to its
width and height of the wire structures are 14nm, 10nm and 3nm, lower diffusion coefficient in GaAs, about two orders of magnitude
respectively. The linear wire density, therefore, is so high (~70 wires/ lower than Si at 1000¢XC2. However, Te doping effects on optical
mm) that neighboring wires almost touch each other in their base re- properties of OMVPE-grown In0.3Ga0.7As0.997N0.003/GaAs QWs
gions. The striking features of the multilayer wire arrays is that the has not been reported yet. Therefore, in this study, photoluminescence
wires of the upper layer are not reproduced directly above the buried (PL), secondary ion mass spectroscopy (SIMS), and light-current (L-I)
wires but approximately between two neighboring ones. Detailed cross-characteristics were analyzed to evaluate optical qualities of 1.17 ym
sectional TEM investigations reveal the existence of a wire correlation In0.3Ga0.7As0.997N0.003 laser diodes. The In0.3Ga0.7As0.997N0.0-
that is not parallel but is along crystallographical directions inclined by 07 laser diodes were grown at 535¢XC by OMVPE using dimethylhy-
an angleq to the growth direction (100). This picture is in marked drazine, diethyltellurium (DETe), and carbontetrachloride as the N, Te,
contrast to the widely accepted theory of vertical alignment of quan- and C precursors. Test samples with different growth procedures were
tum dots, which is qualitatively explained by the strain-anisotropy- employed to investigate the effects of Te dopant on optical properties
induced oblique reproduction. For our material system, the ordering of QWs. A 2000A-thick undoped or Te-doped (n=2x1018 cm-3) GaAs
mechanism is so efficient that a nearly perfect hexagonal packing of buffer layer was grown first on a (100) n+-GaAs substrate, followed by
wires was observed in the cross-section. When spacer thickness d igshe growth of a 1400A-thick undoped GaAs waveguide layer, three
varied by a factor of 4, the general picture of spatial alignment is not In0.3Ga0.7As0.997N0.003 (70A)/GaAs (100A) QWs, and a 500A-
affected. There is a 50% reduction in the photoluminescence (PL) thick GaAs cap layer. For samples grown on an u-doped GaAs buffer
linewidth between the case of a single-layer sample (120meV) and thelayer without any in-situ or ex-situ annealing, strong room-tempera-
case of a multilayer sample with 5 nm spacer layer (80meV). At the ture PL at 1.17 ym with a full width at half maximum of 33 meV can be
same time, the PL peak of the wires is shifted by 60 meV to lower routinely obtained. However, for samples grown on a GaAs:Te buffer
energy which is ascribed to the electrical coupling effects among the layer without or with a five-minute growth interruption show no or
high-density wires. This work has been partially supported by the Na- very weak room-temperature PL, respectively. SIMS results show that
tional Sci. Foundation and the Dept. of Energy. 1. M. Brasil, A. Bernussi, ~ 0.3-2x1020 cm-3 Te atoms exist in QWSs, possibly attributed to the
A. M. Cotta, M. Marquezini Appl. Phys. Lett. 65, 857(1994) 2. desorption of DETe from the stainless tube walls, the quartz reactor
Shinjiroh Hara, Junichi Motohisa, and Takashi Fukui, J.Crystal Growth walls, or the graphite susceptor during the low temperature growth of
170, 579(1997) 3. A. G. Norman, S. P. Ahrenkiel, H. Moutinho, M. M. QWs since Te has a tendency to incorporate at lower growth tempera-

Al-Jassim, Appl. Phys. Lett. 73, 1844(1998) tures. From the L-lI characteristics of 1.17-1.20 ym
In0.3Ga0.7As0.997N0.003/GaAs laser diodes, we found for the first
4:50 PM Late News time that optical properties of In0.3Ga0.7As0.997N0.003/GaAs QWs

were significantly deteriorated due to this unintentional Te incorpora-

tion in QWSs, resulting in a higher threshold current density (Jth) of 6.0

KA/cm2. To circumvent the Te memory effect, in-situ cleaning quartz

reactor and susceptor with hydrogen chloride at 830¢XC, followed by
the regrowth of QWs and p-cladding layers were employed. A Jth of 1.2
KA/cm2 has been successfully demonstrated, and, to our best knowl-
edge, it is the lowest among the 1.17-1.20 ym InxGal-xAsl-yNy laser
diodes grown by MBE or OMVPE. In summary, we have successfully

improved optical performance of In0.3Ga0.7-As0.997N0.003/GaAs

laser diodes by using in-situ etching and OMVPE regrowth technigues to
eliminate Te carry-over in the QWs. Further characterizations and
details on laser diodes will be presented.
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1:50 PM + axy. The effect of the substrate temperature, the power to the elec
Investigation of p-type GalnNAs for Heterojunction Bipolar cyclotron resonance (ECR) plasma source, the rate of growth, and
Transistor Base Layers Huoping Xiri; Charles W. Ty Peter M. flux on the GaAsN material properties were studied. The N concent]
Asbeck; Rebecca J. Welty University of California at San Diego, tion in GaAsN was determined by x-ray diffraction and secondary i(
Dept. of Elect. and Comp. Eng., 9500 Gilman Dr., La Jolla, CA 92093- mass spectroscopy to be in the range of 0 to < 2%. X-ray diffracti
0407 USA results indicated the incorporation of N in GaAs increases with the E(
A low-bandgap material for the base of a heterojunction bipolar power to the N-source and with slower growth rate, but was not affec
transistor (HBT) is desirable to lower the emitter-base voltageaid by the substrate temperature. Low temperature photoluminesce
decrease the turn-on voltage for low-power operation. GalnAs, spectroscopy results showed a drastic narrowing of the bandgap witl
pseudomorphically grown on the GaAs substrates, has been demonincorporation. The optical quality of the layers improved by 2 orde
strated as a base layer for GaAs-based HBTs. Pseudomorphic growthpf magnitude with increased growth temperature. Based on the res
however, restricts the range of In composition. Moreover, the result- of the detailed materials characterization, optimized p-GaAs/i-GalnAg|
ing strain tends to lower the benefit from reduced bandgap in the alloy. n-GaAs/SI-GaAs structures were grown for 1 micron photo-detecto
Therefore, we propose a novel material GalnNAs as a base layer. Nitro-The device parameters of the prototype devices will be compared
gen incorporation in GalnAs lowers the band gap due to large bandgapthe results of the device simulation. [1] M. Kondow, K. Uomi, A. Niwa
bowing and reduces the net strain due to small atomic size of nitrogen.T. Kitatani, S. Watahiki, and Y. Yazawa, Jpn. J. Appl. Phys., 35, 12
In this paper, we report the gas-source MBE growth and characteriza-(1996).
tion of p-type GggedNg 10N, AS,, (1100 A) layers on semiinsulating
GaAs substrates. The active nitrogen species are generated from a RR:30 PM
plasma nitrogen radical beam source. Rapid thermal annealing is alsolnGaAsN for High Efficiency Solar Cells Grown by Metalorganic
performed on the samples to improve their quality. The samples areChemical Vapor Deposition Andrew A. Allermah Steven R. Kurtz
characterized by high-resolution X-ray rocking curves (XRCs), photo- Eric D. Jones James M. GeégRob M. Sieg !Sandia National Labora-
luminescence (PL) and Hall measurements. XRCs show that the peakdories, P.O. Box 5800, Albuguerque, NM 87185 USA
of GalnNAs shift closer to the GaAs substrate peak with increasing N InGaAsN alloys are being developed for high efficiency multi-jung
concentration, indicating reduced strain. Dynamical theory simula- tion tandem solar cells for space power systems. Models indicate that
tions are used to determine the In and N concentration, which arerecord efficiencies (» 38-40%) would be obtained for tandem cells
0.108 and 0 ~ 0.024, respectively. After RTA at 700°C for 10 seconds, where a 1.05eV bandgap cell is added in series to proven InGaP-GaAs
the Gggedn, 10AS Sample suffers from strain-relaxation due to the large tandem structures. The InxGal-xAsl-yNy alloy system appears ideal
lattice-mismatch, but N-containing samples remain pseudomorphically for this application. Bandgaps less than 1.0eV are obtained for InxGal-
strained, suggesting better thermal stability. For 700° C-annealed samplesxAs1-yNy alloys with minimal N concentrations (y » 0.02). InxGal-
the room-temperature PL wavelength red-shifts from 0.988 to 1.276 xAs1l-yNy films were grown using trimethylindium (TMIn),
micron with increasing N concentration from 0 to 0.024 due to the trimethylgallium (TMG), 100% arsine and dimethylhydrazine (DMHy).
large bandgap bowing. Hall measurements show that with N incorpora- N-type material was achieved using silicon tetrachloride (SiCl4). Car-
tion, the carrier concentration is decreased by one order of magnitudebon tetrachloride (CCl4) and dimethylzinc (DMZn) were used to dope
and Hall mobility also decreases. After RTA, however, the carrier con- films p-type. High DMHy/V ratios (0.94 - 0.98) were required to incor-
centration of N-containing samples is increased to the same level asporate nitrogen. The V/III ratio ranged between 50 to 100 and the
that of GalnAs and the Hall mobility also increases. The product of growth rate between 6 and 10A/sec. N-type material was doped using
carrier concentration and Hall mobility is about half as that of GalnAs SiCl4 since Si2H6 and DETe proved ineffective at 600°C. Electron
sample. These results suggest GalnNAs is a promising advanced mateeoncentrations to 5e17 were achieved but alloy composition was af-
rial for the base layer of HBTs. The lower bandgap compared to GaAs fected at the higher doping levels as measured by x-ray diffraction.
could decrease the turn-on voltagg, By as much as 0.4V. Since much  Following thermal annealing, the hole concentration increased in p-
of the bandgap reduction is believed to correspond to a change intype material and the electron concentration decreased in n-type ma-
conduction band energy, a design in which conduction band barriers areterial or became p-type. Other n-type dopants will be discussed. A
eliminated with grading and doping dipoles will be required.* This work significant increase in photoluminescence intensity was observed from

WEDNESDAY PM

was partially supported by Rockwell International and UC Micro. films following a post-growth thermal anneal. The photoluminescence
intensity was a maximum for samples annealed for either 700°C for 2
2:10 PM + minutes or 650°C for 30 minutes. Without annealing, little band edge
Growth and Characterization of Long Wavelength (1 Micron) luminescence was observed at 300K and only a broad, low energy band
GalnAsN Photo-Detectors using Gas Source Molecular Beam was present. A solar cell was constructed with a 1.0 pm thick, n-type (2
Epitaxy: Sudhir G. SubramanyaJoachim Kruges Piotr Perlir; x 1017 cm-3, Si doped) In0.07Ga0.93As0.98N0.02 emitter grown on a
Eicke R. Weber Dan E. Marg Chris Kocot; Ying-Lan Chang Uni- 1.0 um thick, p-type (4 x 1016 cm-3, background doped) base. An

versity of California at Berkeley, Mats. Sci. and Min. Eng., 161M, 211- AlGaAs window and a GaAs back surface reflector were incorporated.

225 Cory Hall #1772, Berkeley, CA 94720-1772 USHewlett Packard The photoresponse extended out to the band-edge of the InGaAsN at

Laboratories, 3500 Deer Creek Rd., B26M-7, Palo Alto, CA 94304 1.2 um. Peak internal quantum efficiencies of >70% were obtained for

USA the annealed cell. Comparing the annealed and as-grown cells, anneal-
Optical communication has created a strong interest in light emit- ing improved the quantum efficiency by roughly a factor of 5. Compar-

ters and detectors in the infra-red wavelength range. However, thising the performance of our thick n-type emitter solar cell with thin n-

wavelength range is not achievable with GaAs based semiconductortype emitter cells and other alternative designs, we found that negli-

technology due to fundamental limitations such as lattice mismatch of gible electron diffusion is occurring in the 1.0 eV p-type material (an-

InGaAs/GaAs hetero-structures. Therefore, InGaAs-based hetero-struc-nealed or as-grown). To date, high quantum efficiencies have only been

tures have to be grown on InP substrates. Devices fabricated usingobtained with cell designs utilizing hole diffusion in n-type material.

InGaAs/InP technology suffer from poor temperature characteristics. Sandia is a multiprogram laboratory operated by Sandia Corporation, a

Also, InP substrates are expensive, fragile and of poorer quality. Re-Lockheed Martin Company, for the U.S. Dept. of Energy under con-

cently, some progress has been made on GalnAsN/GaAs heterostructuresact DE-AC04-94AL85000. Additional funding was provided by Air

for lasers [1]. The addition of small amounts of N to GaAs causes a largeForce Research Laboratory.

decrease in the band-gap. This also decreases the lattice constant, which

can be compensated by addition of Indium so as to adjust it to the GaAs

lattice constant. This enables fabrication of detectors on a transparent

substrate, which allows for the radiation detection from the device

backside. In this work, for the first time, GalnAsN layers were used to

make photo-detectors in the 1 micron long wavelength range. GaAsN

and GalnAsN layers were grown using gas source molecular beam epit-

13



=
m
)
4
m
8
2
1
=

2:50 PM Late News doping of BeTe films and ZnBeTe films lattice matched with GaAs and
ZnSe. The contact resistance of Au/p-ZnSe/p-BeTe structure will be

3:10 PM Break also reported. We have found that the optimum growth conditions for
BeTe are achieved under Te-stabilized growth conditions based on X-
3:30 PM + ray diffraction and atomic force microscopy measurements. The nar-
AlGaAs and InGaAs-Based Light Emitters on Si via Relaxed rowest FWHM value of the (004) X-ray rocking curve of BeTe films
Graded GeSi Buffer Layers Michael E. Groenett Vicky K. Yang: was 79 [arcsec]. The Be composition in ZnBeTe films varied in propor-

Eugene A. Fitzgerakl Massachusetts Institute of Technology, Dept. tion to J(Be)/ (J(Be) + J(Zn)) up to Be<0.2, where J(Be) and J(zn) are
of Mats. Sci. and Eng., Rm. 13-4025, 77 Massachusetts Ave. cam-Peam equivalent fluxes of Be and Zn. Although the growth conditions
bridge, MA 02139 USA of lattice-matched ZnBeTe films with GaAs and ZnSe are not opti-
The promises inherent in merging conventional silicon-based IC Mized yet, the line width of the (004) X-ray rocking curve is narrower
technology with the direct-gap optoelectronic capabilities of 111-y  than 100 [arcsec]. We have found that both BeTe films and ZnBeTe
semiconductor technology have inspired many different strategies for films Iattm;e matched with GaAs and ZnSe can be highly p-type doped
growing GaAs-based devices on silicon substrates. Minority carrier de- (P>10°cm) with nitrogen, which will enable to make low-resistive p-
vices such as laser diodes, and high-aluminum content structures are thgontact layers. Additional improvement in electrical properties could
most sensitive to defects resulting from the mismatched GaAs/Si P& expected owing to lower valence band offset for ZnBeTe/ZnSe (or
heterojunction. Continuing work in this research group with relaxed GaAS) than that for ZnTe/ZnSe (or GaAs). Another advantage can be
graded buffer layers of G8i,, grown on silicon wafers have created expected when using a p-GaAs substrate. A lattice matched_p-ZnBeTe
device-quality substrates upon which GaAs-based light-emitting and [@yer can be used as a buffer layer for p-GaAs substrate and is expected
laser diode structures can be grown and evaluate@adJAs visible to yield good electrical properties because of high p-type dopability and
light emitting diodes have been grown on gradegSGe substrates with lower valence band offset. It has been demonstrated that selenium and
organometallic chemical vapor deposition (OMCVD), and these de- sulfur .contamination of. the GaAs surface play a crucial role in the
vices have been characterized and compared with identical structuregormation of defects during the first stage of the II-VI growth [3]. The
grown on standard GaAs substrates. Side-emitting doubIe-heterostructurémerfa_Ce properties between the BeZnTe/GaAs can be much_ petter
devices were fabricated with ALGa,.As cladding layers and an than either ZnSe/GaAs or ZnSSe/GaAs, because of lower reactivity of

Al,,Ga,As active region luminescing at 740nm. Turn-on voltages of Te with the GaAs surface than S or Se. The el_ectricfal proper_ties of_p-
1.5V and series resistances on the order of Y@46r the AIGaAs on BeTe and p-ZnBeTe layers doped with N were investigated with a thin
GeSi diodes were measured, and similar values were recorded for the?~ZnSe layer being deposited onto these layers to protect from oxida-
devices grown on GaAs. Electron-beam induced current (EBIC) images tion- It is found that a 4 nm thick p-ZnSe capping layer serves as an
of both devices showed threading dislocation densities of approximately Onmic contact layer for underlying p-BeTe or p-ZnBeTe layers as well
4x10° cme for the devices grown on G&i, and much lower densities ~ aS @ protec.tlng layer from oxidation. Preliminary measurements of the
(< 10* cm?) in the devices grown on GaAs. Despite the differences in cqntgct r_eS|stance of Au for a p-ZnSe/p-BeTe structure by the trans-
threading densities, both devices showed comparable luminescence chafMission line method showed a value as low as &difm-cnt. [1] E.
acteristics, with external quantum efficiencies slightly more than an Xato et al,, Electron. Lett. 34, 282 (1998). [2] S. Kijima et al., Appl.
order of magnitude apart. [Ba_As/GaAs quantum well diodes have ~Phys. Lett. 73, 235 (1998). [3] S. Gua et al., Appl. Phys. Lett. 63,
been shown to be exceptionally resistant to dislocation-induced failures 3107 (1993).

under a wide range of operating conditions. Operating lifetimes for

Iny,.Ga, As strained quantum well lasers on GaAs substrates longer than4:10 P_M .

20,000 hours have been reported (compared to 8000-hour average>€lective InAs Contact to GaAs Kumar Shiralagh; Ruth Zhang
lifetimes reported in AlGaAs/GaAs QW lasetsn Ga, As/GaAs quan- Ray Tsuf; Motorola Labs, Physical Sciences Research Laboratories,

tum well diode structures on both GaAs and GeSi substrates have beed100 East Elliot Rd., M/S-EL308, Tempe, AZ 85284 USA _
grown and characterized. Pulsed laser operation at 991 nm with a  1here have been many attempts in the past to obtain good ohmic

threshold current of 105 mA was achieved with the devices grown on contacts to GaAs using epitaxially grown InAs and then contacting the
GaAs substrates, and IV and PL measurements on diodes grown on boti"AS Using a metal. Any metal deposited on doped InAs forms a good
GaAs and GeSi showed comparable luminescence intensities and turn®NMic contact because of its small band gap, high conductivity and

on voltages. Fully characterized, Bg,_As/GaAs quantum well lasers charge inversion at the surface. The heterojunction band discontinuity
grown on GgSi,, substrates will bxe reborted and implications for future at the InAs/GaAs interface however creates a barrier for electrons and
x )

work will be discussed.[1] S.L. Yellen, et al, IEEE Journ. Quant. Elect. introduces high contact resistance at the interface, and rendering this

QE-29, 2058(1993). material combination unsuitable for such applications as FETs and
other devices. Several groups were successful in obtaining good contact
3:50 PM + to GaAs with graded |3, As by changing composition from x=0 to
Lattice Matched Zn,Be, Te Films with GaAs and ZnSe for p- x=1 over a thick epitaxial layer. This grading of the layer introduces
Contact Layers of ZnSe-Based II-VI Laser Diodes M. W. Ché; J. additional growth complexities. Further, the method is not suitable for
H. Chang S. Saeki K. Godd; H. Makind; T. Yad; iTohoku Univer- selectively grown InAs contact where the selective growth conditions
sity, Institute for Materials Research, 2-1-1 Katahira, Sendai 980 at each composition is going to be different and the continuous chang-
Japan ing of growth conditions as a function of composition makes the tech-

A ZnSe-ZnTe pseudograding system has been used for a p-contacf'iq“e impra(_:tical. In this paper, we discuss our success in obtaining gqod
layer in ZnSe-based 1I-VI blue-green laser diodes, which effectively Ccontacts using selective InAs. The top 100 A GaAs layer was heavily

reduced the threshold voltage below 5 V. However, the life time of the doPed with multiple delta Si doping. The wafer was then resistlessly
laser diode was reported to be around 400 hrs [1]. Previous studies orPatterned and Si doped InAs was selectively grown. Contact resistance
the degradation mechanisms of GaAs laser diodes suggest that straiPetter then 0.1 ohm mm was obtained by transmission line measure-
caused by the contact layers plays an important role and the reductionents: We propose that the multiple delta doping in the GaAs results in
of strain induced by the electrode directly lead to the long life time [2]. Multiple narrow tunneling barriers, eliminating the large heterojunction
In view of such experience, it is expected that the strain caused by theParrier otherwise seen typically. The resistless patterning technique
large lattice misfit between ZnSe and ZnTe (7.1 %) would play an also reduces the chance of residual contamination at the interface.
important role in the degradation mechanisms of the devices. Such alhus good current through the interface can be obtained. The high
large lattice misfit would induce misfit dislocations threading into the density of interfacial dislocations due to lattice mismatch does not hurt
underlying layers during current injection for long time, even if the the vertical transport. Thus, one-step metallization can be carried out
initial layers are dislocation free [2]. By replacing ZnTe with B to fabricate FETs in which Al could be used as an ohmic metal for InAs
_Te, the problem of lattice mismatching can be perfectly solvedezn and glso as the Sghottky gate metal op GaAg. Our results in fabricating
_Te films with compositions of 8.0 % and 5.4 % lattice match with functional FETSs using this approach will be discussed.

ZnSe and GaAs, respectively. This study will report MBE growth and N-
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4:30 PM + in thickness) grown by H-MBE compared to MBE. The growth inte
Development of Multi-Functional InGaAs-based Ohmic Con- ruption adopted during MQW growth further improved the SR re
tacts for GaAs Devices Mitsumasa Ogurg Masanori Murakanj sponse. The primary reason for the observed improvement in
1Kyoto University, Dept. of Mats. Sci. and Eng., Div. of Eng. Sci., photovoltaic response in H-MBE samples can be understood, togef
Kyoto Japan with works our earlier, that in H-MBE, the electrical activity of deep
The conventional GaAs JFET (Junction Field-Effect Transistor) level defects and hence diode leakage current are drastically reduced
devices use three different electrode materials: AuGeNi for n-type Ohmic to H passivation [3]. Further, the MQW heterointerfaces are mo
contact, TiPtAu for p-type contact, and TiAu for wiring. In our labo- atomically smooth in H-MBE samples than in MBE. Thus the carri
ratory, our efforts have been made to develop one material which recombination at the heterointerfaces are expected to be efficie
functions both n- and p-type Ohmic contacts and wiring,Gg, ;As/ suppressed thereby improving the collection of carriers escaping fr|
Ni/W,N/W contacts which were prepared by a RF(Radio-Frequency) the quantum wells. High efficiency cells could be realized by using
sputtering system were found to provide low contact resistange (R MBE grown MQWs with further optimized cell design, In compositio
value of 0.2W-mm for both n- and p-type GaAs after annealing at and increased photoabsorption volume. [1] K. W. J. Barnham and
550°C.l12I These contacts were extremely thermally stable at@O00 Duggan, J. Appl. Phys. 67, 3490 (1990). [2] Y. Okada, H. Shimom
However, the sheet resistance,jPof these contacts were relatively and M. Kawabe, J. Appl. Phys. 73, 7376 (1993).[3] Y. Okada, J.
high (12W'square), and the contacts could not be used as wiring mate-Harris, Jr. and W. Goetz, J. Appl. Phys. 80, 4770 (1996).
rials. The purpose of the present experiment is to reduce the sheet
resistance of InGaAs-based Ohmic contact by depositing Au as the top
layer so that this contact will be used as wiring material. The technical

issue was to prevent an intermixing of Au and GaAs during annealing at Session H. Electronic Transport in

550°C which is required for Ohmic contact formation. To solve the . .
problem, a thermally stable diffusion barrier layer between the contact Organlc & MOIGCUlar Mate”als
materials and Au should be developed. ThgGm, As/Ni/W,N/Au con-
tacts with various thicknesses of theNMayers were prepared and the .
diffusion barrier properties of the ) layers were investigated. The WedneSday PM Room_' Santa Bark_)ara Harbor
In,,Ga, As, Ni, and WN layers were deposited sequentially on the June 30,1999 Location: University Center
GaAs substrates in the RF sputtering system, where iheldyers were

deposited in a mixed gas of 20%/Ar. The Au layers were deposited by  Sessjon Chairs: Shelby Nelson, Colby College,

a resistance-heater. The Yalues of the present contacts were found to Waterville, ME USA; David Janes, Purdue University,
be influenced by the W thickness. The contact with 40 nm;W West Lafa’yette IN l,JSA ’ ’

layer provided the low Rvalues of 0.2A-mm for both n- and p-type
GaAs and the Rvalue was reduced down to 0Msquare after annealing

at 550C for 10s. The electrical properties were did not change after
annealing at 40@ for 3h, and the surface morphology of the contacts )
was extremely smooth. The microstructural analysis showed thin Au  1:30 PM ~Invited ] )

or AuGa, compounds were not formed, suggesting that the Au and GaAs What Determines the Resistance of a Molecule?Supriyo Datta;
intermixing was prevented by the W layer. The present experiment 1Purdue_Un|verS|ty,_1285 Elect_r. Eng. BIdg.West Lafayette, IN 47907
showed the Ip,Ga, As/Ni/W,N/Au contact functions both n- and p- I_n this talk we will s_tart by discussing what it means to talk gbout the
type Ohmic contacts and wiring. In addition, use of this contact mate- resistance” of something as small as a molecule. Next we will present
rial for GaAs JFET devices will improve the thermal stability and the SOMe recent experimental work that measures the resistance of indi-
device performance. [1] C.J. Uchibori, Y. Otani, T. Oku, N. Ono, and vidual organic molecules by inserting speual_ funct_lonal groups gt the
M.Murakami, J. Electron. Mater., 26(1997) 410.[2] M. Ogura and M. ends which attach to the surface of a metal like microscopic “alligator
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Murakami, J. Electron. Mater., 27(1998) L64. clips”. We will then show how the experimental results can be under-
stood in terms of a simple model, identifying the important factors
4:50 PM that affect the shape of the current-voltage characteristics. Finally we
Use of Multi-Quantum Wells for Photoabsorption Enhance- will address the question of how molecules can be designed to exhibit
ment in Compound Semiconductor Solar Cells Yoshitaka specific properties such as rectification or negative differential resis-

Okada; Yoshiyuki Suzuki; Takatoshi Kikuchi University of Tsukuba, tance.
Institute of Mats. Sci., Tennodai 1-1-1, Tsukuba, Ibaraki 305-8573
Japan 2:10 PM

The multi-quantum well (MQW) solar cells have gained increasing Simulation of Molecular Devices from First-Principle:
interest for achieving toward predicted efficiencies in excess of 40% Massimiliano Di Ventrg Norton Lang; Sokrates T. Pantelidgs
[1]. The fundamental principle is that a MQW inserted within the *Vanderbilt University, Phys. and Astronomy, Stevenson Center, Nash-
photoabsorption region of a solar cell diode would define the absorp- ville, TN 37235 USA;2BM, Research Div., Thomas J. Watson Re-
tion edge and hence the output current, while the output voltage wouldsearch Center, Yorktown Heights, New York, NY 10598 USA
be, to the zeroth-order approximation, determined by the wider bandgap  Devices based on nanostructures (molecules, nanotubes, nanoclusters)
(barrier) material. Whether this additional carrier generation and pho- have recently received much attention for their possible replacement
tocurrent expected due to excitonic absorption in MQWSs would out- of conventional electronic components. At these length scales, con-
weigh the accompanying drop in the terminal voltage due to recombi- ventional device simulations based on Boltzmann’s equation must be
nation of carriers trapped in the quantum wells (dark current) is still one replaced by fully quantum-mechanical approaches. We present the first
of the key issues to be addressed today. In order to reliably investigateparameter-free quantum mechanical simulations of a molecular device
their featured characteristics, it is important that one achieves a highthat has already been studied experimentally by Reed et al. [1], namely
material quality, especially in view of minimizing the recombination of a benzene-1,4-dithiolate molecule between gold electrodes. The theo-
photo-generated carriers at the MQW heterointerfaces. For this, weretical |-V curve has the same overall shape as the experimental curve
have fabricated InGaAs/GaAs MQWs inserted within the active region — reflecting the electronic structure of the molecule as modified by the
of a p-i-n GaAs junction diode by atomic hydrogen-assisted molecular €lectric field — but the absolute value of the current is very sensitive to
beam epitaxy (H-MBE) technique [2], and by conventional MBE for contact chemistry and geometry. In particular the presence of a single
comparison. The spectral response (SR) of each device was measured gold atom between the molecule and the electrode surface reduces the
298K under AM1.5 conditions. In the IR wavelength region of 800nm conductance by about two orders of magnitude. Replacement of the
~ 1000nm, the SR was increased by ~ 25% in a GaAs single-junction single gold atom by an aluminum atom, whose p orbitals couple more
(control) cell, and by ~ 35% in a 10-period MQW cell (In<sub>0.07</ effectively with the molecule’s p orbitals, increases the conductance by
sub>Ga<sub>0.93</sub>As quantum well: GaAs barrier = 10nm: 50nm about an order of magnitude. Such calculations will, therefore, play a
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crucial role in future device design and contact Eng.. [1] M. Reed et al., Bertram Batlogg Bell Laboratories, Lucent Technologies, 700 Moun-
Sci. 278, 252 (1997) Work supported in part by NSF grant 98-03768. tain Ave., Murray Hill, NJ 07974-0636 USA
Organic field-effect transitors based on aromatic hydrocarbons like

2:30 PM + pentacene have reached performance similar to a-Si:H with mobilities
Electronic Transport Characteristics Through Diisocyanide Jia above 1 crtVWs and on/off-ratios up to B0Despite this impressive

Cher; Laurie E. Calveét Chongwu Zhoy Mark A. Reed; Dustin W. technological progress, the knowledge of the charge transport mecha-
Care; Desiree S. GrubisBaDennis W. Bennelt tYale University, nism in these organic semiconductors is still incomplete. In order to

Elect. Eng. Dept., Rm. 509, 15 Prospect St., New Haven, CT 06520 determine the intrinsic transport properties, high quality single crystals
USA,; 2Cornell University, Cornell Nanofabrication Facility, GO5 Knight of aromatic hydrocarbons, like pentacene and rubrene, have been grown

Lab, Ithaca, NY 14853 USA3University of Wisconsin-Milwaukee, from the vapor phase. The electrical properties of these materials were
Dept. of Chem. and Biochem., 3210 North Cramer St., Milwaukee, WI investigated by means of space charge limited current spectroscopy.
53211 USA Conductivity, acceptor concentrations, trap densities, their activation

The investigation of electronic transport in molecular-scale sys- energies, and the hole mobility were determined as function of tem-
tems is of interest from both a fundamental and potential application perature, applied electric field, and crystal orientation. The hole mobil-
standpoint. We report the first measurements of electrical transportity increases from approximately 2 &ws at room-temperature to
properties in a new type of self-assembled molecule-metal junction, more than 200 ckVs at 20K in pentacene following a power law. The
specifically 1,4-phenylene diisocyanide with gold contacts. Experi- observed sublinear electric field dependence of the hole velocity can be
ments were conducted on symmetric nanoscale metal(gold)/molecule/explained by scattering at acoustic phonons. The bandwidth and effec-
metal(gold) junctions. Variable temperature conductance measurementdive mass can be estimated from the high field saturation velocity of
revealed that thermionic emission dominates at high electric field, the charge carriers. In pentacene, a value of 0.4 eV for the low tem-
while hopping conduction takes over at low electric field. A thermal perature bandwidth has been determined, which decreases with increas-
barrier of 0.4 eV was obtained for field larger than 1 MV/cm; below 1 ing temperature due to coupling with optical phonons. The combina-
MV/cm, a hopping barrier of 0.3 eV was found. This is the first direct tion of the high mobility, the power-law temperature dependence, the
electrical measurement of the contact potential between a metal and darge extracted bandwidth, and the fact that the calculated mean free
diisocyanide SAM. Comparison with other molecule-metal junction path exceeds many lattice constants suggest that the charge transport

systems (such as gold-thiol) will be discussed. in these organic semiconductor can be described by conventional band-
theory.

2:50 PM

Improved Contacts for Organic Electronic Devices Using Self- 4:10 PM

Assembled Charge Transfer Materials Jianna Wang David J. J. High Mobility Polymer Thin Film Transistors Based on Copoly-

Gundlach; Chung-Chen Kug Thomas N. Jacksén iThe Pennsylva- mers of Thiophene and 3-Hexyl Thiophene Jianna Wang David
nia State University, Center for Thin Film Devices, and Electr. Mats. J. Gundlach Alan J. Benegj Thomas N. Jacksén The Pennsylvania
and Processing Research Laboratory, 121 EE East, University Park,State University, Center for Thin Film Devices, and Electr. Mats. and
PA 16802 USA Processing Research Laboratory, 121 EE East, University Park, PA
Contacts to organic active layers in thin film transistors (TFTs) and 16802 USA;2The Pennsylvania State University, Chem. Dept., Uni-
light emitting devices are often problematic. In particular, TFTs often versity Park, PA 16802 USA
make use of the high resistivity of the active layer to achieve low off We have fabricated polymer thin film transistors (PTFTs) using
currents at usefully low operating voltages, but the same high resistivity solution-cast copolymers of thiophene and 3-hexyl thiophene with
can make current injection at contacts difficult. Generally, metals or field effect mobility is as high as 0.046 cm2/V-s, the highest reported
other conductors with selected work functions are used to improve for PTFTs using non-regioregular polythiophene. Solution processible
contacts, but with limited success. Charge exchange materials have als®TFTs are of interest for the fabrication of low-cost, flexible displays,
been investigated [1]; such materials can have improved contact char-and other large-area electronic uses. Poly(3-alkyl thiophenes) are popu-
acteristics, but the charge exchange molecule can move during devicdar solution-castable electronic polymers because of their excellent
processing or operation. We have fabricated pentacene TFTs withenvironmental stability. However, the carrier mobility of solution cast
modified drain-source contacts using charge transfer (CT) compoundspoly(3-alkyl thiophene) is relatively low, typically in the range of 10-
bound to device contacts using a self-assembly approach. The self-8 to 10-3 cm2/V-s. Higher mobility, 0.05-0.1 cm2/V-s, has been re-
assembly layer is selectively formed on the drain-source regions, andported for regioregular poly(3-hexyl thiophene) [1], however, the com-
therefore no additional patterning is required. Since the CT molecule is plicated regiosynthesis significantly increases the material cost. In pre-
chemically bonded on the drain-source metal, an immobilized CT com- vious work [2], we copolymerized 3-methyl thiophene and 3-hexyl
plex is formed with the organic semiconductor. The formation of the thiophene using FeClI3 as the oxidant. This one-step easy synthesis
CT complex is expected to decrease contact resistance and increase thaffers much higher yield than the multi-step regiosynthesis. The inser-
extrinsic field-effect mobility of the OTFT. In this work, we selected a tion of a smaller molecule, 3-methyl thiophene, into the 3-hexyl
CT compound with a thiol group which forms a chemical bond to gold. thiophene chain enhances the formation of longer conjugated length,
For pentacene, a p-acceptor, 2-mercapto 5-nitrobenzimidazole (MNB), and therefore tends to increase carrier mobility, while the larger mol-
was used. Substrates with prepatterned gold drain-source contacts werecule, 3-hexyl thiophene, provides sufficient steric hindrance to allow
immersed into an alcohol solution of MNB. FTIR spectra showed that solubility in common organic solvents. PTFTs based on copolymer of
the self-assembled monolayer is formed only on the gold electrodes, 3-methyl thiophene and 3-hexyl thiophene have field effect mobility
not elsewhere. After the contact treatment, the surface is ready for theas high as 0.026 cm2/V-s [2]. We have now investigated copolymers
active layer deposition and device or circuit completion. TFTs with based on thiophene and 3-hexyl thiophene. Even with the small
contacts treated with an electron acceptor compound had improvedthiophene molecule, good copolymer solubility is maintained for
carrier mobility and higher current on/off ratio, compared to devices thiophene monomer feed fraction as large as 5%. Devices fabricated
with untreated contacts. On the other hand, TFTs treated with anfrom copolymer synthesized with a thiophene monomer feed fraction
electron donor compound had degraded characteristics compared tmf 5% have good characteristics with field effect mobility as large as
untreated devices. 1. Francis Garnier, Faycal Kouki, Rhiad Hajlaoi, and 0.046 cm2/V-s. [1] H. Sirringhaus, N. Tessler, P. Brown, and R. H.
Gilles Horowitz, Material Research Society Bulletin, June 1997, 52-56 Friend, Sci., vol. 280, 1998, 1741 [2] Jianna Wang, Yen-Yi-Lin, Weidong
Qian, and Thomas N. Jackson, MRS Abstract, Fall 1998, R4.4, 327
3:10 PM Break

4:30 PM +
3:30 PM *Invited Contact Limited Performance of Pentacene Thin Film Transis-
High Mobility Charge Transport in Aromatic Hydrocarbon tors: David J. Gundlach Jonathan A. Nichols Chung-Chen Kug
Single Crystals Jan Hendrik Schdn Steffen Berg Christian Kloé; Hagen Klauk Chris D. Sherady Darrell G. Schlory Thomas N. Jack-

sort; 1The Pennsylvania State University, Dept. of Elect. Eng., 121
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Elect. Eng. East, University Park, PA 16802 USAhe Pennsylvania parallel to the <011> directions was used to exploit growth of {hkk
State University, Dept. of Mats. Sci. and Eng., 103 Steidle Bldg., Uni- type facets. Cross-section transmission electron microscopy was
versity Park, PA 16802-5005 USA ployed to monitor the development of both {311}-type and {111}
Because organic electronic materials are often sensitive to the chemitype facets as function of epi thickness and window siz
cals used in photolithographic processing; devices fabricated by depos-Phemonologically similar to Si, facet growth in SiGe SEG initiates wi
iting the active organic material onto patterned source/drain contactsthe {311}-type, but it differs in that as growth proceeds it continues
(photolithographically defined prior to the organic active layer depo- dominate over the {111}-type facet by a ratio of 3:1. The {111} fac{
sition) are of interest. However, TFTs fabricated using pre-patterned does nucleate and grow, but as the epi thickness increases it doeg
bottom contacts often have reduced performance compared to devicegompletely consume the {3 11} facet as would be expected if surfs
fabricated using top contacts (typically deposited through a shadow energy were the sole driving force. The combination of the {111} al
mask)[1]. To improve our understanding of bottom contacts we have {311} facet growth leads to an overall lateral reduction of the (10
fabricated TFTs with pre-patterned source/drain contacts of platinum mesa top at an estimated rate of 2-3:1[laterals reduction (X,y):é
(Pt), palladium (Pd), gold (Au), nickel (Ni), and aluminum (Al) using thickness (z)]. The reduction rate accelerates due to the domin
heavily-doped, thermally-oxidized silicon as the substrate, gate dielec- {311} facet, which has a 1.6 larger projection onto the (100) surfal
tric, and gate electrode. All metals were deposited by ion beam sputter-than the {111} facet, more quickly promoting the lateral reduction. |
ing to give high-quality, thin, smooth films, and contacts were defined this way, the lateral dimension can be reduced beyond the origi
photolithographically using a two-layer resist lift-off process. Pentacene, lithographic definition, advantageous for fabrication of a nanosca
the active layer, was deposited by thermal evaporation. The surfacetemplate, which can be then used for growth of SiGe heterostructures
morphology was monitored by atomic force microscopy (AFM) and a Ge island array. Triple axis x-ray diffraction measurements of t
the structural order was characterized by x-ray diffraction. TFTs fabri- selective epi determined that the crystalline perfection is high and
cated using Pd, Au, or Pt source/drain contacts had the best perfornot compromised by the presence of facet growth. For them5
mance with little difference observed between these relatively stable lateral features that had undergone the reduction process to fabricg
metals. Devices fabricated using Ni or Al contacts showed strong spacel5 nm template, a tri-axial stress-state was observed. Parallel to
charge limited current (SCLC) effects at small source-drain biases andarray of periodic structures, the additional in-plane elastic relaxation
reduced extrinsic mobility, possibly due to the presence of a native a result of the additional free surfaces was quantified. Experimentally,
oxide for these less stable metals (in previous work we have observedreciprocal space mapping of both symmetric and asymmetric diffrac-
only small work function related contact effects for shadow-masked tion geometries was carried out, and the results were compared to
top contacts). TFTs using Ni or Al as the source contact and Pd as thesimulated contour maps generated using a kinematical approach that
drain contact had characteristics similar to devices using Ni or Al for determinede ,, = (2 + 3) x 10° The driving force for the mechanical
both the source and drain contacts. When the source/drain contactsesponse is the inherent misfit strain, in this exaneple= 5.23 x 16.
were reversed (Pd as the source contact and Ni or Al as the drainPerpendicular to the array however, the selective epi is completely
contact), TFT performance was similar to TFTs fabricated using Pd for commensurate, i.ee ,, ~ 0. The in-plane asymmetry indicates an
both the source and drain contacts. This indicates that carrier injectionoverall, but small, orthorhombic lattice distortion in the nanometer
at the source contact can limit device performance and that carriertemplate.
extraction at the drain contact is less problematic. Correlations be-
tween the electrical properties and structural properties revealed by1:50 PM +
AFM and x-ray diffraction will be discussed. 1. Y-Y. Lin, D. J. Gundlach, Selective Si Epitaxial Growth Using Ultrathin Oxide Mask
and T. N. Jackson, 54th Device Research Conference Digest, p. 80-81Formed By Resistless Patterning Shawn G. Thomas Greg D.

WEDNESDAY PM

June 1996. U'Rer?; Mark S. Goorsk§ Kang L. Wang, !University of California,
Los Angeles, Elect. Eng. Dept., 63-109 Eng. IV, Los Angeles, CA
4:50 PM Late News 90095-1595;2University of California, Los Angeles, Mats. Sci. and

Eng. Dept., Los Angeles, CA 90095-1595
Previously, selective epitaxial growth (SEG) of InAs on GaAs has
been demonstrated using a 1.5 nm thick oxide mask using the resistless

Session l. C0|umn \V4 patterning technique described by Shiralagi et al. [Applied Phys. Lett.
. 71 (20), 1997]. In this paper, we report the results of our efforts at
HeterOStrUCtureS and D9V|Ces selective Si homo-epitaxial growth using a 1.0 - 2.0 nm thick oxide

mask using a similar patterning technique on Si and via gas source
molecular beam epitaxy (GSMBE). Resistless patterning was carried out
by placing a chrome mask over a hydrogen passivated Si wafer and

Wednesday PM  Room: Flying A Studios

June 30, 1999 Location: University Center exposing it to UV light (185 nm) in an ozone cleaner in a room air
ambient. Selective growth was performed by GSMBE using disilane as

Session Chairs: Eugene Fitzgerald, MIT, Cambridge, the precursor. Prior to growth, the substrate was heated to a tempera-

MA USA; Ya-Hong Xie, UCLA, Dept. of Mats. Sci. & ture of 618C for hydrogen desorption. In an effort to maintain the

integrity of the masking oxide, the in-situ thermal cleaning process was
forgone, initiating Si deposition once the substrate reached a tempera-
ture of 618C and with a (1x1) reconstruction. As growth proceeded,
the (1x1) pattern began to assume a surface faceting character. For all
experiments, the absence of Debye-Scherrer rings superimposed onto

Eng., Los Angeles, CA USA

1:30 P_M ot ) o ) ) o the (1x1) suggests that the SEG was completely selective for the thick-
Exploitation of _Fa(_:et Formations in SiGe/Si Selective Epitaxial est epi. No simultaneous growth of polycrystalline deposits on the
Growth for Achieving a Nanometer Template Greg D. U'Ren; masking layer suggests that the Siias of high quality and free of

Mark S. Goorsky; Kang L. Wang *UCLA, Dept. of Mats. Sci. and heterogeneities. The post-growth surface morphology was observed
Eng., 6532 Boelter Hall, 405 Hilgard Ave., Los Angeles, CA 90095- 5ing Normanski interference microscopy and the masked and un-
1595 USA;2UCLA, Dept. of Elect. Eng., 405 Hilgard Ave., Los Ange-  masked regions were clearly delineated. The step height was measured

les, CA 90095-1594 USA ) ) ) to be 140 - 150 nm, once again indicating a loss in selectivity beyond
Gas-source molecular beam epitaxy was used to investigate faceipis thickness. Additionally, x-ray diffraction analysis was performed
formations occurring in the selective epitaxial growth, g&e/Si to gauge the crystalline quality of the SEG film. Based on our experi-

psuedomorphic heterostructures£0.2). We carried out experiments  ments we have demonstrated that it is possible to use an ultra-thin
on nominally on-axis (100) Si substrates masked with 50 - 60 Nm 4yi4e mask to achieve selective Si growth via GSMBE to thickness of
thermally grown SiQ Arrays of wires varying in pitch (0.5 - 28m) 150 nm. Results of this study are compared to observations made in a
were defined by optical lithography techniques. A sidewall orientation cvp reactor using dichlorosilane where the presence of chlorine pre-
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vents thicker Si growth. Possible applications of this simplified pat- shows extremely sharp diffraction peaks with the Ge bulk lattice con-

terning technigue and selective growth will be discussed. stant. Furthermore, very high electron Hall mobilities of 3206/¢m

at room-temperature are routinely obtained (12000288 at 77K)
2:10 PM for 1000 nm thick Ge films on Si(111). These mobility values corre-
Electrical and Structure Characterization of Single Crystal- spond to high-quality bulk Ge mobility values with low Sb background n-
line SiGe Formed by Ge Deposition and RTP Y. H. W&; W. J. type doping as reflected by Hall electron densities of about!4cthe.
Chert; Albert Chirt; C. Tsal; National Chiao Tung University, Dept. This low background doping concentration of the surfactant Sb is three
of Electr. Eng., Hsinchu, Taiwan RO@N\ational Huwei Institute of orders of magnitude below the Sb solid solubility in Ge. We have re-

Technology, Dept. of Mechanical Mats. Eng., Huwei, Taiwan ROC cently fabricated the first devices - Ge p-channel MOSFETs - on a Si
SiGe alloys have been found to be a very promising material becausesubstrate using SME. We will report results on the SME growth of
of its potentially useful electronic and optical properties. In general, strained SiGe MODFET structures on thin relaxed SiGe alloy layers on
the SiGe/Si heterojunction can be grown by UHVCVD, MBE, or even by Si substrates demonstrating the potential of this growth technique for a
solid phase epitaxy from Ge ion implantation. However, UHVCVD or variety of interesting device applications.
MBE require expansive equipment and Ge implantation-formed SiGe
does not have a uniform Ge composition. In this work, we have pre- 2.50 PM +
sented a simple method to form single crystalline SiGe by depositing Direct Growth of Ge on Si for Integrated Si Microphotonic
amorphous Ge on Si substrate followed by a rapid thermal annealing.Photodetectors Hsin-Chiao Luaf A. M. Agarwal; Kzumi Wada; E.
Selective formation of SiGe can be also easily achieved by liftoff. A. Fitzgerald; L. C. Kimerling; Massachusetts Institute of Technol-
Similar to MBE or UHVCVD epitaxy, the suppression of native oxide is ogy, Dept. of Mats. Sci. and Eng., 13-4130, 77 Mass Ave, Cambridge,
of paramount importance to form epitaxial SiGe rather than the poly- MA 02139 USA
crystalline one. To overcome this problem, we have used HF-vapor The successful development of integrated Si microphotonic circuits
treatment to passivate the Si surface and suppress the native oxideequires the integration of efficient photodetectors operating at 1.3um
formation. From x-ray diffraction and TEM analysis, single crystalline or 1.54um with Si CMOS devices and polySi waveguides. Ge with its
SiGe is formed by this method with HF-vapor passivation. A uniform high absorption coefficient at these two wavelengths is a candidate
Si0.3Ge0.7 layer of ~50nm is confirmed by SIMS measurement. The material for such an application. However, the 4% lattice mismatch
crystalline quality is strongly degraded by native oxide that even be- between Ge and Si results in island formation when Ge is grown directly
comes poly-crystalline structure. Similar quality improvement has been on Si. SiGe graded buffer technology can provide high quality Ge films
observed by us on ultra-thin oxide with an atomically smooth interface. on Si with threading dislocation densities as low as 2x10"6cm”-2. This
To further investigate the practicability of this SiGe, we have fabricated technology, however, requires a 10um thick graded buffer for grading
PMQOS transistor and MOS-capacitor to study its electrical characteris- from Si to pure Ge. Si CMOS devices are relatively planar and occupy
tics. As comparing to standard Si-based PMOS, the SiGe PMOSFET only the region close to the top surface of Si wafers. For simple process
showed increased output current Dr. by a factor of two. This current Dr. integration of Ge photodetectors with Si CMOS devices it is desirable to
improvement is due to increased hole mobility. Peak mobility value of grow a thin high quality Ge film directly on Si. In this work we report
251 cm2/Vs is measured in the SiGe PMOSFET that is about two timesthe development of a process for the growth of Ge films with low
higher than Si. In addition to the high mobility, a low source/drain threading dislocation densities on Si. We have investigated the quality
junction-leakage of 2.7x10-8 A/cm2 is measured at -3.3V that is com- of Ge, grown on Si, by a two-step UHV-CVD process followed by cyclic
patible to the standard Si junction. This low junction leakage can be alsothermal annealing. Thin Ge films were first grown on Si at 300°C.
explained by the similar process to form silicide. Another important Growth at low temperatures reduced the diffusion of Ge atoms and
advantage of this process is the capability to form high quality SiGe prevented island formation. After 60nm of Ge was grown, the furnace
oxide. A very high breakdown electrical field is 15MV/cm is measured temperature was raised to 600°C and 1um of Ge was deposited. The
that is close to SiO2. The breakdown field is carefully measured and threading dislocation density in the as-grown Ge (measured with plan-
oxide thickness is directly determined by F-N tunneling. The good view TEM) was 9.5+0.2x10"8cm”-2. Cyclic thermal annealing reduced
oxide quality is also demonstrated by the high reliability of charge-to- the threading dislocation density to 2.2+ 0.3x10"7cm”-2. The effect
breakdown of 6 C/cm2. Although exact mechanism of achieving this of thermal annealing temperature, annealing time, and the number of
high quality oxide is still under investigation, it may be related to the thermal cycles on threading dislocation density was studied. We pro-
high RTP temperature and the strain relaxation in SiGe. In conclusion, pose a simple model for dislocation motion and reactions due to differ-
high quality SiGe can be formed by a simple, inexpensive and VLSI ential thermal stress to account for the reduction of threading disloca-

compatible process. tions. To determine the applicability of Ge films grown on Si using two-
step technique, we have studied the effect of threading dislocations on
2:30 PM the GHz operation of Ge photodetectors. Using a model that correlates
Surfactant Mediated Epitaxy of Ge/Si Heterostructures for De- the junction leakage current and threading dislocation density we re-
vice Applications: Karl R. Hofmanna; Martin Kammlet; Dirk ported earlier, we compared the leakage current noise and photoelec-
Reinking; Michael Horn-von Hoegeén University of Hannover, Inst. tron noise. The optical power required to obtain a bit-error-rate of 10”-

f. Halbleitertechnologie, Appelstrasse 11 A, D-30167 Hannover Ger- 9 was calculated as a function of detector speed and total leakage

many; 2University of Hannover, Inst. F. Festkoerperphysik, Appelstrasse current. We find that the noise due to carrier-generation at threading

2, D-30167 Hannover Germany dislocations (10"7cm”-2) is not fatal to GHz operation of Ge photode-
The deliberate use of an adsorbed monolayer of a group V element asectors. Based on our model, direct growth of Ge on Si is a viable process

surfactant, here Sb, during Ge/Si epitaxy inhibits island formation and for the integration of high speed Ge photodetectors in Si CMOS tech-

allows the growth of smooth and continuous epitaxial Ge films on Si. nology.

On Si(111) the 4.2 % lattice mismatch between Si and Ge is accommo-

dated by a quasiperiodic array of misfit dislocations which is completely 3:10 PM Break

confined to the Si-Ge interface. With this surfactant mediated epitaxy

(SME), relaxed Ge-layers of arbitrary thickness larger than 10 nm can 3:30 PM +

directly be grown on Si substrates. Thus high-quality Ge device struc- Boron Segregation in Polycrystalline Si(1-x-y)Ge(x)C(y) Al-

tures, which are CMOS-compatible, can be placed on Si substrates with-loys: Eric Jonathan Stewaft Malcolm S. Carrol;, Chia-Lin Chang

out the use of thick relaxed graded SiGe buffer layers. We have investi-James C. Sturin Princeton University, Dept. of Elect. Eng., Center

gated the structural and electrical properties of such Ge-layers grownfor Photonics and Optoelectronic Mats., J303 Eng. Quad, Olden St.,

into oxide windows on wafers pre-structured with a conventional LO- Princeton, NJ 08544 USA

COS process and on bare Si substrates. The layers were analyzed by  Polycrystalline §i,,Ge,C, gates have been previously shown to

AFM, TEM, XRD, high-resolution LEED, SEM, and lateral Hall mobil-  greatly reduce the penetration of boron through thin gate oxides in

ity and vertical Ge/Si diode transport measurements. The excellentPMOS structurés PMOS capacitors made with a layer of poly,Si

crystal quality of these Ge films is revealed by X-ray diffraction which ,GgC, in the heavily boron doped (-2@n¥) gate electrode had greater
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resistance to boron penetration through the gate oxide than those withopment of texture was studied by taking TED patterns of cross-sect
all polycrystalline Si or polycrystalline SiGe, gate electrodes. Boron samples, employing conditions such that electron beam illuminated
readily diffused out of the poly Si and poly, 3be, gates and through the layer only, or using a larger beam size, both seed layer and top la|
gate oxide during high temperature anneals {€90In the structures Comparison of relative diffraction intensity of arcs contributed by tl
with poly Si, ,GegC, gates, however, boron accumulated in thg Si {110} texture to total diffracted intensity was used to obtain informa
,G8C, layer, significantly reducing diffusion through the gate oxide. tion on the texture in seed layer. Consistent with x-ray diffractig
This effect appears to be due to boron preferentially remaining in poly result, {110} texture appears weak or absent in the seed layer, indig
Si.,G&C, layers, possibly because it has a lower chemical potential in ing that texture in the seed layer remained unchanged. To deter
Si,,GgC, than in Si or Si,Ge,, not due to the lower diffusion coeffi-  the width of distribution of otientation around fiber axis, we mea-
cient of boron in crystalline SiGeC as has recently been repotted sured the spread of {110} arc on TED patterns for samples contain
this abstract we report, to the best of our knowledge, the first indepen- diffrerent Ge fractions. This analysis showed very similar valuefor
dent evidence of boron segregation into both polycrystalline and crys- all Ge containing films, about 25The a in polysilicon control film is
talline Si,,GeC, from Si. Layers of poly $iGg, and poly Si,,GeC, about 32. Analysis of the x-ray diffraction intensity showed that abo
were grown on a wet chemically oxidized p-type substrate by Rapid 46 to 54% of grains in films were {110} oriented, the fraction oriente
Thermal Chemical Vapor Deposition(RTCVD). Each SiGe(C) layer was increased with increasing Ge fraction, indicating that the addition of
isolated by polycrystalline silicon spacer layers on both sides. The poly facilitates the development of {110} texture. Other orientations prese
Si,Gg, and Sj, ,GeC, layers were grown at 626 and x~0.2; the poly listed in decreasing sequence according to their texture intensity,
Si spacer layers were grown at 7G0All layers were doped in-situ with {311}, {111}, {100}, and {331}. TED of wedge-shaped planar speci
boron at ~1x1®/ce. Silane, germane, diborane, and methylsilane were mens showed that {110} was dominant texture during entire gro
used as source gases in a hydrogen carrier gas at 6 torr. Oxygen levels iprocess in all films, and that the degree of this texture increased du
all layers were much less than boron or carbon levels. These structuregrowth. The grain size in the top layer was found to range from 45
were then annealed at 8@ for 18 hours in nitrogen. Concentration to 81 nm by TEM, depending on Ge fraction. Microtwins with co
vs. depth profiles of all relevant materials in the structure were ob- mon {110}orientation were found in all films. Cross-section TE
tained by Secondary lon Mass Spectroscopy (SIMS). Boron clearly images showed that all films possessed a columnar structure, and
segregated from the silicon into the SGeC, layers during the anneal. numerous V-shape grains formed near that op of the film. The above
In the poly Sj,Ge, layers, boron outdiffused into the adjacent poly Si results indicate that the orientation of the polycrystalline seed layer
layers, causing concentration profiles to flatten out. In the pgly Si  does not play a critical role in determining the texture that develops in
,G&C, layers with significant carbon content(>0.1%), boron concen- subsequently deposited SiGe films, when the seed layer has no preferred
trations actually increased after annealing, with boron levels decreasingtexture, and that the {110} texture, once initiated, rapidly increases
in the adjacent poly Si layers. In the §GeC, layer with ~1% carbon, during subsequent film growth.

the boron levels after annealing were approximately four times higher

than in the adjacent silicon layers. Any tendency of boron to segregate4:10 PM

to polycrystalline Si,Ge, layers without carbon was an order of magni- Diamond Epitaxy for Electronic Devices Aleksandar Aleksdy

tude weaker, consistent with observations in crystalling&3,/Si Mike Kunzé; Andrei Vescah Wolfgang Ebeft Erhard Koh# Andreas
sampled We have also observed large segregation of boron;tp Si  Bergmaiet, Guenther Dollinger University of Ulm, Dept. of Elec-
,G&C, in crystalline Sji, GegC/Si samples. Initial electrical data sug-  tron Devices and Circuits, Albert-Einstein-Allee 45, Ulm D-89081
gests that the boron is still electrically active after segregation,to Si  Germany; 2Technische Universitaet Muenchen, Dept. E12,
,G8C,, and does not segregate to electrically inactive defect sites. ThisBeschleunigerlabor der LMU/TUM, Muenchen Germany

is fortuitous for device applications such as polycrystalline gates. Ex- Diamond is commonly considered a quite unusual and difficult semi-
isting models for boron segregation in the, Gig/Si system are based on  conductor material. Nevertheless many electronic devices have been
lattice strain and valence band offset argunferiisom both of these realized so that the extraordinary potential of this ultra wide bandgap

WEDNESDAY PM

arguments, less boron diffusion to, §iGeC, than Sj Ge, would be semiconductor can be well assessed. In this presentation we would like
expected. A new model to explain our data will be presented. Refer- to discuss the epitaxial procedures for the most advanced structures,
ences 1. C. L. Chang and J.C. Sturm, “Polycrystalling &ig,C, for namely d-doped channel, lossy dielectric FETs and pnp BJTs. The

suppression of boron penetration in PMOS structures,” Materials Re- epitaxial growth of high crystal quality diamond was performed by
search Society Symposium Proceeding, 525, (1998). 2. M. S. Carroll, MWPCVD using an approximate 1.5%-CH4 in H2 mixture at 30Torr
L. D. Lanzerotti, and J.C. Sturm, “Quantitative Measurement of Re- and 600°C-800°C. The growth rates range from 5nm/min to 14nm/
duction of Boron Diffusion by Substitutional Carbon Incorporation,” min. The only technically relevant dopants in diamond are boron and
Materials Research Society Symposium Proceeding, 527, (1998). 3. S.nitrogen (phosphorus is being considered as a shallow donor, but has not
M. Hu, D. C. Ahlgren, P. A. Ronsheim, and J. O. Chu, “Experimental yet been implemented in complex device structures). A method of
Study of Diffusion and Segregation in a Si-(GexSil-x) Heterostructure,” doping diamond during epitaxial growth by using a boron rod as a solid
Physical Review Letters, 67:(11) 1450-1453, (1991). 4. S. M. Hu, doping source was developed. With this doping method it is possible to
“Diffusion and Segregation in Inhomogenous Media and the GexSil-x fabricate steep doping profiles (delta spikes), homogeneous and degen-
Heterostructure,” Physical Review Letters, 63:(22) 2492-2495, (1989). erately doped (NA>1020cm-3) diamond films, needed for the fabrica-
tion of diamond FETs and BJTs. The activation energy of boron is

3:50 PM EA=0.38eV. At NA»1020cm-3 the EA disappears due to miniband

X-Ray Diffraction and Transmission Electron Microscopy Study formation and overlap with the valence band. The maximum control-
of the Development of Texture in Polycrystalline Si,Ge, Thin lable sheet charge density in FET channels pSmax is presently limited
Films: Wei Qirt; D. G. Asg; T. I. Kaming; !nstitute of Microelectron- to 2x1013cm-2. This leads to d-doped channels with channel widths

ics, 11 Sci. Park Rd., Singapore Sci. Park Il, Singapore 117685 ROS;<3nm for full activation. Epitaxially grown d-doped films were ana-
2Cornell University, Mats. Sci. & Eng. Dept., Ithaca, NY 14853 USA; lyzed by elastic recoil detection giving a FWHM of 4nm with peak
sHewlett-Packard Laboratories, Palo Alto, CA 94303-0867 USA NA>2.5x1020cm-3. Nitrogen is a very deep donor with ED=1.7eV.
Intrinsic, 300 nm thick $iGe, films with x=0.02, 0.13, and 0.31 Nevertheless it is possible to fabricate abrupt boron/nitrogen pn-junc-
respectively, and a control polysilicon film, x=0 were deposited by tions that operate even at R.T. This pn-junctions were then applied in
CVD at a pressure of 100 Torr, on a 60 nm polysilicon seed layer at BJTs and as control diodes in FETs. Abrupt junctions were fabricated by

temperatures between 600 and €D0depending on Ge fraction. S, using growth interrupts, which are not detrimental in the case of dia-
was used for polysilicon deposition and iy mixed with GeH for mond. Deep donor and acceptor levels are common in many wide band
SiGe. Polysilicon seed layer was grown by CVD on,3i6ing SiH at gap semiconductor materials, with the extreme case of diamond. Prob-

650°C. X-ray diffraction and transmission electron diffraction (TED) lems concerning diamond are similar but an order of magnitude higher
study on planar samples showed that polysilicon control film and SiGe than in other wide gap materials like SiC and llI-Nitrides. Nevertheless
films had {110} texture. X-ray diffraction of a ‘seed layer only’ sample device operation, both FET and BJT has been demonstrated. Diamond
indicated that grains in seed layer were randomly oriented. The devel-d-channel FETs with a lossy dielectric boron/nitrogen control junction
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and channels with EA=55meV were fabricated. This allowed for the transmission spots appeared. These results indicates that the facets
first time FET operation in liquid nitrogen. Current densities of 20mA/ were grown just after the evaporation of the oxide layer. The surface
mm at 200°C for a device with LG=20mm were obtained. Bipolar observed with AFM after the annealing up to “Gthad many rectan-
action was observed in BJT p+/n/p- structures even at R.T. both in gular islands of 10-20nm in height, while the surface annealed 4550
common base and in common emitter configuration displaying an a>0.9was flat and had no characteristic structure. From these experiments we

in common base configuration. can say that the surface migration of Co atoms and/or Si atoms, which

leads to faceted surface, was suppressed by the surface oxide that stabi-
4:30 PM + lized CoSj layer. [1] R. T. Tung: Appl. Phys. Lett., Vol. 68, pp3461-
Epitaxial Growth of Si/Y203/Si: A Potential SOS Structure 3463 (1996).

Michael Edward Huntér Mason J. Reéd John C. RobertsN. A. El-

Masryt; S. M. Bedai#; INC State University, Mats. Sci. and Eng., 232

Riddick Labs, Box 7916, Raleigh, NC 27695 USAC State Univer-

sity, Elect. and Comp. Eng., 232 Daniels Hall, P.O. Box 7911, Raleigh,

NC 27695 USA Session J. Epitaxy for Devices
Silicon on insulator structures have been the focus of much atten-

tion due to their potential as high speed device structures. Several

techniques such as direct wafer bonding and separation by impIantedThursday AM Room: Corwin East

oxygen (SIMOX) have been proposed and displayed some level OfJUlyl 1999 Location: University Center
success. The current techniques, however, do have some limitations. '

The major drawbacks include difficulty controlling the thickness of the . . . . .

insulating layer and defect generation. A possible solution to these Session Chairs: Russell D. Dupuis, University of Texas
problems is the epitaxial growth of a single crystal insulator on Si at Austin, PRO/MEP-R9900, Austin, TX USA; Steven
followed by epitaxial Si. Epitaxial growth allows for control of both  Stockman, Hewlett-Packard Company, San Jose, CA
insulating layer thickness and defects as well as crystallographic orien-USA

tation. Yttrium oxide (Y203) is a good candidate for use in such an
insulating layer. Y203 is lattice matched to Si [a(Y203) =1.060 nm
and 2a(Si) =1.086 nm], has a high dielectric constant (e=14-18), and i58:20 AM +

relatively stable at high temperatures. Pulsed laser deposition (PLD) DC Characterization of Annealing Effect on the Carbon Doped
was used to deposit single crystal Y203 on Si (111) wafers under UHV Base of InGaP/GaAs HBTs Grown by LP-MOCVD Qinghong
conditions. A KrF excimer laser with a wavelength of 248nm was used (Jack) Yang Dennis W. Scott Patrick D. Meyer. John Millet: Gre-
W't_h s.ubstrate growth t.emperatures ranglpg from 500°C to 750°C. gory E. Stillman; 1University of lllinois, Elect. and Comp. Eng., 208
Epitaxial growth was achieved under all conditions as shown by RHEED, N. Wright St., Urbana, IL 61801 USA

HRTEM, and X-ray diffraction. The films were found to be preferen-
tially Y203 (111)//Si (111). Silicon was then deposited on the Y203
film via PLD. Growth temperatures for Si deposition ranged from
500°C to 700°C. In situ RHEED and HRTEM showed single crystal Si/
/Y203//Si. Three-dimensional growth was observed at temperaturesresearch group has shown degradation of DC curent gain in annealed
around 70,00(_:' Reduction of the growth temperature Ie_d to mostly 2D InGaP/GaAs HBTs due to the formation of carbon precipitates in the
growt_h_ as |nd|cateq by both RHEED and H_RTEM' We will 'r'eport on the base. In this work we demonstrate the direct cause of the gain degrada-
conditions for optimal growth of Y203//Si and the conditions neces- tion is recombination in the neutral base. Samples from a single wafer

sary to obtain 2D growth of epitaxial Si//Y203//Si. Structural and elec- are annealed for 1, 2, 4, and 8 minuets respectively at 600°C which is
trical characterization of both Y203//Si and Si//Y203//Si will also be the growth temperature of the devices. Large area (60 x 60 pm2) HBTs

reported. are then fabricated for DC characterization. DC current gain of the
devices decreased when the annealing time increases. The Dc current
gain is R3=90 at IC = 1 mA for the as grown sample and R=32 after 8
minutes of annealing. Both forward and reverse characteristics of the
base emitter junction are examined for the different annealing condi-
tions. The forward and reverse |-V curves of devices with all annealing
conditions are identical. This shows that there is no degradation of
base-emitter junction due to annealing, thus, no change in emitter
injection efficiency. There is also no change of the base-collector diode
behavior due to annealing. Magneto transport measurements are per-
formed on the base of both as grown and annealed devices. The results
show that there is no difference in the minority carrier mobility al-
though there is a big variation of gain. This implies the degradation of
current gain is due to recombination in the base. Gummel plots for all
annealing conditions are also taken, no crossover of IB and IC is ob-

. ) A i served at low current levels. This indicates there is no significant in-
was formed on Si(001) surface in a hot solution of HCI ag@,HA thin crease of recombination in the space charge region. The recombination

E)nommalr!y 1'4””2 Co Iaier was deposited in a UHV (:)eposmon chaml-' process that degrading the gain must be happening in the neutral base
.er on the Si substrate kept at' room-tgmperature. Subsequent anqea In|gegion. There is also almost no change in either the base and the
in the UHV chamber was monitored with RHEED. The polycrystalline

RHEED pattern from the Co layer after the deposition changed at
550°C to a single-crystalline diffraction from epitaxial Cg®D1).
Since a Co deposition on clean Si(001) surface leads to polycrystalline
subsilicide reaction at 38@, the thin oxide layer thus suppresses Co/Si
reaction up to the temperature as high as to form Qbfgictly without
passing subsilicide phases. The c(2x2) structure that characterizes th%:40 AM

clean CoSj(001) surface was not observed since the thin oxide layer Effect of High-Temperature Annealing on Device Performance
originally formed on the Si substrate remained on the epitaxial ,CoSi of GalnP/GaAs HBTs Grown by LP-MOVPE: F. Brunne; E. Rich-

surface. The c(2x2) structurg beca_me V|_S|ble on elevating temperatureterl; T. Bergunde P. Kurpas; A. Maasdorf, J.W. Tomng; S. Gramlich;
up to 750C. At the same time diffraction from {115} facets and

Carbon is a commonly used dopant in GaAs-based heterojunction
bipolar transistors (HBTs) due to its high solubility and low diffusivity.
HBTs employing a heavily carbon-doped base have demonstrated ex-
cellent gain stability at high current levels. Recent work from our

4:50 PM
In Situ Observation of Epitaxial Co Silicidation on Si(001)
Kunihiro Sakamoty Tatsuro Maeda !Electrotechnical Laboratory,
Electron Devices Div., 1-1-4 Umezono, Tsukuba, Ibaraki 305-8568
Japan

Salicide process forming very thin and yet uniform epitaxial £oSi
on Si(001) will be a key technology for the formation of contacts in
ultra-thin SOl MOSFETs. Conventional salicide process generally forms
polycrystalline CoSi Recently, methods utilizing reaction control lay-
ers have been reported to be able to fabricate epitaxial, Gy®rs[1].
We observed the formation process of the epitaxial CioSsitu with
RHEED and show that oxide on Si(001) surface is an effective reaction
control layer that acts as a reaction barrier to Co/Si subsilicide forma-
tion and a kinematical barrier to surface migration. A thin oxide layer

collector ideality factor. This confirms that there is no degradation in
the base emitter or the base collector diode. The gain of the devices
with different annealing conditions increases with the collector current
Ic. This implies the recombination caused by annealing saturates at
higher current levels.
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I. Rechenberyg S. Kraus; M. Achouche; J. Wirfl; M. Weyers; AlinP DBRs that previously have been investigated. The epitaxial
1IFerdinand-Braun-Institut fuer Hoechstfrequenztechnik, Mats. Tech. heterostructures were grown lattice-matched to GaAs substrates by gas-

Dept., Rudower Chaussee 5, D-12489 Berlin GermaMgx-Born- source MBE. Uniformly doped 40-period p-type and n-type DBRs were
Institut fuer Nichtlineare Optik und Kurzzeitspektroskopie, Rudower grown with the calculated AlGalnP/AlGaAs alloy compositions. Using
Chaussee 6, D-12489 Berlin Germany double crystal x-ray diffraction, the DBRs exhibited diffraction spectra

Heterobipolar transistors (HBTs) for microwave applications re- typical of very high quality superlattices. Optical measurements indi-
quire both a high and stable p-type doping (p>1x1019 cm-3) as well ascated a reflectivity exceeding 99% at 637 nm for the p-type DBR and
good minority carrier transport characteristics in the GaAs base layer. at 656 nm for the n-type DBR. The DBRs were fabricated into test
Carbon is a commonly used p-type dopant due to its low diffusivity and devices and the specific contact resistance was determined using the
high solubility in GaAs. The incorporation of hydrogen in the MOVPE transmission line method. Measured values of{2.®)x104 W-cme for
growth process results in passivation of carbon acceptors. High-tem-the p-type DBR and (2#2.0)x105W-cm?for the n-type DBR were
perature annealing steps have been proposed to remove hydrogen fronwithin experimental uncertainty of the theoretical values. These re-
the base and fully activate the carbon doping. We have investigated thesults compare very favorably with resistance values reported for AlGaAs
effect of high-temperature annealing on GalnP/GaAs HBT device per- DBRs, regardless of the target wavelength, which employ complicated
formance. It is shown that even at doping levels of p=2x1019 cm-3 structural grading schemes designed to lower the stack resistance. On a
minority carrier properties of carbon-doped GaAs degrade with high- per period basis, the low valence band offset p-type DBR resistance is
temperature annealing, whereas no significant changes in majority car-6.9x106 W-cn#/period, which is comparable to the best previous re-
rier characteristics could be detected. Carbon doping in the range 1x101%orts [1, 2]. The low conduction band offset n-type DBR resistance is
cm-3 to 6x1019 cm-3 was achieved either via TMGa and AsH3 only 6.4x107 W-cm?/period, which is an order of magnitude lower than the
(intrinsic doping) or using an extrinsic carbon source (CBr4). Spectral best previously reported result [2]. Thus, using AlGalnP/AlGaAs
and time-resolved photoluminescence as well as cathodoluminescencéeterostructures with optimum alloy compositions, low resistance DBRs
measurements on single layers were carried out to examine minoritywith high reflectivity can be obtained at 650 nm without grading the
carrier properties. The HBT structures were processed both in a fastinterface composition. [1] S. Chalmers, K. Lear, and K. Killeen, Appl.
double-mesa process and a dry-etched power cell process with ledgdPhys. Lett. 62, 1585 (1993). [2] M. Peters, B. Thibeault, D. Young, A.
technology to assess DC device performance. DC characterization re-Gossard, and L. Coldren, J. Vac. Sci. Tech. B12, 3075 (1994).
sults of as-grown HBTs (pbase=3...4x1019 cm-3) reveal a higher cur-
rent gain for the intrinsic-doped base at low growth temperatures com-9:20 AM
pared to structures containing CBr4 doped layers. Maximum current High P-type Doping in InAIP Grown by Metalorganic Chemical
gains are comparable to the published state-of-the-art. However post-Vapor Deposition: Yuichi Sasajimig Russell D. Dupuis 1The Uni-
growth annealing at for example 685°C for several minutes causes aversity of Texas at Austin, Microelectronics Research Center, PR
current gain reduction of about 50 % for HBTs with a CBr4-doped base MER 2.606K-R9950, Austin, TX 78712-1100 USA
layer and 70 % reduction for those with intrinsic base doping. Only InAIP has the largest bandgap of the semiconductors lattice-matc]
small changes in base sheet resistance were observed after annealingg GaAs, and it is used as a cladding layer in InAlGaP-based sh(
confirming the low hydrogen concentration in the as-grown layers. wavelength optical devices covering the red to yellow spectral ran
This is the result of an optimized cool down sequence, which is known However, it is difficult to obtain high acceptor concentrationg, fir
to minimize the hydrogen incorporation. Variations of growth param- InAlP. This limits device characteristics such as current diffusion
eters such as V/III ratio or growth rate did not improve the thermal light emitting diodes and the threshold current in laser diodes. There
stability of the HBTs. HRXRD and Hall measurements on single layers two factors that suppress, M InAIP. First, N, saturation@x10®¥/cm?
indicate a fully substitutional incorporation of carbon on the As lattice comes from intrinsic properties of InAIP itself. Second, acceptor pg
site. SIMS measurements showed complete activation of the carbonsivation by hydrogen becomes dominant for Mg and Zn heavy dopi
acceptors independent of doping method. High-temperature annealingin this work, we studied the Mg and Zn co-doping characteristics f
did not result in a decrease in carrier concentration, carrier mobility and InAIP grown by metalorganic chemical vapor deposition (MOCVD)
lattice mismatch compared with undoped GaAs in the doping range well as Mg and Zn doping individually. In order to obtain highgrfod
1x1019 and 6x1019 cm-3. However high-temperature annealing de- p-type InAIP, we also investigated chemical potential modulation
creases the luminescence intensity of single carbon doped layers indifects for activation of acceptors, including internal and external pot
cating the creation of very effective nonradiative recombination cen- tial modulations. The InAIP samples were grown at low-pressure
ters during this process. High-temperature annealing also results in a650°C in H, in an EMCORE GS3200 UTM reactor system usin
reduction of excess carrier lifetime. The exact nature and formation trimethylaluminum, trimethylindium, and BHas sources. Diethylzinc

THURSDAY AM

process of the recombination centers is still under investigation. and biscyclopentadienylmagnesium were employed as Zn and Mg
dopants, respectively. The free carrier concentration was measured by
9:00 AM electrochemical capacitance-voltage profiling, and the In composition
Low Resistance Visible Wavelength Distributed Bragg Reflec- was checked by X-ray diffraction rocking curves. Impurity concentra-
tors: J. M. Fastenayy G. Y. Robinsol !Colorado State University, tions were estimated by secondary ion mass spectroscopy. Mg and Zn
Dept. of Elect. & Comp. Eng., Fort Collins, CO 80523 USA co-doped InAIP showed intermediate doping characteristics between

The application of semiconductor heterojunctions, using alloy com- those of Mg- and Zn-doped InAlP, as if reflecting the activation energy
positions chosen with small band offset energies, to distributed Bragg difference between Mg and Zn acceptors. However, we have obtained a
reflector (DBR) structures for the purpose of lowering the series resis- maximum hole concentration, p=1.1x10%m? at 300K for as-grown
tance is presented. Selecting DBR layer pairs with small valence band orlnAIP:Mg,Zn, compared to 8.7x¥@ms for InAIP:Mg and 1.0x1&cm?
conduction band offsets eliminates the need for complicated structuralfor InAIP:Zn. We have also obtained, =1.8x10&m? for ex-situ
schemes typically used to smooth out the interface energy barriers, andannealed InAIP:Zn. To our best knowledge, this, @fter annealing is
thus achieves a low resistance DBR using a simple stack of quarterthe highest value for p-type InAIP grown by MOCVD. The InAIP layer
wavelength thick layers. Low resistance, highly reflective DBRs are in this sample has an intentional compositional modulation. We be-
used in vertical cavity surface emitting lasers (VCSEL). With increasing lieve that a potential modulation formed by the compositional modu-
interest in visible wavelength VCSELs for data storage, laser printers, lation helped the acceptor activation or incorporation. We found two
and plastic optical fibers, we report very low resistance DBRs operating additional properties: (1), in InAIP is influenced by the lower and
at approximately 650 nm. From theoretical band offset calculations upper layer carrier concentrations. For examplg, m InAIP reaches
using the Van de Walle model solid theory, heterojunctions of mixed a maximum value when the lower and upper layers hayeabx10€cm?,
arsenide and phosphide IlI-V semiconductor lattice-matched alloys werewhich is nearly the saturation value. Also, pmax in the upper layer is
selected to obtain the low band offset DBRS; &8, 5N, ,P/Al, o Ga/ more critical for acceptor activation, and we measured a largeim
oadAs for p-type and Al,Gg, ,JIn,,P/AIAs for n-type. The specific InAIP with n-type top layer; (2) In incorporation is dependent on the
contact resistance calculations indicated that these alloy compositionsMg and Zn concentrations, and it also saturates at almost the same
should have much lower resistance than the all-phosphide AlGalnP/conditions as saturated pmax in InAlP. The valyg, p1x108cm3
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seems to be a magic number for p-type INAIP. In our talk, substrate off- We report the growth of high quality InAs-channel FET material

angle dependence of,g in InAIP will be discussed from the micro- structures on InP using thin buffer layers suitable for device processing.

scopic view of potential modulation including spontaneous ordering. Growth of InAs on InP has the advantage over previous approaches of
a lower lattice mismatch between the two materials and therefore should

9:40 AM + enable the growth of high quality InAs with thinner buffer layers.
Growth and Characterization of InAlGaP Superlattice Lasers Material structures for InAs-channel FETs have recently been investi-
Yuichi Sasajim& Richard D. Hellet; Russell D. Dupuis David A. gated, because InAs combines the properties of a high electron mobility
Kelloge; Nick Holonyak; David T. Mathey Robert Hul¥; The Uni- and saturated electron velocity with the large conduction band discon-
versity of Texas at Austin, Microelectronics Research Center, PRC/ tinuity of its heterojunctions with AISb and related alloys. These prop-
MER 1.606D, Austin, TX 78712-1100 USAUniversity of lllinois at erties are ideal for low noise and low power field effect transistors

Urbana-Champaign, Microelectronics Laboratory, 208 North Wright (FETSs) for circuit applications at W-band (94 GHz) and beyond. Be-
St., Urbana, IL 68101-2991 USAUniversity of Virginia, Dept. of cause it is impossible to grow semi-insulating InAs substrates and be-
Mats. Sci. and Eng., Thornton Hall, Charlottesville, VA 22903-2442 cause there is an 8.5% lattice mismatch between InAs, the AISb buffer
USA layer and GaAs substrates, buffer layers as thick as 2 um have had to be
INAlGaP-based quaternary materials lattice-matched to GaAs aregrown to realize high electron mobility InAs FET material structures
now widely used for compound semiconductor light-emitting devices, on GaAs. Thick buffer layers are not suitable for device fabrication
including injection lasers and light-emitting diodes (LEDs). While high- because high mesa or deep isolation implants are then necessary for
efficiency devices emitting incoherent light in the red, orange, and device isolation which can result in high leakage currents and low wafer
yellow spectral regions have been demonstrated, injection lasers emit-yields. As a result, InAs FET material structures with device quality
ting in the yellow spectral region operating at 300K have not been electrical properties and structural configurations that lend themselves
reported. Fundamentally, the short-wavelength operation of the to high yield circuit processing have yet to be developed. We have
In(AlL,Ga,), P light-emitting materials is limited by the direct-indirect grown and characterized InAs-channel FET material structures with
transition at alloy composition@&=0.55. In order to circumvent this thin buffer layers as low as 3000 A and with electron mobilities as high
limit, we have explored the use of direct-bandgap InAlGaP alloys incor- as 18,650 and 35,900 cm2/volt-sec at 300K and 77K, respectively.
porated into quantum wells in short-period superlattice (SPSL) The sheet electron concentration for these structures is 2E12 cm-2.
heterostructures. The emission wavelength of the recombination radia-We will present detailed data showing that the electrical properties of
tion of these structures is reduced as a result of the quantum confinethese materials are the best reported for InAs FET structures grown on
ment of the electrons and holes in the SPSL. These structures are growthin buffer layers and that InAs-channel FETs with fT and
by low-pressure MOCVD in an EMCORE GS3200 UTM reactor system transconductances as high as 158 GHz and 750mS/mm respectively for
using triethylgallium, trimethylaluminum, trimethylindium, and P&s devices with 0.35 um gate-lengths can be fabricated from these material
sources. Growth is carried out at 60 Torr at temperat@&§’C. The structures. In addition, we will show that the fTLg figure-of-merit for
lattice matching conditions for the InAlIP, InAlGaP and InGaP alloys these InAs-channel FETs is 50.8 GHz.um which is the highest reported
have been established using X-ray and photoluminescence characterfor any three-terminal device, raising the possibility of realizing 500
ization of @00nm thick layers. The lattice-matched SPSL laser struc- GHz performance with 0.1 um gate-length devices.
tures were grown on GaAs:Si substrates and consist of the following
epitaxial layers: 100 nm GaAs buffer layer, 200-500nm InAIP cladding 10:40 AM
layer, superlattice active region containing InAlGaP (x=0.7) barriers Transport Properties of InAs layers grown on GaP Substrate by
and InAlGaP wells (0<x<0.3), 200-500nm InAIP cladding layer, GaAs MBE: E. H. Cheh; V. Gopat; E. P. Kvam;, J. M. Woodali; 'Yyale
cap layer. The SPSLs are grown simultaneously on (100) GaAs sub-University, Dept. of Elect. Eng., New Haven, CT 065Z%rdue Uni-
strates and vicinal (100) wafers with misorientations ¢f, 1&° toward versity, School of Mats. Eng., W. Lafayette, IN 47907
<111>A, and <311>B. Growth on the vicinal wafers enhances the The growth of high quality InAs epitaxial films has been a continu-
disordering of the alloys. We have measured the interface quality of ously researched material for the last decades because of the important
these structures using X-ray diffraction rocking curves, transmission technological applications for high-speed electronic devices and opto-
electron microscopy, and 300K photoluminescence (PL). X-ray dif- electronic devices in the infrared region. However, the lack of semi-
fraction measurements and simulation analysis has shown that theinsulating InAs substrates has led most studies of the growth of InAs to
superlattice is well formed, as confirmed by the TEM images obtained use substrates such as GaAs, InP, and Si. Recently, direct growth of InAs
on several samples. We have found the brightest 300K PL intensity andon GaP by Molecular Beam Epitaxy (MBE) has been successfully dem-
the narrowest emission linewidth are obtained for SPSLs grown ©n 15 onstrated, despite the large (~11%) lattice mismatch [1]. Cross-sec-
off wafers. The emission wavelength is at@nm longer than for 0 tional Transmission Electron Microscopy (TEM) studies revealed that
off wafers. SPSLs with twenty periods of 1.7nm InGaP quantum wells the misfit strain is accommodated by the generation of a 2-dimensional
and 0.9nm InAlGaP (x=0.70) barriers have lased pulsed at wavelengthsnetwork of pure edge-type dislocations at the heterointerface and the
as short as 604nm (red-orange) under optical excitation at 300K. ThisIlnAs layer maintains a perfect epitaxial relationship with the GaP
laser operation is the strongest yet obtained at this short wavelengthsubstrate. In the present study, Hall effect and electrical resistivity
Optical pumping of these samples at 77K has produced lasing at wave-measurements were carried out on InAs films which were grown directly
lengths as short as 565nm (yellow-green). We have designed strain-on GaP by Solid Source Molecular Beam Epitaxy. These measurements
modulated aperiodic superlattice heterobarriers to provide increasedshow the mobility and background carrier density depend on the layer
electron confinement at the heterojunction interfaces. These barriersthickness and substrate growth temperature. In common with earlier
should permit lasing at higher temperatures for the shorter-wavelengthwork for InAs films grown on GaAs or Si, we found that the mobility
SPSLs. We will report the growth, characterization, and lasing proper- increases with increasing substrate growth temperature and InAs film

ties of these structures. thickness. The thickness dependence of the carrier concentration sug-
gests that the InAs/GaP heterointerface is a source of high donor con-
10:00 AM Break centration. The high-density dislocations near the heterointerface are
the probable sources of these carriers. The temperature dependence of
10:20 AM the Hall mobility and carrier concentration has also been examined
Device Quality, Bandgap Engineered InAs-Channel Fet Mate- over the temperature range between 5 to 300 K. An apparent decrease
rial Structures: Leye A. Aing Harry S. Hiet; Anu Mahajag; G. of carrier density from room-temperature is followed by a dip at around
Cuevég; llesanmi Adesida Terrance L. WorchesRy Rheanna Rieb&u 80K and then by a slight increase at lower temperatures. No carrier

1Epitaxial Technologies, LLC, 1450 South Rolling Rd., Baltimore, MD freeze-out has been observed even at the lowest temperature in our
21227 USA;2University of Illinois Urbana Campus, 208 North Wright measurement, 5K. These results suggest a finite concentration of the
St., Urbana, IL 61801 USAUniversity of Maryland Baltimore County, donor band sites reside above the conduction band minimum and the
1000 Hilltop Circle, Baltimore, MD 21250 USA electrons from the donor states will then occupy the lower energy
states of the conduction band. The resulting ionized donor centers will
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contribute to carrier scattering and the effect on measured mobility will C. Chen, et al., Microwave and Guided Wave Lett., Vol. 8, no. 11, 1998,
be more prominent at the thinner InAs layer. Nevertheless, high mo- pp. 399.

bilities (> 15,000 cmV-sec at 77K) have been achieved on InAs films

with 2 mm of thickness. In particular, InAs samples with a 50 AAh, ,AS 11:20 AM

cap layer showed a dramatic increase in mobility compared to the Growth of High-Performance InP IMPATT Diodes by Metalor-
similar samples grown without any passive layer. We believe this ganic Chemical Vapor Deposition Ho-Ki Kwort; Joongseo Pakk

Iny Al ,As layer can effectively eliminate the surface electron accumu- Russell D. Dupuis James W. McClymonésMichael J. Welch 1The
lation layer caused by the Fermi level pinning on the InAs free sur- University of Texas at Austin, Microelectronics Research Center, MRC/
face.[1] J.C.P. Chang, T.P. Chin, and J.M. Woodall, Appl. Phys. Lett., MER - R9900, Austin, TX 78712-1100 USARaytheon Electronic

69,981,1996. Systems, 131 Spring St., Lexington, MA 02173 USA

Impact avalanche transit time (IMPATT) diodes are important
11:00 AM elements in high-power, high-frequency microwave systems. In the
Effects of HEMT Pseudomorphic Channel Material Design on past, most IlI-V compound semiconductor IMPATT devices have been
Device Performance Yaochung Chen Richard Lal; Mike produced from GaAs-based materials grown by hydride vapor-phase
Wojtowicz; Mike Barsky; Ronald GrundbachgrT. P. Chis; Dwight C. epitaxy (VPE). The use of InP for IMPATT diodes is expected to
Streit; TRW, Inc., Electr. & Tech. Div., One Space Park, D1/1050, greatly increase the maximum frequency of oscillation due to the in-
Redondo Beach, CA 90278 USA creased electron mobility relative to GaAs. We report the growth and

We have investigated and optimized the pseudomorphic channelcharacterization of single- and double-drift InP IMPATT structures and
material designs for both GaAs- and InP-based HEMTs. As a result, wethe characterization of devices fabricated from these materials. The
have demonstrated word record low noise and power performance fromIMPATT structures are grown by low-pressure MOCVD in an EMCORE
both types of devices covering frequencies ranging from 2 to 200 GHz. GS 3200 reactor in a tambient using triethylgallium, trimethylindium,

In this work, we present the effects of pseudomorphic channel material arsine and phosphine sources. The typical double-drift IMPATT struc-
design on device performance. Various channel designs are discussedure consists of nine epitaxial layers including n-type and a p-type
The key variable in optimizing HEMT performance is the In compo- “delta doped” layers and n- and p-type lightly doped “drift” layers. The
sition in the InGaAs channel. High In composition is desired since it avalanche layer is not intentionally doped. The double-drift IMPAT
reduces electron effective mass and increases mobility and saturatiorstructures consist of g | n- n+ layers of InP with apInGaAs cap layer
velocity and, thus, improves device gain and cutoff frequency. How- for contacting. This structure places severe requirements upon
ever, excess In introduces compressive strain. Therefore, channel deswitching of dopants during the growth process and the control
sign involves trade-off between the advantages brought by the excess Ibackground doping concentrations. We have explored the use
and the disadvantages brought by strain. Our uniform channel designsdiethylzinc (DEZn) for p-type doping and,Bj and tetraethyltin (TESn)
have an InGaAs layer with constant In composition sandwiched be- for n-type doping. Our initial devices employing only Zn and Sn dopa
tween AlGaAs or InAlAs buffer and Schottky layers. In these struc- were limited by the transient behavior of the TESn source. However
tures, electron mobility increases initially as In composition increases is difficult to control Si doping at the low concentrations required fq
but shows a reversal when In reaches ~25% higher than lattice-matchedthe “drift” layer using diluted mixtures of disilane. We have found thg
The reversal in mobility is due to the fact that one needs to reduceimproved device profiles can be obtained by using Sn for the ligh
channel layer thickness to remain pseudomorphic. A thin channel doped “n-drift region” and Si for the “n-spike region”. DEZn is used fg
increases the electron wavefunction penetration into the low mobility the growth of the “p-drift region”, “p-spike” and “p-contact” layers
buffer and Schottky barrier layer, which results in increased interface The doping changes abruptly from n=2-10%¢ldn3 for the n-drift
scattering. Furthermore, the first subband energy in a thin channel isregion to n=2-4x10 cm? for the n-spike. The p-spike is grown with
pushed up, which results in poor electron confinement. In a steppedp=2x107 cm?3 and the p-drift is doped to p=1¥8@m?3. These require-
channel design, a GaAs layer is inserted between the AlGaAs buffer andments place severe demands upon the control of the doping and f{
the InGaAs channel for the GaAs HEMT, and an InGaAs layer with charge in the spike layers. We have developed a growth process
lower In composition is inserted between InAlAs buffer and InGaAs can produce abrupt doping profiles. We will report also on the perfg
channel for the InP HEMT. These designs show higher electron mobil- mance of InP IMPATT diodes. Our initial InP IMPATT devices hav
ity by reducing buffer-channel interface scattering and lowering the been measured to provide 2.2W at 12.6% efficiency at 34GHz un
first sub-band energy. For a double-doped power HEMT structure, the pulsed operation using a 300 ns pulse width with a 10% duty cyg
stepped channel design moves the back doping plane farther away fronTThese initial devices were limited by a processing problem and
the gate metal and may reduce device gain. Therefore, the steppedxpect significant improvement in the “reprocessed” material and a
channel thickness needs to be carefully optimized. We have also inves-from subsequently grown InP IMPATT wafers having improved doping
tigated stepped channel InP HEMT with tensile strained InGaAs insert. profiles. We believe that these results may be the first demonstrated
The tensile strain in the insert balances the compressive strain in thehigh-performance InP-based IMPATTSs.

channel and can potentially increase the critical thickness of the chan-

nel InGaAs layer. However, mobility degrades dramatically when the 11:40 AM Late News

buffer indium composition reduces below 42%. Our graded channel

HEMT design has a single quantum well with In composition graded

from 60 to 80%. This structure combines the advantages of the uni- Sagsion K. Nanoscale Character-

form and stepped channel designs. We have demonstrated 305 GHz .

cutoff frequency[1] and the first ever 190 GHz LNA with 7.2 dB Ization

gain[2] using this structure. High breakdown voltage is desired for high
power applications. Device breakdown voltage reduces as channel In . .
composition increases. Therefore, for InP-based HEMT, we have usedThl‘lrSdEWAlvI Room' COI’WI_n We_St
double-doped structure with lattice-matched InGaAs channel to achieveJuly 1, 1999 Location: University Center
high current carrying capability, high transconductance, and high break-

down. A HEMT MMIC amplifier fabricated on this structure with 0.15  Sessjon Chairs: Julia Hsu, University of Virginia,

mm gate demonstrated a world record 427 mW output power and 19% Charlottesville. VA USA: Edward Yu University of
power-added-efficiency at 95 GHz[3]. To further advance the W-band . . T ! ’
California, San Diego, CA USA

power performance, we have developed a composite channel InP-
InGaAs channel design. We have shown that the composite channel
design can significantly improve device on-state and off-state break-
down without degrading RF performance. [1] M Wojtowicz, et al. IEEE 8:20 AM + ) ) )

Electron Device Lett. Vol. 15, No. 11, 1994, p. 477. [2] R. Lai, et al., Nanoscale Charge Transport Properties of Co/SiOMultilayer
Microwave and Guided Wave Lett., Vol. 8, no. 11, 1998, p. 393. [3] Y. Structures and Their Application in a Novel Magnetic Field
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Sensor Daniel M. Schaadt Edward T. Y&; Sandra SankgrAmi E. values of L in the surface space charge regions have been obtained. The
Berkowit2; !University of California at San Diego, Dept. of Elect. and second application we present is the measurement of electronic defects
Comp. Eng., 9500 Gilman Dr., La Jolla, CA 92093-0407 U84i- and local Fermi level pinning at a semiconductor surface. We have
versity of California at San Diego, Dept. of Phys., Center for Magnetic measured the CPD and the surface photovoltage on the surface of a
Recording Research, 9500 Gilman Dr., La Jolla, CA 92093-0401 USA GaP single crystal. The measurements show that under super bandgap
Discontinuous magnetic metal/insulator multilayers are of current illumination, there are regions at the semiconductor surface where the
interest for application as magnetoresistive elements in magnetic field induced surface photovoltage is close to zero. The results are analyzed
sensors due to their sharp magnetoresistance at room-temperature, lowsing a 2-D solution of Poisson equation and interpreted in terms of
saturation field, and high mechanical and chemical stability due to the spatial distribution of surface states and recombination centers.
separation of magnetic particles by the insulating matrix. Realization
and optimization of magnetic field sensor devices based on these mate9:00 AM +
rials requires detailed characterization and understanding of electricalinGaAs/InP Quantum Well Intermixing Studied by Cross-Sec-
transport properties at the nanometerscale. We have used scanningional Scanning Tunneling Microscopy Huajie Chen; Randall M.
force microscopy to study localized charge injection and subsequentFeenstrg P. G. Pivg |. V. Mitchell?; R. D. Goldberg G. C. Aerg; P. J.
charge transport in Co/SjOnultilayers. Samples were prepared by co- Poolé; S. Charbonnedu 1Carnegie Mellon University, Dept. of Phys.,
or alternating sputtering of Co and Si®@espectively, on Si substrates.  Pittsburgh, PA 15213University of Western Ontario, Dept. of Phys.
Previous transmission electron microscopy studies have shown that Coand Astronomy, London N6A3k7 Canad&iniversity of Salford, Joule
layers fabricated in this manner are discontinuous, resulting in the Laboratory, Dept. of Phys., Salford M5 4WT UHKyational Research
formation of Co nanoclusters embedded in SiOCharge was injected Council of Canada, Institute for Microstructural Sciences, Ottawa
into and removed from the Co nanoclusters in a highly localized man- KIAOR6 Canada
ner by applying a bias voltage pulse between a conducting proximal The Dr. toward fully integrated photonic devices of quantum well
probe tip and the Co/SiOmultilayers sample. Electrostatic force mi-  (QW) type requires improved techniques for QW bandgap Eng.. In this
croscopy was used to image charged areas, to determine quantitativelyvork, cross-sectional scanning tunneling microscopy (STM) has been
the amount of stored charge, and to characterize charge transporused to study InGaAs/InP QW intermixing produced by phosphorus
within the Co layer and into the Si substrate. Charge was depositedimplantation followed by thermal annealing. The increased width of
controllably and reproducibly within areas ~20-50 nm in radius, and an the QW after intermixing is directly measured by STM images. The
exponential decay in the peak charge density was observed with decaystrain development after intermixing is studied in detail, and a tentative
times on the order of several minutes. Longer decay times were mea-model is proposed to explain the experimental results. Two different
sured for positive than for negative charge with the ratio of the decay kinds of samples have been studied, each consists of 20 periods nomi-
times depending on the nominal Co film thickness. These results arenally lattice-matched InGaAs quantum well and InP barrier. Sample A
interpreted as a consequence of the Coulomb-blockade energy associhas a 10 nm InP cap layer and P ions are implanted through the QW
ated with single-electron charging of the Co nanoclusters. These obser-stack; sample B has a 1500 nm InP cap layer and P ions are implanted
vations have significant implications on application of such films in into the cap layer in front of the QWSs. Following anneal both samples
magnetic field sensors for data storage systems, where high-frequencydisplay PL blueshift. Cross sectional STM shows a broadening of the
response is required. In addition, techniques such as nanoscale patterrindividual QWs, by 1.6nm (sample A) and 1.9 nm (sample B). More
ing and increasing SiOayer thicknesses for suppressing discharging importantly, significant strain has developed in sample B following
and consequently improving charge retention times have been investi-intermixing, the well becomes tensilely strained and the interface of
gated. Based on the observation of charge storage in the magnetoresistiveell and barrier becomes compressively strained, which can only result
Co layer, a novel monolithic transistor-amplified magnetic field sensor from an enhanced group V over group lll intermixing. On the contrary,
has been demonstrated. In this device structure, a magnetoresistivesample A reveals no such strain contrast. Finite element computation
layer is incorporated within the gate of a Si MOSFET. Applying or is used to determine the group V to group Il interdiffusion length ratio.
changing an external magnetic field results in a change in current flow This result is explained based on the different types of defects respon-
through the magnetoresistive layer and thus in a change in chargesible for the intermixing, namely, both group V and group Il defects
density in the gate. This change in charge density yields a thresholdattribute roughly equally to the intermixing in sample A, whereas mostly
voltage shift in the transistor, leading to an amplification of the re- group V defects induced intermixing on the group V sublattice in sample

sponse to the applied magnetic field. B. This work was supported by a grant from NSF.

8:40 AM 9:20 AM

Novel Application of Kelvin Force Microscopy Rafi Shikler, Tamir Ordering-Induced Band Structure Effects in GalnP Studied by
Meoded; Norbert Fried Nurit Ashkenasy, Yossi Rosenwaks 1Tel- Ballistic Electron Emission Spectroscopy Michael Kozhevnikdy
Aviv University, Faculty of Electr. Eng., Dept. of Phys. Electr,, Ramat- Venkatesh NarayanamutfyYong Zhang, Angelo MascarenhasJerry
Aviv, Tel-Aviv 69978 Israel Olsor?; Harvard University, Gordon McKay Laboratory, 9 Oxford St.,

Scanning probe microscopy has opened new opportunities to imageCambridge, MA 02138 USA2National Renewable Energy Laboratory,
semiconductor surfaces with unprecedented spatial resolution. Perhapd617 Cole Blvd., Golden, CO 80401 USA
the most widely used scanning probe instrument is the atomic force Ordering induced changes in the band structure of GaheHmpor-
microscope (AFM), which provides direct surface topographic images, tant for its application in advanced solar cells with very high conver-
as well as information on other tip/sample forces like friction, mag- sion efficiency, for potential band-gap engineering and for fundamental
netic, and electrostatic. The Kelvin force microscopy (KFM) tech- studies of atomic ordering. To characterize the structural and electronic
nique has already been demonstrated as a powerful tool for measuringproperties of Galnf we have used the Ballistic Electron Emission
electrostatic forces and electric potential distribution with nanometer Microscopy (BEEM) technique which allows the study of buried
resolution; it has found many diverse applications in recent years. In heterostructures with high spatial resolution (~ few nm) [1]. To make
this work we present two additional applications of the KFM technique the most out of the BEEM capabilities, this work has detailed a quanti-
recently demonstrated by our group. The first is the use of the KFM for tative study of the second voltage derivative (SD) of the ballistic elec-
a direct measurement of surface minority carrier diffusion lengths. The tron emission spectra. In our recent study of GaAs/AlGaAs
method is based on measuring the surface photovoltage between théneterostructures [2], the SD-BEEM spectroscopy was shown to be very
KFM tip and the surface of a uniformly illuminated semiconductor informative, since the SD-BEEM spectrum is proportional to the
junction. The photogenerated minority carriers diffuse to the junction heterostructure transmission coefficient, and, therefore, allows an ex-
and change the contact potential difference (CPD) between the tip andplicit energetic partitioning of the transport channels. Then, we asso-
the sample, as a function of the distance from the junction. The diffu- ciate two peaks observed in the SD-BEEM spectra of disordered GalnP
sion length, L, is then obtained by fitting the measured photovoltage on n- GaAs substrate with th& and L conduction minima, whereas an
using the minority carrier continuity equation. The method is applied additional third peak in the SD-BEEM spectra of ordered Gamn®
to measurements of electron and hole diffusion lengths in GaP epilayers;associate with the L-band splitting due to the ordering-induced “fold-
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ing” of one (from four) L valley onto th& point. According to our 10:40 AM

results, this splitting i€®0.1meV. Additional indication of the effect of Extending Lateral Composition Modulations in InAs/AlAs
the ordering is the experimentally observed reduction of the effective Superlattices with Miscut Substrates David M. Follstaedt An-
threshold for ordered GalpRamples comparing to disordered samples. drew G. Norma# S. Phil Ahrenkiet John L. Reng Steve R. Lee Eric
Since the BEES technique allows us to study independently the conduc-D. Joneg Joanna Mirecki Millunchick Angelo MascarenhasYong
tion and valence band offsets of buried heterostructures, we find thatZhang; Ray D. Twestehh 1Sandia National Laboratories, Dept. 1112,
the ordering-induced bandgap reduction is accommodated mostly in theMail Stop 1056, Albuquerque, NM 87185-1056 USANational Renew-
valence band alignment between GaAs and GalhPaddition, the able Energy Laboratory, Golden, CO 80401-2163 USJyiversity of
BEEM images of ordered GalnBamples show regions of enhanced and Michigan, Mats. Sci. and Eng., Ann Arbor, Ml 48109-2163 U34ni-
reduced current on the scale of ~0.5 mm, and we relate this BEEM versity of lllinois, Center for Microanalysis, Urbana, IL 61801-2985
contrast regions to be due to the order parameter fluctuations orUSA

antiphase domain boundaries. [1] for review, see e.g. V. Narayanamurti,
Sci. Rep. RITU A44, 165 (1997). [2] M. Kozhevnikov, V.

Narayanamurti, C. Zheng, Y. Chiu and D. Smith, accepted for publica-
tion in Phys. Rev. Lett. This work is supported by NSF Grant # ECS

The microstructure of composition modulation in (InAs)n/(AlAs)m
short-period superlattices grown on (001) InP has been well character-
ized. For optimum growth conditions @m = 0.5 - 2.0, Tgré 530°C),
the laterally modulated regions grow as vertical columns with only

9531133 and NREL contract #XCR-6-16770 short extension in the growth plane (<~@h). Moreover, the lateral
modulation occurs equally along two directions in the growth plane; for
superlattices grown with moderate average tensile strain (< 0.4% in-
plane strain), these are [130] and [310]. We have also found that the
composition variations produced in these alloys are quite large: local
enrichments in In concentration up to In76AI24As have been deter-
mined. Recently, we have shown that such composition modulation
produces large reductions in photoluminescence energy, up to 0.5 eV
relative to that expected for a random alloy of the same average
composition (ie, reduced from 1.5 to 1.0 eV). The size of the reducti
tracks the amplitude of the modulations as measured by x-ray diffr
tion. Moreover, these large bandgap reductions are consistent with
measured compositional enrichments. However, the rather comp|

9:40 AM Late News
10:00 AM Break

10:20 AM  +
Nanoscale Characterization of Stresses in Semiconductor De-
vices James John DemaréstRobert Hull; Kathryn Schonenbetg
Koenraad Janssefs tUniversity of Virginia, Mats. Sci. and Eng.,
Thornton Hall, McCormick Rd., Charlottesville, VA 22903 US#)-
ternational Business Machines Corporation, IBM Research Div./SRDC,
Hudson Valley Research Park, 1580 Rt. 52, B/640, M/S AE1, Hopewell
Junction, NY 12533 USA3OCAS, The Research Centre of the Sidmar microstructure of (InAs)n/(AlAs)m limits the development and stud
Group, J.F. Kennedylaan 3, B-9060, Zelzate Belgium of the novel electronic properties expected for composition modu
By using transmission electron microscopy (TEM) and focused ion tion. With the intent of producing extended modulations in the gro
beam (FIB) technology in conjunction with an ensemble of Computer plane that are along one direction only, we are examining growth
programs which include finite element modeling (FEM), electron dif- miscut substrates. A superlattice was grown in slight tension on a s
fraction strain contrast simulation, and image manipulation we have strate miscut 2° from [001] toward [101]. This surface has a late
been able to quantitatively measure stresses in semiconductor devicesomponent of its normal that is 18° from the [310] modulation dire
with a spatial resolution on the order of nanometers and a sensitivity tion but is 72° from [130]. TEM and x-ray diffraction indicate tha
on the order of tens of Mega Pascals. By utilizing this technique upon strong modulation is present, but with the modulation in the [31
silicon germanium (SiGe) heterojunction bipolar transistors (HBTs) direction predominating. Furthermore, the modulated segments
fabricated by IBM, stress information on an extraordinarily high level longer, extending 0.2 - 0.8m in the growth plane. Thus growth on
of resolution and sensitivity allows insight into the structural features miscut substrates is producing more nearly ideal modulation geomet
(e.g. isolation trenches) and elemental composition (epitaxially grown and microstructures for studies of electronic properties. Our res
SiGe base). This technique thus allows valuable knowledge about devicesuggest that surface steps may play an important role in determi
design for low defect density prior to fabrication, as well as measure- the in-plane organization of modulated regions. Properly miscut s
ment of stresses in real devices once they have been created. The strefsces may lead to modulated structures that confine carriers to a si
measurement process consists of first obtaining a sample by FIB sput-set of InAs-rich planar regions that a8&0 nm thick. Other orienta-
tering which results in a thin cross sectional membrane of known geom-tions are being examined to learn how the miscut determines the mig
etry through the HBT. This geometrical information is critical for later structure of composition modulation.
quantitative applications of electron diffraction equations to the theo-
retical stress field resulting from FEM. An experimental image ob- 11:00 AM +
tained via TEM is then used to build a finite element structure with Non-Alloyed Ohmic Contact on GaAs at Nanometer Scale
ANSYS software. FEM is then used to obtain a theoretical stress field Takhee Le®e B. L. Walsl¥; D. B. Jane% E. H. Che# Jia Liwy J. M.
throughout the HBT of the actual thin membrane structure, where the Woodalf; M. R. Mellocl®; R. P. Andres R. Reifenbergér Purdue
intrinsic stresses of polycrystalline and amorphous materials containedUniversity, Dept. of Phys., W. Lafayette, IN 47907 USRurdue
within the device structure were determined by wafer curvature mea- University, School of Chem. Eng., W. Lafayette, IN 4798Ruyrdue
surements. A program which simulates electron diffraction contrast University, School of Elect. and Comp. Eng., W. Lafayette, IN 47907
(SIMCON) from FEM stress field data by the application of the dy- USA
namic electron diffraction Howie-Whelan Equations is then used to Even though prototype electronic devices have shrunk into the
create a simulated TEM image. The two images, experimental andnanometer-scale range, the contacts to nano-devices often have di-
theoretical, are then normalized to each other such that their intensi-mensions of order im or greater. Thus, the contacts still requiré- 10
ties and gray levels fall along the same dynamic range. Subtraction of10* greater area than the active nano-devices. The demands on ohmic
one image from the other on a pixel by pixel basis can then be per-contacts at the nanometer scale are quite stringent and present signifi-
formed, which creates a difference map of changes in grayscale. Oncecant problems for any approach based on an alloying process.[1] As
the stress sensitivity per gray level is determined, it becomes possible toreported earlier, non-alloyed ohmic contacts may be appropriate for
quantify the stresses in the experimental structure by using the theo-nano-device applications since they are free from a deep interface and
retical model as a starting point. Areas of higher stress within the they possess spatial uniformity.[2] These non-alloyed contacts em-
device structure have been identified. These include single crystalline ploy low-temperature grown GaAs (LTG:GaAs), i.e. GaAs grown at a
regions in close proximity to tungsten (W) vias (due to the large intrin- temperature of 250-30C by molecular beam epitaxy.[3] We have
sic stress present in W-on the order of 1.2 GPa), material immediatelypreviously shown that ohmic nano-contacts can be formed to n-GaAs
adjacent to thin thermal SiO2 layers, the strained SiGe epitaxial base,device layers using this non-alloyed ohmic contact approach.[2] In this
and oxide trenches. presentation, we extend the previous work to the development and
characterization of high performance nano-contacts to n-GaAs using
both n-type and p-type LTG:GaAs caplayers. The controlled-geom-
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etry nano-contact was obtained by depositing a 4 nm single crystalline11:40 AM Late News
Au cluster on an ohmic contact structure with a chemically stable
LTG:GaAs surface layer using ex-situ chemical self-assembly techniques.

A self-assembled monolayer of xylyl dithiol 4&,.S,; denoted as XYL) . .
was used to provide mechanical and electronic tethering of the Au SESS|On I— Wlde Bandgap AIGaN/

cluster to the LTG:GaAs surface. The dimensions of the Au cluster GaN Heterostructures

determine the size of the nano-contact. The electrical characteristics

of the Au cluster/XYL/GaAs were determined using UHV scanning tun-

neling microscopy (STM). It has been found that the cluster/XYL ThursdayAl\/l Room: Lotte Lehman Hall
contact to samples with both n-type and p-type LTG:GaAs provide an July 1,1999 Location: Music Building
effective ohmic nano-contact with good repeatability between various

clusters distributed on the surface. STM current-voltage spectroscopy . . . . . .

for these nano-structures provide estimates for the specific contactS€SSion Chairs: llesanmi Adesida, University of
resistance and current density of the nano-contacts. For the case of afllinois-Urbana, Urbana-Champaign, IL USA; Umesh
n-type LTG:GaAs caplayer, a contact resistance of 20m? and a Mishra, University of California, ECE Dept_, Santa
current density, 1x10A/cm? have been measured. When a p-type Barbara, CA USA

LTG:GaAs caplayer is used, the corresponding values are? M#iov

and 1x10 A/cm?, respectively. These contact properties are compa-
rable to those observed in high quality large area ohmic contacts to n-
type GaAs.[3] A model explaining the origin of the ohmic contact as 8:20 AM

wgll as the difference in the contact p'roperties between the_: Sample,SStress/Strain during MOCVD of AlGaN/GaN on LT GaN/AIN
with the n-type and p-type caplayers will be presented. Possible app“'Buffers: Jung Han; Jeff J. Figiel: Sean J. HeardeJerry A. Florg;

czlitionﬁ_for thlgje r_llano-contacts will also be discussedk.h[l] A. G. Bacal, elsieve R. Lee 1Sandia National Laboratories, MS-0601, P.O. Box
al., Thin Solid Films 308-309, 599 (1997). [2] Takhee Lee, et al., 5800, Albuquerque, NM 87185-0601 USA

submitted to Appl. Phys. Lett.[3] M. P. Patkar, et al., Appl. Phys. (Al, Ga)N family has been a subject of intense study for their appli-
Lett. 66, 1412 (1995). cations in optoelectronic and electronic devices. This material system,
however, exhibits a tendency of cracking as film thickness or Al con-
tent exceeds certain critical limits. As-grown (Al, Ga)N films are often
found to be strained as determined by ex-situ characterizations such as
x-ray diffraction, wafer curvature, PL and Raman measurements. Sev-
eral mechanisms could contribute to the occurrence of strain: (i) a large
mismatch (2.4%) in the in-plane lattice constants exists between AIN
and GaN, (ii) growth of (Al,Ga)N often takes place at high growth

Reglgjented arrfa)ﬁ) of cyllnc(jjr;]cql ;erromag'neufc quinotuln(;odots Vr\]”th temperatures (> 1000°C) on non-native substrates with substantial mis-
average diameter o nm and heights ranging from 10- nMm Nave  atches in thermal expansion coefficients, and (iii) the employment

_been se_lf-assemb_led by electrodepositing cqbalt into self-organized pores ¢ multi-step nucleation procedures on low temperature (LT) buffer
in anodized alumina. The magnetic properties of these dots show |nter-Iayers with complex proceedings of growth evolution. Most ex-situ,

esting dependences on a ”“’T‘ber of parameters 8_th _as the‘helght of thB%ost growth strain characterizations measure a compounded effect from
dots, the ac frequency at which the electrodeposition is carried out andaII three mechanisms. In the case of growth on sa pphire substrates, the

the amplitude of the ac voltage “Se"_- We found that thgre are OF?t'mumtensile contributions from items (i) and possibly (iii) are often masked
ranges for these parameters to obtain the best magnetic properties. FOrSy the compressive component (ii) due to a thermal expansion mis-

instance, the magnet|z§1t|on of the dots nearly d|sappear§ if the 8Cmatch. Several characterization techniques were employed in this work
voltage has an rms a.lmp'lltude Ie;s than _12 V or the frequency is less thari]n order to attain a coherent view among issues such as grown-in stress,
50 Hz. The magnetization again detel_’lor_ates past a freguency of 300morphological evolution, and final structural quality. An in-situ wafer-
Hz. Some of the_se res_ults can be qualitatively explamgd n _terms' of the(:urvature-based monitor was used to extract information of thin-film
magneto.crys.tallme anisotropy of cobal.t and the relatlvg orientation of stress during MOCVD growth. Specular optical reflectance was em-
the c-axis with _respect to the Ior_]g axis. We are carrying out HREM, loyed for morphological (on the optical scale) evolution. Both the
analysis to confirm these conclusions. We have measured the magneti tructural quality and thin film stress were examined using high-resolu-

coerciv?ty and remanencg ratio of the cobalt quqntum d?‘S and found &ion x-ray diffraction and grazing-incidence diffraction along [0002]
coercivity of 2.4 kQe, which, to our knowledge, is the highest reported [101-0] directions. In a comparative study of GaN and AIN buffers,

to date. The remanence ratlp is also very high (> 0',75)' T_h's is a rich we found that both buffer schemes are capable of supporting subsequent
system to study the interaction between the magnetic grains and maghigh temperature (HT) GaN growth resulting in final rocking-curve

netizatign reversal mechanisms b){ v_arying the dot ‘si_ze and interdot“newidth of around 360" for both [0002] and [101-0] diffraction.
separation. They also qffer a rea||st|c_hop'e of re;allZ|ng_ ultra den'se Depending on the LT buffer layers employed, nevertheless, HT GaN
thermally stable magnetic storage media with a bit density exceedlngﬁlmS can nucleate and grow under either a tensile (using a LT GaN
100 Gbhits/sg-inch. A number of other materials such as nickel and iron buffer) or compressive condition (using a LT AIN buffer). In-situ re-
have also been fashioned into quantum dot arrays, but their propertiesye tance indicates that the degree of initial 3-D islanding during mor-

are inferior to those of cobalt. Lead quantum dots have been producedphological evolution does not significantly change the magnitude and

by the same self-assembly technique and their superconducting PIOPeT5ign of the grown-in stress. Origin of the tension for GaN on LT GaN is

ties havg beer.m stgd|ed by extensive SQUID mea;ure_zments. This is Aot known, possibly due to the in-plane lattice mismatch between LT
ongoing investigation. In these systems, the dot size is smaller than theand HT GaN. which tends to exert a tensile strain to the HT GaN. The
bulk coherence length of Cooper pairs so that there is a drastic Conﬁne'compressive, stress for GaN grown on LT AIN probably reflects. the

ment. C,Jf the 'o.rder parameter and a clear possibility Of _type I_ to type I_I mismatch between AIN and GaN. Preliminary investigation suggests
transmon: .Inmal measurements seem to show'a §|gn|f|cant INCrease Ninat AlGaN growth exhibits a similar trend. The correlation between

the_transmon temperature and crltlcall magnetlg f_|e|d. A serle_s of ex- structural quality an d film stress will also be presented. Sandia is a
periments are now underway to establish the origins of these 'ncreasesmultiprogram laboratory, operated by Sandia Corporation, a Lockheed

We will report on the magnetic and superconducting properties of the Martin company, for the United States Dept. of Energy, under contract
above self-assembled quantum dots and demonstrate their usefulness iBE-ACO4-94AL85000

synthesizing a number of magnetic and superconducting devices.

11:20 AM

Nanomagnetic and Superconducting Properties of Self-as-
sembled Quantum Dots Supriyo BandyopadhyaylLatika Menon;
Seema Nalf Hou Zheng David J. Sellmyer University of Nebraska,
Dept. of Elect. Eng., Lincoln, NE 68588-0511 USAJniversity of
Nebraska, Dept. of Phys., Lincoln, NE 68588-0111 USA
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of the applied bias. Results near zero bias were consistent with an

8:40 AM + electron accumulation layer at the lower interface and a depletion layer
Local Electronic Structure of AlGaN/GaN Heterostructures in the GaN above the upper interface. Applying a sufficiently large
Probed by Scanning Capacitance Microscopy Kurt V. Smith; Ed negative bias to the top contact (the exact bias being dependent on the
T. Yut; J. M. Redwing K. S. Boutrog !University of California, San barrier Al content and thickness) reversed the situation. By extracting
Diego, Elect. and Comp. Eng., 9500 Gilman Dr. 0407, La Jolla, CA a polarization-induced interface charge from the C-V curves, we found
92093 USA;2ATMI/Epitronics that the apparent charge was up to 50% smaller than expected based on

111-V nitride semiconductor heterostructures are of interest for a theoretical values in the literature. Possible explanations include (i)
wide range of applications including visible light emitters, visible-blind compensating interface charge that partially screens the large (~106 V/
ultraviolet photodetectors, and high-temperature, high-power transis- cm) polarization fields in these materials and/or (ii) a high density
tors and diodes. The presence of high defect densities in typical nitride(>1018 cm-3) of unintentional donors in the AlGaN barrier. More
semiconductor material, combined with the strong coupling between definitive experiments are in progress but it is worth noting that the
structure, composition, and electronic properties via spontaneous andlatter explanation could help explain the 1013 cm-2 2DEG electrons
piezoelectric polarization effects, make detailed characterization and typically observed in undoped AlGaN/GaN HFET's. [1] See for ex-
understanding of local structure and electronic properties essential inample, Figure 2: Measured |-V and C-V curves for a n-GaN/AlGaN/n-
nitride heterostructure materials and device Engineering. We have usedGaN structure.
atomic force microscopy (AFM) and scanning capacitance microscopy
(SCM) to characterize structural morphology and local electronic prop- 9:20 AM +
erties in GaN/AlGaN heterostructure field-effect transistor (HFET) Surface Potential Effects Due to the Piezoelectric Charge As-
epitaxial layer structures. The samples were grown by metalorganic sociated with Dislocations in GaN Changchun Shj Peter M.
chemical vapor deposition (MOCVD) on sapphire substrates. The epi- Asbeck; Edward T. Y& !University of California, San Diego, Dept. of
taxial layers consisted of a buffer layer followed by 3um of GaN, capped Phys., 9138-l, Regents Rd., La Jolla, CA 920®Jiversity of Califor-
by 300A Al ,:Ga,;N. All layers were nominally undoped. It has, how- nia, San Diego, Dept. of Elect. and Comp. Eng., La Jolla, CA 92037
ever, been well established that spontaneous and piezoelectric polariza-  Wurtzite GaN and nitride semiconductor heterostructures typically
tion effects lead to the formation of a two-dimensional electron gas contain a high density of dislocations oriented parallel to the c-axis,
(2DEG) at the GaN/AlGaN interface with high sheet carrier density order 16 to 10 cmz2. It is of considerable importance to understand t
that is strongly dependent on the Al concentration in the barrier layer. effects of these large dislocation densities on electrical properties
AFM images of the AlGaN surface reveal the presence of atomic stepsGaN materials and devices. We have analyzed the strain and assoc|
and a surface structure similar to that of MOCVD-grown GaN surfaces. charge and potential in the vicinity of threading dislocations. We fi
Detailed SCM images have been obtained for sample bias voltages rangthat the strain associated with edge (and mixed) dislocations gives
ing from ?6 V to 6 V, allowing features in local electronic structure to be to a surface charge via the piezoelectric effect. In turn, this charge
resolved both laterally and in depth. Local variations in the charge induce a surface potential variation of a surprisingly large magnitude,
distribution create changes in the local C-V characteristics, which can order 0.1 V for a single dislocation. Our analysis suggests that cert
be observed as voltage-dependent contrast in SCM images. At largesurface potential variations on GaN reported by Hansen et al.1 cal
positive sample bias voltages, for which the 2DEG is depleted and theexplained through this piezoelectric mechanism. Our analysis also le
depletion edge is within the GaN layer, relatively little contrast is to a simple procedure to identify the burgers’ vectors of the dislog
observed. As the sample bias voltage is decreased, contrast associatetbns. In a recent paper,2 we calculated the piezoelectric polarizat
with local variations in the threshold voltage for formation of the and its associated charge density for threading dislocations orie
2DEG is observed, with lateral variations present at length scales rang-parallel to the c-axis in wurtzite GaN. It was shown that the polariz
ing from ~0.1um to >1um. Certain features observed in the SCM imagestion field generated by screw components of dislocations does
appear to be correlated with features in surface morphology, while generate electric fields. Edge dislocations, however, produce polari
others show little or no correlation with surf ace structure. An approxi- tion fields that have non-zero divergence at surfaces and interfag
mate analysis suggests that local variations in threshold voltage of ~1Vwhich induce a surface charge density with a dipole-like spatial distrilj
are present. As the sample bias voltage is further decreased to largeion. In this work, we have used these earlier results to derive {
negative values, features that appear to be associated with surface ele@otential variation on the surface due to these piezoelectric dipol
tronic structure become more apparent in the SCM images. SCM im- The charges on the surface perturb the depth of depletion region,
ages obtained at increasingly negative sample bias voltages exhibithence cause a potential variation at the GaN surface. For a single 4
contrast inversion compared to those obtained at voltages corresponddislocation, we calculate that a potential drop of 0.13V is induced n{
ing to formation of the 2DEG, as would be expected for contrast arising the dislocation (assuming the fermi level at the surface is unpinneQ):
from local variations in sheet charge density. Possible sources of theThe induced 2-dimensional potential variation has its largest gradient
observed local variations in electronic properties, including variation at the dislocation position. The direction of the gradient is perpendicu-
in composition, layer thicknesses, and local defect structure, have beerlar to the edge component, be, of the Burgers vector. We have used

THURSDAY AM

investigated. these results to analyze experimental observations reported by Hansen
et al.1, in which combined AFM (atomic force microscopy) and SCM
9:00 AM (scanning capacitance microscopy) were used to produce images of
Polarization Fields in AIGaN/GaN Heterojunctions James Paul surface morphology and the corresponding near-surface potential of
Ibbetson; 1University of California, ECE Dept., Santa Barbara, CA MOCVD-grown GaN films on sapphire substrates. Surface potential
93106 variations of order 1V were observed. Our results suggest that certain

Recently it has become clear that interface charges induced by sponspatial variations observed can be explained (in both magnitude and
taneous and piezoelectric polarization are very important in determin- shape) through this piezoelectric mechanism. Surface potential varia-
ing the band profile in group-Ill nitride heterostructures. Here we re- tions of order 1V are expected to arise from the combined influence of
port on the direct measurement of the polarization field strength in several nearby dislocations. There may be, additionally, surface poten-
AlxGal-xN/GaN heterostructures with Al content in the range tial variations due to charges trapped at the dislocations (unrelated to
0.15<x<0.35, such as is typically used in nitride HFET's. The experi- the piezoelectric effects).3 P. J. Hansen, Y. E. Strausser, A. N. Erickson,
ment involves capacitance-voltage (C-V) and current-voltage (I-V) E. J. Tarsa, P. Kozodoy, E. E. Brazel, J. P. Ibbetson, U. Mishra, V.
measurements on symmetric GaN/AlGaN/GaN structugeswn by Narayanamurti, S. P. DenBaars, and J. S. Speck, Appl. Phys. Lett. 72,
MOCVD. The GaN cladding layers were lightly n-doped, while the thin 2247 (1998). C. Shi, P. M. Asbeck, and E. T. Yu, Appl. Phys. Lett. 74,
(10 — 30 nm) AlGaN barrier was nominally undoped. Diodes were 573(1999). 3 N. G. Weimann, L. F. Eastman, D. Doppalapudi, H. M.
fabricated by making separate Ohmic contacts to the top and bottomNg, and T. D. Moustakas, J. Appl. Phys. 83. 3656 (1998) *This work
n-GaN layers. As expected in the presence of polarization-induced has been partially funded by BMDO (Dr. Kepi Wu) and by ONR (Dr.
sheet charges at the upper and lower heterointerfaces the I-V and C-VJohn Zolper).
characteristics were strongly asymmetric with respect to the polarity
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9:40 AM 10:40 AM

Two Dimensional Electron Gas Density and Polarization Ef- Effect of Surface Roughness on Electron Mobility in AlGalnN/
fects in AlGalnN/GaN Heterostructures J. W. Yang Asif Khant; GaN Heterostructures: Asif Khart; Remis Gaska J. W. Yang;

R. Gaskg G. Simirt; A. Bykhovskp; Michael S. Shudr tUniversity of Michael S. Shur USC, ECE, Columbia, SC 29208 USARensselaer
South Carolina, ECE Dept., Columbia, SC 29208 U&Rensselaer Polytechnic Institute, ECSE and CIEEM, Troy, NY 12180 USA
Polytechic Institute, ECSE and CIEEM, Troy, NY 12180 USA We report on the dependence of the electron Hall mobility and

We report on the theoretical and experimental dependence of thesheet two dimensional electron gas density on the thickness of the
two dimensional (2D) electron gas density in AlGalnN/GaN AlGalnN barrier layer in AlGalnN/GaN heterostructures. With the in-
heterostructures on the composition and the thickness of the AlGalnNcrease in the barrier thickness from 15 nm to 30 nm, the room-tem-
barrier thickness. Four different effects determine this dependence: (1)perature electron Hall mobility increases only by 10% to 15%. How-
piezoelectric effects determined by strain, (2) by the difference of ever, at 80 K, the electron mobility increases from 6,000 cm2/V-s to
spontaneous polarization at heterointerfaces, (3) strain relaxation whenapproximately 10,300 cm2/V-s. We propose a model that links this
the barrier thickness exceeds the critical thickness for the developmentincrease to a new scattering mechanism related to the top surface
of misfit dislocations, and (4) the barrier doping. The experimental roughness. This roughness leads to the variation of the electric poten-
data for the samples with the molar fraction of Al around 15% and In tial in the 2D-electron channel caused by the piezoelectric and polar-
molar fraction up to 3 % show that the 2D electron gas density varies ization effects. The effect is larger in for thinner barriers because of a
from 2 ? 3 x1012 cm-3 to 9x1012 cm-3 (with unintentional barrier larger relative change of the distance between the channel and the top
doping). With the barrier doping up to approximately 5x1018 cm-3, surface. We present the results of the calculations of the electron
the 2D-electron concentration increases to 1.8x1013 cm-3. Our calcu-mobility that accounts for this surface roughness. These calculations
lations are based on the analytical self-consistent solution of the Pois-show that this ‘piezo roughness’ scattering is not strong enough in or
son and Schrédinger equations at the heterointerface and on the der to lead to an appreciable change of the electron mobility at room-
alculations of the spontaneous and piezoelectric polarization as func-temperature at which the polar optical scattering dominates. However,
tions of the lattice mismatch based on the theory of elasticity. We also this effect is very important at cryogenic temperatures, in agreement
compare these results with similar data for AlIGaN/GaN heterostructureswith our experimental data. The results of the model are in agreement

with different Al molar fractions. with our experimental data obtained by the Atomic Force Microscopy
that show that the roughness of the top surface is on the order of 2 - 2.5

10:00 AM Break nm.

10:20 AM  + 11:00 AM  +

Growth and Characterization of AlIGaN/GaN Heterostructures High Electron Mobility 2DEG in AlGaN/GaN Structures: Chris

Christopher J. Eiting Damien J. H. LambeftHo-Ki Kwon?; Bryan S. R. Elsass Yulia Smorchkovg Erik Haug; Paul Finl; Pierre Petroff

Sheltor}; Mike M. Wongd; Ting-Gang Zhy Doris E. Lirt; Russell D. Steven P. DenBa&sUmesh Mishrg James SpeékBen Heyind; tUni-

Dupui¢; The University of Texas at Austin, PRC/MER-R9900, Mi- versity of California, Santa Barbara, Mats. Dept., Santa Barbara, CA

croelectronics Research Center, Austin, TX 78712-1100 USA 93106 USA;2University of California, Santa Barbara, ECE, Santa Bar-

We report the growth and characterization of high-quality AlGaN/ bara, CA 931063University of California, Santa Barbara, Mats. and
GaN heterojunctions by low-pressure metalorganic chemical vapor depo-ECE Dept., Santa Barbara, CA 93106
sition (MOCVD) in hydrogen with trimethylgallium (TMGa), GaN and its alloys with AIN are considered to be promising materials
trimethylaluminum (TMAI), silane (Sifj, and ammonia (N§) precur- for high power, high temperature electronic devices such as field-effect
sors. We have varied the growth conditions (e.g., growth temperature,transistors and heterojunction bipolar transistors. There have been
V/II ratio, growth pressure) and have studied the correlation of the numerous reports on high quality AlIGaN/GaN heterostructures grown
symmetric and asymmetric X-ray diffraction linewidths, surface mor- by MOCVD with electron mobilities as high as 2050 cm2/Vs 9000 cm2/
phology, and modulation doping concentrations upon the mobility and Vs (carrier density 1x1013 cm-2) at 300K and 77K, respectively (Gaska
sheet charge density of the two-dimensional electron gas (2DEG). AlGaNet. al., APL, 1999). Two-dimensional electron gas (2DEG) AlGaN/GaN
films with various alloy compositions have been used as the wide- structures have also been realized by molecular beam epitaxy (Li, et. al.,
bandgap layer in these structures. Some samples employed entirelyd. Vac. Sci. Tech. B, 1998), however until recently their transport
undoped 2DEG structures while others contained modulation-doped characteristics have been inferior to those grown by MOCVD. The best
heterostructures with various spacer layer thicknesses. We find that themobilities reported for MBE grown heterostructures are 1023 cm2/Vs
2DEG mobility is highly dependent on the growth conditions employed at 300K and 4070 cm2/Vs at 77K (carrier density 1x1013 cm-2).
at the transition from GaN to AlGaN growth. Specifically, inserting a UCSB MOCVD GaN (0001) n-type templates nucleated on sapphire
short NH/H, purge step just before AlGaN deposition results in im- were used for the MBE AlGaN/GaN growth. The 2-3 micron GaN
proved mobility heterostructures relative to “continuous growth” or a template exhibited Hall mobility of 303 cm2/Vs and sheet carrier con-
“long purge”. This purge presumably sweeps out leftover TMGa and centration of 2.5x1013 cm-2 at 300K. The nitride MBE growth re-
promotes stoichiometric two-dimensional growth of AlGaN. Contrary ported here were grown in a Varian Gen |l MBE system composed of
to what is commonly reported for bulk GaN/sapphire epitaxial layers, two water-cooled EPI Unibulb Nitrogen Plasma sources utilizing ultra-
preliminary 300K electrical data from these 2DEG films show no strong high purity nitrogen which was purified through an inert gas purifier
correlation between asymmetric (102) X-ray rocking curve FWHM (Aeronex, San Diego, CA) and convention Ga and Al effusion cells.
values for the GaN layer and the electron mobility in the 2DEG. Such Unintentionally doped MBE GaN was grown at 750°C on the template
behavior might be expected if the electrons are confined to the two- followed by AlGaN with a nominal thickness of 250 nm and 50 nm
dimensional layer at the AlGaN/GaN interface and thus the mobility is respectively. X-ray diffraction analysis reveal a nominal Al composi-
not strongly dependent on bulk properties. Surface atomic-force mi- tion of 10%. Capacitance-Voltage measurements at 300K showed a
croscopy (AFM) measurements on 5x5 mm areas show RMS roughnesssharp increase in the carrier concentration at the AlGaN/GaN inter-
values between 0.5 and 1.0 nm independent of the measured mobilityface. Temperature dependent Hall measurements showed a room-tem-
Electron sheet charge density in these heterostructures correlates welperature mobility of 1150 cm2/Vs, 77K mobility of 14,500 cm2/Vs,
with mobility, higher sheet concentration s resulting in lower mobili- increasing to 20,000cm2/Vs at 12K. The sheet carrier concentration
ties. By optimizing the growth conditions, we have achieved varied from 1.4x1013 cm-2 at room-temperature to 4.8x1012 cm-2 at
AlGaN(x=0.3)/GaN heterostructures on (0001) sapphire with 2DEG 12K. Because the sample was grown on n-type MOCVD GaN a parallel

mobilities in excess of 1300 éfirs at 300K and 4500 citvs at 100K conduction path of low mobility carriers exist and significantly affects
with n, ~ 9.4x102 cm?, corresponding to anmproduct of 1.2x18 /Vs. the room-temperature measurements. Using a two layer conduction
The maximum gm product was 1.53x1Qm/Vs. model with one layer as the template and the second layer as the 2DEG,

a room-temperature mobility of 1860 cm2/Vs with a carrier concentra-
tion of 4.8x1012 cm-2 was determined for the 2DEG. The magnetic
field dependence of the longitudinal resistance of the AlGaN/GaN
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heterostructure at 4.2K showed Shubnikov-de Haas oscillations starting11:40 AM

at about 2.5 Tesla confirming the presence of a 2DEG at the AlGaN/ Characterization of GaN MIS Structures: Tamotsu Hashizumg

GaN heterointerface. At a magnetic field of about 5 Tesla spin splitting Ryuusuke NakasakiHideki Hasegawa Hokkaido University, Re-

of the Landau levels was observed which is indicative of a small amount search Center for Interface Quantum Electr. (RCIQE) and Graduate
of disorder at the AlGaN/GaN interface. Fourier analysis of the data School of Electr. and Info. Eng., Kita-ku, Kita 13 Nishi 8, Sapporo,
yields a 2DEG sheet density of 5.2x1012 cm-2. The high quality of the Hokkaido 060-8628 Japan

2DEG may be due to a number of factors. The AlGaN/GaN interface of GaN-based field-effect transistors (FETs) or heterostructure FETs
the MBE films may have less roughness than corresponding MOCVD utilizing Schottky barrier gate have been fabricated and their potential
films. Zhang et. al.,(JAP 1999) have modeled AlGaN/GaN use for the high-power electronics devices has been demonstrated. How-
heterostructures and shown that the roughness of the interface is espeever, formation of Schottky contacts stable at high temperatures has
cially important in these films because of the proximity of the 2DEG not been achieved yet. In contrast to Schottky gate structures, metal-
to this interface. Fewer impurities in the MBE grown film compared to insulator-semiconductor (MIS) structures have the advantage of utiliz-
MOCVD grown films could also be the reason for increased mobility. ing chemically stable insulators at the interface, which is very attrac-
This work was supported by ONR (C. Wood and J. Zolper contract tive for the application to high-power and high-temperature devices.
monitors), AFOSR (G. Witt contract monitor) and NSF through the In fact, Kawai and co-workers [1] have very recently demonstrated

QUEST Center. good d.c. performance of the insulated-gate heterostructure FET using
a AIN/GaN MIS structure. However, very little is known about interface
11:20 AM properties of GaN MIS systems. In this paper, interface properties of
Correlation Between Material Quality and Low-Frequency GaN MIS structures were systematically characterized by current-volt-
Noise Level in GaN Heterostructure Field Effect Transistors age (I-V), capacitance-voltage (C-V), x-ray photoelectron spectros-
Alexander A. Balandin Richard Li; Shujun Cai; Jiang Li; Kang L. copy (XPS) and Raman spectroscopy methods. Si-doped GaN layers

Wangd; E. N. Wang; M. Wojtovicz; UCLA, Elect. Eng. Dept., Device (n=1-3x107 cm3) grown on sapphire substrates by metal organic chemi-

Research Laboratory, Rm. 56-125B, Eng. IV Bldg., UCLA, Los Ange- cal vapor deposition (MOCVD) were used. gieGaN and SN,/n-GaN

les, CA 90095 USA?TRW Inc., Redondo Beach, CA 90278 USA structures were prepared by rf-plasma CVD usip@ End SiH, and by
Advances in GaN-related compound materials and heterojunction electron cyclotron resonance (ECR) plasma CVD usipgi SiH,

field effect transistors (HFET) have led to demonstration of high power respectively. Just prior to the deposition of insulating films, some G3

density microwave operation of these devices. GaN HFETs exhibiting surfaces were treated in )WPH-based solution at 8G for 15 min and

the cutoff frequency of 60 GHz and the maximum frequency exceeding in N, plasma for 1 min. Al was used for both of ohmic and gate contad

100 GHz have been recently reported by this group [1]. We have alsoPoor C-V characteristics were observed for the ,&@N structures

shown that GaN HFETs grown on sapphire can operate with low flicker without surface treatments. Very limited variation of capacitance (ng

noise levels which are required for the microwave applications, particu- flat C-V curve) reflected the existence of high density of interfad

larly low-phase noise amplifiers [2]. However, little is known about the states in the range of BOcm2eV-l. Treatment of GaN surfaces in

physical origin of the low-frequency noise in GaN HFETs and the effect NH,OH-based solution was found to enhance the capacitance chang

of the material quality on the noise level. The reported values of the C-V characteristics. Further improvement was obtained by an ad

Hooge parameter vary as much as 4 orders of magnitude. It is also notional N, plasma treatment in PECVD chamber just prior to the, Si(

clear what model (the mobility fluctuation or the number fluctuation deposition. Relatively low value of interface state density, d 2-3 x

through random carrier trapping-detrapping) describes the 1/f noise in10! cm? eV, was obtained around the energy position of Ec-0.5eV

GaN systems the best. It has been previously shown that GaN/AlGaNthe samples with NfOH-solution and plasma treatments. This seems

heterostructures have large piezoelectric coefficients which lead to to be related to the removal of native oxides on GaN surfaces during

strong electric polarization on (0001) faces of the wurtzite structures NH,OH treatment and the formation of slightly N-rich GaN surfaces

typically used to form GaN HFETs. The latter results in appreciable subsequent Nplasma treatment, as confirmed by an XPS analys

charge densities which are large enough to design HFETs without anyFurthermore, ECR-CVD prepared,i8j/n-GaN structures with N}DH-

channel doping. Due to this reason it is particularly interesting to know solution and N-plasma treatments showed even better C-V charact

how the channel doping influences the low-frequency noise in GaN istics. Clear deep depletion behavior was observed at room-tempg

devices. In this presentation we report detailed low-frequency noise ture, similar to that of wide-gap semiconductor MIS structures such

measurements in a doped and an undoped channel GaN/AlGaN HFETSSIO,/SIC. Thus, the surface potential of GaN could be controlled ove

grown on semi-insulating 4H-SiC substrates. A higher aluminum con- remarkably wide potential range by the gate voltage. A minimym |

tent of the undoped channel devices leads to a higher piezoelectricallyvalue of 1x 1@ cm?2 eV or less was realized around the energy positid

induced charge density, thus making up for the absence of doping andof Ec-0.8eV in the §N,/n-GaN structures. [1] H. Kawai, M. Hara, F.

allowing for a meaningful comparison of the noise levels for both types Nakamura, and S. Imanaga, Electron. Lett., 34, 592(1998).

of the devices. Our results reveal a two-orders-of-magnitude reduction

in the input-referred noise spectral density of the undoped channel

device with respect to the noise density of the doped channel devices

with comparable electric characteristics. The low-temperature noise

spectra for doped devices show clear g-r-type peaks in the saturation

region of operation. In order to clarify the effect of the material

quality on the noise characteristics, we have conducted DLTS studies of

GaN devices. The activation energies for the doped channel GaN HFETs

grown on SiC were found to be in the range from E=0.20 eV to E=0.37

eV. The activation energy for doped channel GaN HFETs grown on

sapphire had a higher value of E=0.85 eV. The DLTS data were com-

pared with the corresponding low-frequency noise characteristics of

these devices. The Hooge parameter extracted for GaN devices was

comparable to that one of commercial GaAs devices and strongly de-

pended on the doping concentrations and material quality. The authors

gratefully acknowledge the support of DoD MURI-ARO program on

Low Noise Electronics. [1]. S.J. Cai, R. Li, Y.L. Chen, L. Wong, W.G.

Wu, S.G. Thomas, and K.L. Wang, Electron. Lett., 34, 2354 (1998).

[2]. A. Balandin, S. Cai, R. Li, K.L. Wang, V. Ramgopal Rao, and C.R.

Viswanathan, IEEE Electron Device Lett., 19, 475 (1998).
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The selective area epitaxial growth of SiC within a graphite mask
window is an important technology for fabricating various kinds of

. . devices based on this material. In this paper we report for the first time

SeSS|0n M . S|C GrOWth & CharaC' the growth of a low dislocation density layer on a SiC substrate using the

i i epitaxial layer overgrowth technique. The selective area SiC growth
erization

reported here is accomplished using the physical vapor transport (PVT)
epitaxy. The growth was carried out on 6H-SiC wafers with on- and 8
Thursday AM Room: Multicultural Center Theater off-oriented from the basal plane in the <1120> direction. A graphite

JuIy 1. 1999 Location: University Center mask, consisting of rows and columns of uniformly spaced open squares
' (50x50mM) was used for the selective nucleation of the silicon carbide

mesa structures. Hexagonal shaped structures were successfully grown

Se_ssiop Ch‘a_irs" Marea SkOWI‘OhSiQi, C?rnegie_Me”on by using selective area PVT epitaxy. Essentially, there is no direct
University, Pittsburgh, PA USA; Shigehiro Nishino, deposition of the SiC on the graphite film. A lateral/vertical growth
Kyoto Institute of Technology, Kyoto, Japan rate ratio of 6 was achieved. The optical and scanning electron micro-

scope images show perfectly formed hexagonal islands, which are lo-
cated over the open square windows. High lateral resolution Raman
spectroscopy (probe sizenh) has been used to investigate the struc-

8:20 AM + tural (polytype, crystal order) and electronic (carrier concentration)
Formation of Macrodefects in SiC Physical Vapor Transport properties of these structures. Changes in the Raman parameters across
Growth: Edward Kyle Sanché&zVolker D. Heydemar Tom Kuhe; the lateral mesa structure are reported. The results suggest that the
Gregory S. Rohrer Marek Skowronskj !Carnegie Mellon University, selective area epitaxial growth of SiC is a promising technique for

Mats. Sci. and Eng., 5000 Forbes Ave., 138 Roberts Hall, Pittsburgh, obtaining a high quality of the locally grown structures for SiC device
PA 15213 USAZII-VI Inc., 375 Saxonburg Blvd., Saxonburg, PA 16056 applications.
USA

It is well known that filamentary voids propagating along the ¢ axis 9:00 AM
of SiC single crystals form during physical vapor transport (PVT) Susceptor Effects on 4H-SiC Epitaxial Growth Barbara E.
growth. Most publications interpret all of them as being empty core Landini; *ATMI, 7 Commerce Dr., Danbury, CT 06810 USA
superscrew dislocations. We present evidence that they are actually two ~ Susceptors typically used in SiC vapor phase epitaxial processes are
separate classes of filamentary voids that have distinct natures andvulnerable to etching and degradation in the high temperature hydro-
origins. We propose the term “micropipes” should be reserved for 9en growth ambient. Susceptor deterioration can give rise to undesir-
cylindrical voids with diameters in the range of 0.1 to 5.0 mm, that able changes in the epilayer morphology and impurity incorporation.
form at the core of a superscrew dislocation and are aligned parallel toT0 help identify an optimal susceptor material, the impact of different
the [0001] axis. The second type of filamentary void, macrodefects, susceptor materials on 4H-SiC epilayer growth was investigated. The
have diameters from 10 to 100 mm and are not associated with dislocanorphologies, intentional doping properties, and unintentional impu-
tions. They have been observed to be associated with carbon inclusiongity incorporations of epilayers up to 11 microns thick were compared
and they always start at the interface between the SiC seed and thdor films grown using the different susceptors. Four different susceptor
graphite crucible lid. We believe that they are formed by localized Materials were compared for the growth of 4H-SiC epilayers using
decomposition of the seed crystal. To indicate how high this rate of vapor phase epitaxy. The use of graphite susceptors with a carbon-
backside decomposition can be, a seed was mechanically mounted witPased coating resulted in 4H-SiC epilayers with smooth morphologies,
an intentional gap of approximately 100 mm between the seed andas measured using Nomarksi and AFM, and uniform intentional nitro-
graphite lid. This high rate of transport resulted in the entire seed 9en doping profiles as measured by SIMS analysis. However, the unin-
evaporating and redepositing as polycrystalline material. We also showtentional aluminum concentration in the epilayers measured using SIMS
that macrodefects are associated with the non-uniformity of the seedanalysis was very high when these susceptors were used, and the susceptor
attachment. The typical mounting procedure involves the mounting of lifetime was short. The use of SiC-coated graphite susceptors resulted in
the seed to the crucible lid by “gluing” it with graphitized sugar. The the transfer of a polycrystalline SiC layer from the susceptor to the
resulting layer is inherently inhomogeous. The non-uniformity of this Wwafer backside. Although the unintentional impurity concentrations
bond on the backside leads to preferential evaporation of the seed andvere low, epilayers grown using SiC-coated susceptors tended to display
the resulting tubular macrodefects. Several possible approaches of predegraded morphologies and more non-uniform nitrogen doping profiles
venting macrodefects were investigated. The main focus was on thecompared to epilayers grown using identical growth parameters on
deposition of a thin, continuous diffusion barrier layer on the backside Other susceptors. Two different metal carbide coatings were investi-
of the seed, which would be stable at the growth temperature of 2300°C.9ated. The growth rates of films grown using the two metal carbide
Two different layers were used, a sputtered layer of Ta of about 1mm coated susceptors were comparable to each other and to the carbon-
and a layer of graphite. The graphite layer was formed by spinning coated susceptors for identical growth parameters. Nomarksi and AFM
photoresist onto the backside and annealing this layer at 1200°C. Upon@nalysis confirmed smooth morphologies for epilayers up to 11 mi-
heating the Ta-protected seed to 2300°C the layer was changed to Taccrons thick. No thick backside polycrystalline SiC deposit was ob-
This layer protected the seed at the initial stages of growth, howeverserved. The unintentional epilayer aluminum concentration measured
after long growth runs the layer did not stay uniform and resulted in the by SIMS analysis was reduced by more than an order of magnitude
formation of macrodefects. The graphite layer appeared to remain COmpared to the carbon-coated susceptors. The intentional doping
stable at the growth temperature of 2300°C. This stability resulted in could be controlled over several orders of magnitude via site competi-
the elimination of macrodefects in small area seeds. We suggest that thdion epitaxy or nitrogen partial pressure variation. Aluminum doping
presence of a stable diffusion barrier on the backside of SiC seeds willwas demonstrated using metal carbide coated susceptors, and abrupt p-

prevent the formation of macrodefects in PVT growth. n junctions were achieved. The lifetime of metal carbide coated
susceptors was several times longer than the lifetime of the carbon-

8:40 AM coated susceptors.

Local Epitaxy and Epitaxial Lateral Overgrowth of SiC: Igor

Ivanovich Khlebnikoy Yuri Igorevich Khlebniko¥; J. A. Freitag 9:20 AM

Tangali S. Sudarshan WUniversity of South Carolina, Dept. of Elect. &  Epitaxial Growth of 6H-SiC on Spherically Polished 6H-SiC

Comp. Eng., 301 S. Main St., Columbia, SC 29208 US¥gval Re- Substrate Using SjClg+C;H, +H, by CVD: Shigehiro Nishing

search Laboratory, Electr. Sci. and Tech. Div., 4555 Overlook Ave., Yasuichi Masudg Yuki Nishiot; *Kyoto Institute of Technology, Dept.

S.W., Washington, DC 20375-5347 USA of Electr. and Inform. Sci., Faculty of Eng. and Design, Matsugasaki,

Sakyo-ku, Kyoto 606 Japan
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It is important to know the morphology dependence of the orienta- procedures and the effect different concentrations of Ge has on film
tion of the the substrate. Most of the homoepitaxial growth is carried polytype and quality.
out on the tilted (0001) basal plane toward <11-20> direction. In this
presentation,we show the properties of 6H-SiC epilayer grown on a 10:00 AM Break
spherically polished 6H-SiC(0001) substrate. The substrate was made
from bulk SiC prepared by sublimation method. Tilted angle varied 0 to 10:20 AM
9 degree-off from the (0001) basal plane. Crystal growth was carried Deep Donor in Bulk n-type 4H-SiC W. C. Mitchel; A. Saxlet;
out at a substrate temperatute of 1500°C using@IS$iC;H+H, by Ronald E. Perri John Sizelove S. R. Smitly J. S. Solomoh A. O.
atmospheric CVD. The CVD system in this study was made from a Evwarayé; Air Force Research Laboratory, Mats. and Manuf. Div.,
horizontal quartz-tube with water cooling jacket. The spherically pol- AFRL/MLP, Wright-Patterson AFB, OH 45433-7707 USAjniver-
ished substrate was placed on SiC coated graphite susceptor. Typicasity of Dayton, Dept. of Phys., 3000 College Park, Dayton, OH 45469
growth condition was as follows: flow rate of,8i=0.45 sccm, C/S=10, USA
H,=3 slm, substrate temperature(Ts)=1500°C, growth period=5 h. The Bulk n-type 4H-SiC wafers have been studied with temperature de-
growth rate=3 um/h. The growth rate was mainly limited by flow rate of pendent Hall effect, deep level transient spectroscopy (DLTS) and
Si,Cls and independent of flow rate of M. Six fold star-like symmet- secondary ion mass spectroscopy (DLTS). Hall effect data was taken up
ric pattern was observed by naked eye on the substrate. Very roughto 1000K and the carrier concentration versus inverse temperature
surface appeared along <1-100> direction, however, rather smoothdata was fitted to the multi-center charge balance equation. In addition
surface appeared along <11-20> direction. Color of the to the two levels due to nitrogen near 50 and 100 meV, we observed a
photoluminescnece from the epilayer on the substrate measured bydeeper level between 0.3 and 0.5 eV. The level is seen as an additional
dipping the sample in the liquid nitrogen also showed six fold symme- slope in the n vs 1000/T curves at the highest temperatures after the
try. Overall distribution of the polytypes was determined using color nitrogen levels start to saturate. This level was seen in several samples
mapping by camera. 3C-SiC grew along the <1-100> direction and 6H- from two different suppliers. Hall effect fitting gives concentrations
SiC grew along the <11-20> direction. Smooth surface was obtained between 5X18& to 5X107 cm? for the level in different samples with
near the off-angle at around 9 degree along <11-20> direction. Polytypeenergies between 0.3 and 0.5 eV. This level has only been seen by Hall
of star-like pattern of the epilayer was deteremined by PL spectra effect in material with moderate to low nitrogen concentrations, beld
measurement. Surface morphologies were different between 6H-SiC1018 cm-3 in all cases and usually in the low1@m3 range. SIMS
epilayers and 4H-SiC epilayers, and depended strongly on C/Si ratio andstudies of the purest sample in which this level was seen, at a conce
Si flow rate. Defects density was dependent on etching step, indicatingtion of 5X106 cm?, did not detect any impurities at that concentra
that pre-growth etching is very important and effective. As a result of tion. We do not know of any reported impurity related donor level
growth rate measurement, activation energy was 7.90 kcal/mol. this energy range that this can be associated with this defect. Oxyd
Homoepitaxial relationship between epilayer and the substrate waswhich was not searched for in the SIMS experiments, could be pres
confirmed by measurements of Raman and PL spectroscopies. Donoiin the material. Intrinsic defects are usually not present in as-grown
concentration of epilayer was about 5X16m? and electron mobility at these concentrations. DLTS experiments on these samples will
was 283 criVs at room-temperature. A Schottky diode with a break- reported as well.
down voltage of -490 V was fabricated. PN diodes were prepared and
green emission of light was observed and the light could be related to Ti10:40 AM +

impurity. Radiotracer Spectroscopy on Ta Related Deep Levels in 4H-SiC
Joachim Kurt Grillenbergefr Norbert Achtzigey, Rainer Sielemartn
9:40 AM + 1University of Jena, Institut fir Festkorperphysik, Max-Wien-Platz

Crystalline Quality and Polytype Formation of SiC Films
Grown With Different Concentrations of Ge on (111) Si Sub-

Jena 07743 GermanyHahn-Meitner-Institut, FD, Glienicker Stral3e
100, Berlin 14109 Germany

strates Wendy L. Sarnéy Lourdes G. Salamanca-RihaP. Zhoug;
Crawford Taylo?; Michael Spencér R. P. Sharma K. A. Jone§ !Uni-
versity of Maryland, College Park, Dept. Mats. & Nuclear Eng., Bldg.
090, College Park, MD 20742 USAHoward University, Mats. Sci.
Center of Excellence, 2300 6th St. NW, Washington, DC 20059 USA;
3U.S. Army Research Lab, Adelphi, MD 20783 USA

SiC films grown on Si usually exhibit poor crystalline quality and
contain a high density of stacking faults. Typically, high growth tem-
peratures of approximately 148D are needed to obtain high quality
SiC films. Adding Ge should limit adatom diffusion and allow us to grow
at 1000C without the usual negative low temperature growth charac-

Recent publications on growth of Silicon Carbide bulk crystals
port on tantalum crucibles acting as growth containment [1]. Thus,
represents a possible contamination in these SiC crystals and its i
ence on the electrical properties of SiC is of high technological r¢
evance. The present study was directed to the investigation of
related deep levels in the band gap of n-type 4H-SiC by means of D
Level Transient Spectroscopy (DLTS). Though this technique is vg
sensitive to the concentration of a trap, it does not reveal its chemical
or structural nature. Applying this technique to radioactive isotopes
instead of stable impurity atoms, a definite chemical identification of
related energy levels in the band gap can be deduced by the well-known

THURSDAY AM

teristics of surface roughening or poor crystalline quality. We added Ge half-life of the nuclear decay[2]. The samples were n-type 4H-SiC
in the form of GeHto the reactant gases during the growth of SiC films epitaxial layers grown by Cree Research Corporation with a net donor
on (111) Si substrates at 10@to promote two-dimensional growth  concentration of 51015 cm-3. The radioactive impurity 177Ta (de-
and inhibit stacking fault formation. TEM results show that the crys- cay to 177Hf, half life 56.6d) was recoil implanted using nuclear reac-
talline quality and interface sharpness significantly improve with in- tions of 160 ions on a 165Ho target foil. Implantation damage was
creasing Ge concentration. SiC films grown with only a trace amount of annealed at 1600 K (4h, O2) or 1900 K (5min., Ar) + 1600 K (30min.,
Ge were primarily amorphous. High resolution lattice images and corre- O2) in sealed quartz ampoules. In the DLTS-spectra only one small
sponding diffraction patterns indicate the films grown with 10 sccm Ge peak of variable height was found. It is, however, superimposed by
are polycrystalline and have the 3C polytype. The TEM lattice image strong background-peaks preventing the standard DLTS data-analysis.
of the sample grown with 15 sc cm Ge showed slightly improved crys- Taking into account the fact that DLTS-spectra are highly reproducible
tallinity, but otherwise was not appreciably different from the sample for constant trap concentrations, the initial measurement was sub-
with 10 sccm. The sample grown with 20 sccm Ge contains both the 3Ctracted from the spectra measured later during the nuclear decay of Ta.
and 6H polytypes of SiC. The presence of the hexagonal structure isHence, only Ta-related peaks remain, and their exact peak position
evident by the zig-zag stacking sequence seen in the high resolutioncould be determined precisely. The extracted spectra exhibit a broad
image and the presence of the hexagonal spots in the diffraction pat-peak at about 290 K. The width indicates possibly a splitting of this
tern. The initial structure formed on the substrate is 3C SiC, which endslevel with a mean energy at 0.62 (3) eV below the conduction band
abruptly and is followed by 6H SiC. While stacking faults are present (capture cross section s =3.0'1016 cm2). To further confirm the results
near the film’'s surface in the 6H region and near the substrate/film of this radiotracer experiment, stable 181Ta isotopes were implanted
interface in the 3C region, the majority of the 6H region is single in n-type 4H-SiC samples. To achieve a fairly homogeneous Ta con-
crystalline and of high structural quality. We will discuss the growth centration of about 2°1014cm-3, a six-fold Ta-implantation was per-
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formed with implantation energies between 1.0 and 6.2 MeV. The
DLTS-spectra of these 181Ta implanted samples also reveal the Ta-

related trap; additional peaks were assigned to defect-related traps creSassion N. Infrared Materials and

ated during the ion implantation.

Devices
11:00 AM
Effect of NO Annealing Conditions on Electrical Characteriza- .
tion of n-type 4H-SiC MOS Capacitors Hui-feng Li; Denis ThurSdayAM Room' State _Stre(_at
Sweatma#h Sima Dimitrijev; H. Barry Harrisofy Griffith University, July 1, 1999 Location: University Center
School of Microelectronic Eng., School of Microelectronic Eng., Griffith
University, Brisbane, QLD 4111 Australia Session Chairs: Robert M. Biefeld, Sandia National

Silicon carbide is a promising wide bandgap semiconductor material Laboratory Dept. 1113 Albuquerque NM USA: Tom

for high temperature and high power devices applications. A distinct . . .
advantage of SiC is that it can be thermally oxidized in a similar way to Boggess, University of lowa, lowa City, IAUSA

Si. However, the quality of thermal oxides on SiC is inferior to that on
Si. XPS analysis reveals a complex SEIC interface with appearance
of silicon oxycarbide compounds at the interface. We have suggested
NO nitridation as a method of improving the $&IC interface. It has 20 AM )

been shown by XPS analysis that NO nitridation removes the silicon /Nfluénce of Interfacial Layers on GaAsSb/InP Heterostructures
oxycarbide compounds from the interface and produces more orderedXiangang Xg; Jinsheng Hy Nouredine Mating Simon P. Watkirts
interface. Reduced interface trap densities are measured in NO anneale§©/0mPo R. Bolognesi :Simon Fraser University, Dept. of Phys.,
SiC MOS capacitors. This paper presents the first results of the effect8888 University Dr., Burnaby, BC V5A 1S6 Canada )

of NO annealing temperature and NO annealing time on the electrical We report the growth of InP/GaAsSb/InP heterostructures lattice-
properties of n-type 4H-SiC MOS capacitors. The n-type 4H-SiC MOS matched to InP sub_strates in the temperator_e range 540-599°C. The
capacitors are annealed in NO at temperatures froriC989 1130C. surface morphology is found to be very sensitive to the exact |nter_face
The interface trap densities measured by conductance technique afrowth procedure. Direct growth of GaAsSb on InP was found to yield
330°C decrease as NO annealing temperature increases frot€ 880 very poor morphology, however, mse‘rtlon a thin interface layer of
113(°C, minimum interface trap density being 1.1%16V-* cm? for InGaAs results in excellent surface quality. The role of the InGaAs layer
samples annealed at 98and 2.1x10 eV cm? at 1130C. However, on the type Il low temperature photoluminescence at the interface will
the net oxide charge of all samples is negative calculated from room-P€ briefly discussed. We found that Sb has a strong memory effect in our
temperature flatband voltage. The net oxide charge is a results offiorizontal reactor system. Surprisingly Sb has a much higher incorpo-
compensation between different types of charges in the oxide and atfation efficiency than P in InPSb at these growth temperatures, which
the interface. C-V curves measured at @@how negative flatband enha‘n_ces the memory effect. The effect of vari_atior_]s in _the growth
voltage shifts, indicating the appearance of positive charge at high cond|t|oos on the pe_rformonce of double heterojunction bipolar tran-
temperature. The changes in net oxide charge between room-temperaSiStors will also be briefly discussed.

ture and 300C are calculated and used to compare different samples

[1]. The change in net oxide charge decreases as NO annealing tem840 AM )
perature increases from ¥ to 1130C, which is consistent with the =~ MOCVD Growth of InAsSb/InPSb SLS’s for Use in Infrared
dependence of interface trap density measured by conductance techEMitters: Robert M. Biefeld Steven R. Kurtz Jamie D. Phillips
nigue on NO annealing temperature. The interface trap densities and>andia National Laboratory, 1113, MS 0601, P.O. Box 5800, Albu-
the changes in net oxide charge between room-temperature at@ 300 duerque, NM 87185-0601 USA ) )
also decrease as NO annealing time increases from 30 minutes to 180 e are continuing to explore the growth by metal-organic chemical
minutes. However, extended NO annealing at a certain temperatureVaPor deposition (MOCVD) of novel mid-infrared (3-5 pm) infrared
does not help reduce interface trap density significantly. In summary, emitters (lasers and LED's) for use in infrared emitters and chemical

NO annealing temperature has more pronounced influence on the SiO sensor systems. As-rich, InAsSb heterostructures display unique elec-
SiC interface than the annealing time. [1] D. M. Brown and P. V. Dray, tronic properties that are beneficial to the performance of these midwave

J. Electrochem. Soc., Solid State Sci., Vol. 115, No.7, pp.760-766 infrared emitters. Previously we have made gain-guided, injection lasers

(1968) using not intentionally doped, p-type AIAs0.16Sb0.84 for optical con-
finement and both strained InAsSb/InAs MQW and InAsSh/InAsP

11:20 AM Late News strained-layer superlattice (SLS) active regions. We have also reported
the first ten-stage cascaded lasers and LED’s with type | InAsSb/InAsP

11:40 AM Late News quantum-well active regions grown by MOCVD. These cascaded lasers

employ a (p) GaAsSb/ (n) InAs semimetal electron/hole source between
stages. In compressively strained InAsSb SLSs, it is necessary to maxi-
mize the light-heavy (|3/2,+1/2> - |3/2,£3/2>) hole splitting to suppress
non-radiative Auger recombination. We are currently exploring the
growth of new emitter structures as well as the use of novel materials in
these structures in an attempt to further reduce the Auger recombina-
tion by increasing the hole confinement using InPSb. We will describe
the MOCVD growth of novel emitter active regions as well as the
growth of InP1-xSbx layers, and InAsSb/InPSb SLS active regions for
use in mid-infrared emitters. These materials were grown in a high
speed rotating disk reactor. By changing the layer thickness and com-
position of INAsSb/InPSb SLSs, we have prepared structures with low
temperature (<20K) photoluminescence wavelengths ranging from 3.4
to 4.8 um. Initial quantum confinement data indicate that there is about
a factor of two greater in the valence band offset between InPSb and
InAsSb than for InAsP and InAsSb. Results for devices fabricated from
these new structures and materials will be presented as they become
available. *This work was supported by the US DOE under Contract
No. DE-AC04-94AL85000. Sandia is a multiprogram laboratory oper-
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ated by Sandia Corporation, a Lockheed Martin Company, for the provements which are achieved by implementing the concept of non-

United States Dept. of Energy. imaging concentrators. The active layer of the device is arranged at the

narrow end of a cone, which is formed by a dry etching process which
9:00 AM + alternately removes the semiconductor or the resist, with emission
MBE Growth of High Quality InGaAsSb/AlGaAsSb Heterostru- from the wide end. The active device area is a small proportion of the
ctures Using the Digital Alloying Technique C. Mourad; K. J. emission area, so reducing the Dr. current, and reflections from the

Malloy?; R. Kasp#, Center for High Technology Materials, University  sides of the concentrator ensure that most generated light reaches the
of New Mexico, Albuquerque 87106 NMAIr Force Research Labora- emission surface within the critical angle. Thus high external efficiency
tory, AFRL/DELS, Kirtland, AFB 87117 devices can be made. Results from devices with emission area of up to
Growth of high quality mixed anion alloys such as InGaAsSb and 3cm”2 will be described. In the case of lasers, at the very high injection
AlGaAsSb are critical to laser heterostructures designed for 2-4 micron levels required for stimulated emission, Auger recombination and
emission. However, run-to-run reproducibility as well as the ability to intervalence band absorption become major loss mechanisms which
reproducibly change alloy compositions within a heterostructure tend prevent high output powers and/or high operating temperatures. We
to be poor. This is because the competition for incorporation betweenexamine the use of strained superlattice structures comprising various
the two anions (As and Sbh) is extremely sensitive to a large number of numbers of InSb wells and InAISb or InGaSb barriers to reduce the Auger
growth parameters such as temperature, incident fluxes, and growthrecombination rate and intervalence band absorption coefficient in
rate, which may drift during the course of deposition, or are difficult to mid-IR lasers. Experimental results are presented which compare lasers
reset during growth. With the intent of improving reproducibility, we which have either bulk or superlattice active regions. At 3.8microns
have grown and characterized InGaAsSb and AlGaAsSh “digital alloys” wavelength, the maximum operating temperature which has been
deposited using modulated incident As2 and Sb2 incident fluxes. For achieved under pulsed operation is 165K and the maximum CW power
example, 1y,Gg As,Sh , alloy layers were grown by alternately expos- at 80K is 6mW.
ing the film surface to Asand Sh fluxes with a periodicity ranging from
~9 to ~22 Angstroms. Average alloy composition is determined by the 9:40 AM
duty-cycle of the anion-oven shutters. Structural characterization us- New Techniques for Epi-Down Mounting of Mid-IR Type-Il Quan-
ing high-resolution x-ray diffraction (XRD) shows clear satellite peaks tum-Well Lasers: Edward Hugh Aife; William W. Bewley; Chris-
indicating that the digital alloys retain the composition modulation. topher L. Feli%; Linda J. Olafseq Igor Vurgaftmai Donna W. Stokés
Optical characterization using photoluminescence indicate that the Jerry R. Meyer Naval Research Laboratory, Optical Sciences, Co(
digital alloys can successfully replace the conventionally grown quater- 5613, 4555 Overlook Ave., Washington, DC 20375 USA
nary alloys with the same average composition. Guidelines in selecting The development of improved type-ll InAs/GaSb based quantu
periodicity and growth temperature will be presented. Digital growth of well diode and cascade lasers for high power cw operation in the mid
InGaAsSb and AlGaAsSh layers has enabled the growth of heterostructureslepends not only on electronic design considerations, but also on
containing multiple alloy compositions by toggling between shutter vice packaging issues if optimal performance is to be obtained. Epi-
duty-cycles during growth, without necessitating changes to the oven down mounting is essential for devices with dissipation levels of seveg
temperatures throughout deposition. This minimizes a large source ofwatts, but it also introduces problems associated with having opti
error in reproducibility. In addition we have characterized digitally cladding and active regions in close proximity to the heat sink. R
grown InGaAsSbh layers using XRD and measured the sensitivity of the cently we have reported excellent heat sinking for optically pump
resulting average composition to the growth temperature. We find that structures mounted epi-side down directly onto diamond heat-spreag
the composition of In,Ga, As,Sb,, alloy layers grown digitally on using mechanical force. Electrically-pumped devices present a m
GaSbh substrates is nearly three times less sensitive to the growth temeomplicated challenge. Outside the contact stripe, passivation and
perature as conventional growth. We have grown and characterizedsulation are required for isolation trenches that can be several micr
optically pumped ~2um laser structures with InGaAsSb quantum wells deep. Because process temperatures much above 300°C are prohi
and AlGaAsSb barriers both grown using the digital alloy technique. in this material system, low temperature CVD oxides or nitrides must
Room-temperature operation, a low threshold current density of 104 used. These tend to be thin, have poor sidewall coverage, and ex
W/cm? (at 80K with 808nm pump), and a large characteristic tempera- pinholes particularly over large areas. Furthermore, the devices
ture (T,) of 240 K show the feasibility of applying digital alloying  highly non-planar, with exposed trenches providing voids for solder,
technigues to mid-infrared optical devices. well as precluding solderless pressure mounting techniques. Recent tr
in interconnect technology developed by IBM for multilevel integrate
9:20 AM circuits however, may remedy this situation. The new techniques {

THURSDAY AM

InSb Based Mid-IR Light Emitting Diodes and Lasers Tim Ashley; based on thick films of polyimide dielectric, which has excellent trencf~
David T. Dutton; C. Tom Elliott; Neil T. Gordos; Andrew D. Johnsdn filling and smoothing characteristics, in conjunction with electroplated
Tim J. Phillipg; Graham J. Pryée Graham Berry; Ben N. Murdin; copper metallization. Devices are then globally planarized by chemi-
Eoin P. O'Reilly; Defence Evaluation & Research Agency, St. Andrews cal-mechanical polishing. In this presentation we discuss our proce-
Rd., Malvern, Worcestershire WR14 3PS UXJniversity of Wales, dures and the results of introducing these techniques to mid-IR laser

Cardiff, Dept. of Physics & Astronomy, P.O. Box 913, Cardiff, Wales applications.
CF2 3YB UK;3University of Surrey, Dept. of Phys., Guildford, Surrey
GU2 5XH UK 10:00 AM Break

Infrared photon sources have many potential advantages over ther-
mal sources in terms of spectral output, speed of response and effi-10:20 AM
ciency. Sources based on various 1ll-V and II-VI materials have been Linewidth Enhancement Factor in Mid-Infrared Semiconduc-
reported recently. We describe InSb based light emitting diodes, bothtor Laser Active Regions Michael E. Flattel; J. T. Olesberg Tho-
positive and negative luminescent, and diode lasers operating at mid-mas F. Boggess 1The University of lowa, Dept. of Phys. and As-
infrared wavelengths. The devices are grown by molecular beam epit-tronomy, 100 IATL, lowa City, I1A 52242 USA
axy and are, generically, in the form of a pseudo-double heterostructure. The linewidth enhancement factor is a fundamental parameter that
The LEDs have an active region which is up to 4microns thick and characterizes the limit of spectral purity and the tendency for
comprises InSh, InGaSb or InAISb to give wavelength control over the filamentation in a semiconductor laser. For either narrow-line or high-
mid-IR part of the spectrum. The devices are intended for applications power operation, it is generally desirable that the linewidth enhance-
requiring relatively large areas, of the order centimetres square, such asnent factor be minimized. This parameter depends primarily on the
uniformity correction in thermal imagers and IR radiation shielding, magnitude and shape of the differential gain spectrum of the active
therefore total Dr. current is an issue. A problem common to all LED region material. In mid-infrared laser materials, band structure engi-
structures is the low value for optical efficiency, of approximately 5%, neering has been used routinely to minimize the effects of nonradiative
caused by the high refractive index of the semiconductor leading to arecombination. This same approach can be used to tailor the differen-
large degree of internal reflection. We describe optical efficiency im- tial gain spectrum of these materials to minimize the linewidth en-
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hancement factor. It has been shown that the linewidth enhancementuniform throughout the epilayer being excited and the surface effects
factor goes to zero near the peak of the differential gain. Unfortu- are therefore negligible. The absorption of the probe pulse, arriving
nately, in interband lasers, the peak of the differential gain is shifted after a controlled delay, was used to determine the remaining carrier
away from the peak of the gain spectrum due to the imbalance betweerdensity. Instead of fitting a single exponential lifetime to the response,
the valence and conduction band densities of states. The primary strata sophisticated model has been developed that allows the excited carrier
egies for reducing the linewidth enhancement factor in semiconductor density to be found unambiguously from the optically induced absorp-
lasers have been 1) to p-dope the active region to partially offset thetion change. The analysis was then performed by comparing the mea-
density of states imbalance, and 2) to use a DFB to detune the lasingsured behaviour with that predicted by the model using accurate theo-
frequency toward the peak of the differential gain. The situation is retical recombination rates. Those include Shockley-Read-Hall recom-
more challenging for mid-infrared semiconductor lasers since the con- bination, radiative recombination (CB-HH, CB-LH transitions) and
duction band effective mass of a bulk material decreases roughly pro-Augerl and Auger?7 recombination. Our results exhibit a strong depen-
portionally with the band gap, which increases the density of states dence of the carrier concentration decay time on Ga composition. The
mismatch. In addition, p-doping the active region aggravates existing temperature dependence of the carrier lifetime was found to decrease
problems with Auger recombination. Producing semiconductor lasers with increasing Ga content irrespective of the pump intensity. The
with small linewidth enhancement factors requires careful attention to lifetimes were generally long even at high excitation intensities and
the problem of density of states mismatch. We calculate the linewidth were determined to be between 0.5ns and 1.2ns. Our results will be
enhancement factor in mid-infrared semiconductor laser active region compared with data obtained previously on the HgCdTe and PbSe sys-
materials and discuss the factors influencing it in each material. We tems showing the variation of the Auger coefficient C with tempera-
show that mid-infrared, type-l, strained quantum wells have linewidth ture, which is crucial for the design of lasers for room-temperature
enhancement factors at the peak of the gain spectrum that are in theoperation.

range of 2.5-5. These values are a factor of 1.5-3 smaller than the value

for bulk alloys. However, optimized materials based on the type-ll 11:00 AM

InAs/GalnSb system have linewidth enhancement factors near 1.0 dueOptical and Structural Studies of InAsSb/AlInAsSb Quantum

to an extreme reduction of the mismatch between the conduction andWells for Use in MID-IR Lasers: Philip D. J. Calcott; Trevor
valence band densities of states. Unlike the type-lI quantum wells, theMartin; Martin T. Emeny; Michael J. Kang David J. Wallis; Gerald

peak of the differential gain lies within the region of positive gain for Williams!; !Dera Malvern, Electr. Div., St. Andrews Rd., Great Malvern,
the type-Il systems, which indicates that linewidth enhancement fac- Malvern, Worcs. WR14 3PS UK

tors approaching zero can be obtained with DFB wavelength detuning. Antimonide-based 1ll-V semiconductors are of increasing interest
We present two additional optimization strategies that can be used tofor Mid-infrared lasers with applications that include military systems,
reduce the linewidth enhancement factor in type-ll systems. Disper- trace gas detection, pollution monitoring and spectroscopy. One pos-
sion in the conduction band of a superlattice can be used to add spectrasible active region in such lasers involves the use of strained InAsSb
weight to the differential gain spectrum below the peak of the gain wells within AllnAsSb barriers. In this paper we will report a systematic
spectrum. Intentional structure in the intersubband absorption spec-study of the properties of MBE-grown InAsSb/AlinAsSb wells in which,
trum can be used to decrease the differential gain above the peak of thén addition to variations in growth conditions, we have varied both the

gain spectrum. well thickness and the number of wells. Photoluminescence, transmis-
sion electron microscopy, X-ray diffraction and secondary ion mass
10:40 AM + spectroscopy have all been used to characterise the grown structures.
Carrier Recombination Dynamics of InGaSb Under Picosecond The optical emission characteristics have then been correlated with
Free-Electron Laser Excitation R. T. Kotitschke A. R. Adams; B. well thickness, the number of wells and the associated strain. Results
N. Murdint; H. Pellemanrs T. Ashley; G. Prycé A. D. Johnso# C. from the combined analysis also provide valuable data on the run to run

T. Elliott3; P. C. Findlay, C. R. Pidgeoh University of Surrey, Dept. repeatability of the MBE growth technique for this complex ternary/
of Phys., Guildford, Surrey GU2 5XH URFOM Institute for Plasma quaternary system. Finally the experimental optical emission
Physics, “Rijnhuizen”, P.O. Box 1207, Nieuwegein 3430 BE The Neth- charcteristics of our structures will be compared with theory and as
erlands;3DERA, St. Andrews Rd., Malvern, Worcs. WR14 3PS UK; appropriate, the laser performance obtained using such quantum-well
4Heriot-Watt University, Dept. of Phys., Edinburgh EH14 4AS UK active regions.

Recently there has been considerable interest in semiconductor la-
sers operating in the mid-infrared. Possible candidate materials for the11:20 AM
fabrication of conventional mid-infrared room-temperature optoelec- Fabrication of a 3-D Simple Cubic Infrared Photonic Crystat
tronic emitters and detectors are the antimonides, the lead salts and.isa Zaviel; Theresa S. Mayer 1The Pennsylvania State University,
possibly the HgCdTe material system. An accurate understanding ofIntercollege Mats. Eng. Program, 121 Elect. Eng. East, University
how the recombination processes depend on carrier density is absoPark, PA 16802 USA2Penn State University, Dept. of Elect. Eng.,
lutely vital for emitters, which operate far from equilibrium. Although 121 Elect. Eng. East, University Park, PA 16802 USA
much research has been undertaken on the recombination processes, It has been predicted theoretically that photonic crystals can be
almost all was carried out in the small signal regime using photoconduc-used to control the propagation of light through dielectric media for
tivity techniques with relatively long pulse or cw radiation, where the wavelengths extending beyond the microwave to include the infrared
material under investigation is only slightly being perturbed from its and the visible [1]. Fabrication of 3-D photonic crystals with a bandgap
equilibrium state. However, recent papers on the lead salts and HgCdTen the near infrared or visible would have application in the design of a
system involved high power, direct interband pump-probe techniques. new class of photonic devices that include optical mirrors, waveguides,
This is the method used in this study. We present direct measurements@and cavity resonators. To date, demonstrations of 3-D photonic crys-
of radiative and nonradiative recombination in epilayers of |SBa tals have been limited primarily to the microwave and infrared wave-
(x=0%, 5%, 10%, 20%) far from equilibrium at temperatures ranging length regimes because of the constraints imposed by the nanometer
from 30K-300K. The epilayers had a thickness of 2mm and were scale dimensions required for operation in the visible. The approaches
grown by MBE on (100) GaAs substrates. The pump-probe transmis- that have been used to fabricate 3-D photonic crystals typically rely on
sion experiments were performed on a picosecond time scale using theapplying micro-machining techniques were dielectric rods comprised of
free electron laser facility, FELIX, in Utrecht. The photon energy silicon or polysilicon are etched and aligned to the previous layers.
chosen was far above the fundamental absorption edge, typically be-Although this approach has yielded excellent results for structures where
tween 10%-40%. This excitation energy determines the quasi-Fermi- the periodicity is in the micron range, the precise layer-to-layer align-
level separation at transparency since the pump intensities are suffi-ment limits the ability to scale the photonic crystals to smaller dimen-
cient to fill all lower energy band states. The broad wavelength tuneability sions. In this talk, we present a novel method of fabricating the simple
and high pump intensities allowed a wide range of carrier densities to becubic photonic crystal proposed and simulated by Sozuer and Haus [2]
studied. The near bleaching of the absorption for photon energies neamwith a periodicity of 3.5nm and an air-to-dielectric fill factor of 0.81.
to the band edge (& to 4.3rm) ensures that the carrier density is In this process, we employ nonselective dry etching and selective wet
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etching of a multilayer AlGa, ,As/GaAs structure to eliminate the  quantum wells are also calculated theoretically by expanding the elec-
need to perform a layer-to-layer alignment. The fabrication begins by tron wave function in terms of normalized plane wave basis within the
patterning an array of squares onto an epitaxial layer structure consist-framework of the effective-mass envelope-function theory. The well
ing of two periods of 2.%5m undoped AJGa, As and 1.0mm undoped width, barrier thickness and other structure parameters, which are used
GaAs. This pattern is transferred into the epitaxial layers using mag- in the calculation, are got by double crystal x-ray diffraction measure-
netically enhanced reactive ion etching, with $i@$ the reactive gas. ment of the sample. The obtained results agree very well with the
The conditions that yield high etch rates and anisotropic profiles are corresponding experimental measurement.

optimized using design of experiment techniques resulting in the fol-
lowing process parameters: flow rate of 5 sccm Siflessure of 10
mTorr, and power of 400 W. The final step involves selectively re-

moving portions of the AlGa, As layers with a diffusion-controlled Session O. Issues for Ferroelec-

lateral etch in a 10% HF solution. Characterization of the photonic , . . e s . .
lattice is performed using a Bruker Equinox 55 Fourier transform infra- tric and ngh Permltt|V|ty Thln F”m
red spectrometer (FTIR) with a mid-IR source, KBr beamsplitter, and a Materia|s

DTGS detector. By comparing the transmission at normal incidence

through the photonic bandgap structure to that of an unetched sample

consisting of the epitaxial layer structure alone, we observe a decreaseThursday AM Room: Santa Barbara Harbor

in the transmission of approximately 10 dB for wavelengths between JuIy 1.1999 Location: University Center
6.7 and 17.5mm. This result corresponds well to the theoretically '

predicted photonic band gap, calculated to be complete for all orienta- . . .
tions between 8.9 and 9rBn. The angular dependence of the bandgap Session Chairs: Laura Wills, Hewlett Packard Labora-
is measured by varying the incident angle from 90 to 130 degrees usingtories, Palo Alto, CA USA; Paul Mclintyre, Stanford

a Brewster angle transmission accessory. As the sample is rotated frorTUniversity, Dept. of Mats. Sci. & Eng., Stanford, CA
normal to oblique angles, the center of the gap changes from 12.1 toysa

11.6 mm, and the high wavelength shoulder of the spectra shifts from
17.5 to 16.6mm. These results suggest the presence of a complete
photonic band gap in this square-rod simple cubic photonic crystal. 1.
Yablonovitch, E., J. Opt. Soc. Am. B., 10 (2), 283 (1993).2. Souzer, H.
S. and J. W. Haus, J. Opt. Soc. Am. B., 10 (2), 298 (1993).

8:20 AM *Invited
Modeling of Oxide Materials for Memory Applications: Rainer
Wasetk; lFF, Research Center, Julich D-52425 Germany

The modeling of electronic materials and devices takes place
three different levels: 1. the device functions which are linked to t
electronic circuit, 2. the solid state physics which relates the mic
scopic and the macroscopic properties, and 3. the processing whic
employed to build up the material and the device. On all three levd
the Si based semiconductor technology today extensively relies
comprehensive models implemented in detailed simulation tools. D
to the much higher complexity in composition and structure as well
the huge spectrum of functions, the modeling of electronic oxide ma

11:40 AM
InXGal-xAs/AlyGal-yAs/AlzGal-zAs Asymmetric Step Quan-
tum Well Mid-Infrared (3-5.3um) Detectors: Wen-Gang WA1 Uni-
versity of California, Los Angeles, Device Research Lab., Elect. Eng.
Dept., 56-125B EIV, Box 951594, Los Angeles, CA 90095-1594 USA
An optimized InxGal-xAs/AlyGal-yAs/AlzGal-zAs asymmetric step
quantum well structure is employed for fabricating mid-infrared
(3&#61566;5.3&#61549;m) detectors with a black-body detectivity
of 1.0&#61620;1010cm&#61507;Hz1/2/W at 77K and biases of
&#61§17;7V' The detectors'dlsplay both photoygltalc-type FESPONSE ials and devices is still in an infant state. Currently, we see a trend
and blas-controllgd modulation of the‘ peak position of t‘h_e photocur- enhance the efforts of modeling of electronic oxides mainly to supp
rent response which results from the }ntersubband transitions between[he numerous activities of integrating this class of materials into the
local ground states and the global first excited states (1&#61614;2 world. This review will cover selected examples which demonstrate t
ISBTs) in the quantum wells. At 77K and zero bias, the photocurrent present state-of-the-art. Emphasis will be placed on the understang

spe_zctrg of thg devices show a strong peak response "’_‘t about 5&#61549;% the statics and dynamics of the ferroelectric polarization as well
which is ascribed to the 1&#61614;2 ISBTs, and their dark current and

black-body detectivity have values of 2&#61620;10-10A and
0.85&#61620;109cm&#61507;Hz1/2/W, respectively. When a posi-
tive bias is applied, the photocurrent peak intensity decreases with
increasing bias till approaches to nearly zero, with both the dark cur-
rent and black-body detectivity reaching the minimum, at biases of
0.5V to 0.75V. These results indicate that a built-in electric field, which 9:00 AM

is believed to be caused by the asymmetry induced in the MBE growth.l.he Effect of Thickness on the Dielectric Properties of Thin
process, exists in the active multilayer structure. The field makes the Epitaxial Films of BaTiO3: Soma ChattopadhyayAndrew Terefy
devices demonstrate a photovoltaic-type response. Based on the NOTg ant H. Hoermah Jin-Ha Hwang Thomas O. Masdn Bruce W.
malized photocurrent response spectra of the detectors, the Stark Shiﬂ%essels iNorthwestern University, Mats. Sci. & Eng. Dept., Mats.
of the 1&#61614;2 ISBTs in the InxGal-xAs/AlyGal-yAs/AlzGal-  gu nq |ife Sciences Bldg., 2225 N. Campus Dr., Evanston, IL 60208
zAs asymmetric step quantum wells are investigated. The peak wave-

length of tr_u_e response located argund 5&#61549)m decreases gradually The dielectric properties of thin ferroelectric films have been shown
as the positive bias increases, which presents the blue Stark shift of thet0 depend on film thickness for films of the order of 100 nm or less. In
1&#61614;2 ISBTs, while it increases gradually as the negative bias
decreasgs, which presents the red Stark shift of the 1&#61614,;2 IS,BTS'thin epitaxial films of BaTiQ on MgO substrates was investigated. The
The tuning between &#61483;6V and &#_6_1485;6\/ of the applle'd _blas films were prepared by low pressure metalorganic chemical vapor depo-
brings about the change of the peak position of the response within thesition. The thickness of the films ranged from 15 to 450 nm. The
range from 1945cm-1 to 2045cm-1 correspondingly, which mean

h 0 f th | of the Stark shif fthe 184616 'ZS dielectric properties of the films were measured over the temperature
more than 10meV of the total of the Stark shifts of the 1&#61614; range of 25 to 300°C using a heating and cooling rate of 1°C per minute

:SBTS' ﬁ'ncezé%eMﬁzgggcﬁ ant(ij t;:zgl;(éiv?hz(\)/slltage of the Idetect(;;sKar?o study the nature of the ferroelectric to paraelectric phase transition.
arger than »an ’ » respectively, at ' The room-temperature dielectric constant decreases from 950 for a

it so#nd realssnable that thedz?gximl;]m totall O:]_ftthe fStr?rk shifts ca.n 420 nm thick film to 120 for a 15 nm thick film and the loss factor was
reach several dozen meV. In addition, the Stark shifts of the 1&#61614,2¢, 1 14 decrease from 0.041 to 0.005 for the films, respectively.

ISBTs in the InxGal-xAs/AlyGal-yAs/AlzGal-zAs asymmetric step Concurrently the ferroelectric to paraelectric phase transition was ob-

THURSDAY AM

on properties which origin in the defect structure of the perovsk
lattice which are relevant for high density memory applications. T
review will attempt to identify fields of large improvements in rece
years, “white” areas of lack of understanding, and trails which might be
employed for an anticipation of future developments.

this study the effect of film thickness on the dielectric permittivity for
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served to become increasingly diffuse with decreasing film thickness. versity of Wisconsin, Dept. of Elect. & Comp. Eng., 1415 Eng. Dr.,
The T, decreased from 192°C for the 420 nm thick film to 111°C for Madison, WI 53706 USA

the 45 nm thick film. A film with a thickness of 15 nm showed no ABO3 ferroelectrics (e.g., lithium niobate) possess a rich variety of
observable transition. The observed size dependence for the thin filmselectro-optic, opto-mechanical, and electro-mechanical attributes not
is similar to that observed for ferroelectric fine particles. The behavior shared by semiconductors. Expanding on the limited commercial suc-
is attributed to the coherency strain developed at the film-substrate cess these materials have achieved to date will require overcoming

interface. limitations in material purity, growth rates, and doping protocols. Ulti-
mately, however, a viable thin film methodology would permit the
9:20 AM design and production of new devices with unique capabilities. Unfortu-

Non-Stoichiometry Accommodation and Properties in (BaxSrl-
Xx)Til+yO3+z Thin Films Grown By Chemical Vapor Deposi-
tion: Susanne StemnieiStephen K. Streifféy Nigel D. Browning; C.

nately, thin film ferroelectrics grown by chemical vapor deposition
(CVD) exhibit variable crystallinity, as well as growth rates that are too
low for many practical applications (e.g., integrated optics). Overcom-
B. Parke®; Angus I. Kingos; University of lllinois at Chicago, Phys. ing these deficiencies will require knowledge of the surface decomposi-
Dept., 845 W. Taylor St., Chicago, IL 60607-7059 USArgonne tion chemistry of the organometallic precursors employed. We have
National Laboratory, Mats. Sci. Div., 9700 South Cass Ave., Bldg. 212, therefore examined the surface decomposition chemistry of four com-
Argonne, IL 60439-4838 USANorth Carolina State University, Dept. mon CVD precursors, the diketonates, Li(tmhd) and Nb(tmhd), and the
Mats. Sci. and Eng., Raleigh, NC 27695-7919 USA alkoxides, Li(OBt) and Nb(OEt), using chemical beam epitaxy with
Polycrystalline thin films of (BaxSrl-x)Til+yO3+z (BST) are po- in-situ mass spectrometry. The absence of gas phase reactions as well as
tential candidates as high permittivity dielectrics for very large scale the amplified dynamic range and sensitivity of in-situ diagnostics in
integrated capacitor applications. It has been found that the (Ba+Sr)/Tithis pressure regime greatly simplifies the study of the surface processes
ratio strongly affects most film properties at a given ratio of Ba/Sr and which underlie purity, dopant mobility, and growth rate issues. Metal
deposition temperature and is therefore used to date to control many ofdiketonates, eg M(tmhd)n and metal alkoxides, eg M(ORJe the
the electrical properties of the films, at the expense of some reductionmost commonly used precursors for the CVD of metal oxides and
in film permittivity. A necessary step in understanding the composi- ferrolelctrics. We determined the diketonates Li(tmhd) and Nb(tmhd)
tion dependence of film properties is to determine the locations within to be unstable at low pressures and temperatures, and therefore unsuit-
the microstructure at which excess titanium is accommodated in suchable for CBE. We have also elucidated, for the first time, the surface
fine-grained BST thin films. We use electron energy loss spectroscopy decomposition modes of the alkoxide precursors Li(OBut) and Nb(OEt)
(EELS) in a field-emission transmission electron microscope to ana- At low temperatures, Li and Nb metal oxide film growth appears to be
lyze changes in chemistry and local atomic environment for films limited by dissociation of the metal alkoxide precursor oligomers. At
grown with different titanium excesses, ranging from y=0.04 to y=0.15 higher temperatures, the surface decomposition of Li(DBwolves
in the notation used above. An incoherent lattice resolution Z-contrast elimination of MeLi as well as an autocatalytic hydrolysis cycle, wherein
image is used to position the probe on grain boundaries or in grain water plays a crucial role (as both reactant and product) in the genera-
interiors, and to ensure a probe size of smaller than 0.4 nm for thetion of volatile LIOH monomers that desorb from the surface. Li(O-
EELS analysis. EELS shows that in the samples with high titanium Bu) + H20 ==> Li(OH) + t-BuOH t-BuOH ==> H20 + CHC(CH3),
excess (e.g. y=0.15), titanium segregates to the grain boundaries. SpecNb(OEt)5 decomposes via five major inter-related pathways at el-
tra recorded at the grain boundaries of the y=0.15 samples containevated temperatures (T>500°C): autocatalytic hydrolysis and
features characteristic for TiOx. Analysis of EELS edge fine structure ethanolysis, dehydration, dehydrogenation, and formation of ethanol.
shows that, even in the most titanium rich samples, the octahedralMS indicates that desorption of Nb(OH)2(OEt)2 limits growth rates at
coordination of titanium with oxygen is maintained in the grain bound- higher temperatures. Thus, for both alkoxides, autocatalytic reaction
aries as well as in the grain interior. However, EELS within the grains with ROH (water and/or alcohol) yields volatile metal hydroxides whose
indicates that these octahedra are increasingly distorted with increasingdesorption from the surface limits growth rates. LiNbO3 thin films
titanium content. This indicates that excess titanium is incorporated grown from both parent metal alkoxides are strongly dependent on the

partially in the grain interiors with increasing y, although all of these
samples contain total nonstoichiometry well beyond equilibrium solid-
solubility limits. In addition, we determine the changes in the high-
frequency dielectric properties of the grain interior by EELS, as a
function of titanium excess. We will also analyze the implications of
these microstructural findings for the films’ dielectric and electrical
properties. By employing a mean-field description of ferroelectric be-

havior, the dependence of permittivity, as determined using standard

Li/Nb precursor ratio: at 1::1 Li(OBu Nb,(OEt),,, growth never ex-
ceeds ~ 100 nm/h, while a ratio of 2.3::1 yields rates greater than 300
nm/h. We have tentatively concluded that the growth of LilNbD®

tially involves a reaction similar to LIOH + Nb(ORF>Li-O-Nb(OR),.

, + ROH Finally, we note that preliminary X-ray diffraction of LiINbO3
thin films grown on AJO, show a strongly oriented polycrystalline
structure.

electrical techniques, on excess Ti can be accurately quantified and10:00 AM Break

separated from the confounding effects of film thickness and measure-

ment temperature. These results will be compared to the local dielectric10:20 AM *Invited

functions determined by EELS to help distinguish grain and grain bound-

ary contributions to the macroscopic permittivity. Similarly, we have

previously studied leakage currents in these samples as a function of Ti

Advanced Gate Dielectrics for Scaled CMOS Glen Wilk; 1Texas
Instruments, Central Research Labs, Dallas, TX75243
The area of advanced gate dielectrics has gained considerable atten-

composition. Models of the leakage behavior will be evaluated in terms tion recently, because technology roadmaps predict the need for a sub-
of the levels of titanium accommodation at grain boundaries versus 20 A oxide for sub-0.Jyrm CMOS, and there are significant leakage
within the grains as estimated from TEM, in an attempt to determine current and reliability concerns for Sith this thickness regime. Ef-

if titanium enrichment of grain boundaries is a sufficient explanation
for observed changes in electrical properties with y.

9:40 AM

A Mass Spectral Study of the Surface Decomposition Chemis-
try of Precursors for Chemical Beam Epitaxy of Lithium Niobate
Dovas Saulys Vladimir Joshkii; Mikhail Khoudiakov; Arthur Ellist;
Thomas F. Kuech Leon McCaughat University of Wisconsin, Dept.

of Chem., Rm. 7303, 1101 University Ave., Madison, WI 53706 USA;
2University of Wisconsin, Mats. Research Sci. & Eng. Ctr., Rm. 1111,
1415 Eng. Dr., Madison, WI 53706 USAniversity of Wisconsin,
Dept. of Chem. Eng., 1410 Eng. Dr., Madison, WI 53706 U%hi-
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forts are being focused on altering the gate stack, rather than just the
gate dielectric, because most of the high dielectric constant éigh-
materials currently being studied, including,@g TiO,, and SrTiQ,

have e-values ranging from 25 to 80, but are not thermally stable in
direct contact with Si. These materials require an accompanying oxide/
nitride interfacial barrier layer to minimize reaction with Si. A different
materials system which may avoid the complications of additional
dielectric layers and polycrystalline films associated with the above
high-e materials will also be discussed. Potential metals for single and
dual gate applications will be covered.



11:00 AM 11:40 AM

Characterization of MFIS and MFMIS Structures Using Photo-Patternable Precursors to Oxide Electrodes for Ferro-
SrBi2Ta209 Film with SrTa206/SiON Stacked Buffer Layer electric Memory Devices Charles D. E. LakemanAdam C. King;
Eisuke Tokumitsy Gen Fujit; Hiroshi Ishiwarg 1Tokyo Institute of 1ITPL Inc., Specialty Materials, 3921 Academy Parkway North, NE,
Technology, Precision and Intelligence Lab., 4259 Nagatsuta,, Midori- Albuquerque, NM 87109 USA

ku, Yokohama, Kanagawa 226-8503 Japdmkyo Institute of Tech- Noble metal such as ruthenium (Ru) and iridium (Ir) and their oxides
nology, Frontier Collaborative Res. Center, 4259 Nagatsuta, Midori- are used as electrodes for PbZr1-xTixO3 and Bal-xSrxTiO3 dielectric
ku, Yokohama, Kanagawa 226-8503 Japan films owing to resultant improved device performance as well as their

Recently, ferroelectric-gate transistors have attracted much atten-ability to protect underlying plugs from oxygen diffusion during pro-
tion for non-volatile memory applications. Since preparation of the cessing. The current lack of a convenient processing technology, how-
ferroelectric/Si structure with good interface is extremely difficult, an ever, has limited the implementation of these electrode materials in
insulating buffer layer is usually inserted between the ferroelectric ma- devices. TPL is developing a family of solution precursors to conduct-
terial and Si. Hence, a metal-ferroelectric-insulator-semiconductor ing oxides that contain photosensitive ligands that cross-link on expo-
(MFIS) or metal-ferroelectric-metal-insulator-semiconductor (MFMIS) sure to UV radiation. This approach obviates the need for separate
structure is commonly used to fabricate a ferroelectric-gate transistor. photoresist, thereby eliminating process steps, and enables easy, low-
When SiQ is used for an ‘I' layer in the MFIS and MFMIS structures, cost patterning of otherwise difficult to pattern materials. In particu-
the SiQ thickness must be very thin, because ferroelectric materials lar, it enables lithographic processing without the need for aggressive
such as Pb(Zr,Ti)Q(PZT) and SrBiTa,0, (SBT) have high dielectric plasma etching that can lead to substrate damage, and that generates
constants. Otherwise, a high dielectric constant material must be usedoxic species. We will discuss the design of solution precursors, and
as an ‘I’ layer. In this paper, we report the use of EJ8iON stacked present data on physical, chemical and electrical characterization of
layer as an ‘I’ layer in MFIS and MFMIS structures, which has an SiO blanket electrode materials, including film microstructure, crystallin-
equivalent thickness of 3.7nm. First, after thin chemical oxide was ity, and crystallographic orientation, and the properties of PZT films
formed on Si substrates, nitridation of the Si wafers were performed atdeposited onto the electrodes. In addition, issues affecting the achiev-
1050°C for 5s in NH ambient. This resulted in 2nm SiON at the Si able linewidth, including edge definition and feature resolution will be
surface. Then, 30nm Sl was formed by the sol-gel technique. The discussed. Application of this process to electrode systems of interg
crystallization of SrTg, was carried out at 960G for 3min. For MFMIS for ferroelectric memory devices will be discussed.
structures, Pt floating gate was vacuum-evaporated. Next, 400nm SBT
films were grown by the sol-gel technique on SO&SION/Si or Pt/
SrTaOy/SION/Si substrates to fabricate MFIS or MFMIS structures. The
crystallization of SBT films was carried out at 8@0for 30min in Q. Session P. Ordering in Semicon-
Finally, Pt top electrodes were vacuum-evaporated and the samples
were annealed again at 8@for 30min. We first confirm that the Pt/ dUCtor AIIOyS
SrTaO4/SION/Si MIS structures exhibit normal C-V curves with no
hysteresis. Relative dielectric constant of SOgais estimated to be . .

110. It is found that the SiCequivalent thickngesga]of the SyTy/SiON Thursday PM Room' COI‘WI!’] Eagt
layer is only 3.7nm. This is much smaller than the ,Sidckness July 1, 1999 Location: University Center
(9nm) which is unintentionally formed at the SBT/Si interface when

the SBT film is directly grown on Si by the sol-gel technique[l]. On the Sessjon Chairs: Alex Zunger, NREL, Golden, CO

other hand, MFIS and MFMIS structures have hysteresis loops in the C'USA' Gerald Stringfellow University of Utah College of
V characteristics due to the ferroelectricity of the SBT film. Memory ' ; ' !
Eng., Salt Lake City, UT USA

windows of the MFIS and MFMIS structures are 1.1 and 3.0 V, respec-
tively. It is also found that data retention characteristics are signifi-
cantly improved by using a small SBT MFM capacitor on a large Pt/
SrTa0O,/SION/Si MIS diode. A long retention time more than 1 day is

expected for an MFMIS-FET which has an area ratio, S(MFM)/S(MIS), 1:30 PM

of 0.17. The details of electrical properties and demonstration of tran- Ordered InGaAs: Low-Temperature MOVPE Growth and Po-
sistor characteristic s will be presented at the conference. [1] E. larization Dependent Electroabsorption Measurements Werner
Tokumitsu, G. Fuijii, H. Ishiwara, Mat. Res. Soc. Symp. Proc. Vol.493, Prost; Jochen Spielér Peter Velling; Thomas Kippenbefg Peter
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459 (1998) Kieseb; Jan Krausy Gottfried H. Dohlet;, F. J. Tegude !Gerhard-
Mercator-University Duisburg, Solid-State Electronics Dept.,
11:20 AM Lotharstralle 65, ZHO, Geb&aude LT, Duisburg D-47057 Germany;
Process Integration of TEOS-Based SiO2 films for Inter-Layer 2Friedrich-AIexand_er University Erlangen-Nurnberg, Institute for Tech-
Dielectric on Ferroelectric Capacitors Jeong-han Kif Yang- nical Phys. |, Erwin-Rommel-Str. 1, Erlangen D-91058 Germany
han Yoo Heon-Do Kint; Sam-Dong Kint Jeong-Tae Kify 'Hyundai Under certain MOVPE growth conditions a monoatomic superlattice

Electronics Industries, Co., Ltd., Semiconductor Advanced Research©f altérnating In and Ga rich layers forms spontaneously along the
Div./Process Research Dept. IV, 633, Sinhae-ri, Ganam-myun, Yeoju- [111]s directions in InGaAs. The symmetry of this ordered InGaAs
kun, Kyoungki-do 467-880 Korea results in S|gn_|f|cant change_s of the electric and optical properties
LP-TEOS and O3-TEOS BPSG layers deposited on SrBi2Ta209 compared _to dlsorde_zred material. The band gap reduces_ and the vglence
capacitor film were investigated in order to understand their process Pand maximum splits at k=0. As a consequence of dipole selections
effects on the ferroelectric characteristics. Our results showed that the'!€S @ strong polarization anisotropy occurs for optical transitions
water content level in as-deposited dielectric films was not critical as N€ar the band gap. These effects are already well known in GainP,
long as post annealing at 700°C followed the deposition. Short fail was NOWever, by using InGaAs we aim to realize optoelectronic applica-
measured on the ferroelectric film with LP-TEOS deposited at 710°C tions compatible to the wavelength range of optical fibers. Recently,
while good remnant polarization, i.e. high 2Pr values ( 18 uC/cm2 at the polarization anisotropy of ordered InGaAs ‘has been explored down
75*75 um2 capacitor), were consistently measured with O3-TEOS {0 & growth temperature of,#540°C [1]. In this work we have ex-
BPSG deposited at 400°C. The remnant polarizations did not degradeténded the temperature range down {=450°C. All I, ;G& ,As
when boron and phosphorous concentration in O3-TEOS BPSG film layers were grown at low-pressure of 20 mbar on s.i. InP:Fe substrates

was varied, although the breakdown voltage degraded with increasingilted 0° to 6° from [100] towards [11-1]. The quality of the layers was
the boron concentrations. carefully scanned using HRXRD, PL, and AFM measurements. Due to

the reduced cracking efficiency the TEGa flow rate had to be increased
by more than 160% while decreasing ffom 650°C to 450°C. At low
temperatures a strong impact of the lattice tilt on the InGaAs compo-
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sition was found. The surface morphology of the low temperature dering in the 49% InN sample. Extra spots were observed under SAD
layers exhibits a surface roughness of about 2 nm as demonstrated byvhich strongly suggest the presence of an ordered structure. For samples
AFM measurements. In addition, we carried out polarization dependentless than 25% InN only ordering was observed. Ordering was also ob-
electroabsorption measurements using metal-semiconductor-metal strucserved under 2-beam bright field imaging. Both 1:1 and 1:3 ordered
tures. To enable Schottky contacts, we provided a 50 nm thick cap phases were observed. Ordering occurred in small domains of approxi-
layer of InP. Analyzing the Franz-Keldysh-effect, we determined the mately 20 nm. These ordered domains occurred in low strain regions of
band-gap reduction and valence-band splitting in dependence of thethe film. The 1:1 ordering was similar in structure to other reports of
growth parameters. The strongest ordering effects were observed forordering in high InN% films. In our films, ordering was observed in the
T,= 550°C and a substrate tilt of 2°. Choosing higher or slightly lower low 20% InN films even though phase separation was not identified,
temperatures yields nearly disordered material. However, at very low indicating that the ordering process reduces the free energy of the
temperatures (J= 450°C) we also found a strong polarization anisot- unstable single phase. The effect of growth parameters such as growth
ropy, which we attribute to a different type of ordering mechanism. Our temperature, V/III ratio, and substrate orientation on both phase sepa-

results demonstrate that the InGaAs/InP material system exhibits simi-ration and ordering is currently being investigated. We will report on

lar ordering effects like GalnP/GaAs. This is of high relevance for
polarization sensitive devices in optical fiber applications. [1] R. Wirth,
H. Seitz, M. Geiger, F. Scholz, A. Hangleiter; “Valence-band splitting
and band-gap-reduction in ordered GalnAs/InP”, J. Appl. Phys. 83(11),
6196 (1998).

1:50 PM
Microstructure of CuPt-B Ordered GalnAs Films: S. P. Ahrenkiéj
D. J. Arent; M. C. Hanng National Renewable Energy Laboratory,
1617 Cole Blvd., Golden, CO 80401 USA

We discuss CuPt-B ordered microstructures ig, 88 As (GalnAs)
films grown on singular and vicinal (001) InP substrates by atmo-
spheric- and low-pressure metal-organic chemical vapor deposition
Transmission electron microscope (TEM) images and diffraction pat-
terns of ordered GalnAs reveal both qualitative similarities and distinct
morphological differences to Galn, P (GalnP) on GaAs, which has

the structural properties of these ordered domains and their effect on
the optical properties. We will also report on the competition between
the processes of phase separation and ordering in the ternary alloy.

2:30 PM
Band Structure and Stability of Ordered Zinc-Blende-Based
Semiconductor Polytypes Su-Huai Wei A. Zunget; S. B. Zhang
Tomi Mattilal; National Renewable Energy Laboratory, 1617 Cole
Blvd., Golden, CO 80401 USA

$A_{1-x}B_xC$ semiconductor alloys grown in the vapor phase
often exhibit atomic ordering, manifested, e.g., by the CuPt-like struc-
ture in SAMIIBMIN}CAMV}_2$ compounds (e.g., GalnP$_2$), and
. by the chalcopyrite structure in the $AMNBMIIIICMVI}_2$ compounds
(e.g., CulnSe$_23%). Unlike classic cases of long-range order in metal-
lurgical systems, semiconductors often show a coexistence of domains
of a few types of ordered structures in the same sample. For example,

been extensively examined by several groups. In particular, double-nominally chalcopyrite CulnSe$_2$ exhibits CuAu-like ordered phases,
variant ordered GalnAs often shows stronger lateral segregation of while nominally CuPt-like GalnP$_2$ samples exhibit Y2-like anti-
complementary domains on singular [001] substrates than GalnP, andphase boundaries and orientational superlattices. By realizing that these
exhibits contiguous, isolated disordered regions located at the apices ofmixed-phase ordered structures are {\it zinc-blende-based polytypes},
the faceted surface topography. The near-interface region of double-we have developed a first-principles approach to predict systematically
variant GalnAs is only weakly ordered prior to superdomain formation, the physical properties of any member of a polytype series. We show
and shows little evidence of the vertically stacked lamellar structure that the coexistence of CuAu-like phase in nominally chalcopyrite
often observed in double-variant GalnP. The boundaries of single-vari- compounds (e.g., CulnS$_2$) are due to bulk thermodynamic effect,
ant ordered GalnAs on 6°-<111>B substrates are often inclined awaywhile the formation of polytypes in CuPt-ordered GalnP$_2$ are not.
from the corresponding <111>B miscut/ordering direction, rather than We find that due to the effective long-range layer interactions in
towards <111>B as in GalnP. Both alloy systems show an increase ofGalnP$_2$ polytypes, type-1l band alignment exists between some
the mean single-variant domain size during growth. The uses of eitherpolytype pairs, especially when the polytypes has small domain sizes.
nitrogen- or hydrogen-containing group-V carrier gas during low-pres- We also find that carrier localization can be induced by anti-phase
sure growth of GalnAs are also explored. The nature of antiphaseboundaries. Our results provide a natural explanation to the spatially-
boundaries (APBs) in CuPt-B ordered semiconductor alloys have re-indirect transitions observed in multidomain ordered samples.*Work is
mained a topic of discussion. We examine experimental TEM dark- supported by U.S. DOE, contract No. DE-AC02-83-CH10093
field image contrast of APBs and provide a description of the relevant
dynamical diffraction mechanisms. 2:50 PM
X-Ray Diffraction Study of Ordering in Epitaxial ZnSnP ,:
Sebastien FrancoelyrG. A. Seryogit; S. A. Nikishirt; H. Temkirt;
1Texas Tech University, Elect. Eng. Dept., Lubbock, TX 79409 USA
The distribution of Zn and Sn atoms in the cation sublattice of
Masryt; Salah M. Bedafr *North Carolina State University, Mats. Sci. ~ ZnSnB can be either random or ordered. The crystallographic struc-
and Eng., 232 Riddick, P.O. Box 7916, Raleigh, NC 2768&rth tures of the disordered and ordered states are known as sphalerite and
Carolina State University, Elect. and Comp. Eng., 432 Daniels, P.O. chalcopyrite, respectively. Spontaneous ordering in epitaxial layers is
Box 7911, Raleigh, NC 27695 usually very sensitive to the growth conditions, but not easy to detect.
Most current activities and device applications of InGaN have been It would be advantageous to have a rapid, simple, and non-destructive
restricted to lower InN% due to the lack of miscibility in the InGaN characterization technique that can identify the type of ordering and
ternary alloy. We have recently reported the occurrence of phase sepaquantify the degree of ordering. This work describes the characteriza-
ration for InGaN films above 25% InN. It has been suggested that tion of epitaxial ZnSnPby high-resolution x-ray diffraction. The
ordering as well as phase separation can occur to reduce the free energyamples were grown by gas source molecular beam epitaxy on GaAs
of the unstable single phase. Theoretical studies have suggested thasubstrates. Two types of samples showing high structural perfection
InGaN can phase separate asymmetrically into a low InN% phase andcould be obtained by varying the Sn/Zn flux ratio. The first type of
an ordered high InN% phase. Ordering of the ternary alloy has not beensample, grown with high Sn/Zn flux ratio, shows chalcopyrite structure
well studied even though it can effect both optical and transport prop- while the second, grown with a low flux Sn/Zn ratio, does not show any
erties of the InGaN films. InGaN films ranging from 20% - 49% InN evidence of ordering. Thus, at a constant growth temperature, the Sn/
were grown by MOCVD on an ALE AIN Buffer layer. The films were  Zn flux controls the degree of ordering in ZnSnR also affects the
grown for 1 h at temperatures ranging from 750°C-690°C. The result- lattice mismatch of the epitaxial layer. Chalcopyrite ordering is deter-
ing films were between 0.5 and 1 microns thick. In these films, both mined by the observation of several characteristic reflections identify-
ordering and phase separation were observed to exist simultaneouslying the lower symmetry of the structure. By rotating the sample around
Phase separation was detected by x-ray diffraction in the 49% InN an axis located in the diffraction plane by a specific tilt angle, any
sample. TEM analysis detected both phase separation and c-plane ordiffraction conditions can be met. The tilt angle is the angle separating

2:10 PM
Phase Separation and Ordering Co-Existing in MOCVD InxGal-
xN: Mark K. Behbeha#j Edwin L. Pinek Sandra X. Lig Nadia A. El-
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the normal to the plane (hkl) of interest and the diffraction plane. The lar samples differs from that of the vicinal samples. The density of
diffraction peaks of ordered samples are found at angles calculated forAPBs in the vicinal samples is increased by roughly a factor of 2, whilst
the chalcopyrite structure. For example, we observe diffraction planesthat of the singular samples is slightly increased, as the Te doping level
(101/2), (21 7/2), and (6 1 1/2), forbidden for sphalerite. In addition, increases. APBs are inclined some degrees from the [001] growth sur-
the measured intensity distribution shows excellent agreement with theface. For the singular samples, the angle is found to remain virtually
calculation. The widths of the diffraction peaks are typical of homoge- unchanged with increasing Te concentration. However, for the vicinal
neous samples and the tetragonal axis shows strong preferential alignsamples, the angle decreases significantly with increasing Te concen-
ment along the growth direction. The second type of samples does nottration. A simple model is presented to explain the dopant concentra-
show any evidence of chalcopyrite ordering, for all possible orienta- tion dependence of the behaviour of APBs in the ordered GalnP.
tions of the tetragonal axis. These samples were also investigated for

the presence of CuAu and CuPt-type of ordering of the cation sublattice,4:10 PM

but again no evidence of ordering could be found. Maximum Direct-Gap Reduction in CuPt Ordered Al,Ga, InP
(OExE1) Determined by Generalized Ellipsometry M. Schubert

3:10 PM Break J. A. Woollami; B. Rheinlandex |. Pietzonkd V. Gottschalch 1Uni-
versity of Nebraska-Lincoln, Center for Microelectronic and Optical

3:30 PM Materials Research, Lincoln, NE 6858&]niversity Leipzig, Faculty

Comparison of Dopants used to Control Ordering in GalnP of Phys. and Geoscience, Leipzig 04103 Germadwijversity Leipzig,

Chris Fetzet; Yu Hsu; Rung-Ting Le& Sung-Won Juh J. Kevin Shurtleft, Faculty of Chem. and Mineralogy, Leipzig 04103 Germany

Gerald B. Stringfellow; tUniversity of Utah, Dept. of Mats. Sci. and In a manner similar to biaxial strain, spontaneous CuPt ordering

Eng., 223 KRC, Salt Lake City, UT 84112 USA causes reduction of the fundamental band D&p (relative to the

The effect of dopants on CuPt ordering in GalnP has been studieddisordered compound), a crystal-field splittibg at the valence-band
extensively. The purpose of this paper is to compare the effects of Te,maximum, and an increase of the spin-orbit splitting vélyeWe have
Zn, Si, and Sb doping on the step structure and degree of order of GalnRietermined the rati®,/DE; and D,/DE, for the AlGa, InP system
layers grown by OMVPE in an effort to clarify the mechanisms that lattice matched to GaAs as a function of composition x. We investi-
lead to disordering during the growth process. Te doping significantly gated partially ordered samples with different compositions x and ¢
affects the surface structure and ordering of GalnP layers, but it doesgrees of orderindn, using transmission and reflection generalized var|
not change the surface reconstruction. A decrease in the degree of ordeable angle spectroscopic ellipsometry (JVASE), cross-polarized (da
occurs over the range of Te concentrations (beginning at!3xi03) field) transmission spectroscopy (DFS), and modulated cross-polari
that give a marked increase in the step spacing. Successful growth ofreflectance difference spectroscopy (cRDS). We treat the obser
disorder/order/diorder heterostructures in GalnP using Te doping re- order-birefringence as “chemical-stress” induced piezo-birefringeng
quires a 10 minute interuption in the growth between layers. These We find that the parabolic band approximations and the selection r
results suggest that Te collects at the surface. Zn doped GalnP layergor the transitions from th&, 5, G, Gy, Valence band states to tg
become completely disordered as the Zn concentration is increasedconduction band states, suffice for excellent modeling of the ord
above 2x108 cm3. This correlates with a decrease in thg1],0] step birefringence in the near-band-gap spectral region. In particular, ¢
spacing. GalnP disorder/order/disorder structures with thin wells can plicit treatment of the transition-matrix k-dependence (as recen
not be produced by Zn doping. This supports the hyposthesis that Znreported for ordered GalnP or GalnAs) seems avoidable. The transi
diffuses into the well, increasing the Ga and In diffusion coefficients. energies, strengths, and broadening parameters for the three z(
Doping GalnP layers with Si does not affect the surface reconstruction, center transitions are obtained from analysis of the sample dielec
but slightly affects the surface structure. The degree of order decreasedunction tensor. All parameters in the quasi-cubic perturbation mod
as the Si concentration is increased above 2kt3. GalnP order/ can be fitted with the three transition energies from all samples.
disorder heterostructures can be produced by Si doping. The effect of Skalloy ratios that produce direct-gap semiconductors (i.e., for x<0.5) d
doping on the surface reconstruction, surface structure and ordering ofresults are found in excellent agreement with the linear interpolation
GalnP layers will also be presented in this paper. Sb is expected torecent theoretical values for GalnP and AllnP by Wei and Zung
collect at the surface, since it has a low vapor pressure and is too larggPhys.Rev.B 57, 8983 (1998)]. For indirect-gap materials (i.e. f(
to be easily incorporated into the lattice. Sb is of particular interest, x>0.5) we find an almost exponential deviation from the predictg
because it is isoelectronic and does not affect the fermi level. The values with increasing x. These result in very large valence-band splitti
effect of these dopants on the surface structure indicates that at highfor partially ordered AllnP, as reported earlier [Schubert eta
concentrations, all act as surfactants: they act to change adatom atPhys.Rev.B 54, 17616 (1996)]. However, both experimentally detg
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tachment at steps on the surface. mined ratios possess the same denominator when divided Iy, thied

D, parameters predicted by Wei and Zunger. The denominaf s
3:50 PM which, in fact, is the only parameter to be revised among those calcu-
Ordering and Antiphase Boundaries in Te-doped GalnP Layers lated by Wei and Zunger. As a result, we obtain the maximum direct-gap
Grown by Organometallic Vapour Phase Epitaxy T-Y Seony reduction as well as the random-alloy band gap qfGAl,InP as a
C.-J. Choi; S. H. Leg; G. B. Stringfellow; Kwangju Institute of Sci- function of x. These dependencies now allow for immediate quantifica-

ence and Technology, Dept. of Mats. Sci. and Eng., Kwangju 500-712 tion of the degree of ordering of a partially ordered sample, regardless

Korea;2University of Utah, Dept. of Mats. Sci. and Eng., Salt Lake of its composition. We find further that the maximum gap reduction

City, UT 84112 USA for AllnP is smaller than predicted by almost an order of magnitude.
Transmission electron microscope (TEM) and transmission elec- The revision of the theoreticd)E;, parameter appears reasonable,

tron diffraction (TED) have been widely used to assess CuPt ordering inbecause Wei and Zunger used the corrected local-density approxima-

(001) layers of Ill-V ternary alloys grown by OMVPE and MBE. CuPt tion. This approximation tends to contain errors in the positions of

ordering is believed to be a surface related phenomenon occurring dur-the conduction bands, although it produces precise energies for the

ing epitaxial growth. TEM dark field (DF) examination has revealed valence band states.

ordered domains in MBE and OMVPE IlI-V ternary layers. The ordered

domains usually contain a density of APBs. Such APBs are reported to

adversely influence the optical and electrical properties of the layers.

Therefore, it is important to be able to control such defects to enhance

device performance. In this work, TEM and TED studies have been

performed to investigate the effects of Te-doping on ordering and

antiphase boundaries (APBs) in organometallic vapour phase epitaxial

GalnP layers grown on (001) GaAs singular and vicinal substrates at

670 j&EC. TEM results show that the behaviour of APBs for the singu-
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4:30 PM + dots on top of patterned GalnAs/InP nanostructures. The base struc-
Observation of Type I/ll Transition in GaAs/InGaP Heterostruc- ture consists of InP(substrate)/GalnAs/InP(70 nm barrier)/GalnAs(3.5
ture by C-V Profiling.: Shouvik Dattg§ M. R. Gokhlé; A. P. Shak nm etch mask). Into this structure holes of 100-200-500 nm diameter
T. K. Sharmg B. M. Arora; !Tata Institute of Fundamental Research., were etched, removing selectively the 70 nm InP barrier. By overgrow-
Solid State Electronics Group/Dept. of Condensed Matter Phys. & Mat. ing the patterned surface with GalnAs/InP/InAs(2 monolayers, self-
Scis., Homi Bhabha Rd., Colaba, Mumbai,, Maharashtra. 400 005 India; assembling into dots)/InP one obtains a structure which functions as a
2Centre for Advance Technology, Indore 452 013 India vertical transport device with the current flow restricted to the open-
It is known in the literature (1, 2) that InGaP alloy synthesized ings in the InP barrier layer. Conditions were found where in the con-
within a certain range of growth temperatures (520°C to 720°C) shows cave sinks above the openings just one or two InAs dots nucleated. The
Cu-Pt crystal ordering. This ordering reduces the band gap energy. It isprocess is strongly affected by the lateral anisotropy of etch rate and
predicted that the ordering induced modification of energy levels of growth rate in the two <110> directions and the type of facets which
InGaP lowers its conduction band edge, which could change a type Idevelop at the side wall of the holes.
band alignment at a GaAs/InGaP heterojunction to type Il. Here we
report the first observation of this ordering related type /Il transion 1:50 PM
for a GaAs/InGaP heterojunction by C-V profiling (3) experiments Formation of Nanoscale Self-Assembled Sil-xGex Islands Us-
done at room-temperature. Heterostructures used in this work are preing Chemical Vapor Deposition and Subsequent Thermal An-
pared by MOVPE technique at substrate temperatures of 670°C andnealing of Thin Metastable Films Rashid Bashiy; Abul Ehsan
720°C for samples A and B respectively. Flux rates of TMGa and TMIn Kabir; Kuo-Jen Chay Cara L. Weitzsackér Purdue University, Elect.
precursors used during the growth are same in both cases. We have useshd Comp. Eng., 1285 EE Bldg., W. Lafayette, IN 47906 U%g-
n type doping (»5°1016 cm-3) for both layers in the samples. For C-V tional Semiconductor, 2900 Semiconductor Dr., MS E-100, Santa Clara,
profiling measurement gold Schottky dots are deposited on the top CA 95051 USA;3Charles Evans and Associates, 240 Santa Ana Court,
GaAs layer and Au-Ge-Ni ohmic contacts are made on the InGaP. Sunnyvale, CA 94086 USA
Figure 1 shows n(X) versus X profile for the sample A. We see an There have been numerous publications in the recent years that deal
accumulation of electrons on the InGaP side of the heterojunction andwith the self-assembly of semiconductor islands on a crystalline sub-
a corresponding depletion region on the GaAs side. Clearly band align-strate for the formation of quantum optical and electronic devices. A
ment in this sample is type Il, where conduction band edge of InGaP lieslattice mismatch material can be grown as a thin strained 2-D film on a
below that of GaAs. In comparison for sample B (figure 2) we see a substrate. Due to the strain energy of the lattice mismatch, the growth
depletion region on the InGaP side and accumulation on the GaAs sidethen proceeds by the 3-D Stranski-Krastanow mode in which the mate-
of the heterojunction. However, this is the characteristic of type | band rial will form small islands of random size and distribution. The forma-
alignment where the conduction band edge of InGaP lies above that oftion of these islands on a silicon substrate is specially attractive since
GaAs. We have also measured the photoreflectance spectra (4) of theséhis would allow possible integration of these quantum devices with
samples. Figure 3 shows that the spectrum of sample A is rigidly shifted existing silicon devices to form novel device structures and because
to lower energy as compared to sample B. This shows relatively largerthese self-assembled nano-scale islands could offer possibilities at the
alloy ordering of InGaP in sample A. Therefore, from all these results end of the silicon device scaling Road map. The Silicon-Germanium
we conclude that the change of band alignment from type Il in sample (Si1-xGex) material system is very attractive since it can be directly
A to type | in sample B is caused by greater degree of ordering in samplegrown on silicon substrates. There have been recent reports on the
A as compare d to the ordering in sample B. Further experiments aregrowth of pure Ge islands on silicon using RPCVD growth techniques.
also in progress. References: 1) Alex Zunger, MRS Bulletin, 20, July In this study, we report for the first time, on the formation of self-
(1997). 2) G.B.Stringfellow, MRS Bulletin, 27, July (1997). 3) H.Kroemer assembled Sil-xGex islands by the selective CVD of very thin (<150A)
et.al, Appl.Phys.Lett, 36(4), 295 (1980). 4) D.E.Aspnes, Handbook of highly strained assembled Sil-xGex (x~0.5) films on patterned silicon
Semiconductors, Vol 2, M.Balkanski ed, (North-Holland, NY, p109, wafers and the subsequent annealing of these thin films. Unlike previ-

1980) ous studies, islands are formed during the thermal annealing of these
thin films after the growth of the smooth continuous selectively grown
4:50 PM Late News thin film and not by direct growth of the islands. Thin (50-150A)

Si0.6Ge0.4 films are selectively grown on silicon wafers within a 3500A
oxide pattern. A commercially available epitaxial system (ASM) was
used to deposit the films using chemical vapor deposition from GeH4,
Si2H2CI2, and HCI at 650°C and 40 Torr. A high temperature H2 bake

Session Q Nanostructure Self- was used to remove any native oxide prior to the growth. After the
growth, the wafers were in-situ annealed in H2 at 750°C at 40 Torr for
ASSGmb'y 6 minutes resulting in the formation of the islands. The island size was

studied using an AFM (Digital Instruments) and was found to be a
function of the pattern in which the selective Si0.6Ge0.4 film was

Thursday PM Room: COI’WI!’] We_St grown. Grain size analysis software from Digital Instruments was used
July 1, 1999 Location: University Center to determine the size distribution of the islands and was found to vary
with the exposed silicon area. Given the above process conditions
Session Chairs: Supriyo Bandyopadhyry, University of above, in a representative area, the mean grain size area was found to be
Nebraska, Dept. of Elect. Eng., Lincoln, NE USA: 47290 nm2 (~245nm diameter) with a std. deviation of 15310 nm2

. . - (~139nm). Cross-sectional TEM was also performed and crystal de-
David Janes, Purdue University, School of Elect. Eng, fects were found within the islands. The height of these islands could be
West Lafayette, IN USA as high as 350nm. It was found that if the wafers were exposed to room
ambient right after the growth, and hence passivated with native oxide,
subsequent annealing of the films at 750°C did not result in the island
formation. The islands were also not formed if the anneal was done at

1:30 PM 650°C, 40T, and in H2 for up to 25 minutes. However, if a H2 anneal
In-Situ Growth of InAs Quantum Dots on Patterned GalnAs/ at 650°C, 20T, for 6 min was performed, islands were formed with a
InP Nanostructures. Magnus Borgstréf Jonas Johanssgnlvan different distribution than ones described earlier. The composition of
Maximow; Werner Seifett Lars Samuelsan tUniversity of Lund, Solid the films before annealing and islands formed annealing was investi-
State Phys., Box 118, Lund S-221 00 Sweden gated using scanning auger microprobe. The germanium fraction was

Self-assembled quantum dots can be used as the active units in devickund to decrease to about 20% in the self-assembled islands. Hence the
structures based on resonant tunnelling or Coulomb-blockade effects.technique shows promise as possible way to form sub-micron device
For this purpose we have studied in MOVPE the positioning of InAs islands for future optical and electronic applications.
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were grown electrochemically in aluminum oxide nanopore membranes

2:10 PM + [1] with sonication used to improve the mass transport of metal ions

Fabrication and Characterization of Magnetic Semiconductors into the pores, and to allow the gases liberated by the plating process to
“Spin Wires” and “Spin Dots”: O. Ray; J. J. Berry, A. A. Sirenkd; migrate out of the pores. To characterize Au, Pt, and Au-Pt nanorods,
N. Samarth J. A. Guptg |. Malajovict?; D. D. Awschalors 'Pennsyl- they were transferred from a liquid carrier to an insulating, Sibstrate

vania State University, Phys., 104 Davey Lab., State College, PA 16802where large-area plated Au bonding pads were added for electrical prob-
USA,; 2University of California, Dept. of Phys., Santa Barbara, CA ing. Prior to dispersing the rods onto the substrate, a thin 100-nm Cr/
93106 USA 100-nm Ag seed metal layer was deposited on the SiBstrate to
Studies of nanostructures fabricated from semiconductors and (me-facilitate electroplating of the Au bonding pads. The bonding pads were
tallic) ferromagnets have followed parallel but separate tracks, each defined lithographically by aligning pads to the two rod-ends and open-
motivated by an interest in manipulating factors such as the electronicing 100 ""200 mm windows in 3.0 mm thick photoresist. Organic
density of states and magnetic ordering via reductions in dimensional- contamination was removed using a low-power oxygen plasma. The
ity. Contemporary interest in the development of “magneto-electron- rods were secured by electroplating a 1.5 mm thick layer of Au using the
ics” motivates us to bridge these disparate areas by incorporating mag-photoresist windows as a plating mask. Following plating, the photore-
netic interactions directly into conventional semiconductor sist mask was dissolved and the seed metal was removed selectively. The
nanostructures. It is anticipated that the interplay between reducedresistivity of Au and Au-Pt nanorods was determined by measuring the
dimensionality, strain and the carrier-ion exchange interaction might current-voltage characteristics using an HP 4155 semiconductor pa-
allow the systematic tailoring of both magneto-optical and magneto- rameter analyzer. For both rod types the resistivity was 25 i@m,
transport phenomena in such systems. Here, we describe the developapproximately one order of magnitude higher than that of bulk Au.
ment and characterization of quantum “spin wires” and quantum “spin This indicates that the resistivity is limited by the nanostructure of the
dots” with sizes down to 20 nm, patterned from MBE-grown II-VI plated metal rather than the interface between the metals.[1] C. R.
magnetic semiconductor quantum wells by using electron beam lithog- Martin, Chemistry of Mats., 8, 1739 (1996).
raphy followed by wet chemical etching. Undoped (Zn,Cd,Mn)Se single
quantum well structures sandwiched between ZnSe barriers are first grown2:50 PM  +
by MBE on (100) GaAs substrates. The samples are spin coated withSelf-Assembly of Patterned Films of Nanometer-Diameter Gold
100 nm thick PMMA with a subsequent direct write on a Leica EBPG 5 Clusters that are Linked by Organic Molecules Jia Liu!; Ronald
using 50 keV electron beam energy. Multiple wire and dot fields are P. Andre$, Purdue University, Dept. of Chem. Eng., 1283 Chem. En
defined on the same sample, with an area coverage of 0.125. FollowingBldg., West Lafayette, IN 47097-1283 USA
exposure and development in a mixture of MIBK:IPA, a 15 nm tita- Self-assembly fabrication is one way to achieve high density nanos
nium layer is evaporated to serve as a hard mask. After lifting off the structures for electronic and optoelectronic applications. One s
hard mask, wet etching with a mixture of potassium dichromate and self-assembly scheme that has been proposed is the casting of a
diluted hydrobromic acid leads to pattern transfer onto the semicon- layer film of metal clusters onto a flat solid substrate followed b
ductor template, resulting in spin wires and spin dots with sizes ranging introduction of an organic molecule that bonds to the clusters a
from 150 nm down to 20 nm. Structural characterization of the pat- physically and electronically joins adjacent clusters in the film to ea|
terned samples using scanning electron microscopy and atomic forceother to form a molecularly linked superlattice [1]. Such a linked clu
microscopy allows us to relate the pattern definition, size, etch depth ter network has many attractive properties the foremost being: 1
and the overall surface quality to variations in processing techniques.the clusters have diameters in the 2-6 nm size range, their Fermi le
Low temperature (T ~ 5 K) photoluminescence studies reveal the influ- and electronic density of states are close to that of the bulk metal wil
ence of the patterning/processing on both intrinsic and extrinsic ef- their low intercluster capacitance gives rise to correlated single el
fects (e.g. defect formation). Shifts in the luminescence can be corre-tron tunneling between clusters and 2) the electronic conductance
lated to an interplay between strain relaxation and quantum confine-the film can be controlled by the choice of the organic linking mo
ment. In the larger structures, a red shift is observed, suggestive of aecule. In order to construct interesting electronic devices, howe
partial strain relaxation. Finally, we will also report on the results of methods must be developed to fa bricate predetermined patterng
ongoing magneto-PL studies that probe the effect of patterning on thecells and interconnects of the linked clusters. We have develope
carrier-ion exchange interactions through the measurement of the ex-method for fabricating patterned films of linked clusters on the surfa
change-enhanced Zeeman splitting. Work supported by NSF grantsof a substrate. The key steps in this scheme are: 1) self-assembly
DMR-9701484 and -9701072 and ONR grants N00014-99-1-0071 continuous linked cluster film on a water-based liquid surface, 2) fab

THURSDAY PM

and N00014-99-1-0077. cation of a lithographically defined pattern of areas on the surface o
solid substrate where the energy of adhesion of the cluster film is hig
2:30 PM and areas where the adhesion energy is low, 3) transfer of the intact
Preparation and Characterization of Gold-Platinum Nanorods cluster film from the liquid surface to the solid substrate, and 4) removal
Sa Huang Benjamin Martii; Daniel Dermod$ Thomas Mallouk of those portions of the film that are not strongly held to the substrate

Thomas JacksénTheresa Mayér Penn State University, Elect. Eng., by solvent rinsing. The critical step in this process is self-assembly of

121 Elect. Eng. East, University Park, PA 16802 USRenn State the initial linked cluster film. Gold clusters, which have uniform diam-

University, Dept. of Chem. eters of 4-5 nm and which have been encapsulated by alkane thiol
Self-assembly techniques are of interest for electronic and optoelec-molecules (e.g. 1-dodecanethiol) are dispersed in a nonpolar organic

tronic device integration at the micro- and nano-scale. An application solvent. Casting this colloidal suspension on a water-based liquid surface

that has gained attention recently utilizes the complementary natureand allowing the solvent to evaporate, produces a hexagonal close-

of DNA base pairs to selectively attach IlI-V emitters and detectors to packed monolayer of clusters floating at the air-liquid interface. The

a host silicon substrate. Whereas this approach allows precise place€lusters in the film are then bonded to each other by organic linking

ment of micron-scale devices onto a dissimilar substrate, these tech-molecules which are dissolved in the supporting liquid. Repeated casting

nigues can also be applied to the assembly of three-dimensionalof the colloidal suspension onto the liquid surface produces a mutilayer

nanostructures where traditional semiconductor fabrication proceduresfilm. Once a uniform linked film has been self-assembled on the liquid

are difficult to implement. For example, assembly of a simple woodpile surface, it is transformed into a patterned film on the substrate as

structure consisting of alternating layers of perpendicularly oriented described above.[1] Andres, et al., Sci. 273, 1690 (1996)

nanorods made from polymers or metals could be used to fabricate 3-D

photonic crystals or memory devices. In this talk, we describe the 3:10 PM Break

preparation and characterization of colloidal Au, Au-Pt, and Au-Pt-Au

nanorods that are being developed for use in a 3-D high-density memory3:30 PM +

structures. Such Pt tipped Au nanorods can be self-assembled into 3-DDirected Self-Assembly of Metal/Semiconductor Structures for

structures by derivitizing the Au tips with amine terminated thiols or Nanoelectronic Devices and Circuits Brian L. Walsh;, M. Batistuta;

with complementary single-strand DNA. The metal nanorods used here Takhee Leg Jia Lit?; Q. Qw&; E. H. Chefy R. P. Andres D. B. Janes

41



-
L
G
A
o
=
1
=

R. Reifenbergér 'Purdue University, School of Elect. and Comp. Eng., cally cleaning the active material, the measured carrier lifetime is re-
West Lafayette, IN 47907Purdue University, Dept. of Phys., Lafayette, duced by only a factor of 3 from the unprocessed material. A thin InP
IN 47907;3Purdue University, School of Chem. Eng., West Lafayette, layer (100nm) was then regrown on this patterned active layer to
IN 47907 embed the grating and allow further laser processing steps on a flat
Self-assembly techniques are of interest because they can providesurface. AP-MOVPE regrowth conditions have been optimised in order
high density nanoscale structures without high resolution lithography. to obtain a dislocation-free InP regrown layer and no degradation of
Various structures have been realized by self-assembly including semi-the grating shape, as observed by TEM. The laser structure is a BRS one
conductor quantum dots and 1-D and 2-D arrays of metal nanoclusters.[1]with lateral proton implantation. Emitted wavelength uniformity mea-
However, conventional self-assembly approaches suffer from severalsured on a eight DFB laser array demonstrates the advantages of this
problems which limit their applicability for forming interesting elec- technology: two-section lasers were measured, with as cleaved facets.
tronic devices. First these techniques yield uniform networks without Threshold currents are in the range 10-13mA when biasing only the
the cells/interconnect structures required to achieve computational func-front section. The deviation to the mean value of the spacing within
tions. In addition, networks of metal islands or isolated semiconductor the array is as low as 15GHz. This discrepancy can be overcome using
quantum dots are not sufficient by themselves to provide functionality. the electrical tunability when biasing the rear section, leading to an
At present, it is not possible to realize the types of structures typically exact 100GHz spacing. This work was supported by the European
used in integrated circuits (transistors, arbitrary interconnect struc- ESPRIT NANOLASE project.
tures) using self-assembly based approaches. However, it has been shown
that computational functionality can be realized by networks of 4:10 PM
nanoscale metallic nodes which have been arranged into specific cellVarious AFM Nano-Oxidation Processes for Planar Type Single
and interconnect structures, provided that each metallic node is coupledElectron Transistor: K. Matsumoté; Y. Gotoht; T. Maeda;
to a two-terminal semiconductor active device to provide a nonlinear, Electrotechnical Laboratory, 1-1-4, Umezono, Tsukuba-shi, Ibaraki-
nonmonotonic |-V relationship (e.g. a resonant tunneling diode char- kenn, 305 Japan
acteristic).[2] We have developed a directed self-assembly approach For the room-temperature operation of the single electron transis-
which provides nanoscale elements which are organized into structurestor (SET), the planar type structure was proposed by us and realized
required for useful electronic circuits and which have been integrated using the AFM nano-oxidation process. The process oxidized the sur-
onto a semiconductor device layer. The specific structure consists offace of 2nm thick titanium metal which sat on the atomically flat a-
close-packed arrays of 4 nm diameter Au clusters which are selectivelyAl,O, substrate using the AFM can tilever as an ultra-small cathode, and
deposited within regions on a low-temperature-grown GaAs surface formed the oxidized titanium (TiQ line which works as a tunnel junc-
coated with an organic tether molecule (xylyl dithiol). The deposition tion for the single electron transistor. So far, the width of the Ti@,
regions are defined using an elastomeric stamp pad which has been.e., the width of the tunnel junction was as fat as 30nm, and the
lithographically defined with the desired pattern. In the present dem- resulting drain current of the SET became as small as of the order of 10-
onstration, these regions are at the micron scale, however, the tech15A and included a large noise. For the improvement of the SET
nique should be capable of providing deep submicron regions. The localcharacteristic, the increase of the tunnel current is indispensable. There-
organization of the metal nanoclusters is provided by the self-assemblyfore, the reduction of the Tidine width has been important issue. For
process, which provides a means to realize well organized nanoscalehis purpose, following trials war examined, i.e., (1) pulse bias was used
structures without nanometer scale lithography. This approach allows for the oxidation instead of DC bias, (2) the humidity of the AFM
structures of interest (cells, interconnects) to be defined for a hybrid chamber was precisely controlled, (3) contact-mode carbon nanotube
electronic device/circuit structure containing nanoscale metallic nodes cantilever was applied. By adopting the pulse bias to the cantilever, the
and active device regions which have been organized into the structuresaspect ration of width and depth of the oxidized titanium line was
required to provide desired circuit functionality. The tether monolayer improved twice. This is because during the oxidation process, the posi-
also forms an effective etch mask for the LTG:GaAs substrate under tive hydrogen ion was produced and formed the positive space charge at
standard wet chemical etching, making it possible to use both the re-the front end of the titanium oxidation that prohibits the further
gions coated with xylyl dithiol and, possibly, the individual nanoclusters, oxidation. When the negative pulse bias was applied to the metal, the
as “in-situ” masks for patterning the semiconductor device regions. positive space charge was neutralized and the oxidation becomes pos-
These developments provide a means to realize nanoelectronic circuitsible again. Therefore, using the pulse bias, the deeper oxidation be-
using high-throughput fabrication techniques. [1] R.P. Andres, et al. comes possible and aspect ratio is improved. Using this process, the
Sci. 272, 1323, (1996). [2] V.P. Roychowdhury, S. Bandyopadhyay, D. width of the TiOx line becomes less than 20nm, typically 15nm. Fur-

B. Janes, IEEE Trans. on Electron Devices, 43, 1688 (1996). ther improvement of the oxide width is realized by combining the pulse
bias process and the humidity control. Using this method, the TiOx line
3:50 PM width of 10nm was realized. The apex of the cantilever also play an
Dry-Etched Grating in the MQW Active Layer for DFB Laser important role for the fabrication of the narrow oxide wire. The con-
Arrays Fabrication: Talneau Annt Bouadma Nouredirig Slempkes ventional apex of the cantilever is 10-20nm which limits the size of
Sergé; Ougazzaden Abdall&h *OPTO+, France Telecom/CNET, Route  the oxide wire. The narrower the apex of the tip, the narrower oxidized
de Nozay, Marcoussis 91460 France line will be expected. For this purpose, the contact mode carbon nanotube

We present an attractive technological approach for DFB laser cantilever was examined. The multi-wall carbon nanotube was attached
array fabrication which combines the high uniformity of RIBE dry- to the conventional contact mode cantilever by glue, and used as a ultra
etching and the high throughput of holographic exposure for grating small cathode for the oxidation of the metal. Using this special canti-
fabrication. Complex-coupled DFB laser structure with periodically lever, the oxide line width of 10nm is also attained even in the air
etched quantum wells allows high monomode yield and deterministic ambience. The single electron transistor with the tunnel oxide barrier
position of the emitted wavelength as far as the same grating geometryof 19nm was fabricated. The SET shows the drain current of the order
is realised for all the lasers. For first order coupling in 1.55um emitting of 10-12A which is three orders of magnitude higher current than the
DFB lasers, grating pitches are around 240nm. The holographic set-upprevious one. The increase of the drain current owing to the narrower
was designed to allow grating period accuracy better than 0.1nm. More-tunnel junction width improves the S/N ratio and the SET shows the
over, RIBE dry-etching which has already demonstrated a very high clear Coulomb oscillation with the periods of 2.1V at room-tempera-
depth uniformity and accuracy is preferred. As RIBE etching of InP ture.
related materials erodes the resist holographic mask, a dielectric mask
is defined by lift-off of the resist. The grating is etched in the two upper 4:30 PM +
wells of a ten MQW strain-compensated active layer. As fine anisotro- Semiconductor Patterning Techniques Based on Self-Assembled
pic etching with low damage and contamination is required, a very low- Structures: M. V. Batistutg D. B. Janes B. WalsH; J. Lilt; Q. Qu; R.
ion energy RIBE etching -50eV- was used in order to limit degradation P. Andres, E. L. Peckham E. -H. Chei; Purdue University
of the etched wells materials. These RIBE conditions have been optimised Fabrication techniques developed to obtain nanoscale devices must
with the help of carrier lifetime measurements. After etching and chemi- combine the desired functionality with high throughput. This requires
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the processing of a large quantity of interconnected molecular size means of a thermo-mechanical analyzer (TMA). For all molecular
structures at the same time, on a suitable device substrate. One apweights it is observed that the irreversible part of deformation increases
proach, which can provide such interesting structures, is the use ofwith increasing temperature. The ratio between the irreversible (flow)
chemically self-assembled nanostructures. While such techniques areand the reversible part (recovery) of deformation depends strongly on
typically applied on inert substrates, the application of these tech- the molecular weight. The low molecular weight polymer shows the
niques to semiconductor device structures could provide the basic build-largest irreversible part of deformation for a given temperature differ-
ing blocks required for higher density computational networks. One ence with respect tosTAlthough the results of imprints into thin films
example of a self-assembly technigue applied to semiconductor fabrica-were only qualitatively evaluated by scanning electron microscopy
tion is the use of self-assembled monolayers (SAM’s) of organic mol- (SEM) no similar tendency was observed. Independent of the molecular
ecules as ultrathin resists for e-beam nanolithography [1]. Reported weight good flow was obtained only at imprint temperatures of 80°C
etching results using SAM resists on stoichiometric GaAs show incom- above the glass transition. It seems that flow is much more affected by
plete protection of the GaAs surface, which can be attributed to the the presence of the rigid substrate underneath the polymer thin film
relatively rapid oxidation of the GaAs and the corresponding lack of rather than by the molecular weight itself. This clearly would set con-
chemical stability of the SAM’s on the surface. The present work straints to the nanoimprinting technigque as a relatively high tempera-
involves the patterning of GaAs device layers using two types of mask- ture is required for good pattern transfer. On the other hand, a high
ing technigues based on chemical self-assembly. The first techniqguemolecular weight may be chosen with no need to apply higher tempera-
involves deposition of pattern regions of a Xylyl Dithiol SAM using an tures and better etching stability may be obtained.

elastomeric stamp pad technique. A two step selective chemical etch-
ing technique is then used to obtain controlled etching depths of a few
nanometers per iteration. A surface layer of low temperature grown
GaAs (LTG:GaAs), which oxidizes more slowly than stoichiometric

GaAs, has been used to obtain more stable SAMs on the GaAs surfacSeSSion R Properties Of InGaN
and therefore more effective protection from the etchant. Since the Heterostructures and Devices

thin (3-5 nm) LTG:GaAs layer provides electronic passivation of the

surface, a shallow etch is sufficient to effectively pattern devices. While

similar in principle to the electron beam lithography using SAM resists, Thursday PM Room: Lotte Lehman Hall

this technique offers an effective etch protection mask with a higher JuIy 1,1999 Location: Music Building
throughput than e-beam nanolithography. Initial demonstrations have

been at the micron scale, but there is evidence that the technique can be . . . . . .
extended to deep submicron dimensions. The second technique in-SeSSlon Chairs: Joan Redwmg, Epitronics, Phoenix,
volves nanometer scale patterning using uniform size gold nanoclustersAZ USA; Christian Wetzel, Meijo University, High Tech
as etch masks on GaAs device layers. Initial experiments have usedResearch Center 1-501, ShigomaguchiTenpaku-ku,
20nm clusters which are tethered using dithiol SAMs on layer structures Nagoya, Japan

capped with LTG:GaAs. By applying appropriate etching techniques, it

is possible to etch a mesa beneath each cluster, resulting in an in-situ
metal contact over the semiconductor mesa. While initial experiments

have utilized isolated clusters, it is possible in principle to use more 1:30 PM

complicated configurations obtainable from self-assembly, including 1- Single-Mode Nitride-Based Laser Diodes Using Thick n-AlGaN

D or 2-D arrays of nanoclusters, as the in-situ masks. The resulting Layers: T. Takeuchi N. Hayashi M. lwaya; K. Isomura; K. Kimurat:

metallic |sl?ndfs anq semjlcopducton;fdeVlce meiasDi/(\J/ng pro;(/lldf l:nlt CTHM' Yamaguchi, T. Detchprohrfj S. Yamaguchj C. Wetzet; H. Amand:;
structures for functional device architectures. [1] D.W. Carr, M.J. Lercel, I. Akasakh: S. Watanalfe Y. Yamaoka R. Shiod& T. Hidaka: Vs.

C.S. Whelan, H.G. Craighead, K. Seshadri and D.L. Allara, J. Vac. Sci. Kanekd: Yw. Kanekd; N. Yamada !Meijo University, Dept. of Elect.

Technol. A 15, 1446-50 (1997). and Electr. Eng., Nagoya 468-8502 Jap#igwlett-Packard Laborato-
ries, 3-2-2 Sakado, Takatsu-ku, Kawasaki 213-0012 Japan

It is quite difficult to grow crack-free thick AlIGaN on GaN due to th
large lattice mismatch between AlGaN and GaN. In order to preve
cracking, conventional nitride-based laser diode (LD) structures off
have AlGaN cladding layers with insufficient AIN mole fraction (abou
5%) and thickness (about 0.5microns) to effectively confine the opti-

. ¢ lief | . lasti | b . | ~ cal mode. This leads to optical leakage from guiding layer into the
priate surface refief into a viscoelastic polymer above its glass transi- underlying n-GaN layer, resulting in lower optical confinement and a

tion temperature. Under the applied pressure the polymer starts to ﬂOWmuIti-peak far field [1]. In this paper, we propose a new LD structure in

below the elevated stamp features and fills the recessed areas of thg .1 thick n-AlGaN is used instead of thick n-GaN. We first investi-

stamp. It has been shown that the technique is capable to prOduceE\ated the AlGaN layers directly grown on low-temperature-buffer/sap-

THURSDAY PM

4:50 PM
Thermo-Mechanical Properties of Polymers for Nanoimprint
Lithography: Thomas Hoffmanf Frank Gottschalch Clivia M.
Sotomayor Torrés BUGH Wuppertal, Institute of Mats. Sci., Gauss-
Str. 20, Wuppertal 42097 Germany

Nanoimprinting is based on embossing a rigid stamp with an appro-

featu.res as sma.II as 10 nm af“,’ nanodevices such as smglg electro hire substrates by metalorganic vapor phase epitaxy. The thickness of
transistors. Despite these promising results a number of questions hav IGaN layers was about 1micron, and the AIN molar fractions were up

to be answered to evaluate the application of the technique for Mass,y g 2. From the X-ray measurements, we found that these AlGaN
fabrication. One of these questions arises from the successful transferlaye'rs' were fully relaxed, while AIG’aN layers in AlGaN/GaN

of pattgrns ]f)vher Iarlge ares_s (f;lomeZ)cmhlc”h IIS relarl]ted to the;,loll'v heterostructures were under tension [2]. Moreover, the AlGaN layers
properties of the polymer thin films (typically less than 1 pm thick). It grown directly on the low temperature-buffer had very few cracks.

'i kn(r)]wn from nan(f)-lndenéatlr)n mgafjurertr)\ents n pﬂlymer'l.thm fl][fms Next, we grew GalnN quantum well LD structures including the thick n-
that the Eres_enlce 0 an_un erylnghrlglh S(;J strate ;uc fas silicon & eCtSAIGaN cladding layers. This structure had also very few cracks, even
the mechanical properties, e.g., the hardness. Therefore, we expecte ough it had 4micron-thick n-AlGaN with an AIN mole fraction of

that the viscoelastic properties which define the material flow during 7%. We also found that the n-AlGaN cladding layer was fully relaxed

imprinting differ from that of the bulk. In bulk materials the irrevers- and other layers were coherently grown on the underlying n-AlGaN
ible deformation (flow) on indentation depends on the molecular weight This means that there was no tensile strained layer, which prevented

and the temperature of the polymer. We carried out a study comparingthe generation of cracks in these LD structures. Both the far field

the indentation in bulk samples of poly(methylmethacrylat) (PMMA ) . ;

of different molecular wei htpwith thg ir'ry1( rint gf featuresyin )th(in films) pattern and the near field pattern of this new LD showed a clear single

of the same polvmers I%dentation of tFJ)qu samples with molecular peak. This result indicates sufficient optical confinement in this new
poly ) p LD structure. The threshold current of this laser structure was around

weights in the range from 50,000 to 810’09(_) were carried out in a range3OOmA, which is comparable to that of conventional laser structures
of temperature between the glass transitiop) @d © + 40°C by
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with an n-AlGaN/n-GaN/LT-buffer/sapphire structure, indicating that Company, Optoelectronics Div., 370 West Trimble Rd., San Jose, CA
high quality layer structures can be obtained on AlGaN/LT-buffer struc- 95131
tures. This work was partly supported by the Ministry of Education, Blue and UV laser diodes have been produced recently by metalorganic
Sci., Sports and Culture of Japan (High-Tech Research Center Projecthemical vapor deposition (MOCVD) with lateral epitaxial overgrowth
and contract nos. 07505012, 09450133, 09875083) and JSPS Re{LEO). The dislocation density is reduced in the LEO GaN epilayers to
search for the Future Program in the Area of Atomic Scale Surface andimprove the laser performance. In our experiments, we have demon-
Interface Dynamics under the project of “Dynamic Process and Con- strated a new way to reduce the dislocation density by lateral over-
trol of Buffer Layer at the Interface in a Highly-Mismatched System”. growth from trenches (LOFT). In LOFT, trenches are etched in GaN
[1] D. Hofstetter et al., Appl. Phys. Lett. 70(1997)1650.[2] T. Takeuchi thin films first. The bottoms of the trenches and the surfaces of the
et al., Jpn. J. Appl. Phys. 36, L177 (1997). mesas are then masked with silicon dioxide, so that the regrowth of
GaN thin film is forced to initiate from the trench sidewalls. Since the
threading dislocations formed in the original growth tend to be parallel
to the sidewalls, they are therefore basically “dislocation free” sub-
strate for regrowth. The advantage for LOFT over LEO is that the
dislocation density is reduced over the whole wafer within one re-
growth. The structures of the GaN grown by LOFT has been studied by
Brigitte Siebet; Edward J. Thrush University of Gent, Inform. Tech. TEM, SEM, and AFM etc. Our TEM observation indicates that the
- IMEC, Sint-Pietersnieuwstraat 41, Gent B-9000 Belgiédniversité dislocation density is reduced dramatically in the LOFT GaN layers.
des Sciences et Technologies de Lille, Laboratoire de Structure etElectronic and optical properties of the LOFT GaN based materials and
Propriétés de I'Etat Solide, UPRESA 8008, Batiment C6, Villeneuve devices will also be discussed.
d’Ascq Cédex 59655 FrancéThomas Swan & Co, Ltd., Unit 1C,
Button End, Harston, Cambridge CB2 5NX UK 2:30 PM +

We report on the fabrication of GaN-based light emitting diodes Measurement of Crystallographic Tilt in the Lateral Epitaxial
using epitaxially laterally overgrown GaN (ELOG) substrate layers, Overgrowth of GaN: Paul T. Fini; James P. IbbetsgnHugues
grown by organometallic vapour phase epitaxy (OMVPE) on c-plane Marchand; Lijie Zhao'; Steven P. DenBadfslames S. Spetk Univer-
sapphire in a vertical rotating disk reactor. The active region of the sity of California, Santa Barbara, Mats. Dept., Bldg. E-Il, Santa Bar-
LEDs is positioned between a Si-doped n-type GaN layer and a Mg- bara, CA 93110 USA2University of California, Santa Barbara, ECE
doped p-type GaN layer, and consists of g&# N/GaN multi quan- Dept., Bldg. E-I, Santa Barbara, CA 93110 USA
tum well structure, with x varying between 0.15 and 0.2. Reactive ion Lateral epitaxial overgrowth (LEO) has recently been shown to
etching was used to expose the n-type GaN, whereas the metal contactsignificantly reduce extended defect density in GaN films grown on
consisted of AuGe/Ni for the n-type layer, and Ni/Au or Ni/Pt/Au for sapphire by metalorganic chemical vapor deposition (MOCVD). How-
the p-type layer. The applied ELOG layers were investigated by various ever, some difficulties remain in controlling the structural quality of
characterisation techniques, such as cross-sectional transmission electhe overgrown material. For example, in the LEO of GaN from <1 -1 0
tron microscopy (TEM), X-ray diffraction (XRD), photoluminescence 0> - oriented stripes in an Sj@nask it has been observed in transmis-
(PL) and cathodoluminescence (CL). TEM indicated a substantial re- sion electron microscopy (TEM) that the “wings” (overgrown GaN)
duction of the threading dislocation density, resulting in overgrown exhibit crystallographic tilts away from the “window” (seed) regions.
areas, which are virtually dislocation free. Hence, improved optical and Wing tilt may cause significant problems when coalescence of neigh-
structural properties were obtained: PL revealed a decrease of the yelboring LEO stripes occurs, since coalescence fronts take the form of
low luminescence, CL emission was much more intense for the over- double-angle tilt boundaries, and may be sources for additional disloca-
grown regions, and finally XRD evidenced an enhanced crystalline tion generation. Obviously a desirable result would be the elimination of
quality by means of a reduction of the rocking curve FWHM by 20%. wing tilt altogether, as it would enable the fabrication of large-area
This quality progress was reflected in an enhancement of the ELOG devices such as LEDs and lasers without regard to the underlying stripe
LED performance, compared to conventionally grown LEDs. Not only orientation and spacing. In this presentation, x-ray diffraction (XRD)
the usually observed decrease of the leakage current was encountereid demonstrated as a straightforward means of measuring wing tilt in
under reverse bias conditions, but also an increase of the output powetEO from stripes. Specifically, aw rocking curve about the 002 peak
by at least a factor of 40 was discovered, as opposed to what otheris performed, with the scattering plane perpendicular to the stripe
groups report [1]. This might indicate that in our case threading dislo- direction. In this study, LEO of GaN on an Si®ask was performed
cations do act as non-radiative recombination centers in the conven-simultaneously on <1 -1 0 0>-oriented stripe patterns of various “fill
tional LEDs on (0001) sapphire, with a carrier diffusion length, which factors” (ratio of stripe opening width in mask to stripe period), since
is large enough for the carriers to be trapped by the dislocations, due tat has been shown that fill factor has a direct influence on stripe mor-
a shorter average distance between these defects. Under normal circunphology. Additionally, the growth parameters of temperature and input
stances, such defects do not act as non-radiative centers, because asVdlll ratio were varied, as they are also known to affect the manner in
result of the more ionic character of the nitrides and the In-composi- which the stripes grow. The effects of these parameters on the degree
tion fluctuation, efficient exciton localization occurs, i.e. the carriers of wing tilt measured by XRD are shown and correlated with TEM and
can not travel far enough to encounter the dislocations [2]. The InGaN- scanning electron microscopy (SEM) of stripes in cross-section. For
based LEDs exhibit a typical turn-on voltage of 6 V and an operating the “baseline” growth conditions in this study, tilts on the order of 1-2
voltage of 8 V at 20 mA. These high voltages are mainly caused by theare measured, and increase with increasing fill factor. When the growth
non-optimized p-type contacts, which still show Schottky behaviour. temperature is increased by°@) wing tilt increases (< <4, and is
Progress was already made by using Ni/Pt/Au contacts instead of Ni/Auhigher for higher fill factors as well. However, when the V/III ratio is
contacts for the p-type GaN layer, which resulted in a decrease of thelowered to half of that of the baseline conditions, little or no discernable
turn-on voltage towards 4 V. Further optimization of these contacts is tilt is measurable for the range of fill factors studied. These results are
expected to give rise to a significant improvement of the device effi- explained in the context of an energy balance between the LEO GaN/
ciency. [1] T. Mukai et al., Japanese Journal of Applied Phys., Vol. 37 SiO, interface and the free stripe facets, which are dependent on growth
(1998), pp. L839-L841. [2] S.D. Lester et al., Applied Physics Letters, conditions and pattern geometry. The authors wish to acknowledge
Vol. 66(10), (1995), pp. 1249-1251. funding support from the Office of Naval Research (IMPACT MURI,

C. Wood) and the Air Force Office of Scientific Research (G. Witt).

1:50 PM

Violet-Blue InGaN/GaN MQW Light Emitting Diodes on Epi-
taxially Laterally Overgrown GaN.: Koen Jacobs Wim Van der
Stricht; Ingrid Moerma#; Piet Demeestér Steven Verstuyft Joél De
Nayet; Peter Van Daele Amal Amokrané, Sophie Dassonnevillp

2:10 PM

Dislocation Reduction in GaN Epilayers via Lateral Overgrowth
from Trenches Y. Chef S. Y. Wang, R. S. Kerg, C. H. Chea C. P.
Kuo?; 1Hewlett-Packard Company, Hewlett-Packard Laboratories, 3500
Deer Creek Rd. MS26U-12, Palo Alto, CA 9430CHiewlett-Packard
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MOCVD Growth and Characterization of AlilnGaN Quater-
nary Alloys: Michael E. Aumer S. F. LeBoeuf F. G. Mclintosk VY. C.
Chang; J. F. Muth; R. M. Kolbag; S. M. Bedait, North Carolina State



University, Dept. of Elect. and Comp. Eng., Box 7911, Raleigh, NC across the QW, which is a sum of the fields due to spontaneous and
27695 USA piezoelectric polarizations and pn junction field, on the quantized en-
Recent advances in lll-nitride knowledge have allowed both the ergy levels are described to show how F changes them. Indeed F causes
commercialization of nitride-based devices and the demonstration by the redshift of the QW resonance through the quantum confined Stark
several groups of room-temperature cw operation of a nitride basedeffect (QCSE). Even under such high F stronger than 500 kV/cm, a 5-
laser diode. Despite these successes resulting from progress in the growthm-thick GaN SQW exhibited a clear excitonic absorption peak even
of the ternary alloys AlGaN and InGaN, relatively little is known of the at room-temperature (RT). Despite this fact, spontaneous emission
properties of the quaternary alloy,M,Ga, , /N. Growth of high quality intensity of the GaN SQW is very low; the structure does not exhibit
quaternary alloys enhances the experimental capability to investigatestimulated emission. Conversely, slightly In-alloyed GaN SQW (InGaN
the role of strain and piezoelectric effects in GaN-based quantum wells UV LED) exhibited bright UV emission and showed the stimulated
and allows fabrication of lattice matched active layers. Sample growth emission from the edge. The absorption spectrum of strained InGaN
was performed in a modified Thomas Swan MOCVD system. A 350 QWs is further modulated by quantum-confined Franz-Keldysh effect
angstrom ALE-style AIN buffer layer, followed by 2 microns of MOCVD and bulky Franz-Keldysh effect from the barrires when the potential
GaN were deposited before quaternary layer growth. Thie &l , N drop across the well (FxL) exceeds the valence band discontinuity, dEv.
layer was grown at temperatures between 780°C and 875°C at atmo-This produces apparent Stokes-like shift in addition to the in-plane net
spheric pressure in a vertical reaction chamber. The precursors used foStokes-like shift due to the potential inhomogeneity in InGaN QWs.
this study were ammonia, trimethylgallium, trimethylaluminum, and Under large FxL with L larger than the 3D exciton Bohr radius aB, e-h
trimethylindium. Purified nitrogen was used as the carrier gas. The bandpair is confined in opposite sides of the well resulting in reduced
gap of the samples was determined from transmission measurementsvavefunction overlap. However, the quantum confinement is enough
and PL, the lattice constant was extracted from XRD data, and chemi-provided that L<aB, and effective in-plane localization of the QW
cal composition was confirmed through EDS. A series of samples was excitons in quantum disk size potential minima, which are produced by
grown based on the growth conditions necessary for high quaj®aIn nonrandom alloy potential fluctuation enhanced by the large bowing
N (x = 0.08 to 0.16). The Al flow varied from 0.06 to 0.15 micromols/ parameter and F, is found to play an important role to produce efficient
min, and the Ga flow varied from 1 micromol/min for high temperature emission. The InGaN amber SQW LEDs with InN mole fraction larger
growth down to 0.7 micromols/min for growth at 780°C. The In flow than 0.23 suffers from huge piezoelectric field, but exhibit reasonal
was changed to maintain a constant 10:1 ratio of In to Ga. Theseefficient emission since L<aB.
conditions resulted in Aln Ga,, N films with compositions in the
range of x=0 to 0.2 and y=0 to 0.16. Growth of high quality quaternary 3:50 PM
alloys was confirmed by the presence of band edge PL. It was found thatPiezoelectric Effects in the Radiative Centers of GalnN/GaN
quaternary growth must occur at temperatures much higher than thoseQuantum Wells and Devices Christian Wetzé| Tetsuya Takeuchi
required to obtain high quality InGaN; otherwise, the PL spectrum is Hiroshi Amand; Isamu Akasakj !Meijo University, High Tech Re-
dominated by deep level emission. However, the elevated temperaturesearch Center, 1-501 Shiogamaguchi, Tenpaku-ku, Nagoya, Aichi 4
necessitates a redesign of the growth parameters such as growth rat8502 Japan
precursor molar ratios, and ammonia flow, in order to incorporate a Identification and control of the electronic band and defect str
significant percentage of indium. Growth parameters fqinfGa, , N ture in GalnN/GaN wide band gap heterostructures is of pivotal r
lattice matched to GaN are reported, and material properties for theevance for the design of high efficiency light emitting devices a
unstrained bulk are compared with data for strained thin films. Mercury power electronics. In groundbreaking works, a large number of exp¢
probe C-V measurements demonstrate the presence of a 2D electromental evidence has been presented that show features typically a
gas at the GaN-AlIn,Ga,, N interface. Preliminary data is reported on ciated with structural inhomogeneities, defects, and impurities.
the properties of lattice matched unstrainedn}Ga, , N/InGaN double example large discrepancies of band gap energies and emission w
heterostructures. The successful growth of device quality quaternarylengths have been reported, wavelength shifts depending on excita
alloys will permit fabrication of several lattice matched device struc- power or Dr. current, as well as spatial inhomogeneities of emissi
tures which are not feasible for the current highly strained structures. energy, intensities and contrasts in electron microscopy. On the ot
hand, high total and differential efficiencies for radiative emissia
would characterize those defects as very beneficial for high dev
performance and worthy special consideration and discussion. To
end, we have employed photoluminescence under variable conditig
photomodulated, and electromodulated reflection to GalnN sing
heterostructures, GalnN/GaN quantum wells, and device structures. By a
detailed analysis, abundant information on the radiative centers is di-

THURSDAY PM

3:10 PM Break

3:30 PM

Behavior of Quantum Well Excitons under Internal Fields of
GaN/AlGaN and InGaN/GaN/AlGaN Quantum Well Structures:
Shigefusa F. ChichiBu Takahiro Deguchj Takayuki Sotg Steven P.

DenBaarg Shuji Nakamurg 1Science University of Tokyo, Elect.

rectly obtained. We take into account that large pseudomorphic strain

Eng. Dept., Faculty of Sci. and Tech., 2641Yamazaki, Noda, Chiba in uniaxial wurtzite layers with partly ionic bonding conditions induces

278-8510 JapartWaseda University, Dept. of Elect., Electr., and Comp.
Eng., 3-4-1, Ohkubo, Shinjuku, Tokyo 169-8555 Japglmjversity of

very large piezoelectric effects. From well-resolved Franz-Keldysh os-
cillations in the spectral reflectivity, we very accurately determine the

California, Santa Barbara, Mats. and ECE Depts., Santa Barbara, CAmagnitude of electric fields acting in GalnN single heterostructures.
93106-5050 USA?:Nichia Chemical Industries, Research and Develop- Fields up to 1 MV/cm are identified which has significant consequences
ment Dept., 491 Oka, Kaminaka, Anan, Tokushima 774-8601 Japan on the electronic states of impurities and other radiative centers in the
Major developments of IlI-nitride semiconductors have led to the well. Similar very clear signature is seen in the case of GalnN/GaN
commercial production of quantum well (QW) structure blue/green LEDs quantum wells. Here we find a clear correlation of the derived electric
and to the sample forwarding of LDs lased at 400 nm with lifetimes field values and several transitions including the maximum of the lumi-
more than 10,000 hours. InGaN alloys are attracting special interestnescence. We find that to a very good approximation all transition
because they form active regions of UV, blue, green, and amber SQWenergies are very well described considering the quantity of the piezo-
LEDs and MQW LDs. The emission mechanisms in InGaN are not yet electric dipole moment across well. This concept bears strong similari-
fully understood due to complex material physics and Eng., such asties to Wannier-Stark ladders in AlIGaAs/GaAs systems with the impor-
phase separation or compositional inhomogeneity due to large mis-tant distinction that in the present case the width of the barrier is not
matches in the lattice constants, vapor pressure, and optimum growthapparently a relevant parameter. The role of the electric field in the
temperature between GaN and InN, large effective masses and polarizatransition energy is further identified by its variation in an externally
tion due to the wurtzite crystal lattice. In this presentation, fundamen- applied bias field. Besides a shift of the emission, energy previously
tal electronic modulations and decay dynamics in strained AlGaN/GaN assigned to the quantum confined Stark effect we observe a bias field
and InGaN QWs are treated to explore the reason why InGaN devicescontrolled splitting of the levels associated with the luminescence. This
emit bright luminescences in spite of the large threading dislocation again indicates that the centers of radiative emission are strongly con-
(TD) density up to 1010 cm-3. Effects of the internal electric field, F, trolled by the quantity of the electric field. Altogether, this renders
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valuable details on the highly efficient radiative centers. This work was morphology [1]. As a result, the decay time shortens, the PL peak blue-

partly supported by the MESSCJ and JSPS. shifts and the PL efficiency increases, reaching its maximum value for
a Si doping concentration of ~ 2x 2@&m3. The work at UCSB is

4:10 PM supported by QUEST NSF Sci. and Technology Center and at CSU by

Phase Separation in InGaN/GaN MQWs L. T. Romang M. D. the National Sci. Foundation. [1] S. Keller, S.F. Chichibu, M.S. Minsky,

McCluskey; T. Suski; J. JuR; 1Xerox Palo Alto Research Center, 3333 E. Hu, U.K. Mishra, S.P. DenBaars, J. Crystal Growth vol. 195, (1998)
Coyote Rd., Palo Alto, CA 94304 USANashington State University, 258.
Dept. of Shock Phys., Pullman, WA 99164-2814 USWBnipress, Ul,
Sokolowska 29, 01-142 Warsaw, Poland 450 PM +

Phase separation of InGaN is an important topic related to the Optical Band Gap Dependence on Thickness and Composition
possibility of forming “localized states” in nitride blue lasers. Anneal- of InGaN Grown on GaN: Christopher Arlen Parkér Mason J.
ing experiments were performed onGa, ,N/GaN MQW samples, grown Reed; John C. RobertsSandra X. Lig N. A. El-Masry; S. M. Bedaik,
by MOCVD, as a function of both temperature and nitrogen overpres- INC State University, Elect. and Comp. Eng., 232 Daniels Hall, Box
sure for compositions in x up to 0.30. The nitrogen pressures that were7911, Raleigh, NC 27695 USANC State University, Mats. Sci. and
used ranged from atmosphere pressure up to 15 kbar at temperatureEng., 232 Riddick Labs., P.O. Box 7916, Raleigh, NC 27695 USA
between 958C - 1400C. It was found by TEM that phase separation While much attention has been directed toward the properties of
only occurred under conditions that produced voids within the MQWSs. thin pseudomorphic InxGal-xN used as active layers in optical devices,
Void formation could be suppressed at high nitrogen overpressures (15the properties of thicker, unstrained InxGal-xN films are not well
kbar) and subsequently phase separation did not occur. The phase sep&nown. Often, the band gap (Eg) of relaxed InxGal-xN films is deduced
ration was correlated to an In-rich peak observed in XRD and a low from measured band gaps of strained films by utilizing elastic properties
energy peak observed by optical absorption. For sufficiently high tem- of GaN to calculate the band gap shift due to a deformation potential.
perature (140WC) at 15 kbar, interdiffusion of the wells and barriers Direct experimental measurements of unstrained InxGal-xN films for
occurred rather than void formation or phase separation. These resulta wide range of x can alleviate any controversy in these deduced band
suggest the difficulty in bulk phase separation of InGaN. A simple gaps. We report on the optical properties of unstrained InxGal-xN

model explaining these results will be discussed. films grown on a GaN pre-layer on sapphire substrates by atmospheric
MOCVD. Variance of x is achieved by varying the growth temperature
4:30 PM + between 750°C and 820°C while holding the organometallic fluxes

Role of Below Bandgap States in the Radiative Emission of constant. The InxGal-xN films investigated have values of x between
InGaN/GaN Quantum Well Structures: Georgiy O. Vaschenkp 0 and 0.25 as determined by X-ray diffraction (XRD) and thicknesses
Milan S. Minsky; Dinesh Paté] Luiz S. Assi$ Robert L. Pidcock up to 1 mm determined by cross-sectional TEM. Off-axis double crys-
Carmen S. Menohi Stacia Kellet; Evelyn L. H# Steven P. DenBads tal X-ray diffraction (DCXRD) verifies that the films are unstrained.
1Colorado State University, Dept. of Elect. Eng., Fort Collins, CO Photoluminescence (PL) is employed to determine the optical band
80523 USA;2University of California, Santa Barbara, Dept. of Mats. gap of these relaxed films and an experimental band gap bowing param-
Eng. and Elect. and Comp. Eng., Santa Barbara, CA 93106 USA eter of 3.8 eV for unstrained films is determined. This value is based on
The physics underlying the radiative emission in InGaN/GaN mul- relaxed films with a much wider range of x than previously reported
tiple quantum well (MQW) structures impacts the design of light emit- values for strained films. We also find that the optical properties as
ting devices. The main features of the radiative processes in thesedetermined from PL depend on the thickness of the film and can be
structures are explained with different models which emphasize the characterized by three regions. For very thin InxGal-xN films, the
effect of localization of carriers on In alloying fluctuations, self-for- measured optical band gap is comparable to strained films reported in
mation of InN quantum dots, and the spatial separation of carriers by the literature. For very thick InxGal-xN films, the optical band gap of
piezoelectric fields. We present evidence that the main radiative emis-these unstrained films is independent of thickness. However, a third
sion band in the InGaN/GaN MQW structures arises from recombina- intermediate region is observed where the PL data is dominated by deep
tion via energy states localized 100-200 meV below the bandgap. Thelevel emissions which are not consistent with the PL data of the other
main signatures of such deep level emission are a large Stokes shift andwo regions. The rationale for the dependence of the optical band gap
decay times exceeding 10 ns. The origin of the broad distribution of on thickness and the value x will be discussed and the nature of defects
deep energy states could be associated with either indium compositionin the three regions will be reported.
fluctuations and/or the presence of extended and point defects in the
MQWs. Two sets of IjGa, N/GaN samples were investigated. One set
consisted of 4 samples with x varying between 10 and 16 % and identi-
cal Si doping of ~ 2x1®cm? in the barriers. Another set was composed

of 5 samples with x fixed at 20 % and Si doping in the barriers ranging SeSSion S Silicon Carbide PI’O-

from 107 to 3x10° cm3. All structures were grown on c-sapphire Cessing for Devices
substrates with a #m GaN buffer layer and consisted of 3 nm wells

separated by 7 nm barriers. The samples were characterized by time
integrated and time resolved photoluminescence (PL), and absorptionThursday PM Room: Multicultural Center Theater

measurements. PL spectra were taken in a wide range of excitationJmy 1.1999 Location: University Center
power densities, and sample temperatures ranging from 11 to 350 K. '

The common feature of all the samples is a broad (on the order of 90- . . . .

200 meV) PL spectrum where the PL peak is red shifted by >100 meV Session Chairs: Michael A. Capano, Purdue Univer-
with respect to the absorption edge. The Stokes shift is larger for the Sity, School of ECE, W. Lafayette, IN USA; Tom
samples with high In concentration and for the samples with small Si Jackson, Penn State University, University Park, PA
doping in the barriers. Increasing the Si concentration in the barriers | yga

gradually blue shifts the PL peak emission and absorption edge. The PL

exhibits decay times in the range of 1 - 20 ns depending on the sample;
and short rise times of 10 - 30 ps. Both the decay and the rise time are

longer in the samples with larger Stokes shift. Our experiments also 30 PM

show that within the PL emission band the decay time is dependent OnPhosphorus and Nitrogen Implantation into 4H-SiC Michael A.
the detection energy, being longer for detection energies below the PLCapanG; Rajkumar SanthakunfarMrinal K. Dag; James A. Coopér
peak. Increasing the In composition broadens the energy distribution Michael R. Mellock; Purdue University, School of Elect. and Comp.

of the deep states, leading to broader PL, and longer lifetimes. TheEng 1285 Elect. Eng. Bldg., West Lafayette, IN 47907-1285 USA
introduction of Si into the barriers affects the deep level emission by b ' ' " '

reducing the density of deep states through improvement of the sample
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Many SiC electronic devices require selective doping of epitaxial are Capacitance-Voltage (CV) profiling, admittance spectroscopy, Deep
layers that can only be achieved by ion implantation. However, ion Level Transient Spectroscopy (DLTS) and Secondary lon Mass Spec-
implantation processing has been identified as a cause of low carriertrometry (SIMS). A reduction of the electrically active acceptor con-
mobilities in the inversion channel of metal-oxide-semiconductor field centration by up to 3 orders of magnitude is detected. The thermal
effect transistors (MOSFET). As an example, the inversion layer mo- stability of acceptor-hydrogen complexes is probed by annealing ex-
bility of 4H-SiC MOSFETSs built on implanted p-wells are typically less periments: for aluminum, the dissociation is observed in the tempera-
than 1 crdVs. When built on p-type epilayers, similar MOSFETs have ture range between 510 K and 570 K resulting in an estimate of the
higher mobilities, but they are usually less than 16/¢m Inversion- binding energy (1.75 eV). For boron, no dissociation has been found up
layer mobilities are known to increase with decreasing annealing tem-to now. There is clear evidence for an ion drift of hydrogen under the
perature needed to activate the n-type source/drain implant. Improvedinfluence of the electrical field in a Schottky diode. This proves that
transport characteristics of 4H-SiC MOSFETs may be realized if appro- hydrogen preferentially exists as a positive ion. In addition to the
priate implantation and annealing procedures are identified that facili- shallow acceptor states, there is also a passivation of the deep level
tate low-temperature (<1400) processing while maintaining good related to the boron D-center; its concentration is reduced by a factor
dopant activation. In this presentation, results from nitrogen and phos- of at least 20. Deep levels in n-type material, however, were not
phorus implantation experiments on 4H-SiC are discussed, in an effortaffected under similar conditions. References: [1] N. Achtziger,
to determine which element is the best choice for MOSFET source/ J.Grillenberger, W. Witthuhn, M. K. Linnarsson, M. Janson, B. G.
drain definition. In 4H-SIiC implanted with 3 x ®B@zm? nitrogen ions, Svensson, Appl. Phys. Lett. 73(7), 945 (1998) [2] N.Achtziger,
the minimum sheet resistance observed is B8dq. The minimum C.Hilsen, W.Witthuhn, M. K. Linnarsson, M. Janson, B. G. Svensson,
sheet resistance in 4H-SiC implanted with 4 ¥ D02 phosphorus ions phys. stat. sol.(b) 210, 395 (1998)
is 51 W/sq, a record low value for any implanted element into SiC.

Time-independent sheet resistances are observed following high-tem-2:10 PM +
perature annealing at 17@ for both nitrogen- and phosphorus-im-  Effect of Implant Activation Annealing Conditions on the In-
planted samples. Annealing at temperatures below abour@5use version Channel Mobility in 4H- and 6H-SiC MOSFETs Mrinal
sheet resistances to monotonically decrease with increasing duration ofKanti Dag; Michael A. Capan James A. CoopérMichael R. Mellock
anneal. Most significant in terms of device performance, the sheet Purdue University, School of Elect. and Comp. Eng., 1285 Elect. E
resistances measured from phosphorus-implanted 4H-SIiC are an ordeBldg., West Lafayette, IN 47907-1285 USA
of magnitude lower than those measured from nitrogen-implanted The ability to thermally grow SiOmakes MOS devices feasible on
samples. The response of phosphorus to low-temperature annealing iSiC. Efforts in optimizing the MOS interface using the MOS-C te{
outstanding, and sheet resistances below\#8 are achieved at 1200 structure has resulted in-@nd 0y in the mid 16t cm?2 and mid 1® eV-
Because the low annealing temperature characteristics of phosphorusicm? respectively for both 6H and 4H p-type SiC [1-2]. When utilizing
implanted 4H-SiC are so appealing, the behavior of phosphorus-im- this structure as a MOSFET gate, the two polytypes yield considera
planted 4H-SiC in an oxidizing atmosphere, both with and without different device characteristics. The 6H-SiC inversion channel mob
prior implant activation anneals, is examined to determine how readily ity approaches 100 ¢&fv-s which is a record high value for thermally
phosphorus can be incorporated into SiC MOSFETs. A three-hour gategrown gate oxides. The 4H-SiC mobility, on the other hand, can be
oxidation in wet Q at 1150C, followed by a 30 min argon anneal, order of magnitude lower for samples processed side-by-side with
yields a sheet resistance of 1084sq without an implant activation 6H-SIiC samples [3]. The additional processing steps needed to fabri
anneal. However, the oxide growth rate over an implanted source/drainMOSFETs have a greater impact on the 4H-SiC samples, thereby
region was a factor of five faster than over an unimplanted channel. quiring them to be independently optimized. We have found that
Activation annealing prior to gate oxidation reduced the oxide growth thermal budget prior to oxidation is critical when fabricating qualit
rate dramatically. Sheet resistances tended to increase by about 209MOS interfaces. The implant activation anneal of the n-type sourg
following oxidation compared to samples subjected solely to activation drain regions, therefore, is an important factor in the resulting dev
anneals. Mobility test structures which incorporate phosphorus im- quality. In this presentation, the temperature and ambient of the an
plantation technology are in process as of the writing of this abstract. are varied to examine their effects on the mobility. In the first expe
Results from these mobility tests, plus reasons for the disparity betweenment, MOSFETs are fabricated on 4H p-type SiC where the only p
nitrogen and phosphorus implants, are to be presented. cess variable is the anneal temperature performed in Ar. The sam
annealed at 140C and 130€C both yield single digit mobility. The
1:50 PM 1200C sample, however, shows promising characteristics with a pe
Hydrogen Passivation of Aluminum and Boron Acceptors in mobility of 25 cn#/V-s. Decreasing the anneal temperature improve

THURSDAY PM

SiC by Low Energy ion Implantation: Norbert Achtzige¥, Chris- the device characteristics. Using this logic, the best mobility would B
tian Huelsefy Wolfgang Witthuh®;, Margareta K. LinnarssénMartin attained from samples without any annealing step. Currently, 4H- and
JansoR; Bengt G. Svenssén University Jena, Institut fuer 6H-SIC MOSFETs are being fabricated with epitaxial source/drain re-
Festkoerperphysik, Max-Wien-Platz 1, Jena D- 07743 Gernt&oyal gions, i.e., without ion implantation and implant activation anneal.

Institute of Technology, Solid State Electronics, Electrum 229, Kista- The results of this experiment will be presented. SiC power MOSFETs
Stockholm S-16440 Sweden are typically fabricated with p-type implants which require a 2200

Hydrogen is known to passivate electrically active centers in vari- activation anneal [4-5]. At such elevated temperatures, the surface
ous semiconductors. In silicon carbide, hydrogen incorporation is known roughens, resulting in very low mobilities (<<1 ¥Ws). A possible
to happen during CVD growth, but systematic reports about intentional solution to this problem is silane annealing. Surface morphology studies
H passivation are rare (for references, see [1,2]). Generally, hydrogenshow that annealing in a silane ambient instead of Ar maintains the
diffusion is strongly trap-limited. To achieve a well-controlled incor- integrity of the surface [6]. Two 4H-SiC samples are fabricated into
poration of hydrogen, we are using implantation of hydrogen with very MOSFETs with a 40 min. anneal at 17Q0in silane. One sample has
low energy (300 eV per atom) to avoid self-trapping at implantation channels formed on an epilayer while the other has implanted chan-
defects. In p-type SiC, this results in a strong passivation of acceptorsnels. Despite the improved surface morphology, the mobility on the
(B and Al). In contrast to the very small range of the implanted ions in epi channel remains in the single digits whereas the implanted channel
the order of 10 nm, the passivation takes place on a micrometer depthsuffers from fractional mobility. This work is supported by the Office
scale already at an implantation temperature of 300 K, i.e. hydrogen isof Naval Research AASERT Grant No. N00014-95-1-1042 and MURI
highly mobile. The chemical concentration profiles of hydrogen and Grant No. N0O0014-95-1-1302. REFERENCES [1] L.A. Lipkin, et al.,
the profiles of passivated acceptors (B, Al) are closely related. Parts of Proc. ISCIII-N ?97, Part 2, pp. 853-856, 1998. [2] M.K. Das, et al., J.
these results are already published [1,2]. In the present contribution, weElectr. Mat., 27 (4), pp. 353-357, 1998. [3] M.K. Das, et al., IEEE
additionally report on the influence of implantation temperature Semiconductor Interface Specialists Conference, San Diego, CA 1998.
(300...680 K), ion fluence and of the sample’s doping level on the [4] J.N. Shenoy, et al., IEEE Electron Device Letters, 18, pp. 93-95,
degree of passivation and on the thickness of the passivated layer. All1997. [5] J. Tan, et al., IEEE Device Research Conference,
experiments are done on epitaxial (CVD) layers. The techniques used

47



-
XL
C
A
»
>
=<
1
=

Charlottesville, VA, 1998. [6] M.A. Capano, et al., Electr. Materials well as scanning electron microscopy (SEM) for any possible metal-
Conference, Charlottesville, VA, 1998. micromasking. Three different kinds of Ni Schottky diodes were pre-
pared. The first was on planar unetched surfaces to serve as control
devices, another on planar surfaces subjected to RIE and the last
nonplanar one was formed by metal deposition on the RIE-etched
Effects of Barrier Height Nonuniformity: B. J. Skrommie E. trenches. Control diodes indicated excellent forward characteristics
Luckowski; K. Moore!; M. Bhatnagay, C. E. Weitze}, T. Gehoski, D. with an ideality factor of ~1 and a barrier height of 1.55 eV. Analysis of
Ganset, !Motorola, Inc., Mats. Technology Laboratories, EL720, forward characteristics of planar diodes on etched surface and trenched
2100 E. Elliot Rd. 99164-2814, Tempe, AZ 85284 USA diodes indicated significant degradation in the electrical characteristics.
Schottky barrier diodes are a key component of many SiC devices,ldeality factor and barrier height of 2 and 0.93 eV were extracted on
such as MESFET's, high-voltage rectifiers, and static induction transis- planar etched diodes, which are similar to our previously reported re-
tors. Their properties on the 4H polytype are of particular interest, sults [1]. The characteristics of the Schottky contact on the trench
because of its higher and more isotropic mobility compared to 6H, sidewalls were obtained after eliminating the contribution from the
which yields higher current capabilities at a given breakdown voltage. Schottky contacts on trench bottom and top of the mesa region. The
Excellent rectifying characteristics have been reported for 4H-SiC di- barrier height on the trench sidewall was thus estimated to be 0.70 eV,
odes, but in most cases only the properties of “typical” or a few devices more than a factor of two lower than the enetched planar diode. The
have been described with little discussion of diode-to-diode or wafer-to- corresponding ideality factor was 2.3. Reverse saturation current den-
wafer variations. We will describe the results of an extensive investiga- sity (J) was also found to be significantly higher on the trench sidewall
tion of Schottky diodes using Ti, Ti/Al, Ti/Au, Ni/Au, Ni/Al, and Pt/Au  (1.8_105 A/cm2) than on trench bottom (3.4_20A/cm’2). Planar
metalization schemes on commercially purchased 4H-SiC epitaxial diodes with surfaces etched in SF6/02 showed better forward character-
wafers. Over ten wafers and hundreds of devices were processed aniktics than those with surfaces etched in CHF3/02. The barrier height
characterized. The material structure was eithgfl@¢ cm3)/n* or n on the diodes with surfaces etched in SF6/02 was 1.29 eV with a corre-
(107 cmr3)/n*, the latter do ping level being typical of that used in sponding ideality factor of 1.26. Reverse characteristics of the devices
MESFET structures. Post-metalization anneals were performed in ni- were measured up to 2@0. Measurements indicated that diodes etched
trogen at temperatures from 150 to 600°C. Both forward and reversein CHF3/O2 have better leakage current than diodes with SF6/02 etched
current-voltage (I-V) characteristics were measured along with capaci- surfaces. Reverse leakage currents of the trench devices were measured
tance-voltage (C-V) properties, primarily at room-temperature. A key to be quite high indicating significant contribution from the trench
finding is the existence of substantial variations in barrier height and sidewalls. Electric field crowding at the trench corners is also expected
ideality factor determined from |-V measurements from diode to diode to enhance the leakage current by increasing the image force-induced
for each metalization, whereas the barrier heights determined from C-barrier lowering. A more detailed analysis of the forward and reverse
V data were essentially constant. The barrier height determined from |- characteristics as a function of trench width and mesa width will be
V measurements is plotted as a function of ideality factor and shows apresented at the time of the conference. This study demonstrates the
linear decrease with increasing ideality, with slopes from -0.35 to -0.80 RIE-induced damage on the trench bottom and sidewalls on Ni/4H-SiC
eV. Ideality factors range from 1.03 to 2-3 or higher. We attribute the can have significant impact on SiC power devices such as SIT/MESFET,
reduction in effective |-V barrier height (by as much as 0.5 eV) and where Schottky contacts are utilized as basic building blocks. The au-
increased ideality factor to microscopic-scale variations in Schottky thors would like to acknowledge the support of this work by Philips,
barrier height within the contacts, as previously discussed in the case ofMURI of the Office of Naval Research, and NSF Center for Power
Si and GaN by Schmitsdorf et al. (J. Vac. Sci. Technol. B 15, 1221 Electronics Systems (EEC-9731677). [1]. V.Khemka, T.P. Chow, and
(1997)). The theory of current transport in inhomogeneous Schottky R.J. Gutmann, “Effect of reactive ion etched induced damage on the
barriers by R. Tung (Phys. Rev. B 45, 13509 (1992)), including the performance of Ni/4H-SiC Schottky diodes”, J. Electron. Mats., Octo-
pinch-off effect, is applied to model the data. Extrapolations of the I- ber 1998.
V barrier height data to near-unity ideality factors is shown to yield
values generally in good agreement with barrier heights determined by 3:10 PM Break
C-V measurements, which are relatively insensitive to low barrier height
“patches.” “Excess” currents are observed at low forward bias in many 3:30 PM
diodes, and show behavior explainable by the inhomogeneous transporHigh Rate Etching of Silicon Carbide F. Khart; L. Zhow; A. T.
theory of Tung, but not by generation-recombination processes in Ping; I. Adesidd; University of lllinois at Urbana-Champaign, Dept.
many cases. The relation of these excess forward currents to reverseef Elect. and Comp. Eng., 208 N. Wright St., Urbana, IL 61801-2355
bias leakage will be discussed. *Permanent address: Dept. of Elect. EngUSA
and Center for Solid State Electronics Research, Arizona State Univer- Silicon Carbide (SiC) is a wide bandgap semiconductor that is being
sity, Tempe, AZ 85287-5706. investigated intensively for high power, high temperature device appli-
cations. Static induction transistors, metal-semiconductor-field effect
transistors (MESFETs), and metal-oxide-semiconductor field effect tran-
Characteristics of Nickel Schottky Junctions on Trench Side- sistors (MOSFETs) are examples of devices that have been realized in
walls of Reactive lon Etched 4H-SiC Surfaces V. Khemkg T. P. this material. Another important application of SiC is as a substrate for
Chowt; R. J. Gutmanh) Rensselaer Polytechnic Institute, Center for GaN heterostructures. Due to the superior thermal properties of SiC
Integrated Electr. and Elect. Manuf., Troy, NY 12180-3590 and the close lattice-matching of SiC and GaN, semi-insulating SiC has
Reactive ion etching (RIE) is an important part of SiC device fabri- now become the material of choice as a substrate. Heterostructure field
cation technology because a large percentage of vertical SiC devices, agffect transistors (HFETs) fabricated in GaN on SiC have recorded the
present, are fabricated using epitaxial capability of experimental de- highest power density of any Ill-V HFETs. To properly conduct the
vices. Vertical power devices, such as the static induction transitor heat away from the GaN HFET channel, it is pertinent to adopt one of
(SIT), are fabricated with trench gates and any undesirable charactericstiche techniques that has been used for the realization of high power
of the contact on trench sidewall and/or bottom (metal-semiconductor circuits in other IlI-V materials. This is the via-hole process where it is
junctions) will manifest itself in poor performance. Previously, we necessary to etch materials with thicknesses as high as 50 to 100 pm.
have reported the effect of RIE in flourinated plasmas on the perfor- Etching of SiC is difficult in general. Wet etching is only achieved in an

2:30 PM
Electrical Characteristics of Schottky Barriers on 4H-SiC: The

2:50 PM +

mance of planar Ni/4H-SiC Schottky diodes [1]. In this paper, we will

electrochemical cell while conventional reactive ion etching produces

present the evaluation of Schottky contacts on the bottom and sidewallvery small etch rate. In this paper, we report our work on the investi-

surfaces of deep trenches (1.8r2)etched in 4H-SiC. The trenches
were formed using florinated plasmas (GHK and SEO,) with etch
rates as high as 85 nm/min using Al and/or Ni transfer masks. The
lateral width of the trench was varied from ind The sidewalls and

gation of inductively-coupled-plasma reactive ion etching (ICP-RIE)

of SiC in SF6-based plasmas. The etch rates of SiC were exhaustively
investigated as functions of ICP power, sample bias voltage, pressure,
and gas flow rate. Gas mixtures to be investigated include SF6, SF6/Ar,

bottoms of these trenches are examined using optical microscopy as
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and SF6/02. We have obtained etch rates ranging from a few nanom-decrease in barrier height as a function of temperature for both the 4H
eters per minute, which can be used be applied to surface sensitiveand 6H samples. The decrease in barrier can be modeled as an effective
devices, to ~ 1 um/min for via-hole process in SF6 plasma. Etch pro- barrier variation of 2.4 mVVC and 2 mV/C for the 4H and 6H-SiC

files and surface smoothness obtained under these conditions will besamples respectively. The extracted room-temperature effective bar-
characterized with scanning electron microscope (SEM) and atomic rier heights were found to be 2.18 and 2 eV for the 6H and 4H samples
force microscopy (AFM). Also, the electrical characteristics of SiC respectively while the extracted barrier heights at°@0@ere 1.4 and

etched at low self-bias will be presented. 1.1 eV for the 6H and 4H-SiC respectively. The barrier heights ex-
tracted are smaller than previously reported values due to the inclusion

3:50 PM of the flatband voltage in our analysis 1,2. The cause of the tempera-

Fast, Smooth, and Anisotropic Etching of SiC using SF6/Ar ture dependent barrier lowering and the effect of interfacial charge will

Myeong S. So Seung-Gu Lirfy Thomas N. Jacksén 'The Pennsylva- be discussed. 1 A. Agarwal, S. Seshadri, L. Rowland, IEEE Elec. Dev.
nia State University, Dept. of Elect. Eng., 121 Elect. Eng. East, Uni- Lett., 18, 592, (1997). 2 E. Bano, T. QOuisse, P. Lassagne, T. Billon, C.
versity Park, PA 16802 USA Jaussaud, SiC and related materials Conf., Kyoto Jpn., 733, (1995).
Using mixtures of sulfur hexafluoride and argon we have etched SiC
at rates as large as 1900 A/min with smooth surfaces and good etch4:30 PM
anisotropy. Such etching is useful for SiC vertical UMOSFETs and other Atomic-Scale Mechanisms of Oxygen Precipitation and Thin-
device structures. We have investigated magnetically enhanced reacFilm Oxidation of SiC: Massimiliano Di Ventrg Sokrates T.
tive ion etching of SiC in mixtures of sulfur hexafluoride (SF6) with Pantelides Vanderbilt University, Phys. and Astron., Stevenson Cen-
oxygen (02) or argon (Ar). Etching using SF6/02 resulted in roughened ter, Nashville, TN 37235 USA
surfaces (typically 25 A rms after etching) with a maximum etch rate The behavior of oxygen in SiC and the mechanisms of SiC oxidation
of about 800 A/min. Etching using SF6/Ar gave smoother surfaces and are important issues whose understanding would impact the develop-
larger etch rates, most likely because physical sputtering by Ar+ ions ment of SiC MOSFETS for power electronics. We report first-prin-
helps to remove nonvolatile or low-volatility fluorocarbon or carbon- ciples calculations of the atomic-scale dynamics of the nucleation and
rich etch products. For example, etching using equal flow rates of SF6 growth of SiO2 precipitates in SiC and relate the results to thin film
and Ar (each 40 sccm) with a 10 mTorr total pressure and a RF poweroxidation of SiC. The nucleation proceeds via the mutual attraction
input of about 2.5 W/cm2 gave an etch rate of nearly 1000 A/min. two oxygen atoms in two adjacent Si-O-C bridge configurations in tl
Atomic force microscopy showed that the surface roughness of SiC (110) plane of the SiC matrix. A third oxygen atom can bind to tl
etched under these conditions actually decreased slightly (from 6.1 A tocomplex in an adjacent Si-O-C bridge, but the resulting structure
4.4 A rms) and scanning electron microscopy showed good etch anisot-metastable. Energy is lowered if the third oxygen atom binds to a
ropy with slight trenching at feature edges. The etch rate increased toatom and the two are released as interstitial CO. The overall proceg
1900 A/min for a RF power input of about 3.5 W/cm2 with only exothermic with a reaction energy of about 0.7 eV. The CO molec
slightly increased surface roughness. The large etch rate, smooth surdiffuses along the [110] tubular directions with the oxygen atom alwa
faces, and good etch anisotropy make SF6/Ar etching attractive for SiC moving between one Si and two C atoms in different but adjacent s
device fabrication. and the carbon atom “wagging” behind as a C interstitial. The barr
for the diffusion of the CO molecule has been estimated to be about
4:10 PM eV. The metastable three-oxygen defect is reminiscent of the ther
Analysis of the Temperature Dependence of the SiO/ SiC donor in Si. The three oxygens bind by about 0.5 eV and the def
Barrier Height: Richard Waters Bart Van Zeghbroeék !University induces a donor state at about 0.2 eV from the conduction band ¢
of Colorado, Dept. of Elect. and Comp. Eng., Boulder 80309-0525 CO tinuum. Due to its binding energy the defect would rapidly transform
USA the stable defect responsible for the emission of a carbon intersti
A more complete understanding of the Fowler-Nordheim (F-N) suggesting that oxygen complexes in SiC cubic phase are unlikely.
tunneling phenomena through thermally grown silicon dioxide {SIO  above results on SiO2 precipitation bear relevance to SiC oxidation.
on silicon carbide (SiC) is required if high temperature SiC MOS-based oxygen atoms arrive at the advancing SiC/SiO2 interface, the proc
devices are to be realized. Previous studies have shown that thle SiO described above results in the emission of CO molecules, in agree
SiC barrier height is quite sensitive to the applied temperature 1-2. In with observations. In contrast to the case of Si oxidation, therm
this paper, we analyze the temperature dependent behavior of F-Ndonor-like defects are unlikely to form at the SiC/SiO2 interface. T
tunneling currents through Sj@rown on n-type SiC substrates includ-  work was supported in part by a DARPA grant N. MDA972-98-1-000
ing temperature dependence of the flatband voltage when performing aand EPRI grant N. W08069-05.
F-N analysis. The MOS capacitors used in this study were fabricated on
n-type 4H and 6H-SIC substrates with doping densities 6f @3 as 4:50 PM Late News
measured from capacitance voltage measurements. In order to insure a
clean interface between the Si@nd SiC, the samples were RCA cleaned
followed by the growth of a sacrificial oxide that was subsequently

etched off in HF. The tunnel oxides were then grown in a pyrogenic Session T Materials |ntegration:

water vapor atmosphere at 12@0for 10 min resulting in oxides of 84 . .

A and 93 A for the 6H and 4H samples respectively. Thin tunnel oxides GrOWth and CharaCterlzatlon
were grown in order to limit the effect of surface states on the flatband
voltage. The thickness of the oxides was measured by ellipsometry an .
capacitance-voltage (C-V) measurements. Nickel gate electrodes Wer(é-rhurSd""y PM Room' State _Stre(_at

then thermally evaporated completing the fabrication process. Room-July 1, 1999 Location: University Center
temperature flatband voltages of 0.9 V and 1.5 V for the 6H and 4H-SiC

MOS capacitors respectively were obtained from C-V data. The current Sessjon Chairs: Theresa Mayer, Penn State Univer-
voltage characteristics were measured at 20 different temperatures ranggity University Park, PA USA; Matt Seaford, Air Force

ing from 27C up to 300C. The temperature dependent barrier height
was found by performing a Fowler-Nordheim analysis on the data at Research Laboratory’ WPAFB, OH USA

each temperature. The temperature dependent flatband voltage must
be included in order to obtain the correct field across the oxide neces-
sary for the F-N analysis. It was assumed that the change in flatband
voltage, as a function of temperature, was due only to a variation in 1:30_ PM )

Fermi energy in the SiC and that the interfacial charge remained con-Lattice-Mismatched InGaAs Layers Grown on GaAs and InP

stant with temperature. An oxide effective mass of 0.42vas used in Compliant Substrates Koen Vanhollebeke Ingrid Moerman; Pe-
all F-N calculations. The result of the F-N analysis indicates a linear t€r Van Daelg Piet Demeestér *University of Gent-IMEC, Dept. of

THURSDAY PM

49



-
XL
C
A
»
>
=<
1
=

Info. Tech. (INTEC), Sint-Pietersnieuwstraat 41, Gent, - 9000 Bel- no structural degradation during enhanced relaxation. The efficacy of
gium the compliant substrate will depend upon the nature of the template-
Thin GaAs compliant substrates have been developed in order toto-glass layer bond and the growth conditions employed. In this work
reduce the strain in lattice-mismatched layers during epitaxial over- we compare the measured HRXD results to the calculated HRXD spec-
growth. The GaAs compliant substrates are fabricated by bonding atrum for growth on an ideal compliant substrate free of structural
GaAs substrate, containing an AlGaAs etch stop layer and a thin (30-80defects and unconstrained in the plane of the template/film interface.
A) GaAs layer, on a host GaAs substrate. Compliant substrates withThe peak breadths and positions observed in the slightly mismatched
twist angles from 10 to 45° were made. The layers are deposited by lowfilms are similar to that which would be calculated for growth on an
pressure organo-metallic vapor phase epitaxy (OMVPE). Several AlGaAsideal compliant substrate. The peak breadths observed from the highly
etch stop layers, which differ in composition (50-70% Al) and thick- mismatched InGaAs films are significantly broader than the calculated
ness (200nm - 1um), were investigated. The wafer bonding was per-values. These results are interpreted in terms of bonding-induced struc-
formed in a nitrogen atmosphere, and the optimized temperature andtural defects in the compliant substrate and the limits imposed on the
duration are respectively 660°C and one hour. Using the appropriatecompliant substrate’s efficacy by the nature of the template/handle
substrate cleaning before bonding (and overgrowth), the resulting com-bond in conjunction with the growth conditions employed.
pliant substrates have, after mechanical and chemical thinning, mirror-
like surfaces. The GaAs compliant substrates are overgrown with InGaAs2:10 PM +
quantum wells and bulk layers. Normarski phase contrast microscopy, Strain Relaxation in InxGal-xAs Lattice Engineered Substrates
room-temperature photoluminescence (PL) and double crystal X-ray Prashant M. Chavarkar Lijie Zhac; Stacia Kellet; Andrew Fishet;
diffraction (DXRD) are used to characterize the hetero-epitaxial lay- James S. SpegkUmesh K. Mishrg tUniversity of California, Dept. of
ers. The surface quality of the compliant substrates was investigated byElec. and Comp. Eng., Santa Barbara, CA 93106 USAiversity of
the OMVPE growth of IpGaAs/GaAs quantum wells. The intensity of  California, Mats. Dept., Santa Barbara, CA 93106 US84yiversity of
the room-temperature PL at 980nm was comparable with the GaAs California, QUEST, Santa Barbara, CA 93106 USA
reference. Up to 2.2% lattice-mismatched and 600 nm thick InGaAs We demonstrate an approach to fabricate quasi-substrates of arbi-
layers were grown on the 60 A thick compliant substrates. This resultstrary lattice constants. This utilizes the process of relaxation of a
in smooth and cross-hatch free surface morphology for an InGaAs coherent hypercritical thickness (h > hcritical) strained semiconductor
layer thickness exceeding to 50 times the Matthews-Blakeslee (MB) over-layer (InxGal-xAs) in direct contact with an oxidizing Al-con-
critical thickness on 60 A thick compliant substrates. (004) and (115) taining semiconductor (i.e. AlAs or AlGaAs). The process of strain
DXRD measurements on the previous substrates show a reduced peakwidtrelaxation is studied by varying the strain in the as-grown InxGal-xAs
of the heteroepitaxial layer and indicate a significant increase in re- template and by varying the nature of the InxGal-xAs/oxide interface.
lieved strain of that layer. Furthermore an investigation of the OMVPE Changing the Indium composition in the template varies the strain in
growth conditions on the GaAs compliant substrates, especially for thethe template and the initial misfit dislocation density. Varying the
growth rate and temperature, was done. The goal of this research is thexidation temperature controls the nature of the InxGal-xAs/oxide
application of the compliant substrates for the fabrication of extended interface. The epitaxial structures investigated in this study consisted
wavelength InGaAs-detectors for detection up to 2.5 pm. Because theof strained InxGal-xAs template layers grown on AlAs oxidation layer
thickness and/or lattice-mismatch of an epilayer overgrown on a com- on a GaAs substrate. The indium compositions investigated were 20 %,
pliant substrate is limited, research is underway to extend the concept30 % and 40 %. The thickness of the InxGal-xAs template layers was
and technique of compliant substrates to InP and other materials. An20 times the Matthews-Blakslee critical thickness for each composi-
InP (40-60 A) compliant substrate was developed using an 400nm tion. The InxGal-xAs template layers were grown by molecular beam
thick lattice- matched InGaAs etch stop layer and bonded under nitro- epitaxy at low temperature (400-430°C) to minimize the formation of
gen around 570°C. The resulting compliant substrates have also mirror-threading dislocations and maintain a two-dimensional growth front.
like surfaces. Preliminary growth experiments on InP compliant sub- The as grown InGaAs templates show a smooth surface morphology
strates however show a less significant ‘compliant’ effect, e.g. the with a rms roughness less than 10 A and low threading dislocation
surface roughness of the 200nm.@BaAs layer is comparable with the  density as evidenced from Cross sectional TEM micrographs. After
InP reference substrate. Further research is underway to optimize thegrowth the substrate was patterned using photolithography and reac-
bonding parameters, in order to reduce the bonding strength, which istive ion etching into 100 um x 100 pm square mesas to enable lateral
likely to increase the ‘compliance’ effect in the case of InP. This work oxidation of the AlAs layers. The degree of strain relaxation was deter-
was supported by the ESA/ESTEC (CCN3 to contract 11141/94/NL/ mined by X-Ray diffraction of as-grown and oxidized templates. Off-

CN). axis (115 and -1-15) X-ray diffraction scans were used to determine the
in-plane and out-of-plane lattice constants. Self-consistency of the
1:50 PM measurements was checked by on-axis (004) X-ray diffraction which
A Comparison of Experimental and Calculated HRXD Spectra was used to determine out-of-plane lattice constant independently. The
of Mismatched InGaAs Films Grown on Borosilicate Glass- strain is InxGal-xAs templates was reduced after oxidation as observed
Bonded GaAs Compliant Substrate Structures P. D. Morar; D. from increased strain relaxation. X-Ray diffraction measurements of
M. Hanse#; J. G. CederbetgK. A. Dunri; L. J. Mawst; S. E. Babcock thermally annealed InGaAs templates under the same conditions re-
R. J. Maty}; T. F. Kuech; University of Wisconsin, 1415 Johnson Dr.,  vealed no strain relaxation. This indicates that enhanced strain relax-
Madison, WI 53706 USA ation is not due to increased thermal energy but is caused by the process

The ability of compliant substrates to modify the relaxation behav- of oxidation at the InGaAs/AlAs interface. The degree of strain relax-
ior of subsequently grown mismatched films has been demonstrated.ation in InxGal-xAs templates was found to increase with oxidation
The compliant substrates consisted of 10nm thick GaAs growth tem- temperature, whereas the efficiency of strain relaxation of found to
plate bonded to a CVD-borosilicate glass layer on a handle wafer by decrease with the Indium composition. For an In0.2Ga0.8As template
applying 1-10MPa of pressure at 550°C. The breadth of high resolu- the strain relaxation can be increased from 35% for an as-grown tem-
tion x-ray diffraction (HRXD) peaks from 3 pm thick highly mis- plate to 90% for a template oxidized at 450°C. However in the case of
matched (3%) In0.40Ga0.60As films grown on these substrates is sig-an In0.4Ga0.6As template the degree of strain relaxation changes from
nificantly narrower than for films grown simultaneously on conven- 57% for an as-grown template to 70% for a template oxidized at
tional substrates, indicating an improvement in structural quality. The 450°C. It is proposed that the enhanced strain relaxation is due to
position of the HRXD peak from 3 um of slightly mismatched (0.1%) enhanced movement of threading dislocation due to stresses ge nerated
In0.01Ga0.99As films grown on compliant substrates differs from that during the lateral oxidation process. Also the porous InxGal-xAs/Al203
of the film simultaneously grown on the conventional substrate, indi- interface minimizes the interaction of threading dislocations with ex-
cating an enhancement of relaxation due to growth on the compliantisting misfit dislocation segments, a mechanism which limits strain
substrates. The breadth of the HRXD peaks from the slightly mis- relaxation in conventional approaches like direct growth. The reactive
matched InGaAs grown on the compliant substrates were similar to thatremoval of misfit dislocation cores during the process of oxidation
from the film grown on the conventional substrate, indicating little or further reduces barriers to threading dislocation motion. Increased oxi-
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dation temperatures result in a more porous interface and enhancednum peak wavelength corresponded to the band gap enegpyf(E
removal of misfit dislocation cores and therefore increase the degree ofZnO. Zinc oxide (ZnO) is an attractive candidate for ultraviolet emit-
strain relaxation. On the other hand, the misfit dislocation density ting material for its direct band gap energy,)(&f 3.3 eV at room
increases with Indium composition and reduces the efficiency of strain temperature. ZnO has wurtzite lattice structure and has strong ten-
relaxation by increasing the barriers to threading dislocation motion. dency for crystal self-organization even on the materials with different
The relaxed InGaAs layers can be used as quasi-substrates (Lattice Ererystal structure and lattice constant. We have studied the formation
gineered Substrates) for growth of material systems with lattice con- technique of epitaxial ZnO on silicon substrate using nanometer-thick
stants between the commercially available binary IlI-V substrates. This CaF, interlayer, which will act as energy barriers for tunneling carrier

work was supported by AFOSR under the PRET program. injection of EL devices. Fluorite (CgFis a well-known material for
epitaxial growth on silicon (Si) substrate using Molecular Beam Epitaxy
2:30 PM + (MBE) based technique. Cakas fluorite lattice structure that is well
On the Strain Relaxation and Misfit Dislocation Introduction matched to the lattice structure of Si with mismatches of +0.6% at
Mechanisms in Highly Lattice Mismatched InAs/GaP Epitaxy room temperature. Cafayer with 10 nm in thickness was formed on
Vidyut Gopal; Alexander L. Vasilie¥, Enhsing Cheh Eric P. Kvam; Si(111) substrate using MBE with slightly ionized Gaén beam at

Jerry M. WoodaH;, Purdue University, School of Mats. Eng., 1289, substrate temperature of 700°C. This yielded flat CaF2(111) surface
MSEE Bldg., W. Lafayette, IN 47907 USAYale University, Dept. of with fluctuation of approximately 1 nm. On the GE@R1), ZnO layer
Elect. Eng., 15, Prospect St., P.O. Box 208284, New Haven, CT 06520-was formed using RF sputtering with 100% O2 plasma and with ZnO
8284 USA target. Subsequently, 10 nm-thick Ga&yer was grown over ZnO layer
Strain relaxation in epitaxial layers grown on lattice mismatched at 450°C followed by annealing at 700°C for 60 min in ultra-high
substrates is a topic that has attracted considerable attention. Moswvacuum (UHV) chamber. After the annealing in UHV, single-crystalline
research has concentrated on low lattice mismatch regimes (<2%). InCaF,/ZnO/CaF, heterostructure was obtained and abrupt heterointerface
such systems, interfacial misfit dislocations (MD) are usually formed by was confirmed by the cross sectional lattice image of transmission
one or both of the following mechanisms. First, they can be nucleated electron microscopy (TEM). C-axis oriented ZnO was observed be-
at the surface of the growing layer, and glide down and along {111} tween the Caf111) layers and eight ZnO unit cells aligned to seven
planes onto the interfacial plane, where they relax strain. They can CaF, unit cells, which almost agrees with mismatches of 11% betwe
also form as a result of inclined threading dislocations bending over at CaF,(111) and ZnO(0001) at room temperature. Device structures
the interface as a result of the mismatch strain. Consequently, the MDscarrier injection was fabricated using G&mO/CaF, heterostructures
are of (60 degrees) mixed character. Comparatively little effort has grown on p-type Si(111) substrate. Contact holes through i8&Dla-
been devoted to the study of high lattice mismatched epitaxy. Thesetion layer were formed using photolithography and RIE dry etchin
microstructures have been found to consist mainly of 90 degrees sessilel00 nm-thick ITO transparent electrode was used for electron emif
MDs and in-situ Transmission Electron Microscopy (TEM) studies of as well as contact pad. EL measurement was carried out at room t
Ge films growing on Si (mismatch ~ 4%) indicate that these dislocations perature with pulse (1:1) injection and band edge emission of ZnO
are directly introduced at the edge of growing is lands during the early around 390 nm was observed in EL spectra. Growth condition dep
stages of growth (1). We have investigated the growth of InAs on GaP dence of PL and EL spectra will be also discussed. This work
by Molecular Beam Epitaxy (MBE), with a mismatch of ~ 11%, the supported by The Japan Society for the Promotion of Science (JS
largest among the lll-arsenides and the lll-phosphides. A perfect epi- RFTF 96P00101), and by the Research Center for Ultra-High-Sp¢
taxial relationship is maintained between the film and substrate and Electronics.
strain is relaxed by a periodic, two dimensional network of 90 degrees
MDs spaced ~ 4 nm apart. However, for the first time, we report that 3:10 PM Break
the strain relaxation proceeds by two distinct dislocation introduction
mechanisms. In the very early stages of growth, the majority of the 3:30 PM
MDs are directly introduced, most probably at the edge of the growing Comparison of InGaSh/InAs Superlattice Structures Grown by
InAs islands. As growth proceeds, the islands coalesce and the direcMBE on GaSb, GaAs, and Compliant GaAs Substrates D. H.
introduction mechanism becomes energetically unfavorable. MD in- Tomich; K. G. Eyink; G. L. Browr; L. Grazulig; K. Mahalingany;, M.
troduction then continues by a cooperative surface nucleation mecha-L. Seaford; C. H. Ku@; W-Y. Hwang; C. H. Lir?;, !Air Force Research
nism (2) of 60 degrees dislocations, which glide to the interface and Laboratory, Mats. and Manuf. Directorate, 3005 P St. Suite 6, WPAH
combine to form 90 degrees MD segments. Such a two stage mechanisn®H 45433-77072Applied Optoelectronics Inc., Sugar Land, TX 7747
has a pronounced influence on the MD microstructure and the resulting This paper contains the characterization results for indium a
threading dislocation density. The possibility that variable amounts of enide/indium gallium antimonide (InAs/InGaSb) superlattices (SL) tha
strain can be retained in thin InAs layers gives additional flexibility in were grown by molecular beam epitaxy (MBE) on standard gallium
device design. The fact that most of the MDs are introduced directly at arsenide (GaAs), standard GaSbh, and compliant GaAs substrates. The
the interface means that the cross-hatch problem that leads to roughatomic force microscopy (AFM) images, peak to valley measurement,
ening of surfaces and interfaces is avoided in this system. Thus, it will beand surface roughness measurements are reported for each sample. The
shown that an extremely high mismatch system could be more suitablehigh resolution x-ray diffraction (HRXRD) analysis found different
for device design than some lower mismatch systems. (1) F.K. LeGoues,Oth order SL peak to GaSb peak spacings for the structures grown on
J. Tersoff, M.C. Reuter, M. Hammar and R. Tromp, Appl. Phys. Lett. the different substrates. These peak separations are consistent with
Vol 67, 2317 (1995). (2) E.P. Kvam, D.M. Maher and C.J. Humphreys, different residual strain states within the SL structures. The cutoff
J. Mater. Res. Vol 5, 1900 (1990). wavelength for the SL structure on the compliant GaAs, control GaSb,
and control GaAs was 13.9um, 11um, and no response, respectively.

THURSDAY PM

2:50 PM

Epitaxial Growth and UV Luminescence of CaF2/ZnO/CaF2 He- 3:50 PM

terostructures on Si(111): Dr. Masahiro Watanab®e Tokyo Insti- Low Dislocation Relaxed SiGe Grown on a Novel Compliant
tute of Technology, Research Center for Quantum Effect Electronics, Substrate Yuhao Lué; Jian-Lin Liut; Gaolong Jily Kang L. Wang;
2-12-1 O-okayama, Meguro-ku, Tokyo 152-8552 Japan Chih Chen; King-Ning Tw; Caroline D. Moorg Mark S. Goorsks;

We have demonstrated epitaxial growth and room temperature ul-‘University of California at Los Angeles, Dept. of Elect. Eng., Eng. IV
traviolet (UV) emission of epitaxial zinc oxide (ZnO) grown on a 17-142, 405 Hilgard Ave., Los Angeles, CA 90095-1594 UBJGLA,

single-crystalline CaFlayer on Si(111) substrate. Highly c-axis ori- Dept. of Mats. Sci. and Eng., 6532 Boelter Hall, 405 Hilgard Ave., Los

ented ZnO was grown on C#F11) layer using RF sputtering followed Angeées, Ct? 90095".15515 UbS? te h ttracted lots of int tin th
by annealing in ultra-high vacuum and over growth of Qading mo- latti ecen y’t (;]ongp |a_rt1 su IS zi.e as afiracte IO S0 I!n etresbn: te
lecular beam epitaxy (MBE). UV photoluminescence (PL) and elec- attice-mismatched epitaxy. In this paper, a novel compliant substrate

troluminescence (EL) was observed at room temperature and the maxi-vas successfully fabricated for growth of high quality relaxed SiGe epi-

taxial layer. The compliant substrate was accomplished by first forming
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a high BO, concentration borosilicate glass in the SOI wafers through im. X-ray measurements of freestanding GaN indicate excellent crys-
boron and oxygen implantation followed by a high temperature anneal- tallinity, with FWHM values less than 300 arcsec. Room-temperature
ing, and then by thinning down the top Si layer with thermal oxidation PL measurements of GaN substrate indicate strong near-band-edge emis-
and HF dip. The average roughness of the substrate surfaces was mea&ion with FWHM values less than 60 meV and no detectable deep level
sured with AFM to be about 5 A. Compliant substrates, with 5% and emission. We also observed the room-temperature optically pumped

20% B,O,, respectively, in the SiQlayer of SOl were prepared by the
above method, followed by 120 nm thin, 36e, , deposition at 50C.

stimulated emission (SE) from a width of 1 mm cleaved cavity prepared
from freestanding GaN. The SE at room-temperature from the cleaved

After SiGe deposition, parts of the samples were annealed for 1 hour atedge of the GaN developed between the near-band-gap edge transition

850C°C in nitrogen. The samples were characterized by double crystal x-

ray diffraction (DXRD) and high resolution transmission electron mi-
croscopy (HRTEM) to determine the extent of strain relaxation, the
Ge composition, and the dislocation distribution and density. DXRD
data give relaxation of 240% for 5% BSG sample and £3R for

20% BSG sample, with a much higher quality in the latter. From TEM,

and the shallow donor-acceptor pair recombination. With an increase
in the optical pumping-power density, the emission peak was red-shifted
by ~2 meV/(MW/cm2), and the full width at half maximum (FWHM)

of the peak decreased. At the maximum power density of 2 MW/cm2,
the peak energy and the FWHM of the SE were 3.318 eV and 8 meV,
respectively. The dependence of the excitation power on the inte-

the dislocation density in the as grown 5% BSG sample is 5 kit grated emission intensity indicate a threshold pump power density of
which increases to 1.5 x 4@m?2 in the annealed sample. However, no Ith = 0.37 MW/cm2 for one set of SE, and output becomes highly TE-
misfit and threading dislocations were observed in the SiGe layer by polarized. The freestanding and crack-free GaN substrates prepared
TEM in 20% BSG sample, for both the as grown and the annealed caseghrough this work can be used for homoepitaxial growth of GaN-based
of sample B, suggesting dislocation densities are beldwcrtf. Two optoelectronic devices. Details of the growth and properties of the
similar but thicker (500 nm) samples of, SGe, ,s were also grown on freestanding GaN substrates will be discussed.

the two kinds of substrate. Using defect etching, Normarski micro-

graphs showed that the threading dislocation density in SiGe was below4:50 PM Late News

10> cm? for the sample grown on the 20% BSG compliant substrate, but
more than 19cm? for sample grown on 5% BSG compliant substrate.
In conclusion, 20% BSG compliant substrate have been shown to allow
SiGe layers to be grown with low dislocation density. The thin Si layer Sassion U. Thermophotovo|taic
(< 20 nm) on the “soften” borosilicate glass may become strained to . .

accommodate misfit of the grown SiGe and the Si layer during the Mate”als & DGVlceS

growth.
4:10 PM Thursday PM Room: Santa Barbara Harbor
Optically-Pumped Mid-Infrared Lasers on Traditional and July 1, 1999 Location: University Center

Compliant Substrates Stefan J. Murry, Chau-Hong Kug Chih-
Hsiang Lirt; Han Q. Lé; Shin-Shem Peéji University of Houston,
Space Vacuum Epitaxy Center, SR1 Rm. 724, 4800 Calhoun, Houston
TX 77204-5507 USA .
Mid-infrared (IR) lasers have been proposed for use in a variety of Martin, Nashua, NH USA
applications from military countermeasures to medical diagnostics.
Recent progress has shown high power operation of optically pumped
lasers employing an active region exploiting the type-Il band align-
ment of the InAs/InGaSb material system. Power output in excess of 1:30 PM L
1.5 Watts total peak output power under pulsed operation at a substratd’hoton Recycling in 0.53 eV InGaAsSb Greg Walter Charache
temperature of 80 K and 1% duty cycle has been demonstrated for'-0ckheed Martin, Knolls Atomic Power Laboratory, River Rd.,
devices grown on GaSb substrates. Currently, one limitation on high Schnectady, NY 12065-1072 USA
power, high temperature operation is poor heat conduction through RF-Photoreflectance lifetime measurements erre performed on 0.53
the substrate, which can be improved greatly by mounting the laser &Y InGaAsSb_ double_ heterostructures grown lattice-matched on GaS_b
sample with the epitaxial side down (i.e. nearest the heat sink). In orderSubstrates. Direct evidence of photon recycling has been observed in

to provide optical transparency, a novel GaAs compliant substrate has0-53 €V INGaAsSb at room-temperature. It is believed this is the lowest
been fabricated in our laboratory using wafer fusion techniques. Pre-Pandgap material where photon recycling has been reported. The un-
liminary data shows good performance for type-Il mid-IR optically polished back surface of the GaSb substrate was modified to create an

pumped lasers grown on these compliant substrates by molecular beandPsorbing (annealed gold) or reflecting (bare surface / unannealed gold)
epitaxy (MBE). Peak output power near 0.8 W, again under pulsed interface. Fifty percent longer lifetimes were observed with a reflecting

operation at low temperature, has been measured for lasers grown ofterface in comparison to an absorbing interface at room-tempera-
these compliant substrates. ture. These observations have direct implications on the design of

thermophotovoltaic energy conversion diodes. Current device designs
utilize an alloyed Au-based back contact which will not take full advan-

tage of photon recycling effects. The incorporation of a back surface
reflector will increase short circuit current and open circuit voltage due
to the utilization of photon recycling and a 2-pass architecture. Initial

modeling and experimental results are presented

Session Chairs: L. Ralph Dawson, UNM-CHTM,
'‘Albuguerque, NM USA,; Parvez Uppal, Lockheed

4:30 PM
Optically Pumped Stimulated Emission in Freestanding GaN
Prepared by Hydride Vapor Phase Epitaxy S. T. Kim; D. C.
Moorg; C. K. Kim3; Y. H. Cho?; T. K. Yo, 1Taejon National Univer-
sity of Technology, Dept. of Mats. Eng., 305-3 Samsung-dong, Dong-
gu, Taejon 300-717 Koredkwangwoon University, Dept. of Electr.
Mats. Eng., 447-1 Wolgye-dong, Nowon-gu, Seoul 139-701 Kdtea; ) )
Corporate Institute of Technology, Optoelectronic Group, 16 SPectral Ellipsometry of GaSb and GalnAsSb/GaSb: Experi-
Woomyeon-dong, Seocho-gu, Seoul 137-724 Korea ment and Modelling: Martin Munoz; K. Weit; Fred H. Pollak Greg

A major limitation of the current technology for GaN-based device Charach& C. A. Wang; Brooklyn College of CUNY, Phys. Dept,
technology is the availability of suitable substrates for homoepitaxy. In 3438N, 2900 Bedford Ave., Brooklyn, NY 11210 USA;ockheed
this paper, we describe the production of freestanding GaN via the Martin, Schenectady, NY 12301 USAMIT Lincoln Laboratory, Lex-
hydride vapor phase epitaxy (HVPE) technique and its properties. A ington, MA 02420 USA )
HVPE was employed to grow a thick GaN films on (0001) sapphire Spectral ellipsometry at 300 K, in the range 0.3-5.4 eV, has been
substrate and the subsequent mechanical removal of the sacrificial supt/Sed to determine the complex optical constant y(E) [= y1+iy2] of
strate resulted in the freestanding GaN substrates without cracks, havPulk GasSb and an epilayer of GalnAsSb/GaSb (001) fabricated by OMVPE.
ing a present maximum area of 10 x 10 mm2 and a thickness of 350 yThese materials are significant for thermal photovoltaic (TPV) appli-

1:50 PM
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cations. The native oxide was removed by a chemical etching proce-

dure and the measurements were performed in a nitrogen atmospher@:50 PM

to prevent subsequent oxide formation. We have fit the data (after A Study of the Relative Tilt of GalnSb Epitaxial Layers on GaSb
oxide removal) over the entire spectral range using the Holden formal- Substrates Grown by Metalorganic Vapor Phase Epitaxy Ishwara

ism [1], a comprehensive model dielectric function based on the en- B. Bhat; Hassan EhsahiRonald Gutmanh Greg Characlie Mathew
ergy-band structure near critical points (CPs) plus discrete and con-Freema# !Rensselaer Polytechnic Institute, ECSE Dept., JEC 6003,
tinuum excitonic effects at the EO, EO+y0, E1, and E1+y1 CPs. The 110 8th St., Troy, NY 12180 USALockheed Martin Corporation,
ability to fit the data using analytical expressions is very useful for Schenectady, NY 12301

modeling TPV device parameters. In addition to the energies of these In lattice mismatched epitaxial systems, the mismatch is generally
band-to-band CPs, our analysis also yields information about the bind-accommodated by misfit dislocations. In some systems, a slight tilting
ing energies of not only the 3D exciton associated with EO (RO) but also of epitaxial layers with respect to the substrates is also common and
the 2D exciton related to the E1, E1+yl CPs (R1). We find that EO = this "tilting" also accommodates the lattice mismatch. However, to
0.725 eV and 0.47 eV for GaSb and GalnAsSb, respectively. Compari- date, layer tilt with respect to the substrate has not been observed when
son of the obtained R1 = 30 meV for GaSb with values for a number of exactly oriented substrates are used for epitaxial growth. We have
other zincblende-type materials, i.e., ZnCdSe/InP, CdTe, CdS, andobserved an unexpectedly large relative tilt between Ga0.8In0.2Sb epi-
In0.66Ga0.34As, indicates that R1 is in good agreement with effective taxial layers and GaSb substrates, when exactly (100) oriented GaSh
mass and theories, i.e., >>. The ability to evaluate R1 has ramificationssubstrates are used for growth. GalnSb epitaxial layers were growth on
for recent first-principles band structure calculations which have in- (100) GaSb substrates by metalorganic vapor phase epitaxy and the

cluded exciton effects at both EO and E1 [2]. relative tilt formed between Ga0.8In0.2Sb epitaxial layers and GaSh
substrates were studied using double crystal x-ray diffractometry. These
2:10 PM measurements revealed that the tilt angle between the Ga0.8In0.2Sb
Phase Instabilities and Microstructure in InGaAsSb/GaSb epitaxial layers and GaSb substrates increases as the layer thickness
Heterostructures: Y-C Chen; V. Bucklert; Krishna Rajas; C. Wang; increases. Transmission electron micrographs of these layers showed
G. Nicholg; P. Sandér G. Charach® Rensselaer Polytechnic Insti-  that the threading dislocations are pinned and propagate parallel to the

tute, Mats. Sci. and Eng. Dept, Bldg. MRC-110, Troy, NY 12180-3590 growth surface at different distances from the interface. A strong c
USA,; 2Lincoln Laboratories, Lexington, MA 02420-1072 USA; relation has been established between the variation of the tilt angle
sLockheed-Martin Corporation, Schenectady, NY 12301-1072 USA the relaxation of residual strain in the layers. The structural charac
It is well known that miscibility gaps exist within the bulk quater- istics of these layers as a function of the compositional variatig
nary InGaAsSb alloy system. In this paper we explore the relationship showed that the amount of tilt angle is small when the indium concg
between theoretically predicted limits of phase stability in bulk materi- tration was in the range from 0 to 12%, but increases at higher indi
als and the experimental observations of phase instabilities in epitaxialconcentrations. GalnSb layers with poor crystalline quality and sm
systems. We explore the different microstructural length scales of phasetilt angle were obtained when the indium concentration was more t
instabilities observed in this quaternary system and the processing pa25%. The tilt angle between the Ga0.8In0.2Sb epitaxial layers and G
rameters that appear to control these changes. Using transmissiorsubstrates grown at temperatures ranging from 560 C to 620 C
electron microscopy and X-ray diffraction, well outline the different essentially identical indicating that the tilt formation is not a kinet
types of phase transformations that occur in epitaxial InGaAsSb films effect. This is the first time such a large amount of tilt has bef
grown by metalorganic chemical vapor deposition (MOCVD) on (100) observed when nominally oriented substrates were used for growth!
GaSb. These include spinodal decomposition, short-range ordering, long-
range ordering, and very long period compositional modulations. The 3:10 PM Break
crystallographic dependence of these phase instabilities has been docu-
mented. Correlations of diffraction-based observations to photolumi-
nescence and mobility data are presented.

THURSDAY PM

230 PM Session V. Thermoelectric and

OMVPE Growth of InGaAsSb Thermophotovoltaic Cells N. A. Other NarrOW Gap Materials

Morrist; Z. A. Shellenbarger D. Z. Garbuzoy, R. U. Martinellt; V. B.

Khalfint; H. Leé; G. C. Taylok, G. S. Tompg J. C. Connoll§;, Sarnoff .

Corporation, 201 Washington Rd., Princeton, NJ 085&3uctured Thursday PM Room' Santa_Barb_ara Harbor 1

Materials Industries, Inc., 120 Centennial Ave., Piscataway, NJ 08854 July 1, 1999 Location: University Center
The growth of InGaAsSb thermophotovoltaic (TPV) cells using

organometallic vapor-phase epitaxy (OMVPE) is reported. The high Sessjon Chairs: Tim Sands, University of California-
throughput, excellent uniformity and reproducibility of OMVPE make Berkeley MS & ME Dept Berkeley CA USA; Kang

it the preferable method for economic production of TPV cells. Growth . . . .
was conducted in a low-pressure, vertical rotating-disk reactor. Precur-Wang' University of California, EE Dept., Los Angeles,

sors used were trimethylgallium (TMG), trimethylindium (TMI), CAUSA
trimethylantimony (TMSb), and arsine. Doping of the InGaAsSb mate-
rial was explored using dimethylzinc (DMZ) and carbon tetrachloride
(CCl,) for p-type doping and hydrogen selenidee) for n-type dop-
ing. The InGaAsSh epitaxial layers were grown lattice-matched to GaSh 3:30 PM

substrates. The composition of the InGaAsSb material was varied cor-MOCVD Growth of High Mobility InSb on Si Substrates for
responding to bandgap energy of the material in the 0.55 to 0.52 eV Hall Effect Applications: Michael W. PelczynskiJean J. Heremahs
range. The material properties of InGaAsSb layers were assessed usingEmcore Corporation, ERA, 394 Elizabeth Ave., Somerset, NJ 08873
X-ray diffraction, photoluminescence and Van der Pauw measurements.USA

Detailed results on the growth process and device properties are pre-  Indium antimonide is a promising high mobility material for Hall
sented. Once material growth was established, 1 cm x 1 cm heterostructur@nd magnetoresistive devices, for applications in speed and position
TPV cells were fabricated. These TPV device structures consisted of ansensing in the automotive and consumer electronics industries. Mis-
n-type GaSb buffer layer, n-type InGaAsSh base layer, p-type InGaAsSbmatch between the MOCVD-grown InSb epitaxial film and the sub-
emitter layer, and highly doped p-type GaSb cap layer to facilitate Strate unavoidably degrades mobility. As a compromise between cost
ohmic contact to the device. The TPV cells were characterized by and mismatch, semi-insulating GaAs is typically chosen as the sub-
quantum efficiency and current-voltage measurements. The electricalStrate. To lower substrate cost however, in this work we explore the
characteristics of these cells are presented and compared with similaigrowth of high mobility InSb on 4" high resistivity Si substrates using a
structures grown by molecular beam epitaxy (MBE). thin GaAs buffer layer. GaAs growth conditions studied included buffer/
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nucleation layer growth rate, nucleation temperature, layer thickness,tion is consistent with the modeling of the electronic contribution to

pre-deposition, substrate orientation and V/IIl ratio. X-ray FWHMs as thermal conductivities, in conjunction with Weide mann-Franz law, in

low as 190 setwere obtained for thin@l nm films. Our study of Te these SL structures with subtle heterostructure-induced properties. The

doped n-InSb films on GaAs/Si of different thicknesses indicates a mini- thermal conductivity values are consistent with the Peltier voltages

mum InSb thickness afl nmm is required to obtain mobilities necessary measured across thermoelements processed using these superlattice struc-

for satisfactory magnetic sensitivity. Growth of Inn n-InSb on tures under current pumping conditions as well. Thus, it appears that it

GaAs/Si substrates results in specular films featuring mobilities in excessis indeed possible to use such artificially-structured thin-film materials

of 38,000 crVs (RT), with tolerable drops in mobilities at tempera- to obtain a significant enhancement in ZT compared to the state-of-

tures up to 16TC. SIMS measurements do not observe Si in the InSb the-art.

epitaxial layer above the detection limit of the instrument (5 x 1016

cm?3), proving the feasibility of dopant control. Thermal cycling be- 4:30 PM

tween -198C and 200C does not affect the film morphology and leads Thermoelectric Quantum Dot Superlattices T. C. Harma#; P. J.

to a small drop in mobility (-3 %), showing that the large discrepancy Taylor; D. L. Spears M. P. Walsh; IMIT Lincoln Laboratory, P.O.

in thermal expansion coefficient between Si and InSb does not substanBox 73, Lexington, MA 02420-9180 USA

tially deteriorate the InSb properties. Finally, good uniformity of trans- Since the experimentally observed increase of the Seebeck coeffi-

port properties over the entire wafer area has been demonstrated. cient in PbTe/Pbl-xEuxTe in multiple quantum-well structures indi-
cates the potential usefulness of low dimensionality, we have initiated

3:50 PM an investigation of the thermoelectric properties of quantum-dot
The Effect of Annealing Temperature on the Structural and superlattices (QDSL) [1]. The self-organization of pyramidal islands
Electrical Properties of Au/n-GaSb Contacts H. Ehsani; C. that spontaneously form during strained-layer epitaxial growth of PbSe/
Hitchcock; R. J. Gutmanh |. Bhat; G. Charach® M. Freema#s Pb1-xEuxTe superlattices results in the formation of three-dimen-

1Rensselaer Polytechnic Institute, Elect., Comp., and System Eng.,sional (3-D) quantum dot (QD) PbSe crystals interlaced throughout the
Troy, NY 12180 USA;2Lockheed Martin Corporation, Schenectady, structure [2]. We expect to enhance the thermoelectric figure of merit
NY 12301-1072 USA (ZT) in predominantly two ways in QDSL structures. Firstly, the enor-
The structural and electrical properties of deposited Au onto n-GaSbmous density of dissimilar materials interfaces involving the wetting
and the correlation between them as a function of annealing tempera-(well) layer, the matrix (barrier) layer, and dots (3-D carrier confine-
ture have been determined, using x-ray diffraction, 1-V measurement, ment layer) of the QDSL structure are expected to lower the lattice
and cross-sectional scanning electron microscopy. In the as-depositedhermal conductivity to values below those attainable by merely alloy-

state, the electrical behavior of @16 evaporated Au was Schottky-  ing [3]. Secondly, the Seebeck coefficient should be greatly enhanced
like. X-ray diffraction measurement did not show any chemical reac- within the dots due to carrier confinement in all three dimensions,
tions between Au and GaSb. After annealing the contact &CLEfY which leads to a huge increase in the density of states. As a first step to

90 seconds, both the AuSb2 compound and two phases of Au0.70Ga0.30ealizing very large improvements in the ZT of a thermoelectric mate-
(b phase) and Au0.79Ga0.2§ fhase) were formed, while the contact rial, we will report on the growth and characterization of QDSL struc-
remained Schottky-like. The golden color observed after the deposi- tures with up to 722 periods. Vertically stacked Bi-doped PbTe/
tion of 0.05m and 0.5m Au vanished after annealing for 4 seconds PbSe0.98Te0.02 QDSL structures were grown by molecular beam epit-
and 90 seconds, respectively. Cross-sectional field emission scanningaxy (MBE) on insulating (111) BaF2 substrates. The typical superlattice
electron microscopy (CSFESEM) showed two distinguish features of (SL) structures consisted of 200?400 vertically stacked Bi-doped
compounds, below and above the original Au/GaSh interface. Upon PbSe0.98Te0.02 dot arrays each on an approximately 2-monolayer-
annealing the contact at 30 for 30 seconds, the GaAu2 compound thick wetting layer, while the thickness of the Bi-doped PbTe matrix
in addition to AuSb2 compound was observed with ohmic I-V character- layers were varied from 15 to 30 nm. The various dot arrays ranged
istics and a contact resistivity of 2x@®-cnm?. The reaction depth is from somewhat disorganized (for some growth conditions) to nearly
about Irm below the interface and about 3 above the interface, as  perfect hexagonal arrangements (for other growth conditions). Atomic
determined by CSFESEM. As the annealing temperature increased fromforce microscopy images of the QDs show that the QD height can be as
300°C to 400C, the AuGa compound formed, in addition to the GaAu2 high as 13 nm, so the in-plane lattice thermal conductivity may be
and AuShb2, and the contact resistivity was increased. The contactsignificantly reduced in these structures. Even though the equivalent
depth also increased and the surface morphology became rough. Phaseomogeneous alloy composition can be over 25 % PbSe, electron
transformation did not occur as the annealing time varied from 0.5 to mobilities are high, typically in the range 700?800 cm2/V-sec at 300
20 minutes. At all annealing temperatures, no change in the Au-SbK. The thermoelectric power factor of the PbSeTe-based QDSL struc-
reaction was observed, indicating that the reactions between Au and Gaures can be higher than that of high-quality bulk PbTe. The Seebeck
are responsible for the changes in contact resistivity of Au/n-GaSh. coefficients can be enhanced even more than the recently reported
With 500°C annealing for 30 seconds, the surface morphology became increases in the PbTe/Te SL structures [4]. Characterization results will
extremely rough and the Au-based compounds were not observed.  be reported, which include atomic force microscopy, scanning electron
microscopy, transmission electron microscopy, x-ray diffraction, Hall

4:10 PM coefficient, electrical resistivity, Seebeck coefficient, and thermal con-
300K Thermoelectric Figure of Merit in the Range of 3 Utiliz- ductivity data. To date, we have obtained ZT values as high as 0.8 at
ing Phonon-Blocking Electron-Transmitting Structures. Rama 300 K and estimated ZT values as high as 1.9 at 580 K in these

Venkatasubramanian Edward Siivola Thomas Colpitts !Research thermoelectric QDSL structures. [1] T. C. Harman, D. L. Spears, M. J.
Triangle Institute, Center for Semiconductor Research, 3040 Cornwallis Manfra, J. Electron. Mater. 25, 1121(1996); L. D. Hicks, T. C. Harman,
Rd., Research Triangle Park, NC 27709 USA X. Sun and M. S. Dresselhaus, Phys. Rev. B 52, R10493 (1996). [2] G.
We report a significant enhancement in the figure-of-merit (ZT) in Springholz, V. Holy, M. Pinczolits, and G. Bauer, Sci. 282, 734(1998).
the range of 3 at 300K in thin-film Bi2Te3/Sb2Te3 superlattice struc- [3] G. Chen and M. Neagu, Appl. Phys. Lett. 71, 2761(1997). [4] T. C.
tures. The approach for ZT enhancement relies on what we call usHarman, D. L. Spears, and M. P. Walsh, J. Electron. Mater. Lett. 28,
phonon-blocking electron-transmitting structures (PBETS) as a way to L1(1999); *This work was sponsored by the Defense Advanced Re-
reduce the lattice thermal conductivity, but maintain improved electri- search Projects Agency (DARPA), Dept. of the Navy, and the Army
cal transport properties. The factorial reduction in the lattice thermal Research Office under AF Contract No. F19628-95-0002. The opin-
conductivity, perpendicular to the SL interfaces in various structures, ions, interpretations, conclusions and recommendations are those of
have been carefully studied and modeled using the 3-w method. Thethe authors and are not necessarily endorsed by the United States Air
transmission line model (TLM) measurement has been developed toForce.
determine the electrical resistivity perpendicular to the SL interfaces in
these structures. It appears that, for certain optimal SL structures, the4:50 PM
electrical resistivities perpendicular to the periodic interfaces are es- Temperature Dependence of Thermionic Emission Cooling in
sentially comparable to those in the in-plane direction. This observa- Single Barrier and Superlattice Heterostructures Ali Shakourt;
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Chris LaBounty, Patrick Abrahar Yi-Jen Chid; John E. Bowers strained QWs is the presence of a strong piezoelectric field in the wells
University of California, Jack Baskin School of Eng., 1156 High St., with a concomitant effect on the barrier field. Strained InGaAs/GaAs
Santa Cruz, CA 95064 USAUniversity of California, ECE Dept., QW structures with nominal well widths of 40 A were grown by atmo-
Santa Barbara, CA 93106 USA spheric pressure MOVPE on (111)A GaAs. A High Resolution X-Ray

Thermionic emission current in heterostructures can be used toDiffractometry (HRXRD) study was carried out to accurately deter-
make solid state coolers integrated with electronic and optoelectronicmine the QW structural parameters. Room-temperature Photore-
devices. In thermionic emission process, hot electrons from a cathodeflectance (PR) spectroscopy, which permits the observation of higher
layer are selectively emitted over a barrier to the anode junction. Sinceinterband transitions, was used to assess the abruptness and uniformity
the energy distribution of emitted electrons is almost exclusively on of the QW heterointerfaces. The PR spectra show all the possible
one side of Fermi energy, when current flows, strong carrier-carrier and interband transitions and, also, Franz-Keldysh oscillations, which were
carrier-lattice scatterings tend to restore the quasi-equilibrium Fermi analyzed to obtain the electric field in the barriers. A theoretical com-
distribution in the cathode by absorbing energy form the lattice, and putation appropriate for <111> oriented structures, incorporating the
thus cooling the emitter junction. The performance of the device can piezoelectric field in the wells, as well as the modified barrier field, was
be optimized at various temperatures and for different cooling powers used to obtain all the confined electron and hole energies and, thereby,
by changing the height and thickness of the barrier layer. Theoretical interpret the PR analysis. The theoretically calculated transition ener-
predictions show that single stage devices can provide by up to 10-30gies are in very close agreement with those experimentally obtained by
degrees of cooling over a few microns thick barriers. Furthermore, the fitting the PR spectra even up to the highest possible transitions for
cooling efficiency can be enhanced by as much as an order of magnitudehese wells. From a detailed well width Monolayer (ML) analysis, it is
comparing to the bulk thermoelectric properties by using high barriers demonstrated that the QW interfaces have +1 ML roughness and that
and highly degenerate superlattice structures. In order to investigatethe interfaces are very abrupt and uniform. Photoluminescence (PL)
this effect experimentally, various single barrier (InGaAsP) and measurements were also used to further assess the optical quality and
superlattice (InGaAs/InP and InGaAs/InAlAs) devices were grown using interface quality by determining the Full-Width-at-Half-Maximum
metal organic chemical vapor deposition (MOCVD) and molecular (FWHM) values. A PL FWHM of 9.1 meV was observed, which corre-
beam epitaxy (MBE). The barriers 1-3 um thick were surrounded by n+ sponds to at most a +1 ML fluctuation in well width. To our knowledge,
InGaAs cathode and anode layers. Mesas with an area of 2500-20,00Qhis is the first demonstration of very high quality MOVPE grown
square microns were etched down using dry etching techniques. Ni/InGaAs/GaAs QW structures on (111)A GaAs substrates. [1] “Effect of
AuGe/Ni/Au was used for top and bottom contact metallization. Total the Growth Parameters on the Luminescence Properties of High-Qual-
cooling on top of the device as well as substrate heating was monitoredity GaAs/AlGaAs Multiquantum Wells on (111)A Substrates by Metal
as a function of current. Despite the poor performance of the heat sinkOrganic Vapor Phase Epitaxy,” A. Sanz-Hervas, Soohaeng Cho, Jongseok
on the anode side (thermal resistance on the order of 250 K/W), a netkim, A. Majerfeld, C. Villar, and B.W. Kim, J. of Crystal Growth, 195,
cooling of 0.1-0.6C is observed on top of the devices for a current of 558 (1998).
50-300 mA at 20°C heat sink temperature. This cooling over 1-3
microns thick barrier corresponds to cooling capacities on the order of 8:40 AM +
100’s of W/cm2. The net cooling is increased by as much as a factor of An Investigation on the Mechanisms Responsible for ArLaser
two when the heat sink temperature is raised to 80°C. The temperaturdnduced Growth Enhancement Of GaAs by Chemical Beam
dependence of various parameters (thermionic emission cooling, ther-Epitaxy: Bin Q. Shi; Charles W. Ty !University of California, San
mal conductivity, and mobility) is analyzed and prospects for inte- Diego, Dept. of Elect. and Comp. Eng., 9500 Gilman Dr., La Jolla, CA
grated cooling at low temperatures discussed. 92093-0407 USA

Deposition of thin epitaxial films is required for the fabrication of
many microelectronic devices. Often, these layers must be patterned
by photolithographic processes, whereupon further layers are depos-
. . ited to build up complex structures. Selected-area growth of thin films
SeSS|On W EpltaXy Of ”I'V would greatly simplify this procedure. Consequently, there has been
considerable interest in using external energy sources such as lasers and
ion beams to stimulate growth. Several studies of |lAser-assisted

F”day AM Room: Corw_ln Ea_St chemical beam epitaxy (CBE) of GaAs have been reported in the litera-
July 2,1999 Location: University Center ture. For example, our group previously reported growth enhancement
in the growth temperature range of 23500 450C using a 488-nm Ar
Session Chair: Jenn-ming Kuo, Bell Labs, Murray Hill, laser and triethylgallium (TEGa) and tris(dimethylamino) arsen
NJ USA (TDMAAS) as precursors. It was concluded in those studies that 1
mechanisms responsible for the growth rate enhancement were (
photolytic and/or pyrolytic nature. Catalytic (or electrochemica
mechanisms were ruled out because no dependence of the growth
820 AM + enhancement on the substrate type (n-type, p-type or semi-insulat

was observed. However, there were several important questions u
swered, such as, 1) what physical processes dictate the temperg
window for growth enhancement? 2) which species under(
photodecompsition, the intermediate decomposition products or
parent molecules? and where are they, in the physisorption state
chemisorption state? 3) how large would the photo absorption cr{
sections have to be to account for the enhancement? and 4) what
the likely photodecomposition reaction pathways? To answer thd
questions, we developed a numerical model for GaAs CBE with TE
and TDMAAs. We demonstrated there that properly combining rea
tion mechanisms derived from surface-science desorption studies
abled us to predict well the growth rate without adjustable parametg

Structural and Optical Properties of Strained InGaAs/GaAs
Quantum Wells Grown by MOVPE on (111)A GaAs Substrates
Soohaeng CHp A. Majerfeld; A. Sanz-Hervéds B. W. Kim#; C. Villar
Jongseok Kifi tUniversity of CO, Dept. of Elect. and Comp. Eng.,
CB425, Boulder, CO 80309 USAE.T.S.l. Telecomunicacion, UPM,
Departamento de Tecnologia Electrénica, Ciudad Universitaria, 28040
Madrid, Spain;*Electronics and Telecommunications Research Insti-
tute, P.O. Box 106, Yusong, Taejon, 305-600 Korea
The growth of compound semiconductor structures in the non-
conventional <111> crystallographic directions has received increased
attention due to their special properties and potential for novel opto-
electronic devices. We have recently reported [1] the first successful In this report, based on the correlation between simulated variationg
fabrication of high quality GaAs/AlGaAs Multiple Quantum Well (MQW) Y . .
. concentrations of surface species with temperature and the obse
structures on (111)A GaAs substrates by the Metalorganic Vapor Phase .
. ) temperature window of growth enhancement, we show that photo
Epitaxy (MOVPE) process. In this work, we report the structural and composition of chemisorbed diethylgallium (DEGa), along with lase
optical properties of strained InGaAs/GaAs Quantum Wells (QW) grown ’

T induced temperature rise, is responsible for the growth enhancem
<111> . L
by MOVPE on (111)A GaAs substrates. A distinctive property of <111 The surface coverage of DEGa is governed by the availability of ung
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cupied surface sites and the competition for initial physisorption on nescence (PL) as well as a very few threading dislocations. The epi-
the GaAs surface between TEGa and TDMAAs. The photo absorption taxial growth was carried out by all solid-source molecular beam epit-
cross section required to reproduce the growth enhancement is found taaxy. Firstly, a 300 nm thick GaP layer was grown on Si (100) substrate
be two orders of magnitude smaller than the typical value of UV absorp- misoriented by 4?? toward the [011] direction to form a GaP/Si struc-
tion peaks of metalorganic species. One of the major photodecompo-ture. A lattice mismatch between Si and GaP layers is 0.4%. Then, the
sition pathways of DEGa is proposed to be light-induced dissociation GaAs0.68P0.32/GaAs0.27P0.73/In0.13Ga0.87P QW structure was
involving the b-hydrogen elimination. * This work is partially sup- grown on the GaP/Si structure. A lattice mismatch between the GaP and
ported by the Air Force Wright Laboratory (Contract No. F33615-95- In0.13Ga0.87P cladding layers is 1%. The In0.13Ga0.87P cladding

C-5441). layer is lattice-matched to the GaAs0.27P0.73 guiding layer. The
GaAs0.68P0.32 QW contains a compressive strain of 1.5%. The thick-
9:00 AM ness of the QW was chosen to be less than a critical thickness to
Enhancement of Electron Mobilities in Pseudomorphic Ig. prevent the generation of misfit dislocations. Cross-sectional images
Ga, As/Ing Al ,As Modulation-Doped Quantum Wells with of transmission electron microscope revealed that no dislocations were
(411)A Super-flat Interfaces Grown by Molecular Beam Epit- generated in a region around 50 um length along the QW structure. Such
axy: Takahiro Kitada&; Masato Ueng Toyohiro Aoki; Satoshi number of dislocations is the smallest as far as we know. The lattice

Shimomurg, Satoshi Hiyamizy Osaka University, Graduate School of = mismatch of 1.4% was accommodated at the In0.13Ga0.87P-GaP and
Eng. Sci., 1-3 Machikaneyama, Toyonaka, Osaka 560-8531 Japan the GaP-Si hetero-interfaces by introducing misfit dislocations. The
InP-based pseudomorphic InGaAs/InAlAs modulation-doped quan- quality and structural profile of GaAsxP1-x epilayers can be improved
tum wells (MD-QWSs) with high two dimensional electron gas (2DEG) by varying the As flux quickly. The period of the growth interruption
mobilities promise for high-frequency and low-noise device applica- was decreased to about 10s in the growth of the GaAs0.68P0.32/
tions. In order to enhance 2DEG mobility in the pseudomorphic MD- GaAs0.27P0.73. As a result, strong band-edge emission was observed
QW, it is necessary to suppress interface roughness scattering. In recerfrom the GaAs0.68P0.32 QW at RT. It was also found by secondary ion
years, we have reported that atomically flat interfaces over a macro- mass spectroscopy that the abrupt hetero-interfaces were formed in
scopic area (super-flat interfaces) can be formed |, Gg, ,,/As/ the QW heterostructure of GaAs0.68P0.32/GaAs0.27P0.73/
Iny s Al .AS QWS lattice-matched to (411)A InP substrates by molecu- In0.13Ga0.87P. When the period of the growth interruption is in-
lar beam epitaxy (MBE). In this paper, we report higher 2DEG mobili- creased, no PL emission was observed in the GaAs0.68P0.32 QW at
ties in pseudomorphic jpGa, As/In, LAl ,AS MD-QWs grown on RT. It was also clarified that the As composition was decreased in the
(411)A InP substrates than those of conventiongl,G&a, ;As/ QW and that the hetero-interfaces were spread between the QW and
Ing 5, Al ,6AS MD-QWs grown on (100) InP substrates by MBE. guiding layer. These results indicate that a highly reliable and performed
In,.Ga, As/Ing Al ,As MD-QWs were grown on the (411)A InP sub- GaAs0.68P0.32/In0.13Ga0.87P laser diode could be realized on a Si
strates at J= 540C under V/III = 8 (in pressure). Well widths of the  substrate.
In,,Ga sAs channel layers were 12, 14, 16, and 18 nm. A Si-doped
InAlAs (N, = 1 x 108 cm?) and the InGaAs channel layer were sepa- 9:40 AM +
rated by a 6 nm-thick undoped InAlAs spacer layer. 2DEG mobility Dependence of Cracker Temperature to Silicon Doing Concen-

(mpeg) in the (411)A MD-QW with I, = 12 nm was 181,000 éfw's (N, tration in InGaAIP Layers Grown by Solid Source Molecular
= 1.5 x 102 cm?) at 24 K, which was 38% larger than that, = Beam Epitaxy. Yi-Cheng Cheng Kuochou Tai; S. T. Chog K. F.
131,000 cr#'Vs) of a corresponding (100) MD-QW sample. Observed Huang; W. J. Lirt; W. H. Lart; A. C. H. Lin%; T. C. Wan¢g National
values ofmy.; were compared with calculated,; at low-temperature Chiao-Tung University, Institute of Opto-Elect. Eng., 1001, Ta-Hsieh

based on an elastic scattering theory. We took into account of ionizedRd., HsinChu, Taiwan ROCChung-Cheng institute of Technology,
impurity scattering, alloy disorder scattering, and interface roughness Dept. of Elect. Eng., Tahsi, Taoyuan, Taivan RORational Chiao-
scattering for the calculation. The interface roughness was assumed tofung University, ElectroPhysics Dept., 1001,Ta-Hsieh, HsinChu, Tai-
be characterized by the Gaussian fluctuations with the average Beight wan ROC;*Chung Shang Institute of Sci. and Technology, Material R &

and the lateral size. Highermy in the (411)A MD-QWs with |, = D Center, Lun-Tang P.O. Box 90008-8-6, Taoyuan, Taiwan ROC

12-18 nm can be explained well by a small interface roughiess0(4 In molecular beam epitaxy (MBE), both As4 and As2 are com-
nm), which is much smaller than thad € 0.7 nm) of the (100) monly used as arsenic sources to grow GaAs and AlGaAs epitaxial
samples with |, = 12-16 nm. A drastic decrease raf; for the (100) layers. A strong dependence of Si doping efficiency on As2/As4 flux

MD-QW with L, = 18 nm is due to a smaller critical thickness of the ratio and substrate temperature was also observed in GaAs and InAlAs
pseudomorphic (100) InGaAs. This result indicates that InGaAs/InAlAs films. Although the dependence of arsenic dimer and tetramer to sili-
MD-QWSs grown on (411)A InP substrates by MBE are suitable for con incorporation efficiency were noticed, none of the effect of phos-
high-frequency and low-noise devices because of their higher electronphorus species on silicon doping efficiency has been reported. Since the

mobility due to the (411)A super-flat interfaces. valve cracker solid source phosphorus cell was invented, all solid source
molecular beam epitaxy (SSMBE) had been widely used to grow phos-
9:20 AM phorus-related compound semiconductor. In this study, we found that
High Quality GaAs0.68P0.32/In0.13Ga0.87P/Si QW Structure the Si doping efficiency in InGaAIP epilayers grown by SSMBE has a
with a Very Few Threading Dislocations Yasuhiro Fujimoté strong dependence on the phosphorus cracker temperature and a slightly
Hiroo Yonezd; Naoki Ohshimg Kenji Momosé; 1Toyohashi Univer- weaker dependence on the growth temperature. Samples with Si-doped
sity of Technology, Dept. of Elect. and Electr. Eng., 1-1 Hibarigaoka, In0.5(Ga0.3Al0.7)0.5P epitaxial layer were grown in a RIBER 32P
Tempaku-cho, Toyohashi, Aichi 441-8580 Japan system equipped with phosphorus and arsenic valved crackers. Two sets

The growth of high quality 11I-V compound semiconductors on Si of samples were prepared. The first set is a series of “staircase” struc-
substrate is a key technology for realization of optoelectronic inte- tures, which have several InGaAIP layers grown sequentially with the
grated circuits (OEICs). However, a large number of threading disloca- same Si cell temperature but various phosphorus cracker and substrate
tions are generated in GaAs epilayers on Si substrates. It is mainlytemperatures. The second set has a structure consisting of a 1000nm Si-
attributed to a large lattice mismatch of 4% between GaAs and Si. Thesedoped InGaAIP layer grown at various substrate temperatures and P4/
threading dislocations must be eliminated, since they degrade theirP2 ratios. The P4/P2 flux ratio was adjusted by changing the P-cracker
performances during operation of minority carrier devices such as lasertemperature. The composition and electrical properties of all the
diodes and light-emitting diodes. Then, we proposed a structure of samples were studied by double crystal X-ray diffractometry (DCXD),
GaAs0.68P0.32/In0.13Ga0.87P/GaP/Si as a novel quantum well (QW)photoluminescence (PL), Hall, electrochemical C-V methods and sec-
structure with a small lattice mismatch (1.4%) to Si. The QW structure ondary ion mass spectrometry (SIMS). We observed that the substrate
was theoretically optimized to obtain a conduction band offset at small temperature and the cracking efficiency of phosphorus affected the Si
lattice-mismatch enough for CW lasing at room-temperature (RT). We doping characteristics prominently. The carrier concentrations of these
have tried to form the QW structure and observed a normal photolumi- InGaAIP samples clearly indicate that the doping concentration is
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strongly dependent on the growth temperature and the phosphoruslarge-area detectors. The reduced lifetime of the ITG-GaAs light-ab-
cracker temperature. No matter how the growth temperature changessorption region and the reduced device capacitance of the MSM struc-
the Hall concentration of the Si-doped InGaAIP layer increases with ture have improved the temporal response of the detector. In fact, the
the decreasing phosphorus cracker temperature. Although the silicondevices reported here have twenty times the active area and twice the
counts in the SIMS profile showed a constant value, both the C-V and bandwidth of typical commercially available photodetectors. Thus, we
Hall measurements showed that the dimer phosphorus as well as théhave shown that ITG-GaAs is an excellent material for fabricating
substrate temperature had a tendency to reduce the effective Si dopindarge-area MSM-PDs. This work has been supported by AFOSR grant
concentration. However, the dependence of Si-doping efficiency on F49620-96-1-0234A

the substrate temperature is not as strong as that on the phosphorus

species when the growth temperature is low. The amphoteric behavior10:40 AM +

of Si may be the major mechanism in the variation of its doping Ultrafast Carrier Dynamics in Be-doped Low Temperature

efficiency in InGaAlP. Grown GaAs Studied by Double-pulse Excitation Ri-an Zhaé;
Petra Specht Eicke R. Webér Nen-Wen Py Jeff Boko?; tUniversity
10:00 AM Break of California-Berkeley, Dept. of Mats. Sci. and Eng., 211-226 Cory

Hall #1772, Dept. of EECS, Berkeley, CA 94720 USHniversity of
California, Dept. of Elect. Eng. and Comp. Sci., Berkeley, CA 94720
USA

Low temperature grown (LT) GaAs exhibits ultrashort carrier life-
time due to a high concentration of carrier trapping centers induced by

SeSSion X. ComDOSite Materials the incorporation of excess As. Though the short carrier lifetime is

and App“cations essential to many optoelectronics and laser Sci., the trap recovery time
can limit the device maximum repetition rate. In this paper, we studied

Be-doped LT-GaAs, which is thermally stabilized and has subpicosecond
Friday AM Room: Corwin East carrier lifetime, by using time-resolved reflectivity and transmission
July 2,1999 Location: University Center experiments. By two time-delayed femtosecond pulse excitation at

various carrier density levels, the carrier photoresponse can be en-

hanced by a factor of 2. The second photoresponse decay time is longer

Ses_s’bn Chairs: Daniel Docter, HRL Labpratqries, (but still within ~1ps) after the first pulse excitation. This is because the
Malibu, CA USA; Jerry Woodall, Yale University, New trapping efficiency of As-related defects is decreased due to the occupa-
Haven, CT USA tion of fast-trapped electrons from the first pulse. It will be shown that

by careful material design, both ultrashort carrier lifetime (<1ps) and
improved trap recovery time (~3ps) could be achieved.

10:20 AM + 11:00 AM +
Transit Time and Light Absorption Effects in ITG-GaAs and Experimentally Verified Conduction Model for a Low-Resis-
Applications to MSM-Photodetectors Vijay Krishnamurthy; Marian tance Non-Alloyed Ohmic Contact Utilizing Low-Temperature-

C. Hargig; Michael R. Mellock *Purdue University, School of Elect. ~ Grown GaAs: N.-P Chef H. J. Ueng D. B. Jane K. J. Webf; M. R.
and Comp. Eng., Mailbox #258, West Lafayette, IN 47907-1285 USA; Melloct¥; *Purdue University, Dept. of Phys., 1396 Phys. Bldg., West
2Purdue University, School of Elect. and Comp. Eng., West Lafayette, Lafayette, IN 47907 USAZPurdue University, School of Elect. and
IN 47907-1285 USA Comp. Eng., 1285 Elect. Eng. Bldg., West Lafayette, IN 47907 USA
Reduced temperature growth of GaAs by molecular beam epitaxy Non-alloyed ohmic contacts to GaAs devices Ut|I|Z|ng a low tem-
(MBE) incorporates excess arsenic into the crystal. With anneal this Perature grown GaAs (LTG:GaAs) cap layer have shown their merit in
excess arsenic precipitates. The resulting arsenic precipitates and reterms of low contact resistance and a planar injector interface, making
sidual defects reduce the carrier lifetime. Low temperature grown (LTG) the devices suitable for contacts to shallow devices and nanoelectronic
GaAs, which has about 1% excess arsenic, has a carrier lifetime of abouglevices [1,2]. A specific contact resistance on the order fVitam?
1 ps. Controlling the growth temperature, and hence controlling the has been achieved, comparable to the best contacts to date for GaAs. In
excess arsenic concentration, the carrier lifetime can be controlled. Weorder to explain the measured behavior and to guide further develop-
have used this control of the carrier lifetime to tailor material for Ment, a conduction model is needed. In particular, it is important to
applications as metal-semiconductor-metal (MSM) photodetectors Understand the role of the LTG:GaAs in the electron transport t
(PDs). Using intermediate temperature growth (ITG), the lifetime can provides this low contact resistance. In this presentation, we will shg
be controlled so that it is a little longer than the transit time between results from a model that supports experimental data for contact re
electrodes. This removes the slow tail response typical of the impulsetance versus temperature. The model considers the energy barrig
response of MSMs, yet does not significantly reduce the responsivity. the contact structure as a modified Schottky barrier, incorporating
Since the MSM photodetector has a lower capacitance per unit areacharacteristics of the LTG:GaAs and the fayers. Such a modified
than a PiN photodetector, large-area high-speed photodetectors aréSchottky barrier approach provides a simple way to calculate the ¢
possible. The samples in this study consist of a 1 micron thick ITG- tact resistance. A numerical Poisson equation solution of the bar
GaAs light absorption layer grown at 400 by MBE, which contains profile is calculated considering the mid-gap defect states of {
about 0.02% excess arsenic. On top of this a 30 nm thick layer of LTG:GaAs layer and the surface potential of the layer. This barrier
Alo_sG%jAS was grown to improve the surface m0b|||ty and the struc- approximated with a SChOttky barrier with a uniform effective dopin
ture was capped with a AGa,As layer. The samples were then an- density so that the established Schottky barrier contact resistance
nealed at a temperature of 800 MSM-PDs with finger spacing vary- mulation can be utilized. This formulation considers three electrq
ing from 2 microns to 6 microns were then fabricated by depositing 1 transport regimes: field emission (FE), thermionic field emission (TFH
micron wide Ti-Au fingers using standard photolithography and lift-off and thermionic emission (TE) [3]. A series of measurements of cont
techniques. The light absorption region of the device has a squaref€sistance with different*nlayer doping densities and different tem
geometry with an area of 400 microns X 400 microns. The devices Peratures shows the consistency of the model. A comparison of
were contacted using a ground-signal-ground pad arrangement. The esured results and the calculations based on typical parameter sets s
micron spacing MSM had a FWHM of 93 ps (3.76 GHz Bandwidth) and that tunneling processes (FE and TFE) dominate for operation n
a fall time of 173 ps for its temporal response. The devices studied alsoroom-temperature. It also shows that the low contact resistance is
had dark current densities in the range of 4.2 fA/miérand to high activated donor density (> 5%2@m?) in the space charge
responsivities in the range of 0.12 to 0.22 A/W. Both the temporal region of the i Si-doped layer and a surface potential energy appro
response and dark currents demonstrates dramatic improvement for
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mately 0.3-0.5 eV above the Fermi level. These two effects are associ-the As atom flux, where the saturated concentration decreases with the
ated with the defect states due to excess As incorporated into thegrowth temperature. Based on the results, a model is presented for
LTG:GaAs. Both features are in contrast to the behavior expected for surface atomic processes of incorporation of excess As into a GaAs
stoichiometric GaAs layers, in which the bulk activated donor density is epilayer. In the model, As atoms which are chemisorbed on the As-
limited to ~ 5x1@ cm?3 and the surface Fermi level pins near mid-gap. terminated GaAs (100) surface serve as a precursor of excess As. On
The modeled results provide insight about the performance of low attachment of Ga atoms to the surface the majority of chemisorbed As
resistance non-alloyed ex-situ contacts to semiconductor device layersatoms desorb, but few atoms are incorporated as antisite As atoms. The
Reference: [1] M. P. Patkar, et al., Appl. Phys. Lett. 66, 1412 (1995); model explains the saturation of the concentration of excess As for
[2] H. J. Ueng, et al., Appl. Phys. Lett. 71, 2496 (1997); [3] K. high As fluxes and a temperature-dependence of the saturated concen-

Varahramyan, et al., Solid State Electronics 39, 1601 (1996). tration. The support for the model is provided by an atomic structure
of a reconstruction which occurs in the GaAs (100) surface at low

11:20 AM + temperatures under high As flux as well as by a Langmuir-isotherm-like

Thermal Conductivity of Low-Temperature-Grown GaAs: An- variation of the concentration of excess As with the As flux.

drew W. Jackson James P. IbbetsgnArthur C. Gossard Umesh K.

Mishra; tUniversity of California, Mats. Dept., Santa Barbara, CA

93106 USA;2University of California, ECE Dept., Santa Barbara, CA

93106 USA . .
Thermal conductivity of low-temperature-grown (LTG-GaAs) was SeSS|On Y PropertleS Of Quantum

measured by observing the temperature rise of a self-heated, photo\\\/ires and Wells

lithographically patterned platinum wire on the surface of the sample.

The temperature rise of the wire is determined by the thermal conduc-

tivity of the epilayer, the thermal conductivity of the substrate, and Friday AM Room: Corwin West

the geometry of the sample (layer thickness and wire width). To ex- July 2,1999 Location: University Center

tract the bulk thermal conductivity of the LTG-GaAs layer from the

measured temperature rise, the Laplace equation was solved numeri- . . . . .

cally for our specific sample geometry. Thermal conductivity of LTG- S€ssion Chairs: Jim Merz, University of Notre Dame,

GaAs was measured as a function of growth and annealing conditions.Notre Dame, IN USA,; Clivia Sotomayor-Torres, Univer-

All samples were grown by MBE using diffuse reflectance spectroscopy sity of Wuppertal, Institute of Mats. Sci. & Dept. of

to measure and cqntrol substrate te_mperatur_e. Annealing was performeqt|act. Eng., Wuppertal, Germany

both ex-situ by rapid thermal annealing, and in-situ underflas in the

MBE system. Thermal conductivity of un-annealed LTG-GaAs grown

at 240C was found to be only about 1/4 of the value for stoichiometric

GaAs. By measuring samples grown at several growth temperatures, We&.50 AM

have fpund that the gxcess thermal resistance m un-annealed LTG'StructuraI and Alloy Composition Uniformity of InGaAs Ridge

GaAs is correlated with the excess As concentration of the material.

i h G-G b Othe th | d Quantum Wires Grown by Selective MBE on Patterned InP
l,JPO” anneaiing t.e I,‘T -GaAs at or a oye"’ﬁ the thermal conduc- Substrates Chao Jiang; Hajime Fujikurd; Tsutomu MuranakaHideki
tivity of the material increases, although it is still lower than the value

f ichi ic GaAs. High " I Hasegawg 'Hokkaido University, Research Center for Interface Quan-
or stoichiometric GaAs. Higher annealing temperatures generally re- tum Electronics and Graduate School of Electronics and Information

§ulted in a Iargézr the:jmal condulct|V|ty |ncreasek; altf;céugaro Ifurther Eng., North 13, West 8, Kita Ku, Sapporo, Hokkaido 060-8628 Japan
increase was observed at anneal temperatures beyona. cula- For realizing future electronics based on quantum devices, forma-

tions show that strong phonon scattering by point defects (primarily tion of arrays of high quality and highly uniform quantum wires and
As antisites) can account for reduced thermal conductivity in the as- dots is one of the key issues. Recently, we have demonstrated that
grown material. After annealing, the reduction in point defects leads to selective MBE growth of InGaAs/InAlAs ridge quantum wire (QWR)
an increase in thermal conductivity, alth_ough thi; increase is less th,ar_]arrays on the mesa-patterned InP substrates is promising for this pur-
we ex.pect based on current understanding of point defects and preCIpI'pose. The purpose of this paper is to investigate the structural and alloy
tates in annealed LT GaAs. composition uniformity of the InGaAs/InAlAs QWRs using photolu-
minescence (PL), cathodoluminescence (CL), transmission electron
microscopy (TEM) and energy dispersive x-ray microanalysis (EDX)
techniques. Selectively grown InGaAs QWR arrays having wire widths
within a decananometer range showed narrow, intense PL emission
peaks as well as continuous, uniform emission lines in the CL images

11:40 AM

Surface Atomic Process of Incorporation of Excess Arsenic in
Molecular Beam Epitaxy of GaAs A. Sud@; N. Otsuk& Japan
Advanced Institute of Science and Technology, School of Mats. Sci.,

Asaggzl 'Il’ Tatsunokuct:)hl, N?m'?unb Ishlkawa 923&;:? Japan due to the wires. Particularly, the observed narrow peak width (FWHM
s layers grown by molecular beam epitaxy ( ) in a tempera- _ 28mev) of macroscopic PL indicated that the uniformity of the

ture range be.tween 200 and 300(LT'G"’_‘AS) conta|_n excess As up to' present QWR was the best of all the InP-based InGaAs QWRs formed
about 1 atomic percent, but possess high crystalline quality. According by selective growth techniques reported so far, and better or compa-
to reported equilibrium phase diagrams of GaAs, the solid solubility rable to most of the GaAs-based selectively grown QWRs reported so
limit of excess As in GaAs is only about 0.1 atomic percent at most far. However, by fitting the PL peak width data to the theoretical

even near the meltlr.1g pomF. The high concentratlon. of excess As N yalues calculated by assuming existence of certain size and alloy com-
LT-GaAs, therefore, is con&dergd to resu‘It from a unique surface pro- position fluctuations in the InGaAs QWRs, it was found that there still

cess of the MBE growth. The incorporation process of excess As in remained some residual structural and compositional imhomogeneity

LT-GaAZ%(\)Nasds;u:?&edcby Vafy'”g AS f:uxes in itgm%e;zturle range be- in the present InGaAs QWRs, which may become a serious problem in
tween an - Concentrations of excess As In S 18yers Wereé .o scaled-down QWRs having widths below 10nm. A detailed cross-

estimated by measuring increases of lattice spacings with X-ray diffrac- sectional TEM analysis revealed the presence of a few mono-layer
tion, and the substrate surface temperature was monitored by using a(ML) fluctuation of the interface between the QWR and the top InAIAs
q.ua.1rt.z rod connected to an infrared pyrometer. Wi_th its gnd placed in thebarrier layers. On the other hand, the bottom interface of the QWR was
V|p|n|ty of the substratg surface. Nearly §t0|ch|ometr|c GaAs layers nearly atomically sharp. Thus, fluctuation on the top interface appears
without any detectable increase of the lattice spacing are grown at a”to be the main cause of the wire nonuniformity observed by the PL
substrate temperatures under the As atom flux equal to the Ga atonbeak width measurements. By feeding back the results of cross-sec-
flux. With an slight increase of the As flux from the above stoichio- tional TEM observations to systematic change of MBE growth condi-
metric condition, the concentration of excess As sharply increases fortions, the optimum condition to grow QWRs with atomically sharp top

all substrate temperatures. For all grgwth temperatures, _the_re 1S a ,tenénd bottom interfaces was established. As for the composition unifor-
dency of saturation of the concentration of excess As with increasing
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mity, the TEM and EDX analysis revealed presence of a region with luminescence (PL) spectrum is close to the maximum PL intensity.
unintentional compositional variation in the QWR structure. Namely, Therefore, at this energy a considerable photon density is emitted.
in the vicinity of the vertical plane which contains the ridge and bisects Moreover, in the energy range near the center of the PL spectrum the
the whole wire structure along the wire direction, In composition was relaxation rate of the excitons varies significantly (mobility edge)
found to be appreciably lower than those in surrounding InAlAs and yielding an efficient exciton accumulation. We report the transient PL
InGaAs regions. Although a ridge structure is used here, the phenom-(TRPL) spectra of CdSe/ZnSe multiple-single quantum wells (MSQWS)
enon looks quite similar to the so-called vertical quantum well observed to exhibit the exciton relaxation around the mobility edge of the exci-
in the GaAs/AlGaAs V-groove quantum wires grown by selective MOVPE. tons. Five CdSe single quantum wells with 3.5, 2.5, 1.5, 1 and 0.5 mono-
Detailed analysis of the spatial variation of the alloy compositions as layers are grown successively by atomic layer epitaxy (ALE) in one
well as the resultant spatial modulation of the electronic states within sample alternated by 12nm thick ZnSe barriers. The PL spectra of each
the wire structure will be discussed. quantum well are well separated with no spectral overlap. The line
width of the five quantum wells decreases with decreasing well width.
Thus, the well width fluctuations are strongly reduced by the ALE
Spin Splitting of Exciton Band in Asymmetric Double Quan- growth method and excitons are localized only by impurity potential.
tum Wells: Guangyou Yy Xiwu Fart; Jiying Zhang, Dezhen Shen TRPL spectra are taken and analyzed at liquid helium temperature. For
1Changchun Institute of Physics, Chinese Academy of Sciences, Labo-each quantum well, the PL decay time increases with decreasing recom-
ratory of Excited State Processes, 1 Yan An Rd., Changchun, Jilin bination energy, suggesting an exciton relaxation from higher-energy
130021 ROC to lower-energy states. Also the PL rise time increases with decreasing
Tunneling mechanisms and processes have been intensively investirecombination energy, but it saturates around the peak of the time-
gated in the asymmetric double quantum wells (ADQW) structure that integrated PL spectrum. Since the PL rise time represents the exciton
consists of two different width wells coupled by a thin barrier[1,2]. build-up time, a saturated PL rise time indicates a reduced energy relax-
Besides that, the Kramers degeneracy is lifted causing spin splitting toation. We assign the observed phenomenon to a reduction of the carrier
appear in the energy band in this structure because of the lack of spatiatelaxation due to the three-dimensional confinement of the excitons
symmetry. Compound semiconductors in zinc-blende structure or somebelow the mobility edge. The exciton relaxation to the band edge is
artificial quantum well structures (e.g. ADQW) do not have the inver- usually accompanied with a movement in real space. However, in our
sion symmetry, and then the energy bands are split. Additionally, en- case the impurtiy potential causes the band-edge fluctuations, there-
ergy bands are also spin split by the spin-orbit coupling in the ADQW fore, the excitons are no more mobile below their mobility edge. They
structure. The spin splitting feature of energy band in compounds or are three-dimensionally confined. Recently, theorists showed that three-
quantum well structures is usually observed under magnetic field condi- dimensional confinement of the carriers reduces the relaxation rate due
tion, and the spin splitting is corresponding to the intrinsic lack of to the difficult matching between k vectors of the carriers and the
spatial symmetry of compounds or heterostructure[3,4]. In this paper, acoustic phonons. Therefore, excitons relaxing to the band edge from
we study the spin splitting of the exciton band in ZnCdSe/ZnSe ADQW, higher energetic states can accumulate substantially around the mobil-
where spatial symmetry can be designed artificially. The spin splitting ity edge without going further to lower energetic states. They emit
was observed by photopumped stimulated emission spectra and Ramaphotons to form the PL peak that coincides usually with the exciton
scattering spectrum without magnetic field. ZnCdSe/ZnSe ADQW sample mobility edge. Under stimulated emission, the quickly recombining
was prepared by LP-MOCVD. Stimulated emission spectra and Ramanexcitons are compensated by the excitons relaxing from higher ener-
scattering measurement were performed by a N2 laser and a YAG lasergetic states and, in effect, do not relax significantly to deeper states
respectively. For the stimulated emission measurement, the sample wadelow the mobility edge.
cleaved to approximately 1 mm wide resonator, and the Fabry-Perot
cavity was formed by the natural facets of the sample bar. The stimu-9:20 AM
lated emission spectra showed two sets of oscillation modes, and theRecombination Lifetime Measurements of InGaN/GaN Mul-
energy separation between the centers of the two sets of modes is onlyiple Quantum Wells: Eun-joo Shii; N. W. Song; J. I. Leé; D.
several meV. We exclude the situation that the two sets of modes areKim?; M. Y. Ryw?; P. W. Y&, D. Leg; Y. -H. Cho#; C. -H. Hong; Korea
corresponding to two different exciton processes by analyzing lasing Research Institute of Standards and Science, Spectroscopy Group, Yusong-
process and the exciton recombination mechanisms. Then the two set&u, P.O. Box 102, Taejon 305-600 KoréK-JIST, Dept. of Informa-
of the oscillation modes were explained by the spin splitting of the n=1 tion & Communications, Kwangju 506-712 Kore®;hungnam Na-
heavy hole exciton band. We found the spin splitting arising from the tional University, Dept. of Phys., Taejon 305-764 Koréla; G. CIT,
lack of specular symmetry in this kind of structure depends on the Optoelectronics Group, Seoul 137-140 Kor&konbuk National Uni-
excitation intensity strongly. The spin flip transition was also ob- versity, SPRC, Jeonju 560-756 Korea
served, and the spin flip transition can modulate the stimulated emis- Recently there has been a considerable amount of research to
sion intensity of the two sets of the modes by the flip rate which the understanding of fundamental optical properties of IlI-nitride se
depends on the excitation. Our explanation was proved by the Ramanconductors. However many important materials remain to be inved
scattering spectrum further. References: [1] Ph.Roussignol, A.Vinattieri, gated. In this paper, the recombination lifetimes of InGaN/GaN m
L.Carraresi, M.Colocci, A.Fasolino, Phys.Rev.B44, 8873(1991) [2] tiple quantum wells grown by metal organic chemical vapor depositi
S.Haacke, N.T.Pelekanos, H.Mariette, M.Zigone, A.P.Heberle, (MOCVD) have been studied at various time domains by time-resol
W.W.Ruhle, Phys.Rev.B47, 16643(1993) [3] B.Das, D.C.Miller, S.Datta, spectroscopy. Slow recombination decay component that has the |
R.Reifenberger, W.P.Hong, P.K.Bhattacharya, J.Singh, M.Jaffe, time of several hundred ns was observed for the first time. InGaN/G
Phys.Rev.B39, 1411(1989)[4] J.Luo, H.Munekata, F.F.Fang, P.J.Stiles, multiple quantum well sample was grown by vertical rotating dis
Phys.Rev.B38, 10142(1988) MOCVD. This sample has 75 A-thick undopedGma_ N (x ~ 0.18)
active wells and 60 A-thick Si-doped GaN barriers. Two kinds of tim

8:40 AM

9:00 AM

Mobility Edge and Exciton Relaxation in CdSe/ZnSe Quantum
Wells: Jinxi Shef R. Pittin#; K. Yui%; | Soumd; Y. Okéd; E. Kurt; T.
Yao?; 1Tohoku University, Research Institute for Scientific Measure-

resolved photoluminescence measurements were employed. The o
time-correlated single photon counting (TCSPC) technique which
ables the lifetime measurement in the range from a few tens of ps to
For longer lifetime measurement, a Q-switched Nd:YAG laser pump

FRIDAY AM

ments, Katahira 2-1-1, Sendai, Miyagi 980-8577 Japdnijversity of dye laser was used as an excitation source. A 500 MHz digital stor
Karlsruhe, Institute for Applied Physics, Karlsruhe D-76128 Germany; oscilloscope (HP 54503A) monitored the temporal profile. The life
3Tohoku University, Institute for Mats. Research, Katahira 2-1-1, Sendai, time measurement range is a few tens of ns to ms. We obtained thqg
Miyagi 980-8577 Japan decay profiles at various emission energies using TCSPC syste
The carrier relaxation rate to the band edge determines the effi-shown in Fig. 1(a). As the emission energy increases, the PL de
ciency, as well as the final operation energy of laser diodes. Mostly, becomes faster. The decay profiles were well described by a two-exX
laser diodes emit light coherently at the center of their luminescence nential function with fastt() and slow (,) decay components. And we
spectra. In fact, the energy corresponding to the center of the photo-can also observe that the background compongtirfcreases with
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decreasing emission energy. This means there exists a much slowecurrent and altered voltage output. The dependence of the maximized
recombination decay. This slower decay (vas measured by using a ns  carrier absorption and collection in the intrinsic region with the tem-
pulse laser. The decay profiles of this background component at variousperature is also reported. The oscillator strength fosc of the fundamen-
emission energies are shown in Fig. 1(b). The temporal responses betal excitonic transition is deduced from the line-shape of photocurrent
come faster as the emission energy increases. The decay time is in thepectra in the temperature range of 90 to 350K. An enhancement of
range of several hundred ns. The short components represent the defosc is evidenced with decreasing temperature providing largest absorp-
cays oft, andt,. From these time-resolved data we can consider that tion properties in the MQW region. Dark currents are finally found to
the PL peak of InGaN active well in the inset of Fig. 1(a) consists of dramatically decrease at lower temperature, demonstrating a substan-
three different emissions. The decay timet pfrom the fitting result is tial voltage output improvement for MQW-based devices.

almost constant in the energy range from 2.75 to 3.00 eV with 300 ps,

and decreases down to 150 ps with increasing emission energy. Thel0:00 AM Break

amplitude oft, decay is always greater than thattgf Together with

the red shift of time-resolved photoluminescence spectra with increas-10:20 AM

ing delay time, we interpreted this main emission as the recombination Improved Heterointerface Quality of AlGaAs/GaAs Quantum

of localized excitons. The decay bf decreases from 2.1 to 0.9 ns as Wires Characterized by AFM and Microscopic Optical Mea-

the emission energy increases. This component may be an impurity-surements Xue-Lun Wanyg Mutsuo Ogurg Valia Voliotis?, Roger
related peak, which is not clear at this stage. When we plotted the Grousso® !Electrotechnical Laboratory and CREST, Japan Science
emission energy dependence of recombination lifetimef the back- and Technology Corporation, 1-1-4 Umezono, Tsukuba, Ibaraki 305
ground component, the decay time decreases monotonously from 128QJapan;2Groupe de Physique des Solides, CNRS, Universities Paris 6 and
to 140 ns with increasing emission energy. From the experimentally Paris 7, 2 place Jussieu, F-75251, Paris Cedex 05 France

observed emission energy dependence of the decayt fiemed relation Although much progress has been achieved in the fabrication of
for the radiative recombination lifetime of a band-to-impurity transi- high-quality quantum wires (QWR) and quantum dots (QD), the
tion, the fitted E value of 3.06 eV is in agreement with the bandgap heterointerface quality of these structures which influences severely
energy £ of 3.04 eV. This dynamic feature suggests this slower decay their optical and electronic properties is still much poorer compared
component as due to the band-to-impurity transitions. The impurity with quantum well structure whose heterointerface can be controlled to
may be related to the Si donor which exists in GaN barrier layer to- an atomic level. We have developed a new technique for the growth of

gether with alloy disorder or the interface roughness. high-quality AIGaAs/GaAs QWRs on V-grooved substrate using flow
rate modulation. The average interface fluctuation of QWRs grown by
9:40 AM this method is found to be only about 1 monolayer (ML) from micro-
Study of Temperature-Dependent Photocurrent and Dark Cur- photoluminescence (micro-PL) characterization. In order to further
rent Measurements for a Maximization of Carrier Collection improve the interface quality, surface roughness on the initial V-grooved
and a Voltage Enhancement of MQW p-i-n Diodes Cedric GaAs substrate induced during V-groove preparation processes should
Monier!; Frederick Newmah Inna Serdiukovh Lissandro Aguila¥, be reduced. In this paper, we show that this roughness can be reduced

Mauro F. Vileld; Alexandre Freundlich University of Houston, Space greatly just by a simple etching treatment of the V-grooved substrate
Vacuum Epitaxy Center, 4800 Calhoun St., Sci. & Research |, Houston, before growth. The V-grooved GaAs substrates prepared by photoli-
TX 77204-5507 USA thography and wet chemical etchings were treated with two kinds of
Multi-quantum well (MQW) heterostructures, by exhibiting stron- processes: a) ultrasonic organic solvent cleaning + native oxide re-
ger absorption properties than in bulk materials, have attracted muchmoval by HCI. This is the process we used in our previous works. b)
attention in recent years due to their potential application for opto- ultrasonic organic solvent cleaning + 10 sec wet chemical etching by
electronic devices such as optical modulators, lasers or solar cells. FONH40OH:H202:H20 (1:3:50) solution. We first investigated the sur-
the latest photoconverter application, the quantum well-based tech-face morphology of the V-grooved substrates by atomic force micros-
nology which consists of the introduction of a periodical multi-quan- copy (AFM). On the surface of the sample without NH4OH etching, we
tum well heterostructure between the p and n-doped regions of a con-can observe large terraces of several 100 &#8211; 1000 nm long on
ventional single band gap has been studied to enhance the power corthe (111)A side wall along the [01-1] V-groove direction. Within these
version efficiency. The desired effect is to increase the carrier genera-large terraces, short range roughness exist, especially on regions where
tion and the photocurrent output by extending the absorption proper-the (001) flat and the (111)A side wall facets intersect. The long and
ties below the band gap of the basic material. The insertion of MQWs the short range roughness originated from misorientation of the V-
into the depletion region has been invariably accompanied at room- groove stripe from the exact [01-1] direction and some size fluctua-
temperature by a reduction of the voltage output resulting from the tions of the photoresist edge, respectively. However, on the surface of
development of carrier recombination in quantum wells. In this letter, the sample etched with NH4OH solution, the short-range roughness
we report a study of photocurrent and dark 1.V measurements on InAs/disappeared almost completely, and the step height between adjacent
Xpl-x/INP,(MQW)-n structures to emphasize the influence of both long-range large terraces was also reduced greatly. The improvement of
electric field and temperature on the absorption/transport properties QWR interface uniformity was clearly revealed by micro-PL measure-
and their direct impact on the electrical performances. MQW p-i-n ments. The micro-PL spectrum of a 5 nm thick QWR without NH40H
samples studied in this work were grown by Chemical Beam Epitaxy etching is split into about 10 sharp peaks (linewidth < 0.5 meV) distrib-
(CBE) at 510°C on (100) S-doped InP (001) substrates. Ten periods ofuted over an energy range of about 10 meV, which can be explained by
not intentionally doped InAsxP1-x/InP MQWSs were incorporated in the formation of 20-100 nm long extended ML islands along the wire
the intrinsic region of InP p-i-n structures for high arsenic composition direction. However, the micro-PL spectrum of the QWR grown on
values (0.26-0.65) and different well/barrier thickness. The structural NH4OH etched substrate is usually composed of two well-resolved peak
parameters were obtained by using high-resolution x-ray diffraction groups separated by 2-5 meV. Within one peak group, only one or two
analysis and C-V measurements. The analysis of the maximized collec-very sharp peaks (<0.2meV) exist. We attribute each of these peak
tion efficiency in the MQW region has been discussed in terms of groups to luminescence from one large terrace. The ML step islands in
thermal escape and recombination rates in the wells by evidencing thethese large terraces seem to be much longer than those of the sample
influence of the InAsxP1-x/InP quantum well composition, thickness grown without NH4OH etching. In summary, we have presented a very
and interface quality. The existence of a critical threshold built-in simple and very effective method for improving the heterointerface
electric field value above which total carrier collection becomes pos- quality of quantum nanostructures grown on patterned substrates.
sible is demonstrated. Maximized carrier collection, lower dark current
characteristics (two order of magnitude) and high output volt age are
systematically reached for built-in electric field exceeding the critical
value while similar structures operating with a substantially lower built-
in electric field (e.g. identical well characteristics but thicker i region)
yields non-optimized collection of carrier in this area, higher dark
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230 y GaAsP top layer of the MQW in addition to (b) a 2000y GaAsP

10:40 AM + epilayer. From the absence of any cross-hatch pattern associated with
Optical Properties in InGaN/GaN Structures Grown by Metal- misfit dislocations on the former we concluded that the GaAsP in the
Organic Chemical Vapor Deposition Mee Yi Ryy Eun-joo Shig; MQW is pseudomorphic. On the other hand the 2000y epilayer exhib-
J. H. Song S. W. Park P. W. Y4; N. W. Song; J. I. Leé&; D. Kim?; E. ited signs of strain relaxation. We employed both CER and PZR in

S. OR; Y. J. Park H. S. Park T. I. Kim3; !Kwangju Institute of Science order to conclusively identify the nature of the light-hole transitions,
and Technology, Dept. of Inform. and Comm., 1 Oryong-dong, Puk- an important consideration in determining the band offset. It has been
gu, Kwangju 500-712 ROK2Korea Research Institute of Standards and shown that in the PZR spectrum the light-hole transitions are accentu-
Science, Spectroscopy Group, P.O. Box 102, Taejon 305-600 ROK; ated in relation to CER data. For the GaAs0.97P0.03/GaAs0.71P0.29
3Samsung Advanced Institute of Technology, Photonics Laboratory, MQW, comparison between the experimentally observed energies of a
P.O. Box 111, Suwon 440-600 ROK number of quantum transitions with a theoretical envelope function
We have employed photoluminescence (PL), photoreflectance (PR),calculation, including the effects of strain in the barriers, made it pos-
and time-resolved photoluminescence (TRPL) measurements to studysible to evaluate the unstrained conduction band offset parameter Qc =
the mechanisms of optical transitions in InGaN/GaN structures. The 0.50+0.05. Our value for the band offset parameter is discussed in
sample used in this study was grown on a sapphire substrate by metalrelation to other works.
organic chemical vapor deposition. The nominally undoped 22 nm
wurtzite InGa, N epilayer was grown on aboutrdn GaN epilayer and 11:20 AM
capped with about 0./m GaN epilayer. The |&a N layer has about The Annealing Effects on Optical and Structural Properties of
18 % indium contents (®.18) determined by double-crystal x-ray (ZnSe)2(CdSe)n Short-Period-Superlattices Multiple Quantum
diffraction. Time-correlated single photon counting (TCSPC) system Wells: Ru Chin Tg Yan Kuin S&; Shu Tsun Chay National Cheng-
has been employed to study the carrier dynamics of InGaN/GaN struc-Kung University, Dept. of Elect. Eng., 1, University Rd., Tainan City
tures. The excitation source is a picosecond dual-jet dye laser synchro-703 Taiwan;2Chung Cheng Institute of Technology, Dept. of Elect.
nously pumped by a mode-locked argon ion laser. The instrumental Eng., Taoyuan 335 Taiwan
response function (IRF) of our TCSPC system was typically 60 ps. The This work investigates how thermal annealing affects the optical
cw PL measurements were performed using the 325 nm line of a cw He-and structural properties of (ZnSe)2(CdSe)n short-period-superlattices
Cd laser. The probe light used for PR was obtained by passing the Xe-multiple quantum wells (SPS MQW) grown by molecular beam epitaxy
lamp through a 50-cm monochromator. The reflection modulation was using photoluminescence (PL) and high resolution transmission elec-
achieved by photoexcited electron-hole pair generation using a He-Cdtron microscopy (HRTEM) techniques. Three sets of the MQW samples,
laser chopped at 80 Hz. Figure 1 shows the PL spectra of InGaN/GaNdenoted as samples A, B, and C, were grown on (100) GaAs substrates by
structures measured at 10 K for four different excitation intensities molecular beam epitaxy. Each quantum well in sample A contained
ranging from | = 0.001} to l,. As the excitation intensity increases, eight pairs of (ZnSe)2(CdSe)2 SPS; each well in sample B contained
the PL spectra are broadened asymmetrically and the main peak iseight pairs of (ZnSe)2(CdSe)l SPS. The conventional Zn0.5Cd0.5Se/
shifted toward higher energies. This blueshift may be due to combined ZnSe MQW in sample C were configured similarly to those in samples
effects of band filling of the localized states and Coulomb screening of A and B, except that Zn0.5Cd0.5Se ternary wells were grown for com-
the quantum confined Stark effect (QCSE) or Franz-Keldysh effect parison purposes. After growth, all samples were annealed at tempera-

induced by the piezoelectric field. The emission intensity)(bf the tures between 350 ¢XC and 475 ¢XC. According to Figs. 1(a) and 1(b),
main peak increases superlinearly with excitation intensity),(fol- much larger blueshifts were observed from both annealed SPS MQW
lowing a power-law form, ., a 1% The superlinear increase qf,l samples than from the annealed conventional MQW sample. For ex-

with I, indicates that the main emission in InGaN/GaN structures is the ample, annealing at 4 50 ¢XC for 30 minutes produced blueshifts of
recombination of localized exciton. Figure 2 shows the PL and PR 210 meV in sample A, and 90 meV in sample B, but only 20 meV in
spectra for InGaN/GaN structures measured at 10 K. The PR spectrumsample C. Figure 2 shows the PL-peak-energy blueshift as a function of
was analyzed by the low-field PR line-shape function, third derivative annealing temperature for all samples. According to our experience and
functional form. The averaged bandgap energy of InGaN layer is 3.053 previous investigations, the obvious degradation of ZnCdSe quantum
eV. The PL main peak is located at 2.895 eV. The Stokes-like shift is wells should not be observed until the annealing temperature rises above
about 160 meV. In Fig. 3, we plot the recombination lifetimes of 500 ¢XC. Hence, the small blueshift observed in sample C could be
InGaN/GaN structures as a function of emission energy. The PL decayattributed to the small interdiffusion along the growth direction, where
kinetics can be fit by two exponential functions. As the emission en- the interface between ZnCdSe well and ZnSe barrier is located. A char-
ergy increases, the decay tintgsandt, decrease from 450 ps and 1.89 acteristic that differentiates annealed SPS MQW from annealed con-
ns to 110 ps and 0.65 ns, respectively. The recombination lifetimes of ventional quantum wells is that much greater blueshifts can be obse!
the localized excitons decrease with increasing emission energy. Thusin annealed SPS MQW as the annealing temperature rises above
the lifetime behaviors of, andt, can be explained by the recombina- ¢XC. The cross-sectional TEM images from sample B are shown in H
tion of excitons localized at a certain potential minima. 3. Fig. 3(a) shows the image from the as-grown sample, and Fig.
shows the image from the same sample after it had been anneal
11:00 AM 450 ¢XC for 3 0 minutes. Figure 3(a) clearly shows SPS structures in
Modulation Spectroscopy Study of a Strained Layer GaAs/Ga- well regions, in contrast to Fig. 3(b), where the SPS structures canno
AsP Multiple Quantum Well Structure: L. Malikova; Fred H. clearly seen. This implies that annealing the sample at 450 ¢XC for
Pollak; Oleg Goreg Alexander Korotco¥% !Brooklyn College of minutes caused the disappearance of the SPS structures in the
CUNY, Phys. Dept, 3438N, 2900 Bedford Ave., Brooklyn, NY 11210- regions. The strong intermixing at such annealing temperatures
2889 USA;2State University of Moldova, Dept. of Phys., Chisinau, stroys the SPS structure in the wells, and restores them into the m
MD 2009 Moldova ZnCdSe ternary, thereby making them similar to conventional MQ
Using contactless electroreflectance (CER) and piezoreflectanceTherefore, this large blueshift could result from thermally induced i
(PZR) at 300K we have characterized a GaAs/GaAs1-xPx multiple terdiffusion of Zn and Cd atoms between alternate ZnSe and CdSe la|
quantum well (MQW) structure grown by chloride transport chemical of SPS structures in the well regions. The magnitude of blueshift g
vapor deposition (CTCVD) on a GaAs (001) substrate. For comparison pends upon the extent of intermixing between alternate ZnSe and C|
we have also studied “GaAs”(nominal) and GaAsP epilayers fabricated layers. Therefore, we attribute the larger blueshifts to thermally i
by this method. From a detailed lineshape fit to the CER data from the duced interdiffusion of Zn and Cd atoms between alternate ZnSe {
epilayers we have determined the energies of the fundamental band gajCdSe layers.
and hence the phosphorous composition. The nominal “GaAs” epilayers
were found to have phosphorous compositions of about 2.5%-3.2%, a
result of the phosphorous diffusion between growth chambers in the
reactor. The GaAs1-xPx epilayer had x = 0.29. Atomic force micros-
copy was employed to investigate the surface morphology of (a) the
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11:40 AM +
Transient Luminescence and Exciton Dynamics in (CdMn)Te/

(CdMg)Te Quantum Wells: Mukul C. Debnath J. X. Shef; I. Session Z. Wide Bandgap Nitrides
Soumad; E. Shiradé; T. Saitd; T. Satd; R. Pittinit; Y. Okal; Tohoku

University, Research Institute for Scientific Measurements, Katahira (M BE; TheOl’y, and AIN)
2-1-1, Sendai, Miyagi 980-8577 Japan

The exciton recombination rate determines the high-frequency limit _ . .
of the operation of electro-optical devices. We determine the exciton Friday AM Room. Lotte L_ehma_‘n Ha"
recombination time by measuring the lifetime of the PL intensity in July 2, 1999 Location: Music Building
the energy range of the excitons. In semimagnetic quantum wells (QWSs)

like Cd1-xMnxTe/Cd1-xMgxTe, the photoluminescence (PL) decay Sessjon Chairs: Chris van der Walle, Xerox, Palo Alto,

time of the excitonic signal becomes much longer than in non-mag- CA USA: Russell Dupuis University of Texas. Austin
netic QWSs. In these semimagnetic QWs, the decay of the PL intensity_l_x USA ! ! ' '

is found to follow a double exponential law [1] instead of the simple-
exponential law usually assumed for the exciton recombination. Inter-
estingly, we found that the PL intensity with a longer decay time is
strongly reduced by applying a magnetic field of the order of 1T. We
prepared QWs with different well widths and Mn compositions and we 8:?O AM_ t ) ) ) o
found a correlation between the reduction of the long decay time andDi€lectric and Lattice-Dynamical Properties of Ill-Nitrides:
the giant Zeeman splitting of the excitons in the semimagnetic wells. Ulrike Grossnet, Jurgen Furthmulley Friedhelm Bechstedt *Friedrich-
From the analysis of the field dependence of the time-resolved pL Schiller-Universitaet, IFTO, Max-Wien-Platz 1, Jena 07743 Germany
signal, we attribute the long decay time to the long-living dark excitons The dielectric and lattice-dynamical properties of BN, AIN, GaN,
(J=2) located energetically lower than the bright excitons (J=1) in zero @1d InN are calculated using a combination of density functional theory
field [2]. These dark excitons can recombine only after a spin flip (PFT) within the local density approximation (LDA) and generalized
process, which turns the dark excitons into bright excitons. In these 'eSponse theory, the density-functional pertubation theory (DFPT)[1].
terms, the difference between the long and the short decay times of thé”P t0 now, the lattice-dynamical properties of InN were not described
transient PL intensity is determined by the spin-flip processes occur- "€asonably within DFT and DFPT. However, this is possible in the
fing in the QW. The application of a field raises the energy of the dark framework of a generallzatlon[Z] of the ab-!nmo force F:onst_ant method.
excitons over the energy of the bright excitons due to the giant Zeeman'Ve follow the line of the papers[2,3,4] in calculating directly the
splitting. In this case, the dark excitons are depleted and no |0nger|meratom|c force constant matrix. The method is rather similar t_o the
contribute to the PL decay time. Therefore, the long-living PL com- frozen-phonon method. It ther_eforg desc_nbes the LO modes incor-
ponent is no more observable under magnetic fields. Furthermore, we'€ctly: The long-range electric field is not induced. Kern et al.[2] sug-
studied also the tunneling mechanism of both, the bright and the dark9eSted to determine this field or, more strictly speaking, the screened
excitons in MBE grown Cd1-xMnxTe/Cd1-yMgyTe and CdTe/Cd1- Bo_rn ion charges th_qt generate this field, from_ an_ artifact of_ thg peri-
xMnxTe asymmetric double QWs (ADQWs). With a decreasing barrier odic boundary conditions. The false electrostatic f|elq occurring in the
width, the PL intensity decreases for the narrow wells (NWs) suggesting supercell approach should be compensated to describe reallty. With the
an exciton tunneling from NWs to the wide wells (WWs). The long- Knowledge of the screened Born charges Z* the nonanalytical long-
living PL component disappears for the NW of the coupled ADQW Fange electric part of the d_ynamlcal matrix[5] is construc_ted an_d added
with decreasing barrier width. This demonstrates that both dark and !0 the force constant matrix[2]. We present complete dispersion rela-
bright excitons tunnel from the NW to the WW. Moreover, the tran- tions as well as screened charges Z* and the phonon frequencies result-
sient behavior for the WW is also affected by the decrease of the barrierind for the high-symmetry points Gamma, X, and L in the fcc Brillouin
width. The long-living PL component increases, indicating that more ZoN€ (BZ). In the case of BN, AIN, and GaN we compare our data with
dark excitons tunnel through the barrier. Thus we found that tunneling ©ther first-principles calculations using the DFPT[6] and first order
is a spin conserving process in this material. The long-living PL com- Ra@man data for cubic epitaxial layers[7,8,9]. The agreement of the two
ponent is not due to the tunneling of the bright excitons, since such adifférent ab initio calculations for the acoustic phonon branches is
long-living component can not be found in high fields when the dark excellc_ant. The deviations |n_the freque_ncy region of the optical branches
excitons are depleted after the energy crossing with the bright excitons.2re slightly larger. The main reason is related to the smaller screened
In spite of the exciton tunneling, the dynamics of the excitonic mag- effective |on_charges Z* in the present calculations. Thg agreement of
netic polaron in ADQW samples with different barrier widths is alimost the frequencies calculated for Gamma phonons and the first-order Raman
identical as follows from the analysis of the time relaxation of the data measured for cubic epitaxial layers is also good. The discrepancy in
polaron energy for the WWs. Thus, our experiments suggest that thethe case of the TO phonons is a result of the overest_lmatllon of the
polaron formation process is not influenced by the tunneling of the corresponding force constant due to the LDA-underestimation of the
excitons between the QWs. References: [1] M. C. Debnath, I. Souma,'att'ce constant. For InN 'the first ab initio calculations of phonons are
E. Shirado, T. Sato, J. X. Shen, and Y. Oka, J. Appl. Phys., April, 1999 presented. We end up with a TO-p_honon frequenpy of 467 cm-1 at the
in press. [2] Al. L. Efros, M. Rosen, M. Kuno, M. Nirmal, D. J. Norris, Gamma point, Whereas t_he experimental value |s_457 cm-1[10]. Th_e
and M. Bawendi, Phys. Rev. B54, 4843 (1996). phonon frequencies are in excellent agreement with other data avail-
able in the literature as well as for experimental values. This holds also
for the elastic constants which have been derived from the sound ve-
locities. Dispersion relations of 3C-InN. We observe a weakening of
the dependence of the short-range elastic force constant on the lattice
constant along the nitride row.

8:40 AM
Pressure Coefficient of Nitrides and Their IlI-V Alloys: Su-
Huai Wet; T. Mattilal; A. Zunget; National Renewable Energy Labo-
ratory, 1617 Cole Blvd., Golden, CO 80401 USA

Using first principles LAPW method and empirical pseudopotential
method we have studied the pressure coefficients $a_p$ of the direct
band gap transition for nitrides in both zinc-blende and wurtzite struc-
ture and their IlI-V alloys. We find that (i) $a_p$ decreases from AIN
to GaN to InN. (ii) $a_p$ in the wurtzite structure is only slightly larger
than that in the zinc-blend structure, and (iii) the pressure coefficients
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of the alloys are much smaller than the composition averaged values ofeither Sapphire or Silicon Carbide (SiC). Another substrate alternative
their binary constituents. The large reduction of the pressure coeffi- is Aluminum Nitride (AIN). AIN has a significantly lower vapor pres-
cients of the alloys are due to charge localization of the band-edge sure of nitrogen and can be grown in bulk form. In this presentation we
states, which is also responsible for the large band gap bowing in thesaeport on our results in the growth of AIN by physical vapor transport.
systems. We find that small amount of nitrogen substitution in GaAs AIN was grown by the decomposition of AIN powder in the presence of
induces a splitting of the $L_{1c}$ state. The induced $a_1(L_{1c})$ a nitrogen ambient. The growth of AIN was investigated in the tem-
state hybridize with $a_1(\Gamma_{1c})$, resulting in the experimen- perature range of 2000-2300°C with nitrogen pressures of 100-600
tally observed $E_-$ and $E_+$ states. Under pressure, interactionTorr. The separation between the seed and AIN powder was in the range
between the $E_-$ and $E_+$ states with $a_1$ symmetry leads to arof 4mm under a temperature gradient of 1-30C/mm. Under these con-
anti-crossing of $E_-$ and $E_+$ states, and results in the interchangalitions the growth rate varied between 10 and 50 microns/hr. Several
of their dominant character at high pressures. Our results explains thedifferent seed crystals were investigated, singular 6H-SiC, 3.50 off-axis
experimentally observed (a) changes in the pressure coefficients of6H-SiC and 8o off-axis 4H-SiC, and AIN grown by hydride vapor depo-
these states, (b) changes in the transition intensities to valence bandsition. Auger electron microscopy, Atomic Force Microscopy (AFM)
and (c) the absence of the crossing between $E_-$ (CBM) and $X_{1c}$ and various X-ray diffraction techniques were used to investigate the
state [see W. Shan et al., Phys. Rev. Lett. {\bf 82}, 1221 (1999)]. We AIN. Transmission electron microscopy (TEM) of this material is in
also shows that the observed near-saturation of the pressure coefficienprogress. Auger and X-ray results indicated that under certain condi-
of the $E_-$ state at high pressures is partially due to alloying effect tions a solid solution of SiC and AIN is formed. Under AFM examina-
and partially due to increase of the bulk modulus of the material under tion three dimensional spiral growth was observed on the on-axis mate-
pressure. Work is supported by U.S. DOE, contract No. DE-AC02-83- rial while step like growth was observed on the off-axis material. Addi-

CH10093 tionally, cracking of the AIN was observed when the growth was per-
formed on SiC substrates. We believe that this cracking is due the

9:00 AM difference in the thermal coefficients of expansion for SiC and AIN.

Measurement of Al Mole Fraction of Bulk AlGaN and AlGaN/ Growth on the AIN seeds did not produce cracking of the material.

GaN Heterostructures by Photoconductance and Reflectance Details of these results will be presented.
Methods: L. S. Y& D. Qiad; S. S. Lag J. M. Redwing !University of
California, San Diego, Dept. of Elect. and Comp. Eng., 9500 Gilman 9:40 AM
Dr., La Jolla, CA 92093-0407 USARATMI, Epitronics, 21002 North Microstructural Analysis of the Recrystallization in AIN Nucle-
19 Ave., Suite 5, Phoenix, AZ 85027 USA ation Layers: Yves-Matthieu Le Vaillaht René Bisary Jean Oliviek,
The Al mole fraction in the AlGaN layer is an important parameter Pierre Galtiet; Jean-Yves DubdzBernard GH; Sandra Ruffenach-Cligr
for the performance of the devices based on AlGaN. The Al fraction Olivier Briot3; Roger-Louis Aulombard Thomson-CSF/University
can be estimated from the energy bandgap of AlGaN from the following Montpellier, Laboratoire Central de Recherches/GES, Universit? de
equation: EgAIGaN=EgGaN(1-x)+EgAINx-bx(1-x), where x is the Al  Montpellier II, pl. E. Bataillon, GES, cc074, Montpellier 34095 France;
fraction, b the direct gap bowing parameter. Optical methods are com-2Thomson-CSF, Laboratoire Central de Recherches, Domaine de
monly used to measure the bandgap of semiconductors, however, theCorbeville, Orsay 91 404 Franc#)niversté de Montpellier, Groupe
conventional optical absorption method is not suitable for measuring d’Etude des Semiconducteurs, pl. E. Bataillon, Montpellier 34095 France
the bandgap of AlGaN grown on SiC substrate or AlGaN/GaN The optimization of the nucleation layer is a key-point in the
heterostructures since the energy bandgap of AlGaN is larger than thaigrowth of nitride materials. This thin AIN (or GaN) layer is generally
of SiC and GaN. For the photoluminescence method, special UV lasersepitaxied at a low temperature, then subjected to an annealing before
with large photon energy are needed when the Al fraction is relatively the deposition of the main epilayer. We studied the recrystallization
high. We report here two simple optical methods to measure the bandgapmechanisms during this annealing in AIN nucleation layers (~500 nm
of both the bulk AIGaN and AlGaN/GaN heterostructures, i.e., the thick) epitaxied by MOCVD method on [0001]-oriented sapphire sub-
photoconductance and the optical reflectance methods. In thestrates. A morphological and structural characterization was obtained
photoconductance method, the bandgap is determined by the sharpby x-ray diffraction, transmission electron microscopy (TEM), and
increase of photocurrent when the photon energy of the incident light atomic force microscopy (AFM). The x-ray diffraction analysis is
reaches the bandgap of AlGaN. For bulk AlGaN samples, the photocur-based on a special Fourier transform, where instead of considering the
rent was measured by a setup consisting a halogen light source, arcrystal as diffracting planes, this one must be thought in term of dif-
optical beam chopper, a monochromator and a lock-in amplifier. With fracting columns. This approach is known as the Warren-Averbach
the light source used in our experiment, the maximum Al fraction that method. The choice of such a Fourier real space gives much informa-
can be measured is about 0.23 (band@8m9 eV). If a Xe lamp instead tion on partially crystallized solids. The length of diffracting column
of the halogen lamp is used, the Al fraction up to 0.5 can be measured.is related to the size of the crystallites. The distortion of the colum|
For the AlGaN/GaN heterostructures, a special DC method was devel-gives access to the stress. With this precise and statistical method
oped to avoid the persistent photoconductivity in the 2D electron gas obtain distributions in size and stress for two annealing temperatu
channel of the heterostructure samples. In the optical reflectance(980°C and 1070°C), at various annealing time (from 0 to 15 mi
method, the bandgap is estimated by the change of the reflectanceTEM observations confirm the previous analysis, giving more deta
when the photon energy of the incident light exceeds the bandgap ofon the shape of the crystallized domains. Their angular orientati
AlGaN. The experimental results obtained by these methods were con-distribution is provided by x-ray rocking-curves. In the bulk of th
sistent with the results obtained by the photoluminescence measure-material, an Ostwald ripening (or secondary recrystallization) is point
ments. The merits and the accuracy of these methods will be discussedout by the emergence of big crystallites while the smaller ones {
consumed. After nucleation and grain growth, this stage of recrysta
9:20 AM + zation corresponds to an instability in the growth rate of the cryst
Growth of Bulk ALN by Physical Vapor Transport: Tim Housais; lites. The driving force of the ripening is the lessening of the tot
P. Zhod; H. N. Jayatirthg M. G. Spencér V. Dmitriev?; Yu Melnik?; interface between the amorphous matrice and crystals. The kinetics
A. Nikolaew; Howard Univeristy School of Engineering, Rm. 1124 precipitation is interpreted using the theoretical model of Lifshitz a
Mat. Sci. Center, 2300 6th St. NW, Washington, DC 20059 USB] Slyozov. Based on the local concentration of each element (here Al
INC., 8660 Dakota Dr., Gaithersburg, MD 20877 USA,F. loffe N), this model takes into account the influence of the strain induced
Institute, 26 Polytechnicheskaya St., St. Petersburg, Russia the phase transformation. At the surface of the layer, a similar p
Nitride based materials have garnered a great deal of interest fomomenon is observed. AFM reveals the change of the surface morp
microwave, power and opto-electronic applications. A major issue in ogy. During thermal annealing, some of the grains firstly grow ver
the development of this technology is the choice of substrate. Due tocally, increasing the roughness. Then, when the annealing time reaq
the extremely high vapor pressure of nitrogen over Gallium Nitride 5 minutes, a coalescence of the grains leads to a smooth surface.
(GaN), pure GaN substrates are very difficult to produce and currently pirical studies show that an optimized nucleation layer, according
almost all nitride-based devices are fabricated by hetero-epitaxy onthe quality of the main GaN epilayer, is incompletely recrystallize
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The role of the nucleation layer is to enhance a pseudo bidimensionnalnum content and is more pronounced for the growth on the MOVPE
growth of the main epilayer. We give some hypothesis on the improve- GaN. Simultaneously with the occurrence of cracks the strain param-

ment of this heteroepitaxy. eter measured by X-ray diffraction becomes smaller than one. The
compositional homogeneity was investigated by spatially resolved
10:00 AM Break cathodoluminescence performed at low temperatures. Spatially inte-
grated spectra are found to consist of two or three peaks. The higher-
10:20 AM energetic peak, which is believed to result from the donor bound exci-
Lateral Epitaxial Overgrowth of GaN Films by Molecular Beam ton, evolves with a bowing parameter of 0.3 eV for aluminum contents
Epitaxy: M. R. Hoit; A. M. Dabiran; B. E. Ishaug A. Parkhomovsky below 0.2 assuming a peak energy of 5.8 eV for AIN. The dominant
R. Held; P. I. Coheflt University of Minnesota, Elect. and Comp. lower-energetic peak corresponds to the well-known 3.41 eV line in
Eng., 200 Union St. SE, Minneapolis, MN 55455 USSijlver Sky GaN often attributed to extended defects. All spatially resolved local

Technologies, Inc., 644 Pond View Terrace, St. Paul, MN 55120 USA spectra of a certain sample show peaks at nearly the same spectral
Lateral epitaxial overgrowth (LEO) of GaN provides films with positions. Histograms of the wavelength variation of the dominant
reduced defect density, better electrical and optical properties, andpeak in the local spectra are used for an upper estimation of composi-
substantial improvements in device performance. All of the reported tional fluctuations. The half width of the histogram peak is found to
work on this technique to date have been based on material overgrowrinearly increase with the mean aluminum content, corresponding to an
using MOCVD on patterned masks. In this investigation, we have used absolute variation of the aluminum content of only 0.002 for x = 0.20.
molecular beam epitaxy (MBE) and demonstrate LEO of GaN directly
on sapphire. The growth proceeds from the sidewalls of features etchedl1:00 AM +
in thin GaN films. A mask was placed on a thin (~15 nm) GaN film Surfactant Effect and Polarity Inversion Due to Mg on the Ga-
grown by MBE on a sapphire substrate. The pattern consisted of 1 mmN(0001) Surface V. Ramachandran R. M. Feenstra D. W. Grevé,
by 2 mm rectangular regions of 1.5 micron spaced, 2 micron wide lines J. E. Northrug; 1Carnegie Mellon University, Dept. of Phys., Pitts-
and of pinwheels with 4 and 6 micron wide and 100 micron long lines burgh, PA 15213 USA2Carnegie Mellon University, Dept. of Elect.
every 15 degrees. The pattern was etched through the thin GaN dowrand Comp. Eng., Pittsburgh, PA 15213 USKXgrox, Palo Alto Re-
to the sapphire substrate using a chlorine/argon chemistry in an RFsearch Center, 3333 Coyote Hill Rd., Palo Alto, CA 94304 USA
reactive ion etcher. Before starting the overgrowth, the exposed sap- Submonolayer quantities of Mg deposited during the growth of GaN
phire surface was etched with a standard sapphire etch which does nofilms on 6H-SiC(0001) by molecular beam epitaxy (MBE) are seen to
attack the patterned GaN. An approximately 300 nm thick GaN film, dramatically stabilize film growth in the Ga-poor growth regime. In the
as measured by AFM, was grown on the patterned GaN surface. Theabsence of Mg, GaN growth in this regime is characterized by 3-dimen-
growth was carried out under a Ga-rich conditions and at a temperaturesional growth as evidenced by spotty reflection high-energy electron
well above the condensation temperature of Ga on GaN as determinedliffraction (RHEED) patterns, whereas growth in the Ga-rich regime
by desorption mass spectroscopy (DMS). In this growth regime no new consistently shows streaky, 1x1 RHEED patterns. In our experiments,
GaN nucleation occurs on the exposed sapphire regions. Instead, highlMBE growth of GaN is performed under successively reduced Ga fluxes.
mobile Ga adatoms diffuse to and are incorporated at the sidewalls ofln the Ga-poor regime, exposure of the growing surface to <0.2 mono-
the patterned GaN film resulting in LEO growth. The LEO layer grown layer (ML) of Mg causes the RHEED pattern to change from spotty to
in this way was characterized using atomic force microscopy (AFM), streaky 1x1, clearly indicative of the surfactant effect of Mg. This
scanning electron microscopy (SEM), and spatially resolved effect is observed at least until the Ga flux is reduced to about half that
cathodeluminescence (CL). AFM and SEM results showed a anisotropicrequired to maintain Ga-rich conditions at the clean GaN surface. Under
lateral to vertical growth ratio of about 3:1 in the optimum lateral more Ga-poor conditions obtained by increasing the nitrogen pressure,
growth direction. Also, an improvement in the optical quality of the the RHEED pattern changes to a streaky 2x2 which is maintained
LEO material was shown by the enhancement of band-edge emissionduring the growth. We propose that Mg present on the GaN surface
and a reduction of yellow-green emission. AFM and SEM images of the increases the mobility of Ga on N-rich surfaces leading to a return to 2-
pinwheel pattern regions also indicated no nucleation of GaN on the D growth upon Mg exposure in the Ga-poor regime. Deposition of
exposed sapphire regions. This work is partially supported by BMDO larger quantities, approximately 1 ML, of Mg on Ga-polar GaN films

SBIR N00014-98-M-0119 administered by the ONR. (polarity established by substrate - Si-polar SiC, and verified by observa-
tions of surface reconstructions) during growth, is found to produce
10:40 AM polarity inversion of the entire film. This has been verified by both
Strain Relaxation and Homogeneity of AlIGaN Grown by Mo- scanning tunneling microscopy (STM) and RHEED observations of the
lecular Beam Epitaxy. Sven Einfeldt Kai Vogelet; Verena Kirchne surface reconstructions after growth is complete. Large scale morphol-
Tim Boettche¥; Heidrun Heinké Detlef Hommel; Dirk Rudloff?; ogy is similar in both the non-inverted (Ga-polar) and inverted (N-

Juergen Christén University of Bremen, Institute of Solid State Phys., polar) cases, indicating that the polarity inversion is not concomitant

P.O. Box 330440, Bremen 28334 Germatiyniversity of Magdeburg, with a change in growth mode. Theoretical models for this inversion

Institute of Experimental Phys., P.O. Box 4120, Magdeburg 39016 are under investigation. In particular, a c-plane inversion domain bound-

Germany ary is found to be structurally feasible, and is consistent with the experi-
Thick AlGaN layers are an important component in many opto- mental data. This work has been funded by the Office of Naval Re-

electronic and electronic devices based on group Il nitrides. Besides thesearch and the National Sci. Foundation.

dopability of this ternary alloy, the generation of extended defects

namely film cracks seriously limits the possible layout of layer struc- 11:20 AM

tures for device applications. This issue as well as the compositional Influence of Structural Defects on Transport Properties of GaN

homogeneity of AIGaN are investigated in this paper using molecular Grown by Reactive MBE and Magnetron Sputter Epitaxy (MSE)

beam epitaxy (MBE) for the growth of Al(x)Ga(1-x)N (1 um)/GaN (1 Haipeng Tang James B. Webb Jennifer Bardwel| Brian Leatherfy

um) heterostructures on c-plane sapphire. The results are discusse®ylvain CharbonneauSylvain Raymond !National Research Council,

with respect to InGaN as the other ternary material in nitride devices. Institute for Microstructural Sciences, Bldg. M-50, Montreal Rd., Ot-

The growth of pseudomorphic Al(x)Ga(1-x)N layers on GaN is limited tawa, Ontario K1A OR6 Canada

by the generation of dislocations or film cracks releasing the tensile GaN layers have been grown using a system equipped for both reac-

elastic strain. Relaxation mechanisms are studied with respect to thetive MBE and MSE (magnetron sputter epitaxy) techniques. The layers

aluminum content as well as to the perfection of the GaN layer, which grown by the two different methods are plausibly of similar purity, since

was varied due to its growth temperature in MBE or by the use of GaN they had been grown in the same reactor and using the same source

layers grown by metalorganic vapour phase epitaxy (MOVPE). The materials. However, the MSE grown layers had a significantly poorer

critical aluminum content for visible crack formation in the 1 um thick crystalline quality compared to those grown by MBE. The FWHM

layers is found to be 0.08 for the growth on MOVPE layers but 0.10 for values of the (0002) X-ray rocking curve for the MSE samples are from

the growth on MBE layers. The crack density increases with the alumi- 600 to 1000 arc-sec, compared with values between 250 and 350 arc-

64



sec for the MBE samples. The different levels of crystalline imperfec- but the contributions from other impurities, such as nitrogen vacancies,
tion are found to have a profound influence on their doping character- may also be important. Oxygen incorporation is clearly dependent on
istics and carrier mobility. The mobilities of Si-doped GaN layers grown substrate temperature. Increasing substrate temperature decreases the
by MSE show an increase with increasing carrier density (n), to about oxygen sticking coefficient thereby lowering its incorporation. It is
80 cm”2/Vs at an n of 1e19 cm”-3. In the low carrier density end unclear what caused the decrease in carrier concentration with the
(lel7<n<1el8), mobilities fall rapidly, with values of 0.1 to 10 cm”2/ reduction in rf-plasma power. The decrease in unintentional carriers
Vs. Clearly, ionized impurity scattering does not describe this behavior. could be due to an unobserved change in the oxygen level (due to the
Scattering by charged dislocations is proposed to be the dominant scatSIMS detection limit), a reduction in the ion damage from the rf-
tering mechanism in these films. Carrier trapping at acceptor-like trap plasma source, or the reduction in growth rate.

sites at the dislocations may also explain a phenomenon that MSE

grown GaN layers without intentional doping are always highly resis-

tive and show no autodoping conductivity. In contrast, for the GaN

layers grown by reactive MBE, the mobility vs. carrier density curve

follows nicely the trend predicted by the ionized impurity scattering Session AA. Meta| Contacts to

mechanism. The mobilities show a peak value of 560 cm”2/Vs at n=1el17 . .

cm”-3, and decrease with increasing n, to about 180 cm”2/Vs at 1e19W|de Band Gap Sem|C0ndUCt0rS
cm”-3. The peak mobility value is among the highest values ever
reported for GaN grown by MBE, which reaffirms the high purity of our . . .
growth system. The higher crystalline quality of the MBE grown layers Fnday AM Room_' Multhultur_al Center Theater
resulted in dramatic reduction in the number of carrier traps and their July 2, 1999 Location: University Center
importance in carrier scattering. Their influence, however, is still vis-

ible at very low carrier density (<5e16 cm”-3) where mobility begins to Sessjon Chairs: Suzanne Mohney, Penn State
drop. In another indication of the low trap density, the MBE layers University University Park. PA USA: Lisa Porter

generally show an autodoping level of 1e16 to 2e17 cm”-3. PL spectra . . . .
of the MSE samples reveal a broad band centered at 670 nm in additionCarnegle Mellon University, Dept. of Mats. Sci. & Eng.,

to the well-known yellow band at 550 nm. The importance of this band Pittsburgh, PAUSA; Louis Guido, Carnegie Mellon
relative to the yellow band is temperature dependent, and is less promi-University, Dept. of Mats. Sci. & Eng., Pittsburgh, PA
nent in those samples with smaller x-ray FWHMs. In the high quality YSA

MBE samples, this band is not detectable, and the yellow band is also
absent or very weak. A possible link between this luminescence band,
the yellow band and the mobility affecting trap levels at the charged

dislocations is discussed. 8:20 AM

Large Schottky Barriers and Memory Operation for Ni/p-GaN
11-4_0 _AM o+ . ) ) Contacts Kenji Shiojim&; Tomoya SugahataShiro Saka& INTT,
Optimization of High Quallty. GaN t.)y MBE'_ B. Heying; I. Photonics Laboratories, 3-1 Morinosato Wakamiya, Atsugi-shi,
Smorchkovg C. Elsass E. Haug P. Fink; T. Mateg; S. P. DenBaats Kanagawa 243-0198 Japa#Tokushima University, Dept. of Elect.

U. Mishre; J. S. Speck 'UC Santa Barbara, Mats. Dept, Santa Barbara, 4nqg Electr. Eng., 2-1 Minami-josanjima, Tokushima, Tokushima 770-

CA 93106 USA;2UC Santa Barbara, ECE Dept, Santa Barbara, CA ggng Japan

93109 USA . ) ) . Large Schottky barriers and memory operation for Ni contacts
The carrler concer)trathns and oxygen |.mpur|ty levels of MBE- t5rmed on low Mg-doped p-GaN are reported. For p-GaN, the much

grown GaN films were investigated as a function (_)f substrate tempera-higher Schottky barrier height (SBH) (above 2 eV) is expected since the

ture and power of the EPI UNI-Bulb rf-plasma n|t'r_ogen source. The ¢um of SBH of n and p types (SBH of n-type ~ 1 eV) adds up to the band

MBE-GaN films were grown under Ga-stable conditions on GaN tem- a5 of 3.4 eV. However, the contacts tend to exhibit very leaky Schottky

plate layers grown by metalorganic chemical vapor deposition characteristics. Consequently, the mechanism of current flow through
(MOCVD). The carrier concentrations of the nominally un-doped MBE- ¢ interface has not been established and the exact value of SBH has

GaN films measured from capacitance-voltage (C-V) profiles were found ot yet heen estimated. In this study, for the improvement of the leaky
to decrease from 2e1‘8cm_-3 to 6el7cm-3 by Tcreasmgothe SUbStratecharacteristics, low Mg doping is examined as a way to improve the
temperature used during film growth from 565°C to 680°C at a con- gyrface morphology and widen the depression layer width (W) of the
stant rf-plasma power of 390W. Relative oxygen impurity levels mea- gcpotiky contacts in order to suppress the tunneling current thro
sured from SIMS depth profiles of the GaN f|_|ms were also fou_nd t0 the barrier. The 2rm-thick GaN films were grown on (0001) sapphirg
decrease by 55% for the same temperature increase. The carrier COMgsing metalorganic chemical vapor deposition (MOCVD). A mixture ¢
centrations of MBE-GaN films were also found to decrease from 6el7cm- Bis-cyclopentadienyl magnesium (SRy) in H, was the Mg precursor.
3 to 8el6cm-3 by decreasing the rf-plasma poower from 390W 10 The films were grown at 1076 with 25-nm-thick low-temperature
150W at a constant substrate temperature of §80 C. The change in rf‘(TG:450’C) unintentionally doped GaN buffer layers. The Mg conce
plasma power from 390 to 150W had the additional effect of r.educmg tration was 1.3x1® cm? according to secondary ion mass spectro
the growth rate from 0.4um/hour to 0.2um/hour. SIMS profiles for ey measurements and the carrier concentration was estimated f
films grown under the two different rf-plasma powers showed no differ- capacitance-voltage measurements to be #xa®r. A reasonable
ence in oxygen impurity levels. However the oxygen levels for both 46 of activation efficiency of 3 % can be estimated. After bufferd
films were at the oxygen detection limit of the SIMS. To further inves- hydrofluoric acid treatment, Ni (100- nm thick) was deposited by eld
tigate these trends in carrier concentration and oxygen incorporation,rqn_peam evaporation. In atomic force microscopy (AFM) observ,
an MBE-GaN film was grown with a substrate temperature of'680°C and tions, the many steps observed confirm the surface of p-GaN is ato
an rf-plasma power of 150W on top of another MBE-GaN film grown cally flat. The dislocation density () is as low as 5.5xE0cm?,
with a substrate temperature of 740°C and an rf-plasma power of gow'compared with n-GaN, for example, whosg, s 9x1G cm? with a
The carrier concentration was found to decrease from to ~1el7cm-3 inmobility of 330 cn/Vs and free electron con(s:entration of 5x16ma.
the high power, low temperature film to 3e16cm-3 in the low powe;’, The contacts show Schottky behavior in current-voltage (I-V) chara
high temperature film. The SIMS depth profile also showed a 22% (eyigtics. Linear regions of more than two orders are seen in the for
decrease in the oxygen impurity level from the high power, low tem- semi-log I-V curves, and the reverse current is 1 pA at 10 V. T
perature film to the low power, high temperature film. In the carrier Schottky barrier is as high as 2042 eV and the n value is 1:82L06.
concentration range of ~1e17cm-3 to ~1el8cm-3, oxygen is the domi- o results are in good agreement with the prediction that the su
nant source of unintentional carriers. In the range of ~1e16¢m-3 10 {he SBH of n and p types adds up to the band gap, as the reported V3
~1el7cm-3, oxygen also appears to be an important source of carriersys schottky barriers of Niln-GaN are around 1 eV. As a result of obta

FRIDAY AM

65



-
2
>
<
>
=

ing the large SBH, carrier capture and emission processes of deep levelpresented at 1998 Fall MRS Proceeding and MRS Internet J. Nitride
in a depletion layer can be observed. The W can be varied by light Semicond. Res. 4S1, G6.42, 1999. 3. Masaaki Suzuki, et al, Appl. Phys.
irradiation or forward current injection to the interface. After the Lett.,, Vol. 74, 275, 1999. 4. T. Mori, et al, Appl. Phys. Lett., Vol. 69,
irradiation, because the deep levels are fully negatively ionized, W is 3537, 1996.5. H. Ishikawa et al, J. Appl. Phys., Vol. 81, 1315, 1997.
small and the apparent SBH is low (~0.8 eV) due to the tunneling. After

the injection, the deep levels become neutral, W is large and the origi-9:00 AM

nal large SBH is seen. These processes are repeatable. Since the timeurrent Transport Mechanism of Low-Resistance TaTi Ohmic
constant is very long, roughly estimated to be 50 days, this contactContact Materials for p-GaN: Yasuo Koide M. Suzuk}; T. Arait; Y.
could be utilized as a memory device. Matsunagy T. Kawakamii; Masanori Murakamj T. Uemurg; N. Shibatg

Y. Tag&; Kyoto University, Dept. of Mats. Sci. and Eng., Sakyo-ku,
Kyoto 606-8501 JaparfToyoda Gosei Co. Ltd, Optelectronis, Tech-
nical Dept. No.2, Heiwa-cho, Nakashima-gun, Aichi 490-1312 Japan;
3Toyota Central Research & Development Labs. Inc., Nagakute, Aichi

8:40 AM +
High Temperature Behavior of Barrier Height and Ideality Fac-
tor of Ni/Au Contacts to p-type GaN Ricky Wenkuei Chuahg
Albert Q. Zouy; Jeffrey D. Nay, YongSheng Zhdo Henry P. Leg Z. J. 048-1192 Japan
Dong; F. F. Xiong; Robert Shily M. Bremset; University of Califor- 11I-Nitrides semiconductors are a primary candidate for blue or ul-
nia, Irvine, Dept. of Elect. and Comp. Eng., 3333 Eng. Gateway traviolet LDs. One of materials-related concerns to manufacture these
Westwing, Irvine, CA 92697 USAAlpha Photonics Inc., 2019 Saturn  LDs is lack of low resistance Ohmic contacts for p-GaN. Although
St., Monterey Park, CA 91754 USAAIXTRON Inc., 1670 Barclay various approaches have been made to develop such the low resistance
Blvd., Buffalo Grove, IL 60089 USA Ohmic contact materials to improve the performance and reliability of
High contact resistance on p-type GaN remains a fundamental tech-the IlI-Nitrides LDs, no success has been reported. Recently, we dem-
nological challenge to be overcome for GaN-based light emitting de- onstrated a possibility to prepare Ohmic contact materials with spe-
vices. Despite recent progress using combination of transition metalscific contact resistances § lower than 18 W-cne by the conventional
of Ta and Ti to Dr. hydrogen atoms away from Mg dopants under high deposition and annealing technique [1]. Although this contact had
temperature (800°Celsius) treatment, which results in record low spe-resistance low enough to manufacture blue LDs, a key issue was deterio-
cific contact resistance (as low as 3%M¥-cr?) [4], Ni/Au remains the ration of ther ; values during room-temperature storage. The purpose
standard p-type contacts used in most LEDs and laser diodes. Furtherof the present paper is to understand formation and deterioration mecha-
more, it is known that thermal annealing reduces the specific contactnisms of the TaTi Ohmic contacts for p-GaN. Transition metals of Ta
resistance (Fig. 1(a); see attachment) [1,2]. The reason for the reducand Ti, in addition to binary TaTi metals, were used, because these
tion of contact resistance is believed due to removal of contaminants atmetals were expected to facilitate out-diffusion of hydrogen atoms
the metal/semiconductor interface [3]. Despite the effectiveness of from a GaN epilayer and increase the ionization efficiency of the Mg
thermal annealing in reducing the contact resistance for Ni/Au and atoms in the p-GaN epilayer by removing hydrogen atoms at elevated
other contact metals, no systematic quantitative characterization intemperatures. Undoped GaN and Mg-doped p-GaN epilayers were suc-
terms of electrical and transport parameters such as barrier height orcessively grown by MOVPE on sapphire substrates using a thin AIN
ideality factor modification have been reported. In this paper, we in- buffer layer. The hole concentrations of the p-GaN epilayers were 6-
vestigate the changes in barrier heighits §nd ideality factors (n) of 7x107 cm3. Ta and Ti were deposited in an electron beam evaporator.

Ni/Au contacts on p-GaN as a result of thermal annealing from |-V
measurements conducted in the range of 2500he samples used in

the studies were InGaN/GaN single quantum well LED structures with
0.5 microns thick Mg-doped p-GaN cap layer grown by MOVPE. The

Thickness of a single layered Ta or Ti contact was 50 nm, and the
bilayered Ta/Ti contacts with various layer thickness combinations
were prepared. Annealing of the samples at temperatures bel6@ 800
was carried out in a vacuum. The electrical properties of these contacts

hole concentration were measured in the range of ~113xi03. were measured using an |-V method and a circular transmission line
Circular contacts surrounded by large area contact pad (Fig. 2(a); seemethod at room-temperature before and after annealing. The micro-
attachment) with separation of 5 and 10 microns were formed by e- structural analysis at the p-GaN/TaTi interfaces after annealing at tem-
beam evaporation of Ni/Au (20 nm/120 nm). Each set of samples perature of 800C for 20 min did not detect a heterostructural interme-
containing 4 circular contacts was annealed at 500 aneC7@® 100s diate semiconductor layer at the p-GaN/metal interface. From SIMS
in a rapid thermal annealing furnace. Barrier height and the ideality analysis, the reason for reduction of thevalues was believed to be due
factor were extracted from |-V measurements between the circular to formation of the p-GaN epilayer with high hole concentration close
contacts and surrounding pad under reverse bias condition between Qo the p-GaN/metal interface, caused by removal of hydrogen atoms
and -0.5 V (relative to the circular pad) and fitting with thermionic which bonded with Mg atoms. It was also believed that the reason for
transport model (Fig. 1(b); see attachment). Upon annealing a€500 deterioration of the . values was due to passivation of the Mg accep-
the barrier height changes from 0.60 eV to 0.51 eV, with the ideality tors by hydrogen atoms. [1] M. Suzuki, T. Kawakami, T. Arai, S.
factor changes from 1.21 to 1.11, as compared to the as-depositedKobayashi, Y. Koide, T. Uemura, N. Shibata, and M. Murakami, Appl.
contacts. Further annealing at ?G0 however, results in only minor Phys. Lett., 74, 275 (1999).

changes on barrier height (~0.50 eV) and ideality factor (~1.13). Thus,

the barrier heights extracted appeared to be saturated «f 20@ 9:20 AM +

above. The results strongly support earlier structural characterizationindium Tin Oxide as a Transparent Contact to p-GaN Tal

that the removal of interfacial contaminants is responsible for barrier Margalitht; Oded Buchinsky Dan A. Cohe?) Amber C. Abarg Monica
lowering [5]. Based on the measured barrier lowering, the average thick- Hanse®; Steven P. DenBadsLarry A. Coldrerd; !University of Cali-

ness of the contamination layer is ~0.6 to 1 nm, if we assume thefornia at Santa Barbara, Dept. of Mats., Santa Barbara, CA 93106 USA;
contaminant forms an insulating layer between metal and semiconduc-2University of California at Santa Barbara, Dept. of ECE, Santa Bar-
tor. The results of barrier heights and ideality factors extracted are bara, CA 93106 USA

summarized in Table 1 (attachment). At high measurement tempera- Recently, GaN-based edge-emitting blue lasers have become com-
ture, the I-V on all samples become more linear as a result of an increasenercially available. Vertical cavity surface emitting lasers (VCSELS)
in carrier concentration and lowering of effective barrier height is can be more attractive, especially if arrays are desired. In the absence of
noted for all samples, as shown in Fig.2(b) (attachment). The barrier conductive mirrors, there is a need for intracavity contacts with good
height and ideality factor results are summarized in Table 2 (attach- lateral conductivity. The poor conductivity of p-GaN is a major ob-
ment). In addition to thick Ni/Au layer described above, experiments stacle for VCSELs, so we have investigated indium tin oxide (ITO) as a
are underway to determining the thermal annealing on ultra-thin semi- current spreading transparent contact. The epitaxial structures were
transparent Ni/Au (4nm/4nm) layers employed as current spreading grown by MOCVD on sapphire substrates, consisting of 3 mm thick
layer for GaN-based LED. Reference: 1. A. Q. Zou, R. W. Chuang, H. P. GaN:Si, 5 quantum wells with 3.5 nm thick, |iGa, 4N wells and 5 nm

Lee, Z. J. Dong, F. F. Xiong, and R. Shih, Student Symposium, Southernthick In,,Ga,,N:Si barriers, and 180-250 nm thick GaN:Mg. The ITO
CA Chapter of AVS, Sept.23, 1998. 2. R. W. Chuang, A. Q. Zou, H. P. was deposited in a DC ring magnetron sputtering system, using an ITO
Lee, Z. J. Dong, F. F. Xiong, R. Shih, M. Bremser, and H. Juergensen,target, in an argon/oxygen plasma, and was rapid thermal annealed for
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2 minutes in a nitrogen ambient at 600°C, which was the optimal by the KOH-based treatment. The optimization of this treatment is
annealing temperature. To demonstrate hole injection and currentbeing present. The effect of various parameters of KOH-based treat-
spreading, broad area and 20 um diameter LEDs, with either ITO (25 ment, such as treatment time and KOH solution concentration, will be
nm) or Ti/Au (5/6 nm) as the p-contacts were fabricated. A metal pad reported.

was deposited around the contact layer of the small aperture LEDs. The

turn-on voltage of the ITO-contacted broad-area LEDs was around 6 V,10:00 AM Break

a 2 volt increase from metal-contacted devices. The 20 um diameter

devices turned on around 7.5 V. 20 um aperture ITO-contacted devicesl0:20 AM +

on a different wafer (with 180 nm thick p-GaN,) exhibited higher turn- Characterization of Rhenium Schottky Contacts on n-Type

on voltage (10 V). On these devices, a uniform blue luminescence (with AlxGal-xN at High Temperatures L. Zhou; A. T. Pind; J. Red-

peak wavelength of 420 nm and linewidth of 20 nm) was observed from wing?; |. Adesidd; University of lllinois, Dept. of Elect. and Comp.
underneath the ITO, indicating effective current spreading from the Eng., Microelectronics Lab, MC-249, Urbana, IL 61801-2355 USA;
ring contact to the center of the ITO window. It is suggested that the 2ATMI/Epitronics, Phoenix, AZ 85027 USA

aforementioned variations in the turn-on voltage are related either to The study of Schottky barrier contacts on AlxGal-xN is of great
low-level or non-uniform p-doping of the GaN, partial deactivation of importance for high power and high temperature heterostructure field
the doping at the surface, or formation of a thin gallium oxide layer effect transistors (HFETS). For the gate contact of such devices, metals
during the ITO sputtering. Optical transmission and reflection were are needed which form high barrier heights and are stable at elevated
measured on 25 nm ITO and 5/6 nm Ni/Au film. The optical loss was temperatures. Schottky barrier heights of a variety of metals (i.e. Ni,
estimated from the sum of the measured transmission and reflection,Au) to n-type GaN have already been characterized [1]. However, the
R+T. At 420 nm, R+T was 99% for the ITO (corresponding to a power majority of these metals are unsuitable for high temperature opera-
absorption coefficienta, of 3800 cni), while the metal film exhibited tions. Tungsten and rhenium have been predicted to form thermody-
R+T=65% @=3x105 cmt). More reliable ellipsometry measurements namically stable contacts on GaN [2]. Rhenium is the more promising
of the ITO resulted irm=664 cmt (R+T=99.8%). This low absorption, of the two because of its higher barrier height to n-GaN and has been
while providing current spreading, suggests the use of ITO as a promis-demonstrated the capability to withstand annealing temperatures of

ing VCSEL intracavity contact. 700°C for up to 10 minutes without performance degradation. Thus far,
no Schottky characteristics have been reported for Re on AlGaN. This
9:40 AM + study is important for the fabrication of gate contacts on AlxGal-xN
Surface Treatment of p-GaN by KOH Solution Studied by Syn- HFETSs. In this paper, we report on the Schottky characteristics of
chrotron Radiation Core-Level Spectroscopy Jingxi Suf; K. A. rhenium on AlxGal-xN (x=0.1, 0.2 and 0.3) at elevated temperatures.
Rickerg; J. M. Redwing A. B. Ellis?; F. J. Himpset T. F. Kuech; The electrical and materials characteristics of Re Schottky contacts on

1University of Wisconsin-Madison, Dept. of Chem. Eng., 1415 Eng. AIxGal-xN (x=0, 0.1, 0.2 and 0.3) grown by MOCVD on sapphire
Dr., Madison, WI 53706 USAUniversity of Wisconsin-Madison, Chem. substrates were investigated. The effective barrier heights were ob-
Dept.; 3Epitronics, Phoenix, AZ*University of Wisconsin-Madison, tained from current-voltage-temperature (IVT) and capacitance-volt-
Phys. Dept., Madison, WI 53706 USA age (CV) measurements and were found to increase with higher alumi-
A low resistance ohmic contact is essential for improving the elec- num concentration. The Re contacts on GaN did not degrade until
trical and optical performance of GaN-based devices. For n-type GaN, 800°C while those on AlxGal-xN degraded after annealing at 600°C for
a low resistance ohmic contact has been successfully developed. How-10 min. Secondary ion mass spectroscopy (SIMS) depth profiles were
ever, low resistance ohmic contacts to p-GaN have been problematic.used to study the Re/AlGaN interfaces following high temperature treat-
Recently, it has been reported that the lowest contact resistivity hasments.
been achieved by the surface treatment of p-type GaN using a KOH
solution prior to metal deposition. The mechanism of this surface 10:40 AM
treatment has not been systematically investigated. In the presentimproved Surface Morphology and Thermal Stability of Al/Ti/
study, we present results of our study of the KOH-based surface treat-n-GaN: Joon Seop Kwak Suzanne E. MohnéyR. Scott Kerfy 1The
ment of p-GaN using synchrotron-based core-level photoemission andPennsylvania State University, Dept. of Mats. Sci. and Eng., Univer-
photoabsorption spectroscopy. The chemical bonding at the surface,sity Park, PA 16802 USAHewlett Packard Company, 370 W. Trimble
the chemical identity of the surface species and the shift in the p-GaNRd., San Jose, CA 95131-1008 USA
surface Fermi level with chemical treatment can be identified in an Ti/Al ohmic contacts are widely used on n-type GaN. Rough surface
effort to determine the mechanism underlying this improved contact morphologies after the contacts are annealed and degradation upon
behavior. The Mg-doped p-GaN films used in this study were grown by high temperature aging have been reported. Ti and Al also provide
metal organic vapor phase epitaxy (MOVPE) on (0001) sapphire sub-first layers in some of the more complicated multilayer contacts tl
strates. The GaN surface was treated in boiling KOH solution for ~ 10 are currently in use. Nevertheless, little work has been performed
seconds. C 1s and O1s photoabsorption spectroscopy was used to deteevaluate the role of the relative amounts of Ti and Al on the cont3
mine the residual carbon and oxygen on this treated surface. In addi-resistivity, long term thermal stability, and phase formation in Al/Ti/
tion, we used Ga 3d and N 1s core-level photoelectron spectroscopy toGaN contacts. In this study, we find that the overall composition of t
detect the chemical bonding states at the surface by determining thecontacts greatly influences all three of these characteristics. Ti
chemical shift of the core level energy. The Ga 3d spectra also allow uscontacts with Ti layer thicknesses of 15, 35, 55, or 75 nm and Al la
to determine the position of the GaN surface Fermi level position thicknesses of 115 nm were sputtered on lightly doped n-G
relative to the gap, which is critical for the electrical behavior of (n=5x106cm?3) grown by metalorganic chemical vapor deposition. Th
subsequent contacts. It was determined before and after KOH treat-contacts were annealed in a rapid thermal annealing furnace in Ar.
ment. Our results indicate that the KOH-based treatment alters the p-contacts with thin Ti layers (15 and 35 nm), contact resistivities
GaN surface composition. KOH-based treatment can greatly reduce the2x105 Wem? were measured after 15 s anneals at 600&%Mhd 600-
concentration of N on the surface as well as the C and O-containing80(°C, respectively. For contacts with thicker Ti layers (55 and
contamination. The chemical binding states for both N and Ga are nm), higher contact resistivities near-4Ld/cm? were obtained upon
modified after treatment. The Ga-oxide related peak is substantially annealing for 15 s in the same temperature range or for longer time
reduced as is the surface-based N 1s peak after the treatment. Thé0°C. Upon annealing the contacts with the thicker Ti layers for 1
surface Fermi level is shifted from mid band gap toward valence band at 950C (55 nm layer) or 100C (75 nm layer), however, the contact
edge after KOH-based treatment. The modification of the surface com-resistivities dropped to 2xB0Wcme. These values are comparable td
position, and hence the surface chemical bonding states due to thehose obtained for contacts with thinner Ti layers annealed at lo
KOH-based treatment contribute to the improvement of surface elec- temperatures. Although they required higher annealing temperature
tronic properties. The low ohmic contact resistance after treatment reach comparable contact resistivities, the ohmic contacts with
may be attributed to both the removal of oxide and C-containing con- thicker Ti layers provided several advantages. They presented smd
tamination and the improvement of the surface electronic properties surface morphologies when viewed in a scanning electron microscg
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even after they were annealed at temperatures nearCLOG@ntacts an oxidizing atmosphere (i.e., in air) at high temperatures adds an
with thin Ti layers yielded rough surface morphologies after they were additional complication that can result in the degradation of contacts.
annealed at only 60C. The contacts with the thicker Ti layers also In the present study metals and compounds that are thermodynami-
suffered much less severe degradation during long-term aging in encap-cally stable with SiC were investigated for intimate contacts to SiC;

sulated quartz tubes at 8@ The differences between the contacts some contacts with reportedly slow reaction kinetics with SiC were also
with the thin and thick Ti layers can be explained when the contact investigated. After annealing at 1000°C for 15 min., TaC contacts were
metallurgy is examined. The ohmic contacts with thin Ti layers still ohmic on n-type (2 x 1019 cm-3) 6H-SiC with specific contact

contain elemental Al after annealing since the ratio of Al:Ti exceeds resistivities (SCRs) of 2.1 x 10-5 W cm2 at room-temperature. The

that required to form the most Al-rich titanium aluminide on the binary calculated specific contact resistivities for these contacts increased
phase diagram. The elemental Al agglomerates when annealed or agedlightly with measurement temperature. Osmium contacts annealed at
near its melting point of 66Q, resulting in rough surface morpholo-  1020°C for 1 h and 1075 °C for 15 min. displayed ohmic behavior on

gies upon annealing and an increasing metal sheet resistance upop-type (1 x 1019 cm-3) 6H-SiC with SCRs of 6.8 x 10-4 W cm2.

aging. In contrast, the Al in the contacts with the thicker Ti layers is Current-voltage measurements in air at temperatures to 400°C re-
present only in intermetallic phases with higher melting points, con- vealed that overlayers, such as Au or Pt were required to prevent
ferring greater thermal stability. Important differences in the phase oxidation of both the Os and the TaC contact layers. For example, the
formation at the interface between the contacts and GaN, which influ- addition of Au overlayers on the TaC contacts resulted in a reduction in
ence the annealing conditions required for achieving ohmic contacts,the SCR by more than an order of magnitude. The average SCRs for

are also examined. these latter contacts ranged from 1.6 x 10-6 to 5.3 x 10-7 W cm2 in
the 20-300°C temperature region. The overlayers, while needed for
11:00 AM  + protective layers and/or for lower resistivity layers, form interfaces
A New Approach to Thermodynamically Stable Contacts for with the contact layers, which in turn add additional sites for potential
Binary Wide Bandgap Semiconductors llan Shalish; Yoram reactions to take place. Long term annealing was performed to demon-
Shapird; Moshe Eizenbefg ‘Tel-Aviv University, Dept. of Phys. Electr., strate the stability of the interfaces in a controlled ambient. Current-
Tel-Aviv 69978 Israel;2Thechnion - Israel Institute of Technology, voltage measurements, including SCRs, as a function of temperature
Dept. of Mats. Eng., Haifa 32000 Israel will be reported for a number of multilayer contact schemes and com-

One of the main bottlenecks in the design of high-temperature pared with those for the single layer contacts. These results will be
electronic devices, based on SiC or GaN, is the thermodynamic stability correlated with chemical and microstructural characterizations of the
of the substrates with the contact metallizations. “Silicide-like” con- interfaces. Current-voltage measurements of Ta and TaC Schottky
tacting technology, as is widely used in silicon devices, would be highly contacts to p-type 6H-SIiC showed good reversibility after ten cycles in
desirable, if feasible. However, for various reasons, such a technology isair between R.T. and 400°C. These results indicate 1) that the inter-
still lacking for binary semiconductors. In this work, a new approach is faces remained unreacted and 2) that O had less effect on these contacts
suggested, where a bi-metal contact is constructed. In this approachthan on the ohmic contacts discussed above. A comparison of the
each metal preferentially reacts with another component of the semi-results of ohmic and Schottky contacts will be presented and discussed
conductor, resulting in a thermodynamically stable sequence of metal-with regards to thermal stability issues. The authors wish to thank the
lic layers and an intimate adherent contact. This approach is studied onNational Sci. Foundation (Grant No. ECS-9713371) and BMDO (Con-
several systems: <SiC>\Ti\Co, <SiC>\Ti\Pt, and <GaN>\Ti\Pt, with vari- tract No. DASG60-96-C-0157) for support of this research, Prof. R.F.
ous thickness ratios of the two metals. For concept demonstration, weDavis for providing SiC substrates (through the DARPA under Contract
show preliminary results obtained at the <SiC>\Ti(30nm)\Pt(30nm) # N00014-95-1080) and Prof. W.J. Choyke for providing facilities and
system. Depth profiles and phase identification were made using x-rayassistance for annealing samples.
photoelectron spectroscopy on as-deposited and annealed samples
(500°C to 900°C for 1h durations). Scanning electron microscopy and 11:40 AM
electron dispersive spectroscopy were used on cross-sections of theeffect of Sil-xCx Interface Layer on the Properties of Metal
same samples. We show that the reaction of the Ti\Pt bi-layer with the Contacts to p-type SiC Johnson Olufemi OlowolafeJun Liu;

SiC results in a thermodynamically stable contact, useful for high- Sarbajit Dattg University of Delaware, Elect. and Comp. Eng., New-
temperature electronics applications, if properly designed thicknessesark, DE 19716 USA

of Ti and Pt layers are used. The following sequence of processes is The role of Si1-xCx alloys on the physical and electrical properties
anticipated: first, Pt and Ti inter-diffuse, forming a TiPt intermetallic. of metal contacts to p-type a-SiC is presented. P-type Sil-xCx alloys
Next, Pt reacts with the SiC substrate, while the remaining carbon is were deposited on p-type 4H- or 6H-SiC substrates using either the
gettered by either free Ti, or by Ti extracted from the TiPt intermetal- molecular beam epitaxy deposition technique or by co-sputtering Si and
lic, to form the more stable TiC. As a TiC layer is built up, Pt transport C using a DC/RF magnetron sputtering system. Using Fourier transform
through this formed barrier is reduced and eventually altogether inhib- infrared spectroscopy the Sil-xCx alloys were found to precipitate into
ited. The Pt atoms located beyond the barrier react with the substrate 3C-SiC, after annealing. Various metals including Co and Ti were depos-
forming a PtSi phase, which is thermodynamically stable with both the ited on Si1-xCx, as-prepared and annealed. The metal/Sil-xCx/SiC struc-

substrate and the TiC adjacent layer. tures were annealed to induce intimate contacts at the interfaces. Ruth-
erford backscattering spectrometry (RBS) technique was used to evalu-
11:20 AM ate film thickness and monitor interface reactions. X-ray diffraction
Metallization Schemes for High Temperature Electrical Con- technique was used to characterize Sil-xCx microstructure transforma-
tacts to Silicon Carbide Taehoon Jang Gerald W. M. Rutsch tion and intermetallic phases. Distribution of materials was investi-
Bruce Odekirk; Lisa M. Portet; !Carnegie Mellon University, Mats. gated, with and without sample annealing, using Auger electron spec-
Sci. & Eng., 5000 Forbes Ave., Pittsburgh, PA 15213-3890 UBAi- troscopy. Current-voltage characterization of patterned metal/p-Sil-
versity of Pittsburgh, Dept. of Phys., Pittsburgh, PA 15260 UK, XCx /p-SiC showed ohmic behavior with lower values of contact resis-
Semiconductor Corporation, 5429 SW Viewpoint Terr., Portland, OR tance compared to metal/p-SiC structures. The low ohmic contact
97201 USA resistance values were attributed to the ?bandgap Eng.? due to the

A major limitation for the development of high temperature de- precipitation of Si1-xCx into the 3C-SiC (Eg = 2.3 eV) on the a-SiC

vices based on SiC is the stability of all metal/semiconductor and metal/ substrates (Eg = 3.0-3.2 eV).

metal interfaces that are to be incorporated between the substrate level

and interconnection/packaging level. For example, most metals react

with SiC to form carbides and/or silicides. For many metal/SiC systems

the kinetics of the reactions in the 300- 500°C range are slow, indicat-

ing the possibility for SiC device stability at these temperatures for

finite but limited times. At temperatures above 600°C many metals

have been reported to react with SiC within minutes. The presence of
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gate recess step in the fabrication of these devices. Recent move to
GaAs/InGaP/InGaAs pseudomorphic (p-) HEMTs to avoid the effects
of defect centers in AlGaAs necessitates the development of selective

SESS|On BB EtChlng and P&SSlva- dry etching for GaAs on InGaP. In this paper, we present our work on
tion of Compound Semiconduc- the reactive ion etching of GaAs and In0.5Ga0.5P using an inductively-

coupled-plasma (ICP) reactor. The investigations were carried out in
tors different gas mixtures namely SiCl4/SiF4 and BCI3/SF6 in order to

determine the selectivity of GaAs on InGaP. Also, the investigations
examined etch rate variations with gas flow rate, ICP-power, bias volt-

F”day AM Room: State_ Stre_et age and chamber pressure. High selectivity values have been obtained
July 2,1999 Location: University Center and the results have been used in fabricating GaAs/InGaP/InGaN p-
HEMTs. The influence of the plasma parameters on the bare InGaP
Session Chairs: Marian Hargis, Purdue University, will be presented in the form of Schottky barrier characteristics. The dc
West Lafayette, IN USA: Carol Ashby, Sandia National and microwave properties of the HEMT will be presented. Auger elec-

tron spectrocopy and x-ray photoelectron spectroscopy of the etched
surfaces will be discussed.

Laboratories, Albuquerque, NM USA

9:00 AM

GaAs/AlGaAs Selective Dry Etching by Sawtooth-Wave Modu-
8:20_AM * lated Inductively Coupled SiCl4/SF6 Plasma Yusuke Matsukuta
In Situ Etch and Regrowth of a InAs/AlGaSh Heterostructure Jun Wadg Mizuhisa Nihef; Hitoshi Tanakg !Fujitsu Laboratories
Giovanni Bellomd; William. J. Mitchell; Eric Hall'; Evelyn L. Hu; Ltd., Compound Semiconductor LSIs Lab., 10-1, Morinosato-Wakamiya,

1University of California Santa Barbara, QUEST, Santa Barbara, CA Atsugi, Kanagawa 243-0197 Japafyijitsu Quantum Devices Ltd.

93106-5050 USA 1000, Kamisukiahara, Showa-cho, Nakakomagun, Yamanashi 409-3883
Structures that use InAs quantum wells (Q.W.) embedded in wider Japan

gap, lattice matched AlGaSb barriers facilitate a number of applications The Inductively Coupled Plasma (ICP) sources are promising for its

such as superconducting weak links, infrared devices, quasi-one-dimen-app|icab“ity to the highly-anisotropic etching. However, the selectiv-

sional electron transport structures, and high electron mobility transis- ity and the anisotropy tend to be incompatible in the GaAs/AlGaAs
tor devices. In a majority of these applicatio.ns, the top AIGaSb layer gelective dry etching by the ICP source [1]. We previously reported
must be removed (to some extent) to allow direct contact with the INAS a1 the rectangular pulsed-excitation can improve the selectivity of
Q.W. Standard ex-situ processing methods (e.g., wet etching and/ory,e sjcl4/SF6 ICP selective dry etching [2,3]. However, rectangular
sputter cleaning and etching) expose the InAs surface to air and resultyjseq-excitation suffers from the matching problem between the power
in QX|de fprmatlon as well as |ntr9duce damage within the Q.W. itself supply and the plasma. In this report, we applied the sawtooth-wave
during oxide removal and/or etching. In this work, we present a cOm- moqylated ICP source to reduce the RF reflection, and showed that the
plete in situ technique that is designed to preserve the quality of the sejectivity and the amount of the lateral etching are controlled by the
exposed InAs surface. The prln_(:lpal compo_nents include a selective ,oqulation frequency. Our equipment was reported elsewhere [1]. 13.56
thermal CI2 et(?h o_f the top barrier layer designed to stop at the INAs \y7 excitation power was modulated by the sawtooth-wave signal
Q.W., and an in situ post-etch anneal under As2 flux to clean and generated by the function generator. The etching condition was; SiCl4/
reord_er the InAg surface. We have use_d _Auger electron _spectroscopy,SF6=20/5 scem, pressure=0.35 Pa, stage temperature=-5 C, bias power=4
atomic force microscopy, and transmission electron microscopy 10 \y. The averaged excitation power was set to be 200 W by the conven-
monitor the compositional and morphological dependence of the ex- iona| power controller. Reflected power was about 40 W, about a half
posed InAs surface on different processing variables such as etchingyt that in the rectangular pulsed-excitation (about 85 W). This is
temperature, methods of removing the initial barrier layer oxide (€.9., pecause of the reduction of the abruptness in the RF power modulation
thermal desorption vs. Ar+ sputtering), and “overetch” time (i.e., the ¢ompared to the rectangular pulsed-excitation. Lower RF reflection is
time that the InAs surface is exposed to CI2). Samples were etched by ch favorable to the practical application. The GaAs etching rate
the thermal chlorine treatment, and an overlying AlGaSbh was SUbse'(RGaAs) varied from 830 nm/min at 500 Hz to 610 nm/min at 20 kHz
quently regrown by MBE (molecular beam epitaxy). We have made a5 aimost a monotonous function of the modulation frequency. But at
measurements of the electron concentration and mobility of the re- 49 kHz RGaAs was increased up to 720 nm/min in accordance with the
grown structures, which provide important insights on the quality of pia5 \oltage increase. The AlGaAs etching rate was, on the other h
the etch process. rather complicated function of the modulation frequency, and t
_ gives the maximum selectivity of about 150 at 2 kHz and 40 kHz. In
8:40 A_M + ) ) ) the frequency range we studied (0.5-40 kHz) the selectivity exceed
Inductively Coupled Plasma Selective Reactive lon Etching of 1090 while that in the CW excitation was below there. We attribute
GaAs/In(;aP For I.De\.nce Fabrication W. Lanford; C. Lee; G. Cueva these results to the modulation frequency dependence of the rad
L. Zhou; I. Adesida; Noren Paf ‘University of lllinois at Urbana- density (Nr). The calculation of the temporal response of Nr and
Champaign, Dept. of Elect. and Comp. Eng., 208 N. Wright St., Ur- 4yerage over the repetition cycle fitted well with the results of RGa
bana, IL 61801-2355Kopin Corporation, Inc., Taunton, MA 02780  The amount of the lateral etching at the 40 kHz was reduced to al
Selective etching of semiconductors is important in the fabrication 7go4 of that at the 2 kHz by Nr reduction. This shows the applicabili
of devices since it allows accurate control of etch depths. This in turn ;¢ the sawtooth-wave modulation to the etched feature control.
results in significant process latitude in controlling the electrical char- summary, we investigated the sawtooth-wave modulated SiCI4/SF6 |
acteristics of the devices. An important device that relies critically on ggjective dry etching, and found that selectivity and etched feature
selective etching is the high electron mobility transistor (HEMT where po controlled by the sawtooth-wave modulation frequency. [
the cap-layer has to be removed from the top of the underlying SChOttkyMatsukura, Y. et al., Proceedings of the 19th Symposium on Dry P
barrier enhancement layer. Accurate control of the depth is required to gqg 223(1997). [2] Matsukura, Y. et al., Extended Abstracts (
achieve uniform threshold voltage across a wafer and from run to run. 45, Spring Meeting, 1998); The Japan Society of Applied Physics 4

For the conventional GaAs/AlGaAs/InGaAs pseudomorphic HEMT, Rgjated Societies, 30pQ4(1998). [3] Matsukura, Y. et al., submitted
both wet and dry etching methods have been extensively investigatedrhe journal of Vacuum Sci. and Technology B

for the removal of GaAs on AlGaAs in the gate recessing step. For dry
etching, conventional reactive ion etching (RIE) has been the primary
method used in these investigations. Although it is usually difficult to
achieve the low self-bias plasma voltage that is ideal for the selective
etching, work has been done to develop low damage processes for the
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9:20 AM passivation effect is stable in room air. A wide variety of sulfidation
Air-Stable Surface Passivation of IlI-V Semiconductors and methods was investigated, including solutions of ammonium sulfide in
Application to Devices Carol I. H. Ashby; Kevin R. Zavadil; Albert water, isopropanol, methanol, and butanol; sodium sulfide; and sulfide
G. Bacd Ping-Chih Chang B. E. Hammor Michael J. Hafick Sandia mixtures. The effects of heating, illuminating, or bubbling oxygen
National Laboratories, Dept. 1711, MS 0603, P.O. Box 5800, Albu- through the solution and adding excess S to the solution were investi-
querque, NM 87185-0603 USAEmcore West, 10420 Research Rd. gated, as well as vacuum evaporation of arsenic sulfide. Photochemical

SE, Albuguerque, NM 87123 USA effects are also observed in some cases under ultraviolet laser excita-
High surface recombination velocities and/or Fermi-level pinning tion. A systematic investigation of the effects of other chemicals
due to a high density of mid-gap surface states {#d®?/ ) have commonly used in device processing was also performed. Factors of 2-

diminished the performance of heterojunction bipolar transistors (HBTs) 2.5 improvement in PL intensity were observed for treatment in buff-
and delayed the realization of metal-insulator-semiconductor (MIS) ered oxide etch or hydrochloric acid, with smaller improvements for
devices in IlI-V compound semiconductors. Reaction of the GaAs sur- sulfuric, nitric, acetic, and phosphoric acids. Treatment with hydrogen
face with sulfur or its compounds produces a dramatic decrease in theperoxide or sodium or potassium hydroxide degrades the intensity by as
interface states responsible for surface recombination and Fermi-levelmuch as 30%. Bromine-methanol has little effect. The relationship
pinning. However, most sulfur-treated surfaces rapidly reoxidize, re- between the surface chemistry and recombination velocity and poten-
turning to their original high density of mid-gap states. We have devel- tial applications of the sulfide passivation treatment will be discussed.
oped a new method whereby a high-quality semiconductor surface is
preserved against air oxidation using photosulfidation followed by reac- 10:00 AM Break
tion with a suitable metal ion in aqueous solution. This process has been
applied to prefabricated HBTs to drastically reduce the current gain 10:20 AM
dependence on surface area. It is also robust against silicon oxynitridelnvestigation of the Chemisorption and Reaction of Chlorine
encapsulation in a high-density plasma deposition system, making it with the GaN (0001) Surface Jingxi Suh; K. A. Rickereg; L. Zhang;
suitable for fabrication of devices. UV-photosulfidation is employed to A. B. Ellis3, F. J. Himpseél T. F. Kuech; !University of Wisconsin-
deposit a monolayer of sulfide on either n- or p-GaAs. This is followed Madison, Chem. Eng. Dept., 1415 Eng. Dr., Madison, WI 53706 USA,
by reaction with a suitable metal ion to produce a moderately air-stable 2University of Wisconsin-Madison, Chem. Deptyniversity of Wis-
passivation that is initially a factor of 2 better than previously reported consin-Madison, Phys. Dept.
S-only passivations. All metal ions studied to date produced improved Surface-adsorbed chlorine is present in several GaN growth and pro-
photoluminescence (PL) intensity and greater air stability of the im- cessing techniques. In chloride-based vapor phase epitaxy of GaN, the
proved surface relative to the sulfided surface alone, which returns to growth is achieved through the transport of GacCl, its reaction on the
the native oxide value within one day. While some metals permit decay surface and the eventual elimination of a chlorine species as a reaction
of PL intensity to values near the native oxide surface over a period of by-product. Chlorine-containing reagents are extensively used in dry
several days, others produce long-term improvements. Long-term sta-etching of GaN-based materials since both Ga and N form volatile
bility correlates with the preferred coordination geometry of the metal chlorides. The specific surface chemistry of chlorine at the GaN surface
ion and the size similarity of the metal ion to Ga. For some metal ions, is therefore a key aspect to developing a mechanistic model of these
the initial superior passivation remains stable for tens of days in air and processes. In this study, we have used synchrotron-based surface analy-
can be retained indefinitely by dielectric encapsulation using a room- sis techniques to study the chlorine chemisorption and reaction at GaN
temperature high-density-plasma-deposited silicon oxynitride. The mild (0001) surfaces. Synchrotron radiation allows for the tunability of the
chemical nature of this process permits passivation of exposed surfacekinetic energy of the photoemitted electrons, thereby controlling their
of prefabricated devices, such as AlGaAs and InGaAs HBTSs. Both large- escape depth from the surface through the choice of the photon en-
and small-area HBTs show improved current gain following passivation ergy. A minimum probing depth of a few atomic layers is possible,
(improvement in collector-base current gain of 7.8% for 100x100 and making this technique ideal for probing surfaces and adsorbates. In the
78% for 2.5x5nm? devices). After long-term air exposure (>600 days), present study, both core-level photoemission and photoabsorption spec-
the passivation remains equal to that produced by the best S-onlytroscopy are employed to determine the surface bonding and coverage
processes reported to date. XPS studies of the metal-stabilized surfacesf the chlorine as well as the change in the GaN surface Fermi level. In
show the presence of additional As-associated surface species that arparticular, photoabsorption spectroscopy provides information about
not observed with S-only passivations. The long-term air stability cor- the absolute coverage of specific elements, whereas photoelectron spec-
relates with these surface species that probably involves interactionstroscopy can yield information regarding the chemical state of the
with both oxygen and metal ions. Sandia is a multiprogram laboratory element in question. Photoabsorption spectroscopy can be used to
operated by Sandia Corporation, a Lockheed Martin Company, for the quantitatively determine the abundance of specific elements with
United States Dept. of Energy under Contract DE-AC04-94AL85000. submonolayer sensitivity. The unintentionally doped n-GaN films used
in this study were grown by metalorganic vapor phase epitaxy (MOVPE)

9:40 AM on c-plain sapphire substrates. The GaN surface was treated by dipping
Effects of Chemical Treatments and Sulfide Passivation on Sur- in HCI solution for ~ 15 minutes. Cl 2p core-level photoabsorption
face Recombination in GaN G. L. Martinez; M. R. Curiel; B. J. spectroscopy is used to measure Cl surface coverage. The ratio of N to

Skrommé& R. J. Molna# !Arizona State University, Dept. of Elect. Ga on the surface within a depth of a few monolayers has been deter-
Eng. and Center for Solid State Electronics Research, P.O. Box 876206 mined by comparing the area of the core-level photoemission peaks of
Tempe, AZ 85287-6206 USALincoln Laboratory, Massachusetts Ga 3d and N 1s. Ga 3d, N 1s, Cl 2p core-level photoelectron spectros-
Institute of Technology, Rm. E-124D, 244 Wood St., Lexington, MA copy are used to detect the surface chemical bonding states by monitor-
02173-9108 USA ing the chemical shift. The chemical bonding at the surface after chlo-
Gallium nitride is currently the subject of intense investigation for rination will determine the surface electronic properties. The surface
optoelectronic and high frequency, high power, high temperature elec- electronic property is investigated by monitoring the shift of the sur-
tronic applications. However, very little is currently known about the face Fermi level. The progressive desorption of chlorine from the HCI-
properties of GaN surfaces, the degree of surface recombination that istreated GaN surface was performed by controlled thermal annealing
present on air-exposed surfaces, and the effects of chemical surfaceainder ultrahigh vacuum environment. The activation of Cl desorption
treatments or passivation on the surface recombination velocity. In from GaN surface was estimated by studying the desorption rate as a
this work, we show that the room-temperature photoluminescence function of temperature. Our results show that chlorine is present on
(PL) intensity is significantly reduced by surface recombination, and the ‘as-received’ GaN surface due to contamination from the air. HCI-
that surface passivation by inorganic sulfide solutions increases the PLbased treatment can result in the chlorination of GaN surface that has
intensity by factors of 5-6 in n-type GaN(0001) layers grown by either different surface chemical bonding states from the ‘as-received’ GaN
hydride VPE or MOCVD. The intensity drops slightly in the first day surface for both N and Cl. This is attributed to the removal of the top
after treatment, but subsequently remains a factor of 3-4 higher thanN-rich surface layer on the ‘as-received’ GaN surface by the HCI solu-
the untreated surface for at least several months, showing that thetion, and subsequent reaction of HCI with the resulting fresh GaN sur-
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face. HCl-based treatment can improve the surface electronic proper- Compared to other Ill-V semiconductors, GaN is a chemically inert
ties by reducing the surface band bending of ~ 0.7 eV, which is attributed material, which has thus far proved resistant to room-temperature
to the reduction of surface state density. Cl forms chemical bonds with chemical etching. However, the development of low damage etching
both N and Ga on the HClI-treated surface. There are two different techniques is still the subject of intense research. A photoelectrochemical
GaCl-based chemical bonding states. One of the GaCl based chemicalechnique has previously been developed, which can produce anisotro-
bonding contributes to the reduction of surface band bending, which pic (1), dopant selective (2) and smooth (3) etching. Moreover, mesas
disappear at ~200 C thermal annealing. The ratio N-to-Ga increasesand pillars can be produced. Unfortunately, this technique can only be
dramatically during thermal annealing under 200°C, which can be at- used for GaN deposited on a conducting substrate (6H SiC), as the
tributed to the desorption of GaCl from the HCI-treated GaN surface. technique requires an electrical contact to be made to the sample. In the
The N-CI related chemical bonds are eliminated at ~ 300°C annealing present work, a simple, wet etching technique has been developed for
without a surface Fermi level shift. These results allow for a compre- GaN. High quality molecular beam epitaxially (MBE) grown GaN can be
hensive picture of chlorination of the chlorination of GaN surfaces. etched using an SiOmask. The etching is UV assisted, but, unlike
previous work, no external metal contact to the GaN is necessary.

10:40 AM Etching can be performed on resistive substrates, such as sapphire. The
Photoluminescence Measurements of Dry Etch Damage in GaN method relies on adding appropriate oxidizing agents to the solution to
Elaine D. Haberet, Ching-Hui Chefy Monica Hanseh Evelyn L. Hg; accept the electrons, which are photoexcited by UV illumination. The

1University of California, Santa Barbara, Mats. Dept., Santa Barbara, holes go towards oxidizing the GaN, eventually resulting in its dissolu-
CA 93106 USA;2University of California, Santa Barbara, Elect. and tion. Oxidizing agents such as orthovanadate, iodide, iodate,
Comp. Eng. Dept., Santa Barbara, CA 93106 USA peroxydisulfate, and hydrogen peroxide have been investigated. The
In recent years, nitrides have gained popularity for use in optoelec-pH of the solution can be varied to optimize the etch rate. Under
tronic devices, high-power devices, and high temperature/caustic envi-appropriate conditions, the microscopic anodes and cathodes have
ronment device applications. The remarkable chemical and thermalbeen observed using scanning electron microscopy, confirming the elec-
stability which make the nitrides attractive for these applications also trochemical nature of the etching. For relatively weak light intensities
make device processing difficult. The nitrides are resistant to most wet of 1.4 mW/cnm at 365 nm, etch rates of up to 1.5 nm per minute have
etching techniques, therefore dry etching is generally used. lon damageébeen obtained under non-optimized conditions. Optimized etch rates
created by dry etching can be deleterious to the electrical and opticalare expected to be significantly larger, and will be reported when the
properties of semiconductor materials. In smaller bandgap materialspaper is presented. 1. C. Youtsey, |. Asesida, and G. Bulman, Appl.
systems, such as GaAs, the range of damage for 300 eV ions is greatePhys. Lett., 71(15), 2151 (1997). 2. C. Youtsey, G. Bulman, and |I.
than 1000 A. It is generally believed that nitride materials are rela- Adesida, J. Electron. Matls., 27(4), 282 (1998). 3. C. Youtsey, |. Adesida,
tively impervious to ion damage, however the range of the ion damagelL. T. Romano, and G. Bulman, Appl. Phys. Lett., 72(5), 560 (1998)
has not been measured. In this study, a quantum well (QW) probe is used
to evaluate ion damage. The structure consists of five 30 A GaN/InGaN 11:20 AM
nominally identical quantum wells capped with a thin layer of low Photoelectrochemical Etching of GaN for Materials Character-
temperature GaN (70 A) and a thick layer of GaN (1000 A). Some of ization and Device Fabrication |. Adesida; C. Youtsey; D.
the QW samples were etched for varying times with chemically assisted Selvanathah T. Piersoft A. Daga; M. Hossaii; L. Romanég; Uni-
ion beam etching (CAIBE) using a 5/5 sccm/@i* gas flow rate, beam versity of lllinois at Urbana-Champaign, Dept. of Elect. and Comp.
energy of 500 eV, and beam current density of 0.4 mA/dthe GaN Eng. and Microelec. Laboratory, 208 N. Wright St., Urbana, IL 61801-
etch rate with these parameters is approximately 500 A/min. To single 2355; 2Xerox PARC, Palo Alto, CA 94304
out the effect of ion bombardment, some of the samples were bom- GaN is a wide bandgap material that is chemically stable and unreac-
barded for varying times with Arions using the same ion beam param- tive with common mineral acids and bases. An important condition
eters as the samples etched with CAIBE. Room-temperature photolu-that is common to the techniques developed to date for the etching of
minescence (PL) measurements were taken before and after ion bomGaN is that an external energy is required to initiate and maintain
bardment. A comparison of the PL spectra shows decreased intensityetching. To this end, external energy from ions are utilized in chemi-
following ion bombardment. Samples etched with CAIBE experienced cally assisted ion beam etching (CAIBE) and reactive ion etching (RIE)
less PL intensity loss than those only bombarded w ithigxrs, show- while energy from photons in the ultra-violet wavelength is utilized in
ing that CAIBE produces less damage in the material. These findings photoelectrochemical (PEC) etching. Although, there is still work to
suggest that even in GaN, low energy ion damage can extend greatebe done, dry etching, especially RIE, has emerged as the primary tech-
than 1000 A causing optical loss. Furthermore, the range of ion damagenique for fabricating various devices such as lasers, light emitting di-
observed in GaN is comparable to or greater than that observed forodes, and photodetectors in GaN and related materials. A disadvan
GaAs under similar bombardment conditions. Finally, chemical enhance- of dry etching is the damage that it can create due to ion bombardm
ment of the etch process reduces damage introduced to the materialThis has been the driving force for the development of low-dama
The PL intensity of the QWs provides a sensitive assessment of etch-etching processes. The PEC technique is a wet chemical etching me
induced damage. The ability to separately control the ion-assisted com-in which the sample forms part of an electrochemical cell on which
ponent and the chemical etch component in these studies should allowadiation impinges. Preliminary experiments indicate that PEC etd
us to better understand the mechanisms and propagation of etch daming of n-type GaN can result in either smooth or rough etched surfal
age in the nitride materials, the *Abns, showing that CAIBE produces  [1-3]. Further, it has been demonstrated that whiskers observed for
less damage in the material. These findings suggest that even in GaNrough surfaces are due to edge dislocations [3]. In this paper, we
low energy ion damage can extend greater than 1000 A causing opticalpresent our results on further investigations on PEC etching of n-G
loss. Furthermore, the range of ion damage observed in GaN is compaand its application to the fabrication of heterostructure AlGaN/Ga
rable to or greater than that observed for GaAs under similar bombard-devices. Investigations on PEC etching of n-GaN as functions of K(
ment conditions. Finally, chemical enhancement of the etch processconcentration and UV light intensity have been conducted. The ext
reduces damage introduced to the material. The PL intensity of thesive range of surface morphologies obtained will be discussed. Inf]
QWs provides a sensitive assessment of etch-induced damage. Thences of dislocations and crystallography on the surface morpholog
ability to separately control the ion-assisted component and the chemicalwill be presented. Applications of PEC etching to gate recessing in
etch component in these studies should allow us to better understandabrication of heterostructure field effect transistors, and to selecti
the mechanisms and propagation of etch damage in the nitride materi-etching in the fabrication of heterojunction bipolar transistors will b
als. discussed. [1] M. Minsky et al., Appl. Phys. Lett. 68, 1531 (1996). [
C. Youtsey et al., Appl. Phys. Lett., 72, 560 (1998). [3] C. Youtsey
11:00 AM al., Appl.Phys. Lett., 73, 797(1998).
A Simple Wet Etch for GaN: Jennifer A. Bardwel] lan G. Foulds
James B. Webb Haipeng Tang !National Research Council of Canada,
IMS, Bldg. M-50, Ottawa, ON K1A OR6 Canada

FRIDAY AM
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11:40 AM + were not observed to nucleate at any other locations on the wafer
Development of Photoelectrochemical Etching for Gallium Ni- surface, indicating that particulates or defects in the substrate did not
tride Device Fabrication: A. R. Stonds P. Kozodoy; C. Chen; H. play an observable role in the formation of misfit segments. A varia-
Marchand; E. L. HW; *University of California at Santa Barbara, tion of misfit segment lengths was observed. On a local scale, the
QUEST / Elect. and Comp. Eng., University of California, ECE Dept. differences in lengths are attributed to the stochastic nature of t he
Box 14, Santa Barbara, CA 93106 USA nucleation process, and longer scale variations stem from the effects of
Photoelectrochemical (PEC) wet etching has recently demonstratedcrystallography and of blocking by orthogonal dislocations. Edge treat-
great promise for device fabrication in the group Il nitrides. In particu- ments which involved polishing steps exhibited great reductions or
lar, the photo-controlled nature of the etch process offers the possibil-even the absence of misfit dislocations (<10rmompared to unpol-
ity of extremely high etch selectivity according to the doping and the ished edge treatments (~1000-9min regions where the misfit disloca-
bandgap of the materials being etched. Youtsey éthave demon- tions were observed, triple axis x-ray diffraction determined that the
strated selective undercutting of a buried n-GaN layer within a p-n GaN amount of layer relaxation was consistent with the dislocation density.
homostructure. However, the use of thin etch stops is still difficult. High temperature (800-1000) post growth annealing was studied to
Short-range non-uniformities in electrochemical potential produces a determine the stability of the layers against subsequent high tempera-
wide range of etch rates even within a single layer of GaN. This placesture device processing.
particularly stringent requirements on the etch selectivity at the stop-
ping layer. This work examines the optimization of PEC etch selectiv- 8:40 AM
ity as a method of stopping on thin buried etch-stop layers. We have Reduction of Defect Induced Leakage Currents by the Use of
successfully used both dopant- and bandgap- selective etches, stoppindflitrided Field Oxides in Selective Epitaxial Growth (SEG) Iso-
on layers of p-GaN (2000A) and AlGaN (500A). These reflect actual lation for Silicon ULSI: Rashid Bashir, Tai-chi Su; Gerold W.
device structures (HBTs and FETSs) that would benefit from the avail- Neudeck; John P. Denton Purdue University, Elect. and Comp. Eng.,
ability of highly selective low damage etch processes. Further studies 1285 EE Bldg., W. Lafayette, IN 47906 USA
will more fully characterize the degree of selectivity obtainable: we will Background: As silicon devices are scaled down to the deep sub-
explore the effect of bias, electrolyte composition and concentration, micron regime, the cost of device processing is increasing very rapidly.
GaN dislocation density, and illumination intensity on selectivity. Op- As compared to conventional recessed LOCOS (Local Oxidation of
timized PEC etching processes will be applied to a variety of AlIGaN/ Silicon) or STI (Shallow Trench Isolation), selective epitaxial growth
GaN structuresiC. Youtsey, G. Bulman, I. AdesidaJournal of Electr. (SEG) of silicon provides a simple and cost effective process for forma-
Materials, April 1998, vol.27, (no.4):282-7. tion of isolated device islands. The key limitation to SEG for device
isolation, however, is the presence of defects near the SiO2-Silicon
sidewall interface. These defects are caused by the thermal stresses
induced at the interface during the cool-down ramp after the SEG
growth. Introducing nitrogen into the field oxide to change its thermal

SeSSion CC DefeCtS and DefeCt expansion coefficient (aT) has been proposed as a means to reduce the
Engineering for Devices sidewall defects. It is known that aT (SiO2) < aT (Si) < aT (Si304), and

hence nitridation of the field oxide should bring the thermal expansion
coefficient of oxide closer to that of silicon. The purpose of this paper
Friday AM Room: Santa Barbara Harbor is to experimentally demonstrate the reduction of the defect induced

July2 1999 Location: University Center leakage currents in SEG silicon grown in nitrided field oxides. Experi-
' ments & Results: A 9000A field oxide was grown and then nitrided in

pure NH3 at 1100°C for 60 minutes to result in 14% atomic nitrogen in

Session Chairs: Steven A. Ringel, The Ohio State the film. SEG Silicon was grown at 970°C, 40T using DCS and HCl in a
University, Dept. of Elect. Eng., Columbus, OH USA, pancake type reactor. P+/N diodes were fabricated with junctions inter-
Steve Stockman, Hewlett-Packard Optoelectronics secting the sidewall with thermal field oxide (OX diodes) and with
Divison, San Jose, CA USA nitrided field thermal oxide (NOX diodes). Control diodes were also

fabricated with junctions 5um away from the sidewall interface (OX-5
and NOX-5) to test the intrinsic material quality. The diodes used had
perimeter to area ratios ranging from 0.048 to 0.11. The reverse and

8:20 AM + forward currents of these diodes were measured to study the material
Wafer Edge Misfit Dislocation Nucleation in p/p+ Vapor Phase and sidewall quality. The reverse leakage current density, JR (A/cm2),
Silicon: Petra Feichtinget, Hiroaki Fukutd; Mark S. Goorsky Dwain was measured at 0.2V and 1V. The perimeter reverse saturation current

density JRP(A/cm), was extracted from the slope of JR vs P/A. The
Angeles, Dept of Mats. Sci. and Eng., School of Eng. and Applied Sci., values of JRP(A/cm) at 0.2V were 2.59x10-10 Alcm for the OX diodes
2521 Boelter Hall, Los Angeles, CA 90095-1595 USAacker Siltronic a_nd 0.63x10-10 A/cm for the NOX d'OdeS'_ Thus the Va"_‘es for NOX
Corporation, 7200 NW Front Ave., Portland, OR 97283 diodes were about 5X lower than the OX diodes. The perimeter reverse
Determining the hierarchy of initial nucleation sources for misfit saturagpn current densgy JEP(Q/gsm)léog[oth:/ OX-delrc])des a_t l\I/ re-
dislocations is important for both pseudomorphic epitaxial structures Verse bias was extracted 1o be 0. x10- cm and hence IS close to
the NOX diodes. In the forward regimes, the ideality factor of the

and for intentionally relaxed structures. In particular, the role of dam- diodes i d indi f th ial litv. The f d ch
age at the wafer periphery has been indicated as a contributor to misfit lodes Is a good Indicator of the material quality. The forward charac-

nucleation, but this factor has not been addressed in depth. We studieder's‘tICS of the diodes were also measured to extract the perimeter

the role of edge damage on misfit dislocation formation in p/p+ silicon saturation current densities. The results again showed a similar trend,

wafers to determine i) if careful control of the edge treatment could |.he.,(t)r;(edNQX de\_ll_'ﬁes were 5|gn|f|§afntly m(]jproved when corr;parled :]o
reduce the density of misfit segments and ii) whether other dislocationt € evices. These reverse and forward measurements clearly show

sources dominated the kinetics of the process. The samples were 15 e improvement and 're_ductio'n in thg sidewall |ea|_<age currents due to
mm Czochralski grown highly boron doped wafers (2.8%10n?). the presence of th.e.nltrldgd fleld' oxide, thus proving the fact t.hat the
Different combinations of edge treatments were used during the pro- PréSence of the nitrided field oxide does reduce the thermal |nduced
cessing of the wafers to create differences in both the edge shape an&iefec,tS and hence th_e leakage currents. Further process details and
roughness. 2-12m thick lightly boron doped epitaxial layers (1@ms3; experimental results will be presented in this paper.

resulting strain about 1) were deposited by vapor phase epitaxy at

1080-1150C in a single wafer reactor using trichlorosilane as a precur-

sor. Double crystal x-ray topography was used to measure theisfit

dislocation segments around the wafer periphery. Misfit dislocations

Oste?; Jim Moreland; Mohan Rag !University of California, Los
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9:00 AM + by molecular beam epitaxy (MBE). N-type (2¥18m3) AlGaAs/GaAs/
Selective SiGe Nanostructures Grown by UHVCVD Thomas AlGaAs double heterostructures (DH'’s) were grown on offcut (001) Ge
Andrew Langdg Matthew T. Curri¢ Gianni Taraschi Eugene A. using a range of nucleation and surface preparation conditions to inten-
Fitzgerald; Massachusetts Institute of Technology, Dept. of Mats. tionally incorporate specific structural defects within the DH structure
Sci. and Eng., 77 Massachusetts Ave., Cambridge, MA 02139 USA - antiphase domains (APD'’s), dislocations and stacking faults. Plan-
Selective epitaxial growth (SEG) of SiGe on patterned/SiGub- view and cross section TEM and optical microscopy confirmed that
strates by ultra-high vacuum chemical vapor deposition (UHVCVD) the range of nucleation conditions provided sets of samples containing
shows promise for the fabrication of novel Si microelectronic struc- (i) no major structural defects, (ii) APD’s alone, and (iii) APD’s, dislo-
tures such as self-aligned bases in BJTs, raised Si CMOS contacts, 3-D Stations and stacking faults. Time-resolved photoluminescence mea-
CMOS devices, and defect engineered Ge structures on Si. This worksurements at 300K were used to determine the bulk minority carrier

explores the limiting conditions of selective growth with &HH, and lifetime and AlGaAs/GaAs interface recombination in these structures
SiH,/GeH/H, between 550-750°C, without the addition of @ HCI, to for direct correlation with the defects present within each set of samples.
fabricate Si-based nanostructures on SijSi@fers patterned by inter- For optimally grown DH structures with no APD’s and undetectable

ferometric lithography. In addition, we show that pure Ge grown selec- threading dislocation density, a bulk minority carrier lifetime of 20
tively on Si in such nanoholes can be highly perfect at the top surfacensec with an AlGaAs/GaAs interface recombination velocity of 8000
compared to conventional highly lattice-mismatched growth on planar cm/s were measured, comparable to homoepitaxial growth on GaAs and
substrates. To develop a selective growth process at low temperaturdndicative of the high electronic quality that can be achieved under
(650°C) the role of SiHand H pressure on selectivity was investigated proper conditions. For samples grown under conditions leading to APD’s,
on Si/SiQ substrates patterned by conventional optical lithography. stacking faults and threading dislocations together, these values were
Decreases in SiHpressure dramatically increased the incubation time substantially degraded to 0.5 ns and 1.5xd@/s, respectively, indicat-
and maximum selective thickness to 1000 sec and 75 nm while furthering the strong impact that only minor changes in growth nucleation
optimizing the H pressure results in incubation times as long as 1400 have on electronic properties of the IlI-V overlayers. This highlights
seconds and selective Si thicknesses of 100 nm. At 750°ClISigkhib- the great sensitivity of minority carrier properties on the formation of
its much higher selectivity than SjHUsing SiHCL/H, selective growth the heterovalent GaAs/Ge interface. We are currently investigating the
we have demonstrated perfect filling of 50-100 nm diameter holes minority carrier properties for structures containing APD’s alone from
formed by interferometric lithography in 120 nm thick thermal SiO  which we expect to separate the roles of APD’s from dislocations and
No defects were visible at the growth interface or along the oxide perhaps stacking faults with regard to minority carrier recombination.
sidewall by high resolution transmission electron microscopy (HRTEM). A complete correlation along with the specific growth nucleation vari-
However, twins and stacking faults were observed at the merging of ables considered in this study (Ge cleaning, annealing, GaAs nucleation,
ELO (epitaxial lateral overgrowth) growth fronts from adjacent holes. etc.) will be presented.
For growth in 50-100 nm holes facets evolve from slow-growing (311)
facets in the hole to (111) outside the hole, resulting in a 50% growth 9:40 AM +
rate reduction compared to (100) Si. P-type doping witi;Bs high as Performance and Microstructure of Visible Light-Emitting Di-
5x10t%cm? and n-type doping with PHas high as 3x1&cms, con- odes Grown on High-Quality InGaP/GaP Epitaxial Transparent
firmed by spreading resistance profiles (SRP), have been achieved undeSubstrates by MOVPE Andrew Y. Kirfi MIT, Dept. of Mats. Sci.
selective growth conditions. Current -voltage characteristics of diodes and Eng., MIT 13-4025, 77 Massachusetts Ave., Cambridge, Massa-
grown in 100 nm structures will be presented. It is well known that due chusetts 02139 USA
to the 4% lattice mismatch, direct growth of Ge on Si results in an InxGal-xP graded buffers grown on GaP (InxGal-xP/GaP) are at-
extremely high density of threading dislocations which degrade device tractive materials for light-emitting diodes (LEDs) because they pro-
performance. By a combination of interferometric lithography SySiO vide an epitaxial transparent substrate technology versus the etch and
substrate patterning and Ge selective epitaxial growth we have demon-wafer-bond processing necessary in the current transparent substrate
strated threading dislocation blocking at the oxide sidewall which shows technology. Earlier work with InxGal-xP/GaP LEDs showed dropping
promise for dislocation filtering and the fabrication of low defect den- external quantum efficiency beyond operating wavelengths of 600 nm,
sity Ge on Si for IlI-V device integration. These results confirm that which later materials characterization work showed was due to dramati-
“epitaxial necking” can be used to reduce threading dislocation density cally escalating dislocation density with continued grading beyond xIn
in any lattice-mismatched system. Results on Ge epitaxial lateral over-~ 0.3. This is surprising, since extensive experimental and theoretical
growth (ELO) on interferometric lithography patterned Si/S8Db- work has shown that strain relaxation in graded buffers is a steady-state
strates will be presented. process that should feature a nearly steady-state dislocation density.
Recent work with GexSil-x/Si identified the formation of dislocatio
9:20 AM + pileups as the primary cause of escalating dislocation density. With {
Minority Carrier Properties and Defects in MBE-Grown AlGaAs/ new insight into dislocation dynamics in graded buffers, we have re
GaAs Heterostructures on Ge John A. Carlit; John J. Boeckj ited the problem of producing high-quality InxGal -xP/GaP LEDs.
Steven A. Ringé} Brian M. Keyeg 1The Ohio State University, Elect. engineer high-quality transparent substrate materials, we have expld
Eng., 2015 Neil Ave., Columbus, OH 43210 USNational Renewable the evolution of microstructure and dislocation dynamics in InxGa
Energy Laboratory, Golden, CO 80401 USA xP/GaP grown by metal-organic vapor phase epitaxy. We found t
Epitaxy of 1lI-V compounds in general, and GaAs in particular onto initially, dislocation glide kinetics limit relaxation and dislocation den
group IV substrates is receiving significant attention across a wide rangesity decays exponentially with growth temperature. With continug
of device technologies, from the development of optoelectronic inte- grading, {110} planar defects orthogonal to the (001) growth surfa
gration with Si VLSI using graded GeSi buffers to 1ll-V space solar cells evolve, which we call branch defects due to their appearance in pl
grown on Ge substrates. For such applications, issues that affect minorview. Branch defects feature strong local strain fields that pin dislog
ity carrier properties are among the most important for achieving tions and cause dislocation pileups, leading to escalating dislocat
optimum optoelectronic device performance. In particular, minority density. The evolution and morphology of branch defects are cg
carrier recombination rates are extremely sensitive to the presence oftrolled by growth conditions. While graded buffers are typically gro
defects, which are inherent in such heterovalent and heteroepitaxialunder constant conditions, we found that varying growth conditio
structures. Hence it is important to understand how specific defects were necessary to both maximize dislocation glide kinetics and con
associated with these structures affect minority carrier properties, sincebranch defects. Through a two-step process optimization strategy,
in addition to the general, fundamental interest of correlating elec- recovered a nearly steady-state dislocation density of < 5106 cm-2
tronic and structural properties, this impacts optimum design of IlI-V to xIn ~ 0.45, the lowest dislocation densities ever reported at s
devices integrated onto group IV substrates. In this paper, we investi- high indium compositions. Using these new high-quality substrate
gate the dependence of minority carrier lifetime and interface recom- terials, we grew a series of InxGal-xP/GaP transparent substrate LH
bination velocity on the range of structural defects that can be associ-These LEDs show a turn-on voltage of approximately 1.5 V and reg
ated with slightly mismatched, polar/nonpolar GaAs/Ge interfaces formed 35 A/cm2 by 2.0 V. Initial results show increasing brightness from 54
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nm to 650 nm, in contrast to the severe degradation seen beyond 600nents for HBT reliability improvement will be discussed in the presen-
nm in earlier work. The promising results suggest that a full range of tation.

efficient green to red LEDs should be possible on epitaxial transparent

substrates of InxGal-xP/GaP. If a steady-state dislocation density canl1:00 AM +

be maintained to even higher indium compositions, LEDs with operat- Traps in Pseudomorphic InGaAs/AlGaAs/GaAs HEMTs Measured

ing wavelengths ranging into the infrared could also be produced, which by Deep Level Capacitance and Current Transient Spectros-
would surpass the capabilities of the current In0.5(AlyGal-y)0.5P/ copy: Evelyn N. Wang Mike WojtowicZ; Dwight C. Streit; 1TRW,
GaAs LED technology. We will present an analysis of LED perfor- Inc., Electr. & Tech. Div., 1 Space Park, R6/2573, Redondo Beach, CA
mance versus dislocation density and microstructure and compare thes®0278 USA

results with earlier InxGal-xP/GaP LED work and current LED tech- We have investigated the trap characteristics of single and double
nologies. heterostructure pseudomorphic InGaAs/AlGaAs/GaAs HEMTs using
Fourier transform deep level transient spectroscopy (DLTS) [1]. Both
10:00 AM Break current and photo-induced capacitance transient measurements were
used. The single heterostructure HEMT has an InGaAs channel bounded
10:20 AM by an AlGaAs donor layer and a GaAs buffer layer. The double
Photoreflectance Study of Phosphorus Passivation of GaAs heterostructure HEMT has an InGaAs channel bounded by an AlGaAs
Richard Beaudry Xiangang Xd&; Jinsheng Hy Simon P. Watkins donor and buffer layer. These device profiles are used for low and high
1Simon Fraser University, Dept. of Phys., 8888 University Dr., Burnaby, power applications at frequencies from 2 to 100 GHz. Characterization
BC V5A 1S6 Canada of the traps present in these HEMTSs is critical due to their negative

Phosphorus passivation has recently received significant interest admpact on device noise, process reproducibility, and circuit perfor-
a technique for reducing the density of surface traps in GaAs. The effectmance. We will discuss the trap types and concentrations present in
of phosphorus exposure on room-temperature photoluminescence (PL)these profiles and the affect of the AlGaAs buffer layer on the trap
intensity was recently studied using X-ray diffraction to determine the characteristics. In addition, the affect of the traps on the measured
surface phosphorus coverage. In that work we showed that a coveragg@hotoluminescence spectra will be presented. The material profiles
of roughly 2 monolayers was necessary to produce the maximum ob-were verified using photoreflectance and xray rocking curves. In the
served 300-fold PL enhancement. In this work we have observed Franz-single heterostructure profile signals related to the AlIGaAs ME1 and
Keldysh oscillations in the photoreflectance spectra of (001) undoped- ME5 traps are observed in the DLTS spectra [2]. In addition, signals
N+ structures with and without phosphorus passivation. Using this observed both in the capacitance and current measurements indicate
technique we observed a significant reduction in the surface electric the presence of interface traps spanning an energy range of 0.1 eV. All
field for phosphorus passivated GaAs compared with untreated, air- of the signals are present at gate biases from 0.4 to ?1.0 V. At ?2.0 V
exposed GaAs. We discuss the effect of phosphorus coverage on surfacgate bias the signals disappear, indicating they originate from the chan-
Fermi level position and also the results of extended air exposure on thenel. In the double heterostructure HEMT only the ME1-MES5 signals
stability of the passivation effect. Passivation was carried out using are observed. These signals also disappear at a ?2.0 V gate bias indicat-
exposure to tertiarybutylphosphine vapour in an MOVPE reactor at ing they originate from the channel. Interface traps are not observed

500-600C. for the double heterostructure profile. This is probably due to the high

ME trap concentrations. The higher concentration of ME traps also
10:40 AM correlates with a reduction in the channel 4.2K photoluminescence
Reversal of Electrical Stress Degradation in Fully Self-Aligned intensity of the double heterostructure profile. [1] S. Weiss, et al. Solid-
InP/GaAsSb/InP DHBTs by a Surface Treatment in Ozone Co- State Elec., Vol. 31, No. 12, 1988, p. 1733. [2] K. Yamanaka, et al., J.

lombo R. Bolognesi Noureddine Matine Georg Soerensé&nXangang Appl. Phys, Vol. 61, no. 11, 1997, p. 5062.

Xu?, Simon P. Watkir’s 1Simon Fraser University, School of Eng. Sci.,

Compound Semiconductor Device Laboratory, 8888 University Dr., 11:20 AM +

Burnaby, BC V5A 1S6 CanaddSimon Fraser University, Dept. of Physical Evidence of Hydrogen Degradation of InP HEMTs

Phys., 8888 University Dr., Burnaby, BC V5A 1S6 Canada Roxann R. Blanchatd Jesus A. del Alanip Albert Cornet, Massa-

Electrical bias stressing of heterojunction bipolar transistors (HBTs) chusetts Institute of Technology, 60 Vassar St., Rm. 39-313, Cam-
can result is a degradation of the common emitter currentlgdime to bridge, MA 02139 USAZ2Universitat de Barcelona, Facultat de Fisica,
an increase in both the base current and its ideality fagtdt is widely Av. Diagonal, 645-647, Barcelona E-08028 Spain

believed that such bias stress tests induce the formation of defects  Hydrogen sensitivity of 1lI-V FETs is a serious and well documented
which act as GR centers at either at the emitter/base junction or in itsreliability concern. A systematic set of electrical experiments on InAlAs/
vicinity at the emitter mesa. Self-aligned devices are particularly sensi- InGaAs HEMTs on InP has recently revealed that hydrogen affects
tive to this type of degradation. In the present work we demonstrate differently the intrinsic region directly under the gate and the extrinsic
that the transistor degradation in InP-based HBTs can be reversed by amegions outside the gate [1]. In the intrinsic region, evidence that
ozone treatment, and identify the physical location of the generated hydrogen-induced threshold voltage shifts are due to the piezoelectric
defects. MOCVD-grown fully self-aligned InP/GaAsSb/InP DHBTs with  effect has prompted the hypothesis that hydrogen reacts with titanium
a C-doped GaAs;Sh, ,, base were electrically degraded by bias stressing in the gate to form titanium hydride, leading to compressive stress in
under various biases and displayed a significant increase in the basehe gate. In the extrinsic regions, changes in the surface potential of

current ideality factor from a pre-stress value gfInl5 to R=1.6. As the exposed InAlAs have been proposed to explain a reduction in the
expected for a C-doped base, the collector current characteristic re-channel carrier concentration underneath. In this work, material char-
mained unaffected by the bias stress test witil95. We have discov- acterization techniques have been used to independently confirm for

ered that a UV-ozone plasma treatment almost completely reversesthe first time that hydrogen exposure leads to the formation of TiH
the electrical damage and returns the transistor characteristics to theirand compressive stress in Ti/Pt layers. We have also confirmed changes
pre-stress state withgn1.15-1.20. It is believed that the UV-ozone in the surface of InAlAs after exposure to hydrogen. Titanium hydride
treatment produces an oxide film which restores the stoichiometry of formation has been confirmed through Auger Electron Spectroscopy
the oxide/semiconductor interface and removes damage at the semion Ti/Pt test films deposited on 4" ,8j, covered Si substrates. Com-
conductor surface [see Driad et al., IPRM98 Proc., pp. 459-462]. Be- pared to control samples annealed in pute $amples annealed in
cause the intrinsic E/B junction is shielded from the ozone treatment, forming-gas (5% Hin N,) at 200C showed a 1 eV shift in the low-
our results indicate that the degradation in bias stress test arises mainlgnergy Ti peak, and the emergence of a second peak at 5 eV below the
due to defect generation at the emitter periphery in HBTs. We also main Ti peak. These changes are the characteristic signature of tita-
found that the same UV-ozone treatment could restore a gain of >10 innium hydride. Subsequent recovery anneals of hydrogenated films per-
a small area in MBE-grown InP/GalnAs HBT operated at a collector formed in N at 200C showed a decrease of the Jiptak, and recov-
current density J0.008 A/cmi. The potential of UV-ozone treat- ery of the Ti peak shift. This shows that the formation of ,Ti$la
recoverable process, consistent with device electrical results [1]. Com-
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pressive stress after,Hexposure has been confirmed through in situ also exhibits the effect of the interdiffusion. From a comparison of the
radius-of-curvature measurements performed on these same Ti/Pt filmsintersubband transitions in the CER/PZR spectra with an envelope
annealed at 20C. The forming-gas annealed sample exhibited an function calculation, including the effects of strain and electric field, we
increase in wafer bow >168m after only a few seconds of exposure, can gain information about parameters such as the well width and in-
verifying that the film expands. This volume expansion causes com- plane strain of the MQW regions. The values of thse quantities are in
pressive stress in the film. In comparison, wafers annealed &xIiNb- good agreement with high resolution X-ray diffraction (HRXRD) mea-
ited no change in wafer bow. Recovery anneals of hydrogenated samplesurements.
in N, show that the film stress is also recoverable. Finally, changes in
the native oxide of InAlAs have been confirmed through XPS. In this 1:50 PM
experiment, HEMT samples with exposed InAIAs were annealed in Room Temperature Polarized Photoreflectance Hotoreflectance
either N, or forming-gas at 20C. The sample annealed in forming-gas Characterization of GaAlAs/InGaAs High Electron Mobility
showed an increase of the,@l/AlIAs and InO,/InAs peak ratios, and a  Transistor Structures Including the Influence of Strain Relax-
reduction of the A©,/(Al,In)As peak ratio. These results indicate that ation: Ying-sheng Huarig T. H. Ches; W. D. Sun; Fred H. Pollak
hydrogen decomposes A3, promotes the formation of 4D, and Mark Goorsky; D. Streit; M. Wojtowicz; !National Taiwan Univer-
In,0,, with accompanied JAs desorption. The independent confirma-  sity of Science and Technology, Dept. of Electr, Eng., 43 Keelung Rd.
tion of the effects of hydrogen on InP HEMTs presented in this work Sec. 4, Taipei 106 Taiwan2Brooklyn College of CUNY, Phys. Dept.,
should be instrumental in identifying a permanent solution to this 2900 Bedford Ave., Brooklyn, NY 11210-2889 USAJCLA, Dept. of
problem. [1] R. Blanchard et al., Proc. of the IEDM, p. 231, 1998 Mats. Sci. and Eng., Los Angles, CA 90095 USARW, Electr. and
Tech. Div., Redondo Beach, CA 90278 USA
11:40 AM Late News Using photoreflectance (PR) at 300 K we have characterized the
properties of four Gal-yAlyAs/InxGal-xAs/GaAs high electron mobil-
ity structures with different well width fabricated by molecular beam

SeSSion DD. Non-DeStrUCtive Test- epitaxy on (100) GaAs substrates. The nominal values of x and y were
. « oy . . 0.2. The well width were 140, 160, 160 and 220 A, respectively. For
|ng and |n-S|tU MOnItOI’Ing/Con- latter three samples the well width exceeds the pseudomorphic limit so
tr0| that there is some strain relaxation and related misfit dislocations, as

determined from x-ray measurements. In order to detect the anisotro-
pic strain of the misfit dislocations related to strain relaxation, the PR
Friday PM Room: Corwin East measurements were performed for incident light polarized along [110]
July 2,1999 Location: University Center and directions. The PR spectra contained signals from the InGaAs
single quantum well in addition to the GaAlAs top layer, GaAs and
. . . . GaAs/GaAlAs multiple quantum well (MQW) buffer layer. Evidence for
Session Chairs: Kurt G. Eymk’ W”ght Patterson AFB, the influence of the strain relaxation upon the relaxed channel was
OH USA; John A. Roth, HRL Labs, Malibu, CA USA provided by the observed anisotropy in the InGaAs PR signal for light
polarized along [110] and A detailed analyze these features makes it
possible to evaluate In and Al compositions, channel width and two-
dimensional electron gas density as well as the properties of the GaAs/

1:30 PM GaAlAs MQW buffer layer.
Characterization of p-Dopant Interdiffusion in 1.3 um InGaAsP/
InP Laser Structures Using Modulation Spectroscopy A. Jeaget, 2:10 PM +

Fred H. Pollak C. L. Reynoldy M. Gev&; Brooklyn College of Depth Defined Optoelectronic Modulation Spectroscopy Chi-
CUNY, Phys. Dept., 3438N, 2900 Bedford Ave., Brooklyn, NY 11210 Hsin Chid; John Garth Swansdn Kings College London, Electr.
USA,; 3Lucent Technologies, Bell Laboratories, Breinigsville, PA 18031 Eng., Strand, London WC2R 2LS UK
USA This paper describes how Optoelectronic Modulation
Optimization of the p-doping profile of 1.3 ym InGaAsP/InP mul- Spectroscopy(OEMS) has been adapted to isolate the electrical and
tiple quantum well (MQW) laser structures is an important problem in optical responses of traps at the interface between an active layer and
the design and manufacture of low-cost transmitters for different tele- a buffer layer. OEMS uses periodic photon energy modulation to opti-
communication applications. Experimental and modeling results ob- cally modulate an electrical parameter associated with a semiconductor
tained by different groups show that changes of acceptor concentrationdevice structure. The measurand is then displayed as a spectrum a
within different regions of the laser structure significantly affect device mean photon energy is scanned. The electrical response may not H
characteristics. It was shown theoretically and experimentally that p- phase with the photon energy variation so that the phase and ma
doping of the active region in strained MQW InGaAsP/InP lasers can tude spectra can be captured. The method has been used previoug
lead to a substantial increase in the differential gain leading to greatervarious modes to explore the optical responses of FET's, pn 3
maximum modulation frequency. It was also predicted theoretically and Schottky diodes as well as simple resistors.(1, 2) Electron traps at
shown experimentally that an increase of acceptor concentration ininterface between the active layer of a FET and the buffer are
the p-cladding layer adjacent to the active region in 1.3 ym bulk active interest because of their role in backgating. The supply of charge fr|
InGaAsP lasers makes it possible to minimize the voltage drop at the p-a backgating electrode will vary this trap population, in turn modifyi
cladding/separate confinement heterostructure (SCH) interface and tothe electric field at the interface with the active layer. In a MESFH
avoid a substantial reduction of the barrier for thermionic emission of this will vary the depletion region near to that interface and modify t
electrons from the active region. Therefore, the room-temperature, channel current. Sub band-gap photons are used to permit penetrg
nondestructive evaluation of the p-dopant profile is of considerable into the semiconductor to excite charges in deep defect states.
importance for production-line characterization of these devices. Us- current in a MESFET is determined by the dimensions of the cond
ing contactless electroreflectance (CER) and piezoreflectance (PZR)tive channel, its carrier concentration and the carrier mobility. T
we have investigated three InGaAsP/InP p-i-n MQW laser structures thickness of the channel is set by the thickness of two depletion regi
with different p-doping profiles. From the Franz-Keldysh oscillations one beneath the gate, the other at the active layer buffer interface
(FKOs) originating in the total insulating region [i-InGaAsP SCH plus the photon modulation varies the trap population in any of the
MQWs] we have determined the built-in electric field in this region of regions the channel current will be modulated too. This is the measur|
the samples. There is a systematic increase in the measured electricn our experiments. Gate depletion region modulation of the chan
field with interdiffusion of the p-dopant due to the reduction of the current is eliminated by using a closed loop control system to stabil
effective dimension of the i-region. These results are in good agree-the gate depletion capacitance continuously throughout the meas
ment with secondary ion mass spectrometry (SIMS) measurements onment of the OEMS spectrum. This is a crucial process and is fundal
these samples. In addition the CER/PZR spectra from the MQW regiontal to our measurements. Photomodulation of the gate depletion wi
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is therefore discounted. We show that photoconductive modulation of examples of free silicon surfaces, hydrogen (H)-terminated Si (111)
the channel itself is negligible in comparison with modulation arising and (100) surfaces were prepared by BHFMNH0%) and HF/HCI re-
from the back plane traps. Electrons removed from these traps causdated treatments, respectively. The capacitance for the H-terminated
the back depletion region to contract increasing the channel current(100) surface showed variation from accumulation down to strong
whilst positive charge removal from hole traps has the opposite effectinversion. On the other hand, it was limited well below the accumula-
and reverses the phase of the modulation. The method has been applietion capacitance for (111) surface under strong positive biases, indicat-
to GaAs MESFET structures and it is demonstrated that the measure4ing existence of strong surface Fermi level pinning. The distribution of
ment system is capable of observing changes of back plane chargesurface state density {(Pfor (100) surface was superposition of a wide

concentration as small as electrons. U-shaped distribution and a narrow discrete peak situated at energy
position of 0.65 eV from E For (111) surface, the surface state density
2:30 PM + showed a narrow U-shaped distribution, whergr8pidly increased
Surface Photovoltage Spectroscopy of Two Dimensional Struc-  toward EC at energy position of 0.6-0.7 eV frop Ehis indicates that
tures and Devices Nurit Ashkenasy Sanelia Solodky Mark the pinning center in the (111) surface is the same discrete defect with
Leibovitct?; Yossi Rosenwaks Irit Halkorg; Yoram Shapirg Tel Aviv the (100) surface, but its density is much higher. After the annealing of

University, Dept. of Phys. Electr., Faculty of Eng., Ramat-Aviv, Tel- H-terminated (100) surface in UHV environment at 3DGor 5 min,

Aviv 69978 Israel;2ELTA Electronics Industries, Ltd., P.O. Box 330, the distribution of surface state density showed similar shape, but the

Ashdod 77102 Israel height of the discrete peak increased. This indicates that the origin of
In this work we have characterized GaAs/AlGaAs single quantum the discrete state is unterminated surface dangling-bonds whose number

well (QW) p-i-n structures for solar cell applications and InGaAs/GaAs/ increased after escape of hydrogen by annealing. Results on (7x7)

AlGaAs p-HEMT structures using surface photovoltage spectroscopy reconstructed surfaces and ultrathin insulator covered surfaces will also

(SPS). The spectra obtained are strongly correlated to device perfor-be discussed. The present technique can detect subtle changes of the

mance. Experimental and numerical studies of the photovoltaic re- surface, and thus is powerful for process optimization in UHV environ-

sponse of single quantum well p-i-n structures for solar cell applications ments.

will be presented. It is shown that the photovoltaic response is gov-

erned by the QW parameters, in particular the dependence on QW3:10 PM Break

width is discussed. Numerical calculations show a monotonic increase in

the photovoltaic response with decreasing well width due to the ensuing3:30 PM +

increase in carrier generation rate and bandgap. The domination of theFar UV Spectroscopic Reflectometry S. Lint; S. Kriventsoy; T.

carrier lifetime in the well over recombination processes throughout Mayer; T. Jacksoh J. Freeo !Penn State University, Center for

the entire structure is discussed. Using a simple empirical model, theThin Film Devices and Electr. Mats. and Processing Research Labora-

carriers effective lifetimes at the well layer/interface for the different tory, University Park, PA 16802jnterface Studies Inc., Katonah, NY

samples are estimated. The surface photovoltage spectra of the p10536

HEMT contain information from different layers of the device. The We have constructed a polarizer-based spectroscopic reflectometry

characterization of the different layers is done by their fingerprints. system which operates in the photon energy range 3 e¥8dV. This

The composition and quality of the different layers are estimated. In system uses MgFpolarizers and a controlled ambient to eliminate

particular, device parameters, such as the channel carrier sheet densityatmospheric oxygen-related optical absorption at short wavelength.

are evaluated. These results show that SPS is a powerful tool for obtain-The light source is a water cooled lamp, with a Mgkndow. The

ing both optical and electronic characteristics of complicated device system has been primarily operated in the reflection anisotropy spec-

structures, and may be used for characterization and quality control oftroscopy mode, in which measurements are made at near-normal inci-

such structures in production lines. dence, and the signal monitore is the difference in reflection coeffi-
cients when the polarization is oriented along different crystallographic
2:50 PM + directions. This difference should be zero by symmetry for perfect,
UHV Contactless Capacitance-Voltage Characterization of Free bulk material, and non-zero results provide information about surface
Silicon Surfaces Toshiyuki Yoshida Hideki Hasegawa Takamasa topography (e.g. steps), reconstructions, surface fields, and other de-

Sakat; !Hokkaido University, Research Center for Interface Quant. partures from bulk symmetry. The high photon energy regime allows
Electr. (RCIQE) and Graduate School of Electr. and Info. Eng., Kita- wide band gap semiconductor materials to be inverstigated at their

ku, Kita 13 Nishi 8, Sapporo, Hokkaido 060-8628 Jap®ainippon critical points. We have used the system to study epitaxial silicon
Screen Manufacturing Co., Ltd., Fushimi-ku Hazukashi, Furukawa-cho carbide samples and bulk silicon carbide samples with varying surface
322, Kyouto, Kyouto-hu 612 Japan polish. We have also measured silicon samples; the well known optical

Atomic-scale characterization of Si surface properties becomes in-response of these samples at more conventional photon energy simpli-
creasingly important to further advance the Si CMOS technology as fies system calibration. The system also provides the basic framework
well as to develop novel Si-based quantum effect devices. Since therequired for performing Far UV ellipsometry. We expect that spectro-
performances of nano-devices are extremely sensitive to electroni- scopic ellipsometry in this energy range will be important not only for
cally active near-surface defects introduced during processing steps,wide bandgap semiconductors, but also for ultrathin and/or new dielec-
UHV-based in-situ and non-destructive electronic characterization of trics, and their metrology, and in characterizing materials and coatings
Si surfaces is strongly required to optimize the processing steps. How-for Far UV (for example, 193 or 157 nm) lithography. This work was
ever, there has been no well-established non-destructive characterizasupported in part by the BMDO Innovative Science and Technology
tion method of surface electronic properties. This paper presents theOffice and managed by U.S. Army Space and Missile Defense Com-
results of in-situ electronic characterization of free Si surfaces using amand.
contactless UHV capacitance-voltage (C-V) measurement technique.

In this technique, a narrow UHV-gap (300-400 nm) is maintained 3:50 PM

between the electrode and the sample surface by a piezo-mechanisn$pectroscopic Ellipsometry for Real-Time Control of Heteroepi-

with capacitance feedback from three surrounding parallelism elec- taxy of HgCdTe on Si L. A. Almeid& Nibir K. Dhare; J. David
trodes. This thin gap acts as an additional insulator and allows standardBBenson; Michael Martink& Andrew J. Stolty John H. Dinaf 1E-

MIS assessment in the UHV environment. The UHV gap length is OIR Measurements, Inc., P.O. Box 1240, Spotsylvania, VA 22553-
accurately determined by measuring the variation of reflectance of 1240 USA;2Army Research Laboratory, Adelphi, MBNight Vision &

laser light due to disturbance of the evanescent wave (Goos-Haencherklectronic Sensors Directorate, Fort Belvoir, VA 22060-5806 USA
effect). Unlike conventional MIS measurements, the UHV gap length A technique has been developed to monitor and control precisely
can be varied in this system. By capacitance measurements changindDT ~ 0.2°C) and in real-time, the surface temperature qf EijTe as

the gap length, Fermi level pinning position can be determined. This it is deposited by molecular beam epitaxy (MBE). Epitaxy of_Hg
system also connected with the UHV-based multi-chamber growth/ ,Cd Te has been carried out on (211) Si wafers with buffer layers of Si,
fabrication facility for in-situ and non-destructive characterization. As ZnTe and CdTe, which were also deposited by MBE. This process was
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accomplished entirely in vacuo through the use of a cluster tool with tion measurements. Over a wide range of growth temperature a nearly
three interconnected MBE systems. The Si wafer surface was termi-linear relation between the LEO amplitude and the As antisite concen-
nated with hydrogen atoms ex situ and these atoms were thermallytration is found. Finally, we will demonstrate that the in situ controlled
removed in situ. The Si wafers were mounted in indium-free, molybde- incorporation of excess As during MBE growth can be successfully used
num holders. A significant challenge faced in the deposition of Hg to realize and optimize a two-photon absorber for mode-locking of
.LCd.Te on a CdTe/ZnTe/Si substrate is the dramatic change in emissivity Nd:glass fiber lasers. [1] H. Tanaka, E. Colas, |. Kamiya, D. E. Aspness,
which occurs as the HgCd,Te epilayer is deposited and which causes R. Bhat; Appl. Phys. Lett. 59 (1991) 3443.

transients in the substrate surface temperature. This is especially prob-

lematic given the narrow window of substrate temperatupd@s~ 5°C) 4:30 PM +

within which high quality Hg,Cd,Te epilayers can be deposited by Investigation of Indium Surface Segregation in Solid Source
MBE. Real-time control of the substrate surface temperature was MBE Growth of InxGal-xSb: David H. Tomich; Kurt G. Eyink,;
achieved using spectroscopic ellipsometry. The substrate temperatureSteve FenstemaléerLarry Grazulig; Charles W. Tg Air Force Re-

prior to growth was determined by a previously established library of search Laboratories, MLPO, 3005 P St. Ste. 6, Bldg. 651, WPAFB, OH
dielectric functions versus temperature for bulk, &&h, ,.Te substrates. 45433-7707 USAZResearch Institute, University of Dayton, 300 Col-
Despite the difference in composition between the CdTe/Si substrateslege Park Dr., Dayton, OH 45469-0167 USRJniversity of Califor-

and the bulk CglZn, ,;Te substrate, the error in the temperature deter- nia, San Diego, Dept of Elect. and Comp. Eng., 9500 Gilman Dr., Mail
mination was found to be insignificant. After deposition was initiated, Code 0407, La Jolla, CA 92093-0407 USA

the ellipsometry data was modeled using a previously established library The requirements placed upon infrared detectors have continuously
of dielectric functions of Hg,Cd,Te as a function of composition. Due  increased in terms of performance, wavelength and operating tempera-
to the temperature dependence of the Hg sticking coefficient, the near-ture. Strained layer superlattices (SLSs) in the antimonide system have
surface composition of the growing epilayer is sensitive to surface been receiving considerable attention for use as long and very long
temperature. It has been found that a change of 1°C in substrate temwavelength infrared detectors for space based applications. Detectors
perature causes a change in the measured x-value of 0.005. Thdashioned from this material system are predicted to have an increased
ellipsometer is sensitive to transients in compositiorDef~ 0.001, operating temperature and equivalent D* to current Si:As BIB detec-
and therefore, capable of detecting transients in substrate temperaturéors operating at 4 Kelvin. These SLSs are composed of layers of
DT ~ 0.2°C. Transients in the composition were correlated to changesinxGal-xSb and InAs with periods of approximately 60 A and a com-
in surface temperature. Utilizing ellipsometry-generated compositional position, x, around 23%. However, the parameter window for growth
profiles as a guide, substrate heating power was ramped in such a way agf high quality heterostructures in this system is significantly narrower

to minimize transients in the measured composition. than that for the growth of, e.g. GaAs/AlGaAs based structures, par-
tially because of the mixed anion growth and mixing at interfaces.
4:10 PM Recently much attention has been given to the interface chemistry due
In Situ Controlled Electronic Properties of Low Temperature to its affect on the band line up and residual strain present in the SLS. It
GaAs(001) for TwO-Photon Absorbers J. Herfort; G. Aposto- is known for InGaAs growth that indium segregates to the surface
lopoulog; W. Ulricit; L. Dawerit2; K. H. Ploog; M. Leitnee; P. Glag, during MBE growth and therefore is expected to occur in this system

1Paul-Drude-Institut fir Festkdrperelektronik, Hausvogteiplatz 5-7, D- also. Due to the electrical (band line-ups) and structural (strain) effects
10117 Berlin Germany2Max-Born-Institut fiir Nichtlineare Optik und surface segregation would have on the SLSs we have examined the
Kurzzeitspektroskopie, Rudower Chaussee 6, D-12474 Berlin Germany affects of substrate growth temperature on indium surface segregation
The interest in low temperature grown GaAs (LT-GaAs) has in- during the growth of various InxGal-xSb layers on GaSb substrates. We
creased rapidly due to the unique electrical and optical properties of thehave grown InxGal-xSb layers with x compositions between 0.13 and
material and its wide range of optoelectronic applications. LT-GaAs 0.34. Desorption mass spectrometry was used to determine the indium
layers grown by molecular beam epitaxy (MBE) at substrate tempera- concentration. To determine the near surface and surface indium con-
tures between 200°C and 350°C exhibit, among other attractive proper-centration Auger electron spectroscopy (AES) and ion-scattered spec-
ties, ultrashort carrier lifetimes in the picosecond range and large two troscopy (ISS) were used respectively. Bulk indium composition was
photon absorption coefficients. These properties are attributed to thedetermined by x-ray diffraction measurements on relaxed (thick) InxGal-
large amount of excess As (»1 at.%) incorporated during growth. The xSb layers. Significant indium surface segregation was found to be present
excess As results in a high density (¥16m3) of deep traps near after growth. The magnitude and variability with growth temperature
midgap, which are responsible for the short recombination times and and bulk indium composition of the indium surface concentration will
enhanced optical nonlinearity. In view of tailoring particular material be presented. The difference or lack thereof, when using tetramer and
properties, there is a lack of appropriate in situ techniques that probedimer/monomer antimony during growth of these samples will also
the properties of LT layers during growth. For LT-GaAs it is known presented.
that reflection high-energy electron diffraction (RHEED) yields little
information about the growth process. To overcome these limitations 4:50 PM
we propose to use reflectance-difference spectroscopy (RDS), a techimproved Composition and Layer Interface Control by Model-
nique which is generally considered as a complementary tool for MBE ing Knudsen Cell Heating Cycle Stephen J. AdamisKurt G.
growth. We will demonstrate that RDS can serve as an in situ control Eyink?; Air Force Research Laboratory, AFRL/MLMR Bldg. 653,
tool, probing not only the surface structure but also directly the elec- 2977 P. St., Suite 13, Wright-Patterson AFB, OH 45433-7746 USA
tronic properties of the growing material. The RD spectra were mea- Precise flux control of effusion cells is a central issue for MB
sured using a commercial spectrometer which is based on the standardesearch that effects growth modes, alloy compositions and defectj
design introduced by Aspnes. The recorded signal consists of the realepitaxial films. Previous research has focused on two aspects of
part of the reflectance difference for light polarized parallel to the problem. Namely the elimination of the flux transient present duri
principal axes [-1 1 0] and [1 1 0], with photon energies between 2 andthe opening of the shutter by applying an appropriate temperat
5 eV. The strong anisotropic resonances observed around, taedE schedule to the cell and the development of a close-loop flux control
E,+D, critical points are due to the linear electro-optic (LEO) effect the knudsen cell after the shutter is opened. While these solutig
[1] caused by the near surface electric field of LT GaAs. The RD spectraaddress the problem of sharp interfaces and constant composition §
can be recorded in situ during growth as well as at growth interruptions. shutter opening, they do not address the problems which occur
The amplitude of the LEO resonance is sensitive to growth tempera- additional cycling of the shutter. When the shutter is closed the ¢
ture, growth rate and the AGa beam equivalent pressure ratio, so that state changes due its increased heat and begins to progress towar(
it can be used for controlling these parameters. To correlate the infor-initial state prior to any opening of the cell. This phenomenon res
mation gained from the RDS data with the actual electronic properties in a change in the composition to occur with subsequent shutter op
of the LT-GaAs layers, which primarily depend on the excess As con- ings. In this paper we will show that by additionally modeling th
centration incorporated during MBE growth, the concentration of the heating cycle of a closed shutter it is possible obtain stable flux thro
As antisite defects of the layers are estimated by near infrared absorp-multiple opening events.
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overlapped with the charging energy. On the other hand, direct mea-
surements by ballistic electron spectroscopy has not been reported so

far because of the difficulty to probe the bound states of the dots in the
GaAs barrier by electron tunneling. We report the direct electron tun-

SeSS|On EE. SemlcondUCtor neling spectroscopy of bound states of InAs quantum dots buried in a

Quantum DOtS - E|ectronic GaAs layer in the vicinity of the GaAs surface. Diamagnetic shift of the
ground state of an electron in the dot was clearly observed for the first

Stru Ctures time. We have fabricated a simple structure burying self-assembled InAs

quantum dots 100? below the GaAs surface where thin aluminium layer
was evaporated in-situ in order to minimize the introduction of surface

Friday PM Room: COI’W!ﬂ W?St states, thereby allowing direct measurements of ballistic electrons to
July 2, 1999 Location: University Center tunnel through bound states in InAs dots. The current voltage charac-
teristics revealed distinct two major peaks suggesting tunneling current
Session Chairs: Mark Miller, University of Virginia, through two eigenstates in InAs dots at 2K. The relative peak positions
Dept. of Elect. Eng., Charlottesville, VA USA: Peter were estimated from the measured peak voltage and energyband shape

. . at each resonant conditions by taking account of the leverage factor 2.
Sercel, University of Oregon, Phys. Dept., Eugene, OR The major current peak through the first excited state was found to lie

USA at 55meV below the conduction band minima of GaAs and the ground
state was found at 80meV below the first excited state. Line width of

the current peaks were found to be 30-35meV which is reasonable if it
is compared with FWHM of A60meV in the photoluminescence data.

1:30 PM Several distinct peaks have been observed by analyzing first and second
Modified Fermi-Level Pinning of the (100) GaAs Surface derivative signals. Some of the small peaks are attributed to phonon
Through InAs Quantum Dots in Different Stages of Overgrowth replica but there are some unidentified peaks yet to be analyzed. When
Carsten Waltheg H. Niehus; A. Thamnt; W. T. Masselink *Humboldt the samples were measured under magnetic field parallel to the current,

University Berlin, Dept. of Phys., Invalidenstr. 110, Berlin 10115 the peak position is increased reflecting the diamagnetic shift[4] of the
Germany;?Paul-Drude-Institut, Hausvogteiplatz 5-7, Berlin 10117 Ger- relatively large (400A) quantum dot. Unlike the photoluminescence
many measurement[5], the present result is unique in investigating not an
This study describes the effect of InAs quantum dots on the Fermi-level exciton states but electron states in the dots through direct tunneling
pinning at a (001) GaAs surface and uses the Fermi-level pinning en-current measurements in a magnetic field. REFERENCE [1] M. Fricke,
ergy together with atomic force microscopy to investigate the forma- A. Lorke, J. P. Kotthaus, G.Medeiros-Ribeiro and P. M. Petroff,
tion and overgrowth of the dots. room-temperature modulated Europhys.Lett.36(3), pp.197-202 (1996) [2] K.Yoh, J. Konda and N.
photoreflectance at van Hoof structures [1] was used to measure theNishiguchi, Jpn.J. Appl. Phys.77, 3613 (1996) [3] B.T.Miller, W.Hansen,
fields and surface pinning in fully depleted GaAs epitaxial layers through S. Manus, R. J. Ruyken, A. Lorke and J. P. Kotthaus, Phys. Rev.B, 56
Franz-Keldysh oscillations. Observed phase delay data also allows mea{11), pp.6764-6769 (1997) [4] S. Tarucha, D.G. Austing, T. Honda, R.
surement of effective detrapping times from the dots. Our data show J.van der Hage and L P. Kouwenhoven, Phys. Rev. Lett.77, 3613(1996)
that quantum dots with base lengths of between 10 and 25 nm lead tq5]l. E. Itskevich, M.Henini, H. A.Carmona, L. Eaves, P. C. Main, D.
the Fermi level being pinned approximately 250 meV deeper in the K. Maude and J. C. Portal, Appl. Phys. Lett. 70 (1997) 505

bandgap than surfaces without the dots, from 0.65 eV below the con-

duction band edge for bare GaAs to 0.90 eV with the InAs dots. This 2:10 PM

effect is opposite to that for thicker two-dimensional InAs and is Variation of the Potential Well of Self-Assembled InAs/GaAs
reversible by either overgrowing the dots with GaAs or by selectively Quantum Dots with Fixed Ground State Luminescence Energy
etching away the dots. These results are discussed within the frameworkviarkus Arzberger Ulrich Kasberget, Liwen Chu; Gerhard Béhrm

of recent theoretical investigations of surface states associated withMarkus-Christian Amanh Gerhard Abstreitér Walter Schottky
uncapped quantum dots [2]. The appearance of polar-As surface facetsnstitut, Am Coulombwall, Garching D-85748 Germany

on the dots introduces a large enough density of surface states between  The direct growth of nanometer-scale quantum dots (QDs) in lattice
the valence band edge and the GaAs surface states to re-pin the Fernthismatched systems via the Stranski-Krastanow epitaxial growth mode
level deeper in the bandgap. Total overgrowth of the dots with GaAs is a suitable method for fabrication of quantum effect devices like QD
causes these facets to disappear and the Fermi level returns to itsasers or optical memories. We studied in detail the dependence of the
position usual for GaAs surfaces. Comparison of the Fermi-level pin- InAs island growth on GaAs (001) by MBE at substrate temperatures
ning energy with in-air atomic force microscopy images of surfaces (T of 480°C and 530°C using photoluminescence (PL) and atomic
with various dot development and overgrowth allows the microscopic force microscopy (AFM) for characterization with respect to PL in-
surface structure to be characterized by a Fermi-level pinning energy.tensity, PL energy and density of the islands. Buried InAs islands pro-
Studied surface reactions include material transport away from the dotsduced by depositing ~2.8 monolayers (MLs) of InAs g5B0°C and

and intermixing in the GaAs barriers as well as depressions of the two-an arsenic (A3 equivalent pressure () of ~1.2x16 Torr have the PL
dimensional overgrown GaAs at the positions of the dots. In addition, ground state transition at ~0.99 eV (room-temperature, RT) with full
we use such data to discuss the annealing of the surface wjtivii¢h width at half maximum (FWHM) of about 38 meV, showing good
leads to a surface atom exchange and a rearrangement of the InAs duromogeneity of the QDs. The density and height of these islands is
to the modification of the total strain. [1] C. Van Hoof, K. Deneffe, J. ~1.5x10° cm? and 9-10 nm, respectively, both determined by AFM
DeBoeck, D.J. Arent, and G.Borghs, Appl. Phys. Lett. 54, 608 (1998).[2] measurements performed on unburied islands in ambient air. We in-
T. Saito, J.N. Schulman, and Y. Arakawa, Phys. Rev. B 57, 13016 creased the density of the islands by means of a lower growth tempera-

(1998). ture and a correspondingly lower surface mobility of adatoms during
growth. We achieved densities in the range of ~ixa&®? (height 3-4

1:50 PM nm) by depositing ~2.7 MLs InAs. The RT PL intensity of these low

Tunneling Spectroscopy of Electron States in Self-Assembled  temperature grown QDs is very sensitive fo and can be increased by

InAs Dots: Kanji Yolt; Yoshiyuki Kitashé; Hokkaido University, decreasing p to 2-3x 16 Torr. If ~4 MLs InAs are deposited at T

Research Center for Interface Quantum Electronics, N 13, W 8, Kita- .=480°C the ground state transition appears also at ~0.99 eV with an

ku, Sapporo, Hokkaido 060 Japan FWHM of about 35 meV, both very similar to the QDs grown at

Energy states of confined electrons in self-assembled InAs quantumT_=530°C (2.8 MLs). The density and height of these QDs is ~8x10
dots have been investigated so far by various methods such as infrareg¢m2 and 5-6 nm, respectively. Comparing the power dependence of the
spectroscopy[1], single electron charging effects[2] capacitance mea-PL of these QDs at 480°C and 530°C we observe an energy spacing of
surements[3], but the measured energy states of those methods werghe ground and first excited state of ~81 meV (480°C) and ~66 meV
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(530°C), although the ground state is at the same energy for bothis a multi-valley semiconductor. In the particular case of Si, the symme-
samples. This is explained by more effective interdiffusion of In and Ga try of (VBM) is almost always,t However, for indirect gap systems,
atoms during growth at 530°C leading to more Ga containing QDs as atthe symmetry of the CBM is in many cases different fronfoa
480°C. This means that the carriers are confined in deeper but narrowerexample e or,t In these cases, the resulting lower energy exciton has
potential wells in the 480°C QDs than in the 530°C QDs. As the ground several symmetries (e.g.xt,= A+ E+ T+ T,ort, x e = T+ T,). Only

state for both kinds of QDs has the same energy, the first excited stateT, is optically active, the others are “dark”. Using pseudopotential
is shifted to higher energies in the 480°C QDs as compared to thecalculations of the single-particle states of Si quantum dots and a direct
530°C QDs. Therefore the density and the interlevel spacing of InAs evaluation of the screened e-h Coulomb and exchange matrix elements,
QDs can be tuned by varying the substrate temperature without changwe find that, when the CBM symmetry is the e-h direct Coulomb

ing the ground state energy. interaction lowers the energy of the nonstates that are called dark

excitons. Thus, the lowest energy exciton is forbidden even without
2:30 PM exchange interaction. At very low temperatures (T <20 K) the emis-
Electrical Detection of Optically Induced Charge Storage in sion will be long-lived and weak. To get strong emission it is required to
Self-Assembled InAs Quantum Dots Doris Heinricht; Matthias populate the T singlet exciton. That can be done at temperatures
Skalitz; Jonathan Finlely Jan Hoffmani Artur Zrennet; Gerhard larger than 20 K. In addition, in contradiction with simplified models,
Bohmt; Gerhard Abstreitér *Walter Schottky Institut, Technical Uni- we find that Coulomb correlations are more important for small dots
versity Munich, Am Coulombwall, D-85748 Garching Germany than for intermediate size ones.

We report about a spectrally resolved photo-resistance study of
optically induced charge storage effects in self-organized InAs quantum 3:10 PM Break
dots (QDs). The results show that optical QD charging with spectral
resolution can be detected and erased electrically. This provides a noveB:30 PM
electrical technique by which QD excitation spectra can be studied. The Photoluminescence of Strain-Induced Coupled Quantum Dot-
investigated structure designed for electron storage in the QDs consistdairs: H.-W. Refy T. Okung; K. Nishibayasti J.-S. Le& S. Sugoy M.
of a modulation doped 2D electron channel which was grown on top of Sugisak}; Y. Masumoté; !Single Quantum Dot Project, ERATO, JST,
a layer of InAs QDs, separated by an asymmetric tunnel barrier. In thisc/o NEC Corporation, 34 Miyukigaoka, Tsukuba 305-8501 Jafhami:
structure the QDs are incorporated into the intrinsic region of a verti- versity of Tsukuba, Institute of Phys., Tsukuba 305-8571 Japan
cal p-i-n heterojunction with separate ohmic contacts to the 2D elec- Fabrication and identification of electronically coupled quantum
tron channel and the back p-contact. As a consequence of the verticaots (CQDs) is still a challenging issue for physicists. Researches have
built-in field in the p-i-n junction, photo-excited holes escape from the been carried out by three-step growth and cleavage processes (1) and
QDs drifting to the p-contact, while the electrons remain stored in the also by stacking self-assembled quantum dots aligned along the growth
QDs. Photoluminescence reveals groungl gEabout 1 eV) and excited direction (2). We propose a simple method to fabricate CQDs by grow-
state (§ and E) QD-emission with a level spacing of 60 + 2 meV. For ing self-assembled InP islands as stressors on the InGaAs/GaAs and
resonant excitation close to the ground state electron storage can bé&aAs/AlGaAs coupled quantum wells (CQWSs). The stressor, which is a
obtained in a specific subset of QDs. This results in a large increase ofnanometer size island with larger lattice constant, produces a quasi-
the lateral resistanceDR/R=20-100 %) of the remote 2D n-channel. parabolic laterally confined potential profile (3) in the vertically CQWs,
The spectral dependence of the storage effeR{(E)/R) was investi- hereafter called strain-induced CQDs. Samples were fabricated on GaAs
gated by repeatedly charging and erasing (by electrically injecting holes (001) in an EMCORE D-75 MOVPE system with high reproducibility.
into the QD layer from the p-contact) the QD ensemble for excitation The InP islands with 4ML nominal supply formed on GaAs at 600°C
energies E, from below E to beyond E Resonances are observed in the are highly uniform and faceted with 45nm base diameter and 14nm
spectral variation oDR/R, the most pronounced of which arise at height. Since the stressor induced strain field decays almost exponen-
energies of 33+5 meV, 110+10 meV and 175+10 meV abguedpec- tially with a characteristic penetration depth of about 30nm, QDs
tively. Similar resonances are observed in the QD charging rate. Weformed in the upper and lower QWs are not identical so that the QD-
suggest that the resonances arise from inelastic excitation of QD statespairs are asymmetrically coupled. Even though, coupling gives rise to
which lie at odd multiples of the LO-phonon energy beloy &hd reductions of the QD state energies. If the QD state in the upper QW
suggest, that the even phonon satellites are absent since thE, E matches one in the lower QW, resonance occurs so the bonding and
energy separation is resonant with twice the LO-phonon energy. Thisanti-bonding states will be formed. For strain-induced In0.135Ga0.865As/
photo effect is persistent over time scales longer than 8 hours at 140K.GaAs CQDs with a 3.3nm GaAs cap and two 3.8nm QWSs, by adjusting
A reference structure without QD layer did not reveal a similar storage the spacer layer thickness between the two QWs, the alignment of the
effect. Analogous structures designed to store holes in the QD layerquantum states between the two dots is tuned. The resulted QD sf
show memory effects similar to the electron storage structure. are resolved through state filling in the photoluminescence spectrg

various excitation intensities. In addition, quantum states in the Ga

2:50 PM Al0.3Ga0.7As CQDs with 2.4nm GaAs/9nm Al0.3Ga0.7As caplaye
Dark Excitons Due to Direct Coulomb Interactions in Silicon two 4.8nm QWs with 2nm spacer are also investigated by changing
Quantum Dots: Fernando A. ReboredpAlberto Franceschetti width of one of the QWs. The number of confined QD states below {
Alex Zunget; !National Renewable Energy Laboratory, Solid State ground state of CQWSs, their energies, half-widths and peak intensi
Theory, 1617 Cole Blvd., Golden, CO 80401 are used to analyze the coupling strength between the dot-pairs. (1)

Much of the interest in semiconductor quantum dots centers aroundSchedelbeck, et.al. Sci., 278 (1997) 1792. (2). R. Heitz, et.al. Ph|
the ability to tune their emission energy and intensity via their quan- Rev. B 58 (1998) R10151.(3). H. Lipsanen, et. al. Phys. Rev. B
tum size. For that purpose, it is desirable to have allowed excitonic (1995) 13868.
transitions. However, it is possible that quantum size effects will make
the lowest exciton forbidden (“dark”). The first such case is due to 3:50 PM
electron-hole exchange effects in dots made of a direct-gap Zinc-BlendeExperimental Determination of Intra-level Relaxation Time in
material. In this case, in spherical quantum dots, the valence bandQuantum Dots with Different Energy Level Spacing H.
maximum (VBM) has tsymmetry while the conduction band minimum  Koskenvaarg M. Sopaneh H. Lipsane# M. Braskef; M. Lindberg;
(CBM) is a. Consequently, the electron-hole exciton,ig &=T, which 1Helsinki University of Technology, Optoelectronics Laboratory, Espo
is optically allowed. However, the electron-hole exchange can split T FIN-02150 Finland2Abo Akademi University, Dept. of Phys., Turku
into a lower energy triplet and a higher energy singlet. Therefore, for FIN-20500 Finland
direct gap quantum dots the only possibility to have a forbidden “dark Quantum dots (QD’s) induced by self-assembled stressors, espec
exciton” is the exchange splitting which raises the energy of the al- InP islands, have demonstrated excellent luminescence efficiency
lowed singlet state as compared to the forbid den triplet states. This hamarrow transition peaks even from an ensemble of QD’s. Therefo
been observed in CdSe and InP by comparing PL with PLE. The secondthis structure offers good possibilities to study the relaxation and
case explored here is when the bulk material from which the QD is madecombination processes occurring in QD’s, because up to seven dist]
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QD levels can be probed. In this paper we report the experimental 3.2nm, 3.5nm and 5.6nm QD respectively. The fit of the PL peak shift
determination of recombination and relaxation times of stressor-in- with pressure shows that the sublinear behavior at high pressures results
duced QD's having different energy level spacing. Two theoretical models from large intervalleyG-X mixing, and yields values of the intervalley

are used to analyze the data and to discuss the origin of the observedixing potential ranging from 65 to 9 OmeV for QD size ranging from
trends in the measurements. The stressor-induced QD samples wer&.6 to 3.2nm. The results of our experiments are in very good agree-
fabricated by metalorganic vapor phase epitaxy on (100) GaAs sub- ment with recent theoretical predictions of quantum size effects on the
strates. The structure consists of a single near-surface Ga[0.8]In[0.2]As/G-X transition in InP QD [2]. CSM acknowledges the support of the
GaAs quantum well (QW) having a QW thickness of 8 nm and a top National Sci. Foundation, CAREER Award ECS-9502888; AJN and
barrier thickness of 5 nm on top of which self-assembled InP islands OIM were supported by the U.S. Dept. of Energy, Office of Basic
were grown. Five samples having a similar QW structure but with a Energy Sciences, Chem. Sciences Div.. [1] O. I. Micic, J. Sprague, Z. Lu,
different growth temperature (610 to 6€35 for the islands were fab- and A J. Nozik, Appl. Phys. Letts., vol. 68, 3150 (1996). [2] H. Fu and
ricated. Therefore, the InP islands have a different average size in eachA. Zunger, Phys. Rev. Lett. vol. 80, 5397 (1997).

sample. The average island height and diameter increase with increas-

ing growth temperature. Therefore, the potential induced by a larger
stressor becomes deeper, but also wider, resulting in reduced energy

level spacing. The samples were characterized by low-temperature pho-Session FF. Issues Of Dopants and
toluminescence (PL) and time-resolved PL measurements. The time- . .

resolved data was analyzed using two different theoretical models. The DefeCtS in NltrldeS

relaxation and recombination time constants were determined using a

simple rate-equation model. The recombination and relaxation times _ . .

were observed to increase from 1.3 ns and 0.2ns to 2.0 ns and 2.0 nJ,:”day PM Room. Lotte L_ehma_‘n Ha"
respectively, when the energy level spacing decreased from 25.0 mevJuly 2, 1999 Location: Music Building
to 13.5 meV. The time-resolved data measured at different tempera-

tures, i.e., 14-50 K, shows that the recombination time increases with Sessjon Chairs: Christian Wetzel, Meijo University,
increasing temperature. The relaxation time also increases typically byHigh Tech Research Center, Tempaku-ku, Nagoya

a factor of two within the same temperature range. Therefore, the . . . . .
dominant relaxation mechanism seems not to be mediated by acousticJapan’ Alan anht’ Sandia National Laboratoires,

phonons. In a recent paper, (M. Brasken et al., Phys. Rev. B 58, Albuquerque, NM USA
R15993 (1998)] a master equation model for electrons and thermal
hole population with an Auger-like process where holes are depleted
from the QD was shown to explain the observed temperature depen-

dency. With decreasing hole level spacing, the number of holes excited1:30 PM +

thermally to higher QD levels is increased. Therefore, the apparent Influence of Dislocations in InGaN/GaN Quantum Well Grown
recombination time, i.e., the time determined from the rate-equation by Metalorgaic Chemical Vapor Deposition Tomoya Sugahata

model, is increased. P. G. Eliseey, Hisayuki Saeki Maosheng Halp Tao Wang; Yoshiki
Naoil; Katsushi Nishing Shiro Sakdj The University of Tokushima,

4:10 PM Sakai Laboratry Dept. of Elect. and Electr. Eng., 2-1 Minami-Josanjima,

Band Structure Modification of InP Dots at High Pressure Linshi Tokushima 770-8506 Japan

Miao!; Dinesh Paté] Carmen S. Meno#i Olga |. Micic; Arthur J. Although nitride based devices with high density of dislocations

Nozik?;, Colorado State University, Elect. and Comp. Eng., Fort Collins, have been developed and commercialized, the dislocations effects are
CO 80523-1373 US/, National Renewable Energy Laboratory, Golden, still not clear. So far, we demonstrated that dislocations in GaN act as
CO 80401 USA non-radiative recombination centers [1], and also InGaN phase separa-
We show that in InP quantum dots (QD), the separation between thetion is promoted by dislocations with the screw component when InGaN
direct G, and indirect (X,) extrema is significantly decreased with  is thick [2] Moreover, anomalous temperature dependent photolumi-
respect to that of bulk InP, and varies non-monotonically with dot size. nescence peak shift was observed in the dislocated InGaN materials
Our experiments also show that intervall&yX mixing is considerably with and without phase separation.[3] In this paper we investigated the
enhanced in the QDs. These characteristics of the electronic bandinfluence of dislocations in both heteroepitaxial and homoepitaxial
structure of InP QDs were identified from the shift of the photolumi- InGaN/GaN quantum well structures grown by metalorganic chemical
nescence (PL) peak with hydrostatic pressure at low temperatures. Thevapor deposition method on sapphire and bulk GaN substrates, respec-
InP QD samples of dot sizes 3.2nm, 3.5nm and 5.6nm respectivelytively. First, the effects of dislocations on the growth and emission
were prepared by colloidal chemistry and their surface states were pasprocesses in InGaN alloys were discussed by means of
sivated with dilute HF solution to improve the emission efficiency [1]. cathodoluminescence (CL), transmission electron microscopy (TEM),
The QDs exhibited strong PL with full width half maximum of 200 and atomic force microscopy (AFM). The cross-sectional CL images
meV which reflects a dot size distribution of +10%. Analysis of the PL of the sample grown at low temperature in heteroepitaxial InGaN
peak shift with pressure shows a linear behavior up to about 3GPa.showed that the indium composition in the dislocated area is always
Above 3GPa the PL peak energy varies sublinearly with pressure in allhigher than in the dislocation-free area. Also, it was found that there is
three samples up to about ~ 6 GPa where the PL signal disappears. @ similarity between the pair of CL dark spots located in the emission
contrast, the PL peak energy from bulk InP, which is pressurized simul- area with high indium content and the small pair of pits connected by
taneously with the QDs, shows a linear behavior to 6GPa. The QD an atomic step line. These results evidence that dislocations with the
integrated PL intensity is almost constant up to about 2GPa and rapidlyscrew component favors the formation of In-rich regions. The extra

decreases at higher pressures, reaching at 6GPa a valaé it€ initial combination of the dangling bond in dislocated areas can prevent the
atmospheric pressure value. Using a simulation model that takes intoevaporation of InN during the InGaN growth. On the other hand, the
account the dot size distribution, the size-depend&it separation CL emission pattern of homoepitaxial InGaN showed uniform emis-

and G-X intervalley mixing near crossover we calculated the PL spectra sion with no dark spots. Next, the behavior of temperature dependent
at different pressures. The PL peak and integrated intensity variationphotoluminescence (PL) peak shift was studied. The anomalous tem-
with pressure were determined from the simulated PL spectra and wereperature dependent PL peak shift (blue shift and S-shape behavior) was
fitted to the experimental data. The fit of the integrated intensity observed in heteroepitaxial InGaN alloy materials, but not in
shows that thes-X crossover in the QD occurs between 5-6GPa de- homoepitaxial materials. The temperature-induced anomaly is explained
pending on dot size, a transition pressure considerably lower than thatin terms of the band-tail effect[4] produced by the composition varia-
of bulk InP. From the crossover pressure and using measured values ofion in the InGaN alloy. Therefore, we conclude, that the composition
the pressure rate of change of tBeand X bandsG-X separations of variations are closely associated with high density of dislocations. We
0.604+0.02eV, 0.591+0.02eV and 0.660+0.02eV were calculated for found that the density of states distribution parameters can be corre-

80



lated with an averaged indium composition in the heteroepitaxial InGaN 2:30 PM
alloy. References [1] T.Sugahara, H.Sato, M.Hao, Y.Naoi, S.Kurai, Effect of Threading Dislocations, Mg-Doping and Etching on the
S.Tottori, K. Yamashita, K. Nishino, L.T.Romano and S.Sakai: Photoconductivity Spectra of GaN John T. Torvik J. |. Pankovg
Jpn.J.Appl.Phys.37 (1998) L398; [2] H.Sato, T.Sugahara, Y.Naoi and S. Nakamurg |. Grzegory; S. Porowsk; !Astralux, Inc., 2500 Central
S.Sakai: Jpn.J.Appl.Phys.37 (1998) 2013; [3] M.Osinski, P.G.Eliseev, Ave., Boulder, CO 80301 USANichia Chemical Ind., R&D Dept., 491
P.Perlin, J.Lee, H.Sato, T.Sugahara, Y.Naoi and S.Sakai: Conference orOka Kaminaka, Anan, Tokushima 774 Japamolish Academy of
Lasers and Electro-Optics, San Francisco, CA, 3-8 May, 1998; [4] Sciences, High Pressure Research Center, Sokolowska 29/37, 01-42,
P.G.Eliseev, P.Perlin, J.Lee and M.Osinski, Appl.Phys.Lett.71(5), 569. Warsaw Poland

The Il1-V nitrides are prime candidates for solar-blind UV

1:50 PM photodetection and operation in harsh environments due to their large
Atomic Scale Analysis of Defect Structures and Properties in bandgap energy, radiation hardness and chemical inertness. However,
I11-Nitride Materials by Z-Contrast Imaging and EELS in STEM : GaN-based p-n and p-i-n photodiodes grown on sapphire substrates
Yan Xin; Nigel D. Browning; Steve J. PennycogkSiva Sivananthan often exhibit broad spectral cutoffs, poor visible rejection and low
Robert Sporke) F. Omné§ B. Beaumortt J. P. Faurie FaurigPierre quantum efficiencies when illuminated through a p-type contact/win-

Gibart; University of lllinois at Chicago, Phys., 845 W Taylor St., dow layer. This poor performance can largely be attributed to poor p-
Chicago, IL 60607 USA2?0Oak Ridge National Laboratory, Solid State type doping technology and threading dislocations in the GaN. In this
Div., Oak Ridge, TN 37831 USA3Facultes Facultes Universitaires  study, we use photoconductivity (PC) spectroscopy to investigate the
Notre-Dame de La Paix, Laborotoire L.I.S.E BelgitGRHEA-CNRS, effects of: 1) threading dislocations, 2) heavy Mg-doping, and 3) etch-
rue Bernard Gregory, 06560 Valbonne France ing on the spectral responsivity and expected quantum efficiency in
Correlated Z-contrast imaging and electron energy loss spectros-GaN-based UV photodetectors. The GaN-based photoconductive de-
copy (EELS) in the scanning transmission electron microscope (STEM) tectors are based on both co-planar and interdigitated finger geom-
allows the structure, composition and local electronic properties of etries. In anticipation of the future availability of large-area defect-free
defects to be quantified with atomic resolution and sensitivity. For GaN for detector applications we compare the photoconductive re-
nitride materials, where the exact contribution of defects is not yet sponse of a variety of GaN samples. The samples consist of: 1) heavily
fully understood, such analysis can provide the fundamental first step in Mg-compensated bulk GaN grown under high temperature and pressure,
understanding their effect on both the material and subsequent device?) free-standing 100-um-thick unintentionally doped GaN grown by
properties. Using the atomic resolution Z-contrast imaging technique, epitaxial lateral overgrowth and MOCVD, and 3) conventional Mg and
we unambiguously identify the atomic structure of stacking faults and Si-doped GaN thin films grown on sapphire substrates. Highly resistive
threading dislocations of pure edge, mixed and of pure screw characterbulk GaN:Mg nearly free of threading dislocations has more than 1000
We show that the projected structure of all dislocation cores along the times better visible rejection ratio between 360 nm to 450 nm com-
c-axis containing an edge component consist of an 8-fold ring at the pared to highly dislocated and comparably doped p-type and n-type
core. Additionally, pure screw dislocations are shown to contain a full GaN thin films grown on sapphire substrates. However, the heavy Mg-
core. Other defects, such as the prismatic stacking fault, are observed t@nd Si-compensation in both the bulk and MOCVD-grown GaN causes a
consist of 4-fold and 8-fold rings. In addition, we extend our work on broad spectral cutoff. Unintentionally doped semi-insulating GaN with
defects in llI-Nitrides by using EELS to measure the effect that each of low dislocation density has a similar rejection ratio compared to the
these atomic structures has on the local electronic properties. In par-bulk GaN:Mg, but much sharper spectral cutoff due to lower impurity
ticular, results will be presented from nominally undoped, As doped and concentrations. Furthermore, post-growth processing steps such as etch-
Si doped samples grown by MOCVD or MOVPE, as well as from dislo- ing and polishing significantly increase the surface recombination com-
cation cores in ELOG samples after the threading dislocations have pared to the as-grown surface. The results will be discussed with empha-
propagated laterally over the masks. Furthermore, the studies of thesis on GaN-based photodiode design.
interfaces are performed on the MBE grown AIG aN/AIN/Si(111)
samples. It has been shown that AIN nucleated on (7x7) reconstructed2:50 PM
Si(111) makes a better substrate for the later epitaxial growth of GaN Optically Detected Magnetic Resonance Study of Defects in
films. It will be shown here that the interfacial microstructures of the Undoped, Be-doped, and Mg-doped GaN Friedrich Karl Koschnick
AIN/Si and AlGaN/AIN interfaces by atomic resolution Z-contrast im- Karsten Michaél Johann Martin Spa€ethBernard Beaumo#t Pierre
aging provides unambiguously information on the atomic arrangement Gibarg; Enrique Callej3 Elias Muno2; tUniversity of Paderborn, Phys.

of the planes at the interfaces. Dept., Warburger Str. 100, Paderborn 33098 Germ#RHEA-CNRS,
Valbonne France3University of Madrid, Madrid Spain

2:10 PM Undoped, Be-doped, and Mg-doped GaN samples were investig

Investigation of the Formation of the 2.8eV PL Band in p-type with photoluminescence-detected electron paramagnetic resonance

GaN: Fatemeh ShahedipoyrBruce W. Wessels Northwestern Uni- EPR) and electron-nuclear double resonance (PL-ENDOR). The undo|
versity, Mats. Sci. and Eng., 2225 N. Campus Dr., Evanston, IL 60208 and Mg-doped samples were grown with MOVPE on sapphire. The
In p-type epitaxial GaN, strong photoluminescence is observed atdoped samples were grown with MBE on silicon. In undoped GaN P
2.8eV (blue band). This luminescence emerges upon doping with Mg to EPR/ENDOR was measured via the yellow luminescence, in Mg-doyg
concentrations in excess of 1¥1@m3. The origin of the lumines- GaN PL-EPR/ENDOR was measured via the deep blue Mg-related Iu
cence is controversial although recent studies have indicated that ithescence, and in Be-doped GaN the measurements were performe(
involves donor-acceptor (D-A) pairs. The acceptor is attributed to the deep green Be-related luminescence. We found two PL-EPR sig
Mg, center. The donor involves a deep center, which has been tentain Be-doped GaN which we assigned to shallow donors and one sig
tively attributed to a nitrogen vacancy complex. In this study the which is probably due to deep Be-related complexes. One type of s
formation of the blue band in heavily Mg doped GaN prepared by low donors is probably due to Si impurities because of a contaminat|
MOVPE was investigated. P-type epitaxial layers were annealed atby the Si substrate. The origin of the other shallow donor is not cl
temperatures ranging from 8&Dto 750C. Prior to annealing the Mg Impurities others than the dopant Be and the substrate material Si
related emission band at 3.2eV predominates. Upon annealing in nitro-not expected to be present in a concentration which is measurable
gen the blue band emerges and the resistivity decreases. The intensitfPL-EPR. Therefore, oxygen as an impurity can be excluded. It is p
of the 2.8eV band depends upon annealing conditions. For the lowestsible that the second donor is an intrinsic defect. PL-ENDOR w
resistivity material the blue band predominates. The emergence of themeasured via the PL-EPR lines of the donors in all samples.
blue band is associated with the formation of deep donors. The observedbserved ENDOR lines were analyzed to be due to distant gallium ne
annealing behavior is consistent with a proposed model whereby thebors, which are located far away from the investigated defect, so t|
deep donor involves a nitrogen vacancy complex formed through self- hyperfine interactions cannot be observed. The measured distant
compensation. lium ENDOR lines were split by a quadrupole interaction. We dets
mined the electrical field gradients (efg’s) at the Ga nuclei in all inve

tigated samples very precisely from the measured quadrupole inte
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tion. Surprisingly, the efg’s in the investigated samples are similar and tion of Ef*at 0.80 eV along with many other excited state transitions.

very close to that measured by MAS-NMR on GaN powder. The efg’s The intensities were five to ten times stronger than luminescence from
are very sensitive to strain. We estimated that the strain ezz of theGaN:Er grown by MOMBE. Furthermore, as the e-beam penetrated
investigated samples is probably smaller than 2 X 10-4 in contrast tointo the bulk, the emission from the Er - related features decreased by
values from elsewhere in MOCVD GaN layers [1]. [1] E. R. Glaser, T. A. a factor of two, in contrast with our results on GaN where the lumines-
Kennedy, W. E. Carlos, J. A. Freitas, Jr., A. E. Wickenden, and D. D. cence increases toward the bulk region. The features are also signifi-

Koleske, Phys. Rev. B 57, 8957 (1998) cantly broader than for the GaN:Er case, with the two excited state
peaks at 2.2 and 2.3 eV now merged into one unresolved feature. In
3:10 PM Break contrast to the AIN:Er film, there was no emission in the IR from the
AIN control specimen at any depth, and at higher energies we measured
3:30 PM only a broad, weak feature between 1.7-3.25 eV along with an oxygen
Optical Properties of Rare Earth Doped GaN Grown by MBE defect related feature at 3.8 eV, which is significantly enhanced toward
Andrew J. Steckl University of Cincinnati, ECE/CS Dept., P.O. Box the surface. The added O near surface emission combined with the
210030, 899 Rhodes Hall, Cincinnati, OH 45221-0030 USA enhanced luminescence from AIN:Er near the surface suggests a role for

We report on breakthroughs made with the incorporation of rare O in activating the Er. In summary, the large bandgap of AIN is shown
earth (RE) elements into GaN films and resulting light emitting devices. to be a major positive influence on Er related luminescence, displaying
GaN, being a wide bandgap semiconductor, has been shown to minimizentense 0.80 eV and higher energy emission. Semiconductor structures
the attenuation in near-infrared (IR) emission from the lowest excited incorporating such AIN:Er layers show great promise for future opto-
state in the RE species for which it is a host (for ex. Er at 1.5 um, Pr atelectronic applications. 1. J.D. Mackenzie, C.R. Abernathy,S. J. Pearton,
1.3 um). We have obtained for the first time emission from higher U. Hommerich, X. Wu, R.N. Schwartz, R.G. Wilson and J.M Zavada,
excited RE states in GaN, resulting for example in light emission in the Appl. Phys. Lett. 69, 2083 (1996). 2. X. Wu, U. Hommerich, J.D.
green (Er at 537, 558 nm) and red (Pr at 648, 650 nm) regions of theMackenzie, C.R. Abernathy, S. J. Pearton, R.N. Schwartz, R.G. Wilson
visible light spectrum. This emission is suprisingly strong, being observ- and J.M Zavada, Appl. Phys. Lett. 70, 2126 (1997).This work was
able with the naked eye at room-temperature. GaN films were grown by supported by the DOE under Grant#cqs97erssss.

MBE with a Ga elemental source and a nitrogen plasma source. RE

species were introduced in-situ during growth (from elemental solid 4:10 PM

sources) on sapphire, Si and thick GaN film substrates. We describe thdsoelectronic Doping of Gallium Nitride with Arsenic: Peter H.
properties of the RE-doped GaN films, concentrating on the effects of Mitev!; M. Gherasimovg B. Gaffey; L. J. Guida; tYale University,
temperature (of the substrate, Ga and RE cells) on the RE incorpora-Center For Microelect. Mats. and Struc., P.O. Box 208284, New Ha-
tion and related photoluminescence (PL) characteristics. The visible ven, CT 06520-8284 USA

PL intensity was found to track very closely the Er concentration We have previously shown that doping with arsenic dramatically
introduced during growth. We have fabricated RE-doped GaN light emit- improves the electronic and optical properties of GaN thin films. Now
ting devices utilizing rectifying contacts made with highly transparent we present new evidence that shows that incorporation of arsenic in an
and conducting In-Sn oxide. The resulting electroluminescence (EL) is MOCVD-grown GaN has a two-fold impact on the resulting material.
also visible at room-temperature and its spectrum is very similar to the First, arsine acts as a surfactant during crystal growth increasing the
PL spectrum. A linear dependence between EL and bias current isgrain size and improving the surface morphology of the thin films.

observed. Second, arsenic atoms are active impurities that change the stoichiom-
etry of the crystal with a beneficial effect on its electronic and optical
3:50 PM properties. Two-micron thick GaN:As thin films on c-plane sapphire
Near-Surface Cathodoluminescence Spectroscopy of Erbium were synthesized in a horizontal flow MOCVD reactor using TMG,
Doped AIN: Alexander P. Yourig Stephen H. GossLeonard J. ammonia, and arsine. The epitaxial layer was deposited at 1030°C

Brillsont; J. D. MacKenzig C. R. Abernathy; 'Ohio State University, following a 250 A buffer layer grown at 550°C. The arsine-to-ammonia
Elect. Eng., 205 Dreese Laboratory, 2015 Neil Ave., Columbus, OH vapor pressure ratio was varied between 0.001 and 0.1 with a total
43210-1272 USA20hio State University, Center for Materials Re- ambient pressure of 100 Torr. SIMS measurements show a square-root
search, 205 Dreese Laboratory, 2015 Neil Ave., Columbus, OH 43210- power law dependence of the arsenic concentration on the arsine flow
1272 USA;3University of Florida, Mats. Sci. and Eng., Gainesville, FL that reaches 2x20cm? in the higher limit with a corresponding in-

32611 USA crease of the residual silicon concentration from 2x&fnh3 to 8x106
Erbium doped semiconductors are of significant interest as a poten-cm3. The increased grain size is directly evidenced by high-resolution
tial source of electrically pumped optical emission at Indb (0.80 X-ray measurements. As an indirect evidence all GaN:As samples ex-

eV) for long distance optical communications and other optoelectronic hibit a two-fold increase of the Hall mobility at room-temperature to
applications. Recently, high quality 1lI-N films with higher bandgaps 490-620 cm2/V-s from 250 cm2/V-s for undoped GaN. The free elec-
and low thermal quenching effects have been grown, and it been demon+ron concentration is relatively constant (n=5-7x1016 crfjcexcept
strated that AIN can serve as a host fot* Br805 eV emission. How- for the highest-doped sample: n=4.7x16m3 for [As]=2x107 cms3.

ever, complex interactions affecting emission between the Er ion, the Such increase can only be explained by a change in the stoichiometry of
host lattice, C, and O impurities remain to be resolved in order to the crystal since this value exceeds the concentrations of arsenic and
maximize optical emission. We have investigated the optical activity silicon together. Measurements of the absolute radiative efficiencies of
of Er* ions in AIN via depth-resolved, low energy (0.75-4.0 kV), the individual optical transitions were performed using a calibrated
cathodoluminescence spectroscopy (CLS) and compared it with thephotoluminescence set-up. Several trends are directly correlated to the
luminescence of AIN without Er. At these energies, the electron beam arsenic concentration. A reduced nonradiative recombination is evi-
penetrates roughly from 10 nm to 160 nm into the specimen, there-denced by the fact that the efficiency of the band edge emission in-
fore we are able to resolve luminescence from the near surface as well asreases both absolutely and relative to the free carrier concentration.
the bulk of the films. The ~trm AIN films were grown by MOMBE at Following an initial increase, the donor-to-acceptor pair transition at
700°C on AlO,substrates. Dimethylethylamine alane (DMEAA) was 3.3 eV saturates after overcoming the yellow band in the sample with
used as the source for aluminum in these films, while the nitrogen was[As]=6.5x10¢ cm?3. This trend is explained by the competition be-
supplied via an electron cyclotron resonance plasma source. The Enween the yellow band and donor-to-acceptor transitions assuming that
was supplied by a high temperature effusion cell. Previous measure-both involve the same shallow donor level. Low temperature spectra
ments by secondary ion mass spectroscopy (SIMS) have shown the AINshow that the emission associated with the neutral-donor-bound exci-
doped with Er at a concentration of 3 x21€m=3, while the oxygen ton is directly proportional to the arsenic content. In addition, a new
content in the films was in the range2dém? nd distributed uniformly transition at 2.6 eV appears in the highest doped sample reminiscent of
throughout the film. Room-temperature CLS measurements were per-the arsenic signature luminescence prevalent in GaN ion-implanted
formed over a wide spectral range, 0.7- 6.0 eV. We found strong emis-with arsenic. Although the trends in the electronic properties of GaN:As
sion in the Er doped films from the first excited->ground state transi- are similar to what we observed for GaN doped with silicon several
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optical trends are diametrically opposite: the radiative efficiency of
the band edge emission in GaN:Si decreases relative to the free carrier

concentratiqn, thg ){ellqw-band intensity increases, and the donor-to- Segsion GG. Ep":axy of lI-VI and
acceptor pair emission is not observed at all. ChaICOpyriteS

4:30 PM

Yellow Luminescence and Electrical Conductivity in GaN llan . .

Shalish; Leeor Kronik; Yoram Shapirg Joseph Salzmén 1Tel-Aviv Friday PM Room' State. Stre.et

University, Dept. of Physical Electronics, Tel-Aviv 69978 Israel; July 2, 1999 Location: University Center
2Technion-Israel Insititute of Technology, Elect. Eng., Solid-state In-

stitute and Microelectronics Center, Haifa 32000 Israel Session Chair: Charles Tu, University of California-San

Despite numerous technological breakthroughs, even device gradeDiego La Jolla. CA USA
GaN films still exhibit a high density of grain boundaries, as well as ! !
various extended and point defects. This typically results in a large
density of gap states. Several important phenomena in GaN films have
been generally attributed to defects, but otherwise do not seem to shar@l.30 PM
an immediate common denominator. These phenomena include the
ubiquitous yellow luminescence (YL), a persistent and non-exponen-
tially decaying photoconductivity, a large ultra-violet photo-response
gain, an exponential dependence of the conductivity on the implanted
ion dose, and a wide range of reported electron mobility values. Finally,
the riddle of how lasing can exist in a material so densely populated with

defects is yet unsolved. Understanding the activity of gap states and s . : . .
promising materials for pure-green light emitters, since the pure-green

their relation to the above phenomena is therefore of much impor- 2
. L . wavelength range (540~570 nm) lies in the extreme wavelength re-
tance for assessing their impact on device performance. Here, we sug-

gest a model which inclusively accounts for the above listed phenom- o o> for both GaN-(Blue-Green: InGaN) and AlGainP-(Yellow) based

ena. Our model is based on detailed investigations of the well-known light emitters. In view of the recent rapid progress of ZnSe-based blue-
YL énd its related phenomena in GaN. We have augmented the customJreen LD’s fabricated on ZnSe substrates[1], the growth of device qual-
arv emission-sensing PL measureménts with two complementar ab_ity ZnTe-based materials on conductive ZnTe substrates is prerequisite
y e : 9 ) P y to fabricate reliable pure-green light emitters. In contrast to
sorption-sensing deep level techniques - surface photovoltage spec- ) S .
troscopy (SPS) and photoconductivity. The combined results show thathomoepltaxy, heterovalent epitaxial growth has disadvantages such as
the YIE)-)I{eIated transiFt)ions involve a )t/).road ap state centered at ~2 2Iarge lattice and thermal mismatches with the substrate, impurity out-
eV below the conduction band minimum (gns not a,bove the valencé diffusion from the substrate and defect generation from the heterovalent
band maximum). Furthermore, this state is of an acceptor nature. Anipterfa}ces. This study will report t'he homoepitaxial growth of ZnTe
apparent contradiction between the SPS and photoconductivity data isfIImS including substrate preparation, surface treatments of the sub-

S ) strate prior to growth, growth and characterization of epilayers. P-
that the former suggest a significant concentration of YL-related gap té]pe ZnTe substrates [2] grown by the vertical Bridgman method were

Homoepitaxy of ZnTe by MBE: J. H. Chang H. M. Wang; K. Arai;
M. W. Chd; K. Godd; H. Makind; T. Hanadg K. Satol; O. Odg; T.
Yao'; 1Tohoku University, Institute for Mats. Research, 2-1-1 Katahira,
Aoba-ku, Sendai, 980-8577 Japddapan Energy Corporation, Central
R&D Laboratory, Japan

ZnTe, which has a direct bandgap of 2.27 eV, is one of the most

states at the surface, whereas the latter suggest that the states ar - . . . . :
distributed in the bulk of the film. This seeming contradiction is easily characterized by high resolution X-ray diffraction (HRXRD) and atomic

settled if one assumes that the YL-related gap states are situated aftorce microscopy (AFM). Chemu_:al etching was performed using B_r-
. . . . . - methanol solution to remove residual surface damages and contamina-
grain boundaries, of which the free surface is a special case. This pro-

) ) - . tion. The etched surface shows a smooth surface with a surface rough-
vides a basis for explaining all other phenomena given above by means

; . ness root mean square (RMS) value of less than 1 nm. The XRD mea-
of a well-established model of grain boundary controlled transport. . - .
- . . . surement revealed a narrow diffraction peak with a FWHM value < 20
According to this model, each boundary poses a potential barrier, the . .
. S S . ; arcsec, which suggests the removal of surface damages. It is found that
height of which is the main light sensitive parameter affecting the . L .
. h . . oxide- and hydrocarbon-related contamination are removed by heating
transport. One prediction of this model is an exponential dependencethe substrate at around 350°C in UHV as investioated by in-line Auger
of the conductivity on the barrier height. We confirm this prediction g y 9

by measuring the dependence of the photoconductivity on the surfaceelecnon spectroscopy. To ‘?VOId surface roughening during thermal
. f . LT . treatment, the exposure of either group Il or VI elemental beams during
potential barrier height, which is related to the grain boundary poten- .

; ) thermal cleaning has been investigated. The surface morpholog
tial barrier. ; ;

greatly improved by simultaneous exposure of Zn and Te beams w
resulted in the (2x1) reconstructed surface indicative of a Te stabiliz
surface. ZnTe films were grown in a temperature range of 280€32(
using the 2- step growth, in which a thin buffer layer is predeposited
230°C followed by higher temperature growth. The low-temperatu
buffer layer is introduced to reduce the effects of residual surface c
tamination thereby improve the crystal quality of the overlayers.
note that two-dimensional growth dominated from the very beginni
of growth as indicated by RHEED. HRXRD measurements ¢
homoepitaxy layers revealed good crystallinity with a narrow FWH
value of 24 arcsec. We note that this FWHM value is consideralj
narrower than those from heteroepitaxial layers, typical value of whi

4:50 PM
Electric Force Microscopy of Induced Charges and Surface Po-
tentials in GaN Modified by Light and Strain: P. M. Bridget;
Zvonimir Z. Bandi¢; Eric C. Piquette T. C. McGillt; California
Institute of Technology, Applied Phys., Mail Stop 128-95, Pasadena,
CA 91125 USA

We have studied molecular beam epitaxy (MBE) grown GaN films of
both polarities using electric force microscopy to detect sub 1 micron
regions of electric field gradient and surface potential variations associ-
ated with GaN extended defects. The large piezoelectric coefficients of

GaN together with strain introduced by crystalline imperfections pro- is 200 arc sec. Further improvement would be possible by optimizi

duce variation in piezoelectrically induced electric fields around these - .
. the chemical etching and surface treatments of ZnTe substrates, w
defects. The consequent spatial rearrangement of charges can be de-

tected by electrostatic force microscopy, and can be additionally modi- is under being investigated. Low-temperature photoluminescence (

fied by externally applied strain and illumination. The EFM signal was spectra from homoepitaxy layers are domlnatgd‘by exc_ltonlc emiss
. - - with very week defects- and oxygen-related emission, which again shq
found to be a function of the applied tip bias, showed reversal under

. . S . -~ high quality of the homoepitaxy layers. Reflectance spectra of t
externally applied strain, and was sensitive to above band gap illumina- S .
. ; .. ZnTe layers show clearly resolved features due to excitonic transit
tion. The size of the observed features correspond to the chara(:terlstlcu to 110 K which enables to estimate an exciton binding eneray of
Debye length of the semiconductor and are attributed to charge screen- P ' 9 9

. - ) - meV. In conclusion, we have succeeded in MBE growth of device qual
ing of both the permanent polarization and piezoelectrically enhanced S . o :
surface charge homoepitaxial ZnTe layers for pure-green light-emitting devices

terms of HRXRD and PL measurements. Extensive studies on chem
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and thermal treatments of ZnTe surfaces have been performed to reexciton emission and bound exciton emission at neutral donors are
move the damaged surface layers, to minimize the surface contamina-observed. The intensity of free exciton emission increases with in-
tion, and to obtain a smooth surface, which are needed to grow highcreasing the substrate temperature by orders of magnitude. Such a in-
quality layers. The effects of the residual surface contamination have crease implies the reduction of nonradiative centers in ZnSe layers,
been minimized by adopting the two-step growth method, thereby a which will improve the laser lifetime if the layer is used in the devices.
two-dimensional growth is achieved from the very beginning of growth. [1] E. Kato et al., Electron Lett., 34, 282 (1998).[2] Y. Qui et al., J.
References [1] K. Katayama et al., Proceedings of Intl. Symp. on Blue Appl Phys. 79, 1164 (1996).

LD and LED, 1996, 340[2] Y. Seki et al., J. of Cryst. Growth 171,

1997, 32. 2:10 PM

Growth and Characterization of Multiple Quantum Wells of
1:50 PM ZnSn(P,As,)/GaAs: Georgiy A. Seryogin Sergey A. Nikishim;
High Quality ZnSelLayers with an Atomically Flat Surface Henryk Temkin; 1Texas Tech University, Dept. of Elect. Eng., MS3102,
Grown on GaAs (001) by Molecular Beam Epitaxy Kenat Arat; Lubbock, TX 79407 USA
Akihiro Ohtake; Takashi Hanada Tetsuji Yasudy Takafumi Yaé; Bulk ZnSnR is known to have crystalline modifications - ordered

1Tohoku University, Institute for Mats. Research, 2-1-1, Katahira, (chalcopyrite) and disordered (sphalerite), with band gaps of 1.24 eV
Aoba, Sendai 980-8577 Japadpint Research Center for Atom Tech- and 1.66 eV, respectively. Bulk ZnSnAsas a band gap of 0.75 eV. We
nology, Angstrom Technology Partnership, 1-1-4, Higashi, Tsukuba have recently reported successful growth of both phases of ZrBnP
305-0046 JapaniJoint Research Center for Atom Technology, Na- GaAs, and the growth of ZnSnAen InP. We report here on the growth
tional Institute for Advanced Interdisciplinary Research, 1-1-4, Higashi, of high quality single phase layers and quantum wells of quaternary
Tsukuba 305-0046 Japan ZnSn(RAs,.) on GaAs by gas source molecular beam epitaxy. Epitaxial
Recent study on ZnSe-based blue-green laser diode’s (LD’s) has indi{ayers were grown using conventional solid sources of Zn, Sn and Ga,
cated that improvement of the ZnCdSe active layer lead to prolonged and thermally cracker arsine (AgHand phosphine (Pjias a sources
life time of the LD, since point defects are responsible for the long- of As and P. The best results for ZnSnfere obtained at a growth
term degradation [1]. If this is the case, a drastic improvement in temperature of 350-360. In order to obtain sphalerite structure, the
crystallinity would realize much longer laser life time. This study re- Sn/Zn flux ratio was maintained at approximately 0.12-0.14 with ex-
ports molecular beam epitaxial (MBE) growth of high quality ZnSe cess phosphorus flux. The chalcopyrite structure could be grown at the
layers with an atomically smooth surface by employing the two-step Sn/Zn flux ratio of 0.24-0.26. Quaternary layer composition was esti-
growth method, in which a few monolayer of low-temperature buffer mated using Vegard's law and previously measured lattice constants for
layer is predeposited onto a GaAs (001) substrate followed by a high epitaxially grown ZnSnAsand ZnSnR We were able to prepare high
temperature growth of ZnSe layers. In order to improve crystal quality, quality sphalerite structure layers with the As content up to 17%.
the growth of epilayers under a step-flow growth mode would be prefer- Superlattices contained 10 quantum wells of Znghg¢p) with 20 nm
able, since the diffusion length of adatoms are sufficiently long. Exten- thick GaAs spacing layers. Thickness of ZnSA&.,) varies with
sive investigation on the reflection high energy electron diffraction samples from 9 nm to 20 nm. Period of each superlattice was calculated
(RHEED) intensity behaviors during MBE growth of ZnSe has been from high resolution X-ray diffraction patterns. Excellent agreement
performed at various substrate temperatures varying from 255 f€ 395 was obtained with direct measurements of the total layer thickness and
under stoichiometric growth conditions as indicated by a mixture of estimates based on growth rates of GaAs and Zp3Mtolumines-
c(2x2) and (2x1) reconstruction pattern. RHEED intensity oscilla- cence properties of studied quantum well structures were investigated as
tions are observed for substrate temperatures of 255 °C33&hich a function of temperature and incident intensity. Room-temperature
evidences that ZnSe layers grow under a two-dimensional nucleationphotoluminescence was observed at 1.16 eV from a sample containing
and growth mode. The RHEED intensity oscillation disappears at a 17 nm wells. This is consistent with the quaternary nature of the well
substrate temperature of 385 which is indicative of a transition of material. Growth conditions leading to the preparation of quaternary
the growth mode from two-dimensional nucleation and growth to a chalcopyrite wells will be discussed.
step flow growth mode. This is supported by the roughness measure-
ments with the atomic force microscopy (AFM). The root-mean- 2:30 PM
square (rms) value of the surface roughness of ZnSe epilayers decreasdspitaxial Growth of gIn,Se, Films with a Defect Wurtzite Struc-
with increasing the substrate temperature from 255 t6@5%&ith the ture by Molecular Beam Epitaxy: Tomohiko Ohtsuka Tamotsu
rms value being 0.29 nm for ZnSe films grown at°Z5&and 0.17 nm at Okamotad; Akira Yamada;, Makoto Konagal, 1Tokyo Institute of
355°C. However, we found it impossible to grow ZnSe layers with Technology, Dept. of Elect. and Electr. Eng., Faculty of Eng., 2-12-1,
smooth surface at much higher substrate temperatures due to the detd®-okayama, Meguro-ku, Tokyo 152-8552 JapaFokyo Institute of
rioration of interface properties. The Se reaction with GaAs surfaces is Technology, Reserch Center for Quantum Effect Electronics, 2-12-1,
enhanced at high substrate temperatures, which results in the formatiorD-okayama, Meguro-ku, Tokyo 152-8552 Japan
of GaSe-related interface layers. The formation of GaSe layer on the I11,-Vl; compound semiconductors such asSgaand InSe, have
GaAs surface promotes three-dimensional growth. Hence we have em-unique properties that originate in their crystal structursSgnhas two
ployed the two-step growth method, in which a few-monolayer thick crystal structures at room-temperature (RT), i.e., a layered structure
ZnSe layer is deposited at 2850nto a Zn-exposed GaAs (001)-(2x4) (a-phase) and a defect wurtzite structugepliase). The layered struc-
surface followed by the high temperature growth of ZnSe at@9bhe ture of a-In,Se, consists of rather loose stacks of covalently bonded
typical rms value of a ZnSe layer grown by the two-step method was aslayers, including five atomic layers of Se-In-Se-In-Se. The layered struc-
low as 0.14 nm. It is expected that CdSe quantum dots would be formedture is considered to be a spontaneous superlattice perpendicular to the
with better controllability of both size and distribution on such an layers, and unique properties such as electrical and optical anisotropies
atomically flat surface by the self-organized mode than those fabri- are observed. In contrast, the structurertf,Se, is basically a wurtzite
cated on ZnSe surfaces prepared under conventional growth conditionsstructure, but vacancies take a screw arrangement in the [001] direc-
typical rms value of which was 0.5 nm [2]. In consistent with the tion. Therefore, this structure shows large optical rotatory pows3eln
surface roughness, the full width at half maximum (FWHM) value of is hopeful candidate for future optoelectronic material for these prop-
ZnSe (004) X-ray rocking curve decreases with increasing the substrateerties. However, there were no reports on the epitaxial growth,9éIn
temperature: the FWHM value of a ZnSe film grown at°25%as 186 films. To date, we have investigated the epitaxial growth g#dnfilms
arcsec, while that at 356 was 166 arcsec. Considerable improvement by the molecular beam epitaxy (MBE) technique, arith,Se, epitaxial
is achieved by employing the two-step growth mode: typical FWHM films with the layered structure based on the zincblende structure were
value of a ZnSe layer grown by the two-step growth is 116 arcsec, which successfully grown on GaAs(001) substrates. In this paper, we report on
is to knowledge the narrowest value for ZnSe grown on (001) GaAs the epitaxial growth ofrIn,Se, films by using GaAs(111)B substrates.
substrates. Photoluminescence (PL) properties are found to be consisThe growth temperature was varied in the range ofG&0 540C. In
tent with the characterization by AFM and XRD. Low-temperature PL beam flux was fixed at 4x¥@orr and VI/III beam flux ratio was varied
spectra are dominated by excitonic emission lines, in which both free in the range of 3 to 150 by controlling the Se beam flux. Growth time
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was 1h and film thickness was approximately 1000giin,Se, epi- etching in an atomic hydrogen exposure phase and spontaneous ther-
taxial films were obtained on GaAs(111)B at the growth temperature in mal-desorption of surface terminating Cl, having a form of SiCl2, in
the range of 40T to 480C, and at the VI/III ratios in the range of 5  the dichlorosilane exposure phase and its evacuation phase. Since they
to 15. The X-ray diffraction (XRD) pattern revealed that the lattice are of dynamic processes, smaleralue will be obtained by shorten-
constant was approximately 1.95nm, which was almost same as theing these periods, which were fixed at 20s in this work. References.[1]
reported lattice constant parallel to the c-axisgof,Se,. From this E.Hasunuma et al.:J. Vac. Sci. Technol. A 16(2) (1998) 679.

result, c-axis-orientedrIn,Se, epitaxial film was found to be grown on

GaAs(111)B. Next, we observed the surface morphology ofgthe 1:50 PM

In,Se, epitaxial films by atomic force microscope (AFM). Fig.1 shows Surface Phases of InP (001) in the MOVPE ProcessRobert F.

the surface morphology. Hexagonal cone structure was observed on theHicks; Lian Lit; Byung-Kwon Ha#; Daniel Law; Qiang F&; Connie
surface of thexIn,Se, epitaxial films. This reflects the defect wurtzite  Li%; tUniversity of California, Chem. Eng. Dept., Los Angeles, CA
structure of thexIn,Se,. Furthermore, we investigated the electrical 90095

and optical properties of thgn,Se, epitaxial films by means of pho- Indium phosphide on InP (001) was grown by metalorganic vapor-
toconductivity and photoluminescence (PL) measurements. The pho-phase epitaxy (MOVPE) under a variety of conditions. Growth was
toconductivity spectrum shows photo absorption in the wavelength interrupted and the crystal transferred directly to an ultrahigh vacuum
range less than 700nm at RT. The dark conductivity was approxi- and surface characterized by scanning tunneling microscopy, x-ray pho-
mately 1x10S/cm at RT. Fig.2 shows the PL spectrum at 4.2K. Very toemission, and vibrational spectroscopy. Indium phosphide (001) ex-
strong excitonic luminescence was observed at around 580nm, suggesthibits two structures, the P-rich (2x1) and the In-rich (2x4). The (2x1)

ing the good optical property of the epitaxigin,Se, films. The
bandgap ofg-In,Se, at RT is estimated approximately 1.9eV by the
temperature dependence of the PL peak energy.

2:50 PM Late News

3:10 PM Break

Session HH. Epitaxy of Si, IlI-V,
Oxides

Room: Santa Barbara Harbor
Location: University Center

Friday PM
July 2, 1999

Session Chair: Colombo Bolognesi, Simon Fraser
University, Dept. of Elect. Eng., Burnaby, BC Canada

1:30 PM
Characterization of Silicon Atomic-Layer-Epitaxy by an Atomic-
Force Microscope Keiji Ikeda; Yasuo Satoh Satoshi Sugahara
Masakiyo Matsumura 1Tokyo Institute of Technology, Dept. of Phys.
Electr., 2-12-1, O-okayama, Meguro-ku, Tokyo 152-8550 Japan

Si atomic-layer-epitaxy (ALE) has been achieved on the Si(100)
surface, for the first time, and it was characterized by using an atomic
force microscope (AFM). The excess growth rate caused by dynamic

and non-ideal chemical processes on the surface was estimated as sma

as 1% of the ideal value (1ML/cycle) when the growth conditions were
in the ALE window. ALE on the Si(100) surface was achieved by cyclic
exposure of atomic hydrogen and dichlorosilane for the temperature
window between 52% and 628C. Although the temperature window

did not differ so much from that for the Si(111) surface[1l], the dosage
window of atomic hydrogen was found to be very narrow for the Si(100)
surface due to etching effects of atomic hydrogen. This may be cause

by the fact that there are only two back bonds for a surface Si atom on
the (100) plane but three bonds on the (111) plane. The root-mean-

square surface roughness has been measured by an AFM. The exce
roughness (R) after 100 ALE cycles was as small as 1.7A when the
growth conditions were in the ALE window, but increased abruptly
when the conditions were out of the dosage window of atomic hydro-
gen. And R in the ALE window enlarged steadily with the execution
cycle number. Deviation D) of the growth rate from the ideal value
i.e., 1ML/cycle was estimated theoretically under the assumption that
it is caused by random and non-ideal mechanisms. Results were com

pared with experimentally measured R values, leading to the conclusion

that /010// was as small as 0.01ML/cycle at “®&0With elevating the
temperatureD increased steadily and became 0.04ML/cycle at6@0

These features were well characterized by atomic hydrogen-induced
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doms. Surface stoichiometry may also play a role in subsequent isl;

SS

is formed at V/III ratios greater than 20 and consists of a complete
layer of buckled phosphorous dimers. The dangling bonds on these
dimers are reactive, and during growth become covered with hydrogen
and tertiarybutyl radicals. Below a V/llI ratio of 20, a (2x4) reconstruc-
tion is observed, which is terminated with a mixture of indium and
phosphorus dimers. These dimers are less reactive than those on the
(2x1), but do become covered with adsorbates during growth. The (2x1)
and (2x4) phases are completely miscible in one another, and their
distribution on the surface depends on the growth conditions. These
results and their implications for the MOVPE process will be described
at the meeting.

2:10 PM
The Structure of Aluminum Antimonide Surfaces Grown by
Molecular Beam Epitaxy: Allan S. Brackef, William Barvosa-
Cartet; James C. CulbertsgnBrian R. Bennett Lloyd J. Whitman;
Benjamin V. Shanabroék !Naval Research Laboratory, Electronics
Sci. and Tech. Div., Code 6876, 4555 Overlook Ave., SW, Washington,
DC 20375 USA

The quality of interfaces in semiconductor heterostructures can
have a critical effect on device performance. Minimizing roughness
and intermixing at interfaces will reduce carrier scattering, thereby
improving transport both parallel and perpendicular to the
heterostructure interface. This in turn will permit operation of elec-
tronic and optoelectronic devices at higher speed and lower power
dissipation. We are particularly interested in improving the perfor-
mance of high speed logic devices which combine high-electron-mobil-
ity transistors (HEMTs) and resonant interband tunneling diodes
(RITDs). In the 6.1A compound semiconductor system, AISb is fre-
quently used as a barrier material. We have undertaken a study of AlSb
(001) surfaces grown by molecular beam epitaxy, using RHEED a
SﬁTM to probe the atomic-scale structure and islanding dynamics of
surface. We have started by investigating the detailed AlSb surf
structure, including stoichiometry and reconstruction, that are p
pared under a variety of conditions. These surface properties are liK
to influence growth of additional material. For example, antimon
rich surfaces may be an unintendend source of compositional grad
since subsequent heterostructure layers can incorporate the extrd

formation and interface roughness. It is well known that during Al
growth the RHEED pattern has a (1x3) symmetry. Under a variety
conditions, we have also observed faint streaks suggesting (4x3) s
metry. The pattern becomes sharper and stronger under condition
low antimony flux and high substrate temperature (>550°C), suggest|
the change in symmetry is associated with a lower Sh:Al surface co
age ratio. Filled-state STM images of these surfaces indicate they h
at least two distinct reconstructions, both dominated by (1x3)-li
rows oriented along [-1 1 0] (the 1x direction) with periodic “defects
along each row. In one reconstruction the rows appear to consist of

FRIDAY PM

dimers, but every fourth dimer looks very asymmetrical (as if one atg
is missing). The other reconstruction usually has a scalloped appg
ance, and it looks as if the Sb dimer rows are replaced by string
monomers interrupted by similar 4x defects. Most of the surfaces t

we have examined contain a mixture of these two reconstructio
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Although at low er temperatures short range disorder prevents the 4xOptics 18(2-4), 243(1997) 3 Z.K.Tang, G.K.L.Wong, P.Yu, M.Kawasaki,
symmetry from appearing in the RHEED, the characteristic defects are A.Ohtomo,H.Koinuma, Y.Segawa Appl. Phys. Lett. 72, 3270(1988) 4
still observed in the surface topography. We have also initiated an Y.F.Chen, D.M.Bagnall, H.J.Ko, K.T.Park, K.J.Hiraga, Z.Zhu, T.Yao
investigation of the growth process by preparing a series of partial- Appl. Phys. Lett. 84, 3912(1998)

monolayer additions onto flat, ordered AISb (4x3) surfaces. We find

that island coverages are routinely 10-30% higher than we would ex- 2:50 PM

pect from the calibrated addition of Group Il and V species. For flat Plasma Assisted Molecular Beam Epitaxy and Characteriza-
surfaces prepared above 550°C, even a brief antimony flux at lowertion of the MgxZn1-xO/ZnO Hetero-Structures: Yefan Cheh
temperature (430°C) leads to island formation. We also observe thatTakafumi Yad; Yosaburo SegawaHang-ju Kd; Soon-ku Hong

the islands are elongated in the [110] direction and island growth is Tohoku University, Institute for Mats. Research, Katahira 2-1-1, Aoba-
inhibited along the upper ledge of step edges. We discuss possible mecha, Sendai, Miyagi-ken 980-0821 Japdhhe Institute of Physical and
nisms for these growth observations, including a possible role for the Chemical Research, Photon Dynamics Research Center, Koeji 19-1399,

underlying surface structure and stoichiometry. Nagamachi Aoba-ku, Sendai, Miyagi-ken Japan

The desire to produce short wavelength semiconductor lasers has
2:30 PM motivated research into low dimensional structures of wide band-gap
MBE Growth of ZnO Films on GaN and Characterization: H. J. materials such as those based on ZnSe and GaN systems. The excitonic
Kot Y. F. Chery; S. K. Hong; T. Yad; Tohoku University, Institute for nature of these materials have proved to be of particular interest be-
Mats. Research, 2-1-1 Katahira, Aoba-ku, Sendai 980 Japan cause of the lower threshold for excitonic laser action compared with

ZnO has a direct bandgap of 3.37 eV with an extremely large exci- the lasing due to conventional electron hole plasma. However, for this
tonic binding energy of 60 meV. Very recent achievements on high effect to be of practical value the exciton must survive at elevated
temperature excitonic stimulated emission and excitonic lasing from temperatures. Unfortunately, without significant enhancement of bind-
ZnO films [1,2] have proven that ZnO is promising for exploring ing energies by quantum confinement the excitons of ZnSe and GaN
excitonic devices in the uv wavelength range. The ZnO films were can not be efficiently utilized at room-temperature. One of the most
grown on AlO, substrates [3,4], where the lattice mismatch is as large promising long-term alternatives to the GaN and ZnSe based systems in
as 18 %. Although ZnO films grown on &, have shown the promis- this regard is ZnO. It has a room-temperature band-gap of 3.37 eV and
ing optical properties, the crystal quality of the layers is still needed to the exciton binding energy of 60 meV, which ensures excitonic survival
be improved due the presence of high density defects at around thewell above room-temperature. Recently, innovative growth technique[1]
interface[3,4]. The use of smaller lattice-mismatched substrates would has allowed observations of high temperature stimulated emission[2]
improve the ZnO film quality. This paper presents the first report on and optically pumped lasing from ZnO at room-temperature[3], where
plasma-assisted MBE growth of ZnO on closely lattice-matched epi- exciton-exciton scattering is responsible for the stimulated emission
GaN/ ALO,, where the lattice mismatch is reduced to 1.8 %. It is found and lasing. To achieve the ZnO based quantum structural devices (here,
that the surface preparation of the GaN surface has crucial role in boththe excitonic nature plays even more important role because of the
the growth mode and crystal quality of ZnO overlayers. Two types of enhancement of exciton oscillator strength as well as its binding en-
pregrowth treatments on a GaN surface either by Zn- or oxygen-plasma-ergy), MgxZn1-xO alloys is chosen for the barrier material. Although
exposure have been investigated, where GaN layers were grown onZnO and MgO have different crystal structures of the wurtzite and
AlI203 by MOCVD. The surface of MOCVD-grown GaN layers were rocksalt type respectively, the wurtzite structural MgxZnl1-xO alloy
found to be terminated by Ga atoms as determined by ion-beam analy{powder) can exists until x exceeds 30%, meanwhile, the change of in-
sis. After the pregrowth treatment, a thin ZnO buffer layer is deposited plane lattice constant a is less than 1%. Since MgO has band-gap larger
followed by annealing and successive ZnO growth at higher tempera-than 7 eV, the band-gap tuning by incorporating Mg into ZnO will also
tures. We observed RHEED intensity oscillations from the very begin- be significant. However, so far, both the thin film growth techniques
ning of ZnO growth on the low temperature ZnO buffer layer and intrinsic properties of the single crystal remain to been explored.
predeposited on Zn-exposed GaN surfaces. This is a clear indication ofHere, we report on the plasma assisted molecular beam epitaxy of the
two-dimensional nucleation and growth mode. Furthermore, clear tran- MgxZn1-xO/ZnO hetero-structures, as well as their structural and opti-
sition from the two-dimensional nucleation and growth mode to step- cal characterization. By using 2-axis scan of high resolution X-ray
flow growth one is observed by changing the growth conditions in terms diffraction the lattice constants of both a and c are directly determined
of RHEED observation. In accord with the two-dimensional growth for the alloys. Band-gap energy is investigated by absorption and re-
mode, ZnO films grown on Zn-exposed epi-GaN show the same FWHM flectance spectroscopy. ZnO/MgxZn1-xO single quantum wells with
value of X-ray diffraction rocking curve as that of eip-GaN substrates different well widths are grown and investigated by cathodeluminescence.
which is typically 5arcmin, suggesting that the film quality is limited by Emissions from recombination of localized excitons are observed and
the quality of the substrate. We note that the line shape of the diffrac-the well width effects are studied. 1. Yefan Chen, D. M. Bagnall, Hang-
tion curve of ZnO films is Gaussian, although the line shape occasion-ju Koh, Ki-tae Park, Kenji Hiraga, Zigiang Zhu, and Takafumi Yao, J.
ally consists of the main peak and a long tail in the diffraction curve of Appl. Phys. Vol. 84, 3912 (1998). 2. D. M. Bagnall, Y. F. Chen, Z. Zhu,
ZnO and GaN layers grown on 8. In contrast to ZnO films grown on T. Yao, S. Koyama, M. Y. Shen, and T. Goto, Appl. Phys. Lett. Vol. 70,
Zn exposed epi-GaN substrates, those grown on oxygen plasma ex2230 (1997). 3. D. M. Bagnall, Y. F. Chen, Z. Zhu, T. Yao, M. Y. Shen,
posed epi-GaN showed broader XRD curve with twice FWHM values of T. Goto, Appl. Phys. Lett. Vol. 73, 1038 (1998).
eip-GaN. The difference in the crystal quality of ZnO layers grown on
Zn- and O-exposed epi-GaN would be ascribed to the different interface 3:10 PM Break
structures produced by the two exposures as observed by TEM. The
ZnO/GaN interface for the Zn exposure shows a clear interface without
an interface layer, while O-exposed interface shows an interface layer
of ca 5 ML thick. The O-exposed interface is tentatively assumed to be
a GaO-related compound as is the case for ZnSe layers grown on Se-
exposed GaAs which produces a GaSe-related interface layers. As simi-
lar to the case for ZnSe/GaAs, both types and numbers of defects differ
by changing the pregrowth treatments. Low temperature (4 K) photo-
luminescence spectrum from ZnO layers grow on Zn-exposed epi-GaN
is dominated by two distinct excitonic emissions with a hump due to
free-exciton emission. The line widths of the two emission lines are 4
meV. Deep level emission is negligible and cannot be detected up to
room-temperature. Reference 1 D.M. Bagnall, Y.F.Chen, Z.Zhu, T.Yao,

S.Koyama, M.Y.Shen, T.Goto, Appl.Phys.Lett. 70, 2230(1997) 2
D.M.Bagnall, Y.F.Chen, Z.Zhu, T.Yao, M.Y.Shen, T.Goto, Nonlinear
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