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Bulk Crystal GrowthBulk Crystal Growth
SemiconductorsSemiconductors inin statestate ofof thethe artart devicedevice
technologiestechnologies dependsdepends criticallycritically onon::

PurityPurity && PerfectionPerfection ofof thethe crystalscrystals
 RequiresRequires growthgrowth ofof bulkbulk crystals,crystals, thenthenRequiresRequires growthgrowth ofof bulkbulk crystals,crystals, thenthen
slicedsliced andand polishedpolished
SingleSingle crystal,crystal, ingotsingots withwith largelarge diameterdiameter
andand withwith fewfew defectsdefects
 LimitedLimited toto SiSi andand GaAsGaAs (to(to somesome extentextent forfor
InPInP)˃)˃



•• TheThe elementalelemental semiconductorssemiconductors havehave aa wellwell--
defineddefined meltingmelting pointpoint

•• SolidificationSolidification ofof GaAsGaAs,, asas anan example,example, fromfrom itsits
liquidliquid doesdoes notnot happenhappen atat thethe stoichiometricstoichiometric

Bulk Crystal GrowthBulk Crystal Growth

liquidliquid doesdoes notnot happenhappen atat thethe stoichiometricstoichiometric
compositioncomposition

•• AA slightlyslightly AsAs--richrich liquidliquid compositioncomposition leadingleading
toto inherentlyinherently nonnon--stoichiometricstoichiometric crystalscrystals..

•• PerhapsPerhaps subtlesubtle differencesdifferences fromfrom thethe
elementalelemental semiconductorssemiconductors



Bulk Crystal GrowthBulk Crystal Growth



Bulk Crystal GrowthBulk Crystal Growth
 OtherOther semiconductors,semiconductors, difficultdifficult toto obtainobtain highhigh

quality,quality, largelarge areaarea substratessubstrates..
 SeveralSeveral semiconductorsemiconductor technologiestechnologies dependentdependent

onon nonnon idealideal substratessubstrates..
IIIIII--GroupGroup NitrideNitride materialsmaterials processprocess onon Si,Si, SiCSiC oror IIIIII--GroupGroup NitrideNitride materialsmaterials processprocess onon Si,Si, SiCSiC oror

sapphiresapphire substratessubstrates
 NoNo availabilityavailability ofof reliablereliable GaNGaN substratesubstrate..
 IIII--VIVI materialsmaterials havinghaving epitaxialepitaxial growthgrowth problems,problems,

forfor thethe lowlow && highhigh bandgapbandgap semiconductorssemiconductors..



Epitaxial Crystal GrowthEpitaxial Crystal Growth
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Crystal Growth ChallengesCrystal Growth Challenges
DevelopmentDevelopment ofof psuedopsuedo -- substratessubstrates toto
satisfysatisfy needneed forfor differentdifferent semiconductorssemiconductors
andand heterohetero--structuresstructures

Substrate BSubstrate B

Substrate ASubstrate A

Buffer layerBuffer layer

Substrate BSubstrate B



Crystal Growth ChallengesCrystal Growth Challenges

 E.T. Yu, J.O. McCaldin, T.C. McGill, Band offsets in semiconductor heterojunctions, in: 
E. Henry, T. David (Eds.), Solid State Physics, Academic Press, 1992, pp. 1–146



Crystal Growth ChallengesCrystal Growth Challenges
TheThe latticelattice--matchedmatched compositioncomposition checkedchecked byby
aa lineline betweenbetween thethe GaAsGaAs && InAsInAs CBCB && VBVB
leadingleading toto compositioncomposition ofof InIn00..5353GaGa00..4747AsAs latticelattice--
matchedmatched toto InPInPmatchedmatched toto InPInP
InInxxGaGa11––xxAsAsyyPP11––yy basedbased laserslasers epitaxiallyepitaxially
growngrown onon InPInP substratessubstrates
TheThe formationformation ofof multinarymultinary alloysalloys presentspresents
additionaladditional technologicaltechnological challengeschallenges



Crystal Growth ChallengesCrystal Growth Challenges
 IIIIII--VV growthgrowth duedue toto multimulti componentscomponents ofof thethe
growthgrowth systemsystem
 PointPoint defects,defects, ee..gg.. vacancies,vacancies, interstitialinterstitial
atoms,atoms, impactimpact onon thethe performanceperformance ofof thethe
devicedevicedevicedevice
 ExtendedExtended defectsdefects withinwithin thethe filmfilm areare
generallygenerally dislocationsdislocations andand stackingstacking faultsfaults
 DislocationsDislocations cancan reducereduce oror relaxrelax strainstrain
introducedintroduced throughthrough latticelattice mismatchmismatch oror
thermalthermal expansionexpansion differencesdifferences..



Epitaxial Growth ChallengesEpitaxial Growth Challenges
SubstrateSubstrate SiSi AlAl22OO33 SiCSiC Bulk Bulk 

GaNGaN
AlNAlN

LatticeLattice MismatchMismatch
(%)(%)

1717 1616 3.43.4 -- 2.52.5

ThermalThermal
ConductivityConductivity
((W/mmW/mm--kk))

150150 3535 490490 260260 319319

ResistivityResistivity
((ohmohm--cmcm))

101044 10101414 ~~10101212 -- >>10101414

High thermal conductivity of the substrate require for HEMT High thermal conductivity of the substrate require for HEMT 
structures to relax selfstructures to relax self--heating effectheating effect



Epitaxial Growth ChallengesEpitaxial Growth Challenges



Defects Defects -- EpiEpi Growth ChallengesGrowth Challenges



Current ScenarioCurrent Scenario
•• DesignDesign && optimizationoptimization ofof CVDCVD processesprocesses toto

fulfillfulfill thethe increasingincreasing demanddemand inin thethe
semiconductorsemiconductor industryindustry areare veryvery difficultdifficult andand
timetime--consumingconsuming taskstaskstimetime--consumingconsuming taskstasks

•• LackLack ofof detaileddetailed fundamentalfundamental modelsmodels hashas
forcedforced industrialindustrial CVDCVD practitionerspractitioners toto relyrely onon
methodsmethods ofof trialtrial andand errorerror

•• StatisticalStatistical methodsmethods createcreate purelypurely empiricalempirical
modelsmodels ofof reactorreactor behaviorbehavior



•• EmpiricalEmpirical relationsrelations producedproduced procedures,procedures,
difficultdifficult toto useuse ifif thethe reactantsreactants oror thethe reactorreactor
geometrygeometry isis changedchanged

•• MathematicalMathematical modelingmodeling andand simulationsimulation

Current ScenarioCurrent Scenario

•• MathematicalMathematical modelingmodeling andand simulationsimulation
provideprovide anan excellentexcellent economiceconomic alternativealternative toto
trialtrial andand errorerror--basedbased experimentalexperimental
techniquestechniques..

•• NoNo RANDOMNESSRANDOMNESS basedbased atomisticatomistic EpigrowthEpigrowth
simulatorsimulator inin thethe marketmarket placeplace



EpiGrowEpiGrow SimulatorSimulator
•• TechTech NextNext LabLab (P)(P) Ltd,Ltd, presentingpresenting firstfirst

innovativeinnovative atomisticatomistic simulatorsimulator forfor StochasticStochastic
ModelingModeling ofof epiepi--growthgrowth processprocess basedbased onon
MOCVD/MOCVD/ MBE/MBE/ MOVPE/MOVPE/ GasMBEGasMBE (under(underMOCVD/MOCVD/ MBE/MBE/ MOVPE/MOVPE/ GasMBEGasMBE (under(under
development)development) ReactorsReactors

•• EpiGrowEpiGrow SimulatorSimulator isis basedbased onon RANDOMNESSRANDOMNESS
phenomenonphenomenon forfor growthgrowth

•• No Statistical/thermodynamically assumptionsNo Statistical/thermodynamically assumptions
•• BasedBased onon purelypurely realreal ratesrates



EpiGrowEpiGrow SimulatorSimulator
BenefitsBenefits cancan bebe realizedrealized
•• UsersUsers growthgrowth conditionsconditions
•• SurfaceSurface profilesprofiles ExtractingExtracting RoughnessRoughness
•• DefectsDefects ExtractionExtraction (point/clusters)(point/clusters)•• DefectsDefects ExtractionExtraction (point/clusters)(point/clusters)
•• ExtractionExtraction ofof dislocationsdislocations && Stress/StrainStress/Strain
•• FewerFewer experimentsexperiments forfor optimizationoptimization
•• ReductionReduction inin wastewaste duringduring experimentationexperimentation
•• AbilityAbility toto dealdeal withwith differentdifferent reactivereactive speciesspecies andand

reactorreactor geometriesgeometries
•• OnOn--lineline processprocess controlcontrol



EpiGrowSimulatorEpiGrowSimulator
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EpiGrowEpiGrow SimulatorSimulator
•• InIn--house Developed Simulator Corehouse Developed Simulator Core



The structure of The structure of 
EpiGrowEpiGrow Simulator is Simulator is 
defined by flowchartdefined by flowchart

EpiGrowEpiGrow SimulatorSimulator
Initialize configuration and rate lists

Determine all possible rates

Transform rates into wait times

Input variables

Execute event at site update 
time

Update lists

Select lowest wait time

Time>final timeNO

YES

Output
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MBE MBE ReactorReactor



MBE ReactorMBE Reactor



MBE ReactorMBE Reactor



MOCVD ReactorMOCVD Reactor



MOCVD ReactorMOCVD Reactor



TheThe growthgrowth ofof GaAsGaAs filmfilm fromfrom TMGaTMGa ((trimethyltrimethyl--gallium,gallium,
groupgroup III)III) andand TBAs,TBAs, (tertiary(tertiary--butylarsinebutylarsine)) usingusing
hydrogenhydrogen asas thethe carriercarrier gasgas inin aa reactorreactor cancan bebe
describeddescribed byby thethe gasgas--phasephase reactionsreactions andand thethe surfacesurface
reactionreaction asas followsfollows11::

GaAsGaAs -- MOCVD ReactorMOCVD Reactor

reactionreaction asas followsfollows11::
GasGas--phasephase reactionsreactions::
(G(G11)) TMGaTMGa ++ HH22 == MMGaMMGa ++ 22CHCH44
(G(G22)) TBAsTBAs == AsHAsH ++ CC44HH88 ++ HH22

SurfaceSurface reactionreaction::
((SS11)) MMGaMMGa ++ AsHAsH == GaAs(s)GaAs(s) ++ CHCH44



k = k = ATATnn exp(exp(--EEaa/RT)/RT)

InIn thethe aboveabove expressions,expressions, thethe raterate constantconstant (k)(k)
obeysobeys thethe ArrheniusArrhenius lawlaw givengiven22

GaAsGaAs -- MOCVD ReactorMOCVD Reactor

wherewhere AA isis thethe prepre--exponentialexponential factor,factor, nn isis thethe temperaturetemperature
exponent,exponent, EEaa isis thethe activationactivation energyenergy forfor thethe reactionreaction andand RR
isis thethe universaluniversal gasgas constantconstant..

Reference:
11.. JournalJournal ofof thethe TaiwanTaiwan InstituteInstitute ofof ChemicalChemical EngineersEngineers 4545 ((20142014)) 254254––267267
22.. CoatingsCoatings 20172017,, 77,, 4343



GaAsGaAs -- MOCVD ReactorMOCVD Reactor
For For GaAsGaAs epitaxial Growth case :   n=0epitaxial Growth case :   n=0

Kinetic ParameterKinetic Parameter ValueValue UnitUnit

AAG1G1 1.21.2××10101515 SS--11

ReactionsReactions includedincluded inin thethe gasgas--phasephase andand surfacesurface--phasephase modelmodel..

AAG1G1 1.21.2××10101515 SS--11

AAG2G2 5.325.32××10101515 SS--11

AAS1S1 1.231.23××101099 m/sm/s

EEG1G1 196196 kJ/molkJ/mol

EEG2G2 203203 kJ/molkJ/mol

EES1S1 130130 kJ/molkJ/mol



 TheThe growthgrowth ofof GaNGaN filmfilm fromfrom TMG,TMG, DMGDMG,, MMG,MMG, &&
NHNH33

 HydrogenHydrogen asas thethe carriercarrier gasgas
 GasGas--phasephase reactionsreactions && thethe surfacesurface reactionreaction dictateddictated

byby ArrheniusArrhenius EqnEqn::

GaNGaN -- MOCVD ReactorMOCVD Reactor

byby ArrheniusArrhenius EqnEqn::

wherewhere AA isis thethe prepre--exponentialexponential factor,factor, nn isis thethe temperaturetemperature
exponent,exponent, EEaa isis thethe activationactivation energyenergy forfor thethe reactionreaction andand RR isis
thethe universaluniversal gasgas constantconstant..

k = k = ATATnn exp(exp(--EEaa/RT)/RT)



GaNGaN -- MOCVD ReactorMOCVD Reactor
GasGas--phasephase MechanismsMechanisms::



GaNGaN -- MOCVD ReactorMOCVD Reactor
SurfaceSurface phasephase MechanismsMechanisms:: PATHPATH 11



GaNGaN -- MOCVD ReactorMOCVD Reactor
SurfaceSurface phasephase MechanismsMechanisms:: PATHPATH 22



GaNGaN -- MOCVD ReactorMOCVD Reactor
SurfaceSurface phasephase MechanismsMechanisms:: PATHPATH 33



GaNGaN -- MOCVD ReactorMOCVD Reactor
Chemical Composition of compound on the surfaceChemical Composition of compound on the surface



SchwoebelSchwoebel barrierbarrier:: TheThe atomatom diffusesdiffuses fromfrom thethe sitesite
exactlyexactly aboveabove thethe edgeedge atomatom toto thethe sitesite immediatelyimmediately nextnext
toto thethe edgeedge atom,atom,
IncorporationIncorporation barrierbarrier:: TheThe atomatom incorporatesincorporates intointo thethe
edgeedge onon thethe samesame surfacesurface levellevel..
TheseThese twotwo barriersbarriers areare destinationdestination dependent,dependent, soso thethe

BarriersBarriers

SideSide viewview forfor thethe casecase ofof SchwoebelSchwoebel barrierbarrier (a)(a) andand thatthat ofof incorporationincorporation barrierbarrier (b),(b), wherewhere thethe whitewhite atomatom isis thethe
diffusingdiffusing oneone..

TheseThese twotwo barriersbarriers areare destinationdestination dependent,dependent, soso thethe
activationactivation energyenergy forfor thethe samesame atomatom isis alsoalso dependentdependent onon
diffusiondiffusion destinationdestination..



EpiGrowEpiGrow SimulatorSimulator
•• sscc isis thethe locallocal stickingsticking coefficientcoefficient playplay

significantsignificant rolerole inin decidingdeciding thethe adsorptionadsorption ofof
atomatom onon appropriateappropriate positionposition availableavailable..

PPadsads && PPhophop areare adsorptionadsorption && hoppinghopping probability,probability, mm isis sitesite
occupancyoccupancy factorfactor..



EpiGrowEpiGrow SimulatorSimulator
Total RatesTotal Rates

RRT T = = RRadsads + + RRhophop + + RRdesdes

Here Here adsads ~ adsorption Rate on substrate ~ adsorption Rate on substrate 
HopHop ~ hopping rate on substrate~ hopping rate on substrateHopHop ~ hopping rate on substrate~ hopping rate on substrate
DesDes ~ desorption rate ~ desorption rate 

AllAll ratesrates definedefine competitivecompetitive processesprocesses andand
RANDOMRANDOM inin naturenature dependentdependent onon positionspositions
availableavailable



 TheThe waitwait timetime containscontains twotwo parts,parts, thethe
currentcurrent systemsystem (elapsed)(elapsed) timetime andand anan
additionaladditional timetime thatthat representsrepresents thethe timetime
itit willwill taketake forfor thethe nextnext eventevent toto taketake
placeplace..

EpiGrowEpiGrow SimulatorSimulator

placeplace..
 TheThe systemsystem timetime isis thethe sumsum ofof thethe timestimes

forfor eacheach previouslypreviously executedexecuted eventevent..
 TheThe waitwait timetime isis describeddescribed byby thethe

equationequation::



EpiGrowEpiGrow SimulatorSimulator
•• FocusFocus onon thethe evolutionevolution ofof surfacesurface

microstructuremicrostructure fromfrom nanonano toto micrometermicrometer lengthlength
scalesscales

•• NitrideNitride alloysalloys growngrown viavia MOCVDMOCVD mostmost
commonlycommonly useusecommonlycommonly useuse

Hydride Ammonia (NHHydride Ammonia (NH33)  )  
MO Alkyl Sources (MO Alkyl Sources (TMGaTMGa, , TMInTMIn, , TMAlTMAl…) …) 
DopantDopant sources (sources (SilaneSilane SiHSiH44, Si, Si22HH66, MOCp, MOCp22Mg)Mg)

Users may add different reactions inside reactor and its Users may add different reactions inside reactor and its 
kinetic parameters values. kinetic parameters values. 



EpiGrowEpiGrow SimulatorSimulator
•• Process largely dictated by use of Ammonia Process largely dictated by use of Ammonia 
•• Low cracking efficiency of NHLow cracking efficiency of NH3 3 

•• VolaƟlity of N → NVolaƟlity of N → N2 2 

•• High growth temperatures required to obtain High growth temperatures required to obtain •• High growth temperatures required to obtain High growth temperatures required to obtain 
good crystal quality good crystal quality 

•• Low growth temperatures preferred for N Low growth temperatures preferred for N 
bonding bonding 

•• High temperature can liberate N from latticeHigh temperature can liberate N from lattice
•• Weak bond of N in nitride solidWeak bond of N in nitride solid



1.1. Lattice constant : Lattice constant : 
•• UserUser maymay extractextract layerlayer byby layerlayer latticelattice

constantconstant..
•• AveragingAveraging layerlayer byby layerlayer latticelattice constantconstant maymay

Outputs Outputs -- EpiGrowEpiGrow SimulatorSimulator

•• AveragingAveraging layerlayer byby layerlayer latticelattice constantconstant maymay
produceproduce overalloverall latticelattice constantconstant ofof filmfilm..

•• TheThe latticelattice constantconstant cancan bebe calibratedcalibrated withwith
latticelattice constantconstant withwith XRDXRD studiesstudies..

•• LatticeLattice constantconstant includesincludes allall thethe strain,strain,
defectsdefects etcetc effectseffects..



Outputs Outputs -- EpiGrowEpiGrow SimulatorSimulator
2. Strain: 2. Strain: 
•• UserUser maymay extractextract strainstrain throughthrough thethe eqneqn::

strainstrain == (a(a –– aa00)) // aa00
wherewhere aa isis thethe latticelattice constantconstant ofof upperupper monolayermonolayer andand aa isiswherewhere aa isis thethe latticelattice constantconstant ofof upperupper monolayermonolayer andand aa00 isis
beneathbeneath monolayermonolayer..

•• AveragingAveraging layerlayer byby layerlayer strainstrain willwill produceproduce
overalloverall strainstrain inin thethe filmfilm..

•• TheThe strainstrain cancan bebe calibratedcalibrated withwith
experimentalexperimental strainstrain..



Outputs Outputs -- EpiGrowEpiGrow SimulatorSimulator
3. Surface Roughness: 3. Surface Roughness: 
•• UserUser maymay extractextract surfacesurface roughnessroughness ww..rr..tt

time,time, includedincluded throughthrough thethe eqneqn::

HereHere NN isis thethe totaltotal numbernumber ofof latticelattice points,points, hhijij isis thethe heightheight atat aa
givengiven latticelattice pointpoint locatedlocated atat positionposition ii andand jj,, onon thethe latticelattice andand
hhavgavg isis thethe averageaverage heightheight ofof allall latticelattice pointspoints..



Outputs Outputs -- EpiGrowEpiGrow SimulatorSimulator
4. Mole fraction: 4. Mole fraction: 
•• UserUser maymay extractextract numbernumber ofof atomsatoms ofof

differentdifferent constituentsconstituents layerlayer byby layerlayer..
•• WithWith thethe numbernumber ofof groupgroup IIIIII andand groupgroup VV•• WithWith thethe numbernumber ofof groupgroup IIIIII andand groupgroup VV

atoms,atoms, molefractionmolefraction cancan bebe producedproduced..
5. Defects :5. Defects :
•• UserUser maymay extractextract numbernumber ofof interstitials,interstitials,

vacancyvacancy etcetc layerlayer byby layerlayer



Outputs Outputs 
GaAsGaAs monolayersmonolayers growth over growth over GaAsGaAs
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