
MOCVD Vertical Flow Reactor
TNL-Showerhead SimulatorTNL-Showerhead Simulator

Technology of Next Level Technology of Next Level 
driven through innovationdriven through innovation



SSUBSTRATES UBSTRATES AAVAILABILITYVAILABILITY

11. Bulk Crystal Growth . Bulk Crystal Growth 

State of the art device State of the art device 
technologies depends on:technologies depends on:
Purity & Perfection of the Purity & Perfection of the 
crystalscrystals

Limited to Limited to Si, Si, GaAsGaAs and and 
uptoupto some extent for some extent for InPInP



EEPITAXIALPITAXIAL GGROWTHROWTH CCHALLENGESHALLENGES

 DevelopmentDevelopment ofof psuedopsuedo-- GaAsGaAs
substratessubstrates overover SiSisubstratessubstrates overover SiSi

*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



AAVAILABLEVAILABLE TTECHNIQUESECHNIQUES

(MOMBE)(MOCVD)LPE VPE (MBE)

Techniques can grow 
far from equilibrium 

Atomically abrupt Atomically abrupt 
interfaces

High quality High quality 
material

high quality high quality 
material

Near eqb growth Near eqb growth 
precise 

compositions

Relatively 
inexpensive

Extremely high Extremely high 
purity material

Not suited for Not suited for 
heterostructures

Epitaxial Growth Epitaxial Growth 
ChallengesChallenges
 Semiconductor Semiconductor 
technologies  dependent technologies  dependent 
on non ideal substrateson non ideal substrates
 Lot of Technological Lot of Technological 
Challenges and issuesChallenges and issues
 Need for PseudoNeed for Pseudo-- far from equilibrium 

systems reliably

Expensive growth Expensive growth Expensive growth Expensive growth 
technology ????technology ????

inexpensiveinexpensive

Difficult to grow Difficult to grow 
abrupt 

heterostructures

Unable to grow 
immiscible alloys

 Need for PseudoNeed for Pseudo--
substratessubstrates
 Low Defect densitiesLow Defect densities
 Strain EngineeringStrain Engineering



CCHALLENGESHALLENGES

E.g. E.g. GaNGaN growth over various substrates:growth over various substrates: DefectsDefects

SubstrateSubstrate SiSi AlAl22OO33 SiCSiC Bulk Bulk 
GaNGaN

AlNAlN

Lattice Mismatch (%)Lattice Mismatch (%) 1717 1616 3.43.4 -- 2.5 2.5 

Thermal Conductivity (W/mmThermal Conductivity (W/mm--k)k) 150150 3535 490490 260260 319319

Resistivity       (ohmResistivity       (ohm--cm)cm) 101044 10101414 ~10~101212 -- >10>101414

E.g. E.g. GaNGaN growth over various substrates:growth over various substrates:

 GroupGroup IV,IV, IIIIII--V,V, IIII--VIVI epiepi--growthgrowth withwith multimulti componentscomponents
 PointPoint defects,defects, ee..gg.. vacancies,vacancies, interstitialinterstitial atomsatoms
 ExtendedExtended defectsdefects withinwithin thethe film,film, generallygenerally dislocationsdislocations andand stackingstacking faultsfaults
 DislocationsDislocations:: reducereduce oror relaxrelax strainstrain throughthrough latticelattice mismatchmismatch oror thermalthermal expansionexpansion differencesdifferences..



EEPITAXYPITAXY PPROCESSROCESS SSOLUTIONOLUTION

Innovative Atomistic Innovative Atomistic Scale Scale 
MBE Reactor ProcessMBE Reactor Process User’s Input User’s Input 

Innovative Atomistic Innovative Atomistic Scale Scale 
Reactor Simulation without Reactor Simulation without 
use of Continuum modelsuse of Continuum models

MBE Reactor ProcessMBE Reactor Process User’s Input User’s Input 
Growth ConditionsGrowth Conditions

Surface Profile Surface Profile 
((Roughness)  Roughness)  

Surface Profile Surface Profile 
((Roughness)  Roughness)  

Strain Mapping Strain Mapping 
(layer by Layer(layer by Layer
Strain Mapping Strain Mapping 
(layer by Layer(layer by Layer

TNL TNL 
FrameworkFramework

CVD Reactor ProcessCVD Reactor Process

PECVD Reactor ProcessPECVD Reactor Process

Defects Defects 
(Vacancies, Interstitials, (Vacancies, Interstitials, 

Dislocations, Stacking Faults)Dislocations, Stacking Faults)

Defects Defects 
(Vacancies, Interstitials, (Vacancies, Interstitials, 

Dislocations, Stacking Faults)Dislocations, Stacking Faults)

(layer by Layer(layer by Layer(layer by Layer(layer by Layer
MOCVD Reactor Process MOCVD Reactor Process 
(Vertical Precursors Flow)(Vertical Precursors Flow)

MOCVD Reactor Process MOCVD Reactor Process 
(Horizontal Precursors Flow)(Horizontal Precursors Flow)

Lattice parameterLattice parameter
66

Lattice parameterLattice parameter
66



IINPUTSNPUTS : MOCVD P: MOCVD PROCESSROCESS

Many More parameters details Require ……….Many More parameters details Require ……….



SchwoebelSchwoebel barrierbarrier:: TheThe atomatom diffusesdiffuses IncorporationIncorporation barrierbarrier:: TheThe atomatom

MMETHODOLOGY:ETHODOLOGY: MOCVD PMOCVD PROCESSROCESS

SchwoebelSchwoebel barrierbarrier:: TheThe atomatom diffusesdiffuses
fromfrom thethe sitesite exactlyexactly aboveabove thethe edgeedge
atomatom toto thethe sitesite immediatelyimmediately nextnext toto thethe
edgeedge atomatom asas;;

IncorporationIncorporation barrierbarrier:: TheThe atomatom
incorporatesincorporates intointo thethe edgeedge onon thethe samesame
surfacesurface levellevel..



CCHEMICALHEMICAL KKINETICSINETICS SSOLUTIONOLUTION

 TNL Chemical Kinetics TNL Chemical Kinetics  TNL Chemical Kinetics TNL Chemical Kinetics 
database includes gasdatabase includes gas--
and surface phase and surface phase 
chemical reactionschemical reactions

Users may chose any Users may chose any 
desired equation or set desired equation or set 
of equations for the of equations for the 
precursors they input precursors they input precursors they input precursors they input 
based on requirementsbased on requirements

 Users have flexibilities to Users have flexibilities to 
write their own chemical write their own chemical 
reactionsreactions



TMG, NHTMG, NH33 & N& N22/H/H22/ARGON/ARGON

GasGas--phase Mechanisms Reactionsphase Mechanisms Reactions



Surface phase ReactionsSurface phase Reactions: : PATH 1PATH 1

TMG, NHTMG, NH33 & N& N22/H/H22/ARGON/ARGON



Surface phase ReactionsSurface phase Reactions: : PATH 2PATH 2

TMG, NHTMG, NH33 & N& N22/H/H22/ARGON/ARGON



Surface phase ReactionsSurface phase Reactions: : PATH 3PATH 3

TMG, NHTMG, NH33 & N& N22/H/H22/ARGON/ARGON



CCOMPOSITIONOMPOSITION OFOF IINTERMEDIATESNTERMEDIATES

Chemical Composition of compound on the surfaceChemical Composition of compound on the surface



CCASEASE SSTUDY: TUDY: GaAsGaAs OOVER VER GaAsGaAs **

**P. K. P. K. SaxenaSaxena, P. Srivastava, R. , P. Srivastava, R. TrigunayatTrigunayat, An innovative approach for controlled epitaxial growth of , An innovative approach for controlled epitaxial growth of GaAsGaAs in in 
real MOCVD reactor environment, real MOCVD reactor environment, Journal of Alloys and Compounds Journal of Alloys and Compounds 809 (2019) 151752.809 (2019) 151752.



CCHEMICALHEMICAL KKINETICSINETICS

Gas-phase reactions:

Reactions included in the gasReactions included in the gas--phase phase 
and surfaceand surface--phase modelphase model

Gas-phase reactions:
(G1) TMGa + H2 = MMGa + 2CH4

(G2) TBAs = AsH + C4H8 + H2

Surface reaction:
(S1) MMGa + AsH = GaAs(s) + CH4

Kinetic Kinetic 
ParameterParameter

ValueValue UnitUnit

AAG1G1 1.21.2××10101515 SS--11

AAG2G2 5.325.32××10101515 SS--11

AAS1S1 1.231.23××101099 m/sm/s

EE 196196 kJ/molkJ/mol

and surfaceand surface--phase modelphase model

(S1) MMGa + AsH = GaAs(s) + CH4 EEG1G1 196196 kJ/molkJ/mol

EEG2G2 203203 kJ/molkJ/mol

EES1S1 130130 kJ/molkJ/mol



MMOCVD OCVD GGAASAAS OOVERVER GGAASAAS

AnAn atomatom makesmakes bondbond withwith anotheranother atomatom
whenwhen itsits patchespatches lielie inin aa lineline.. TheThe
interactioninteraction betweenbetween twotwo atomsatoms dependsdepends

** JournalJournal ofof AlloysAlloys andand CompoundsCompounds 809809 ((20192019)) 151752151752..

interactioninteraction betweenbetween twotwo atomsatoms dependsdepends
uponupon thethe angleangle itsits patchespatches makemake withwith eacheach
otherother..



MOCVD Growth RateMOCVD Growth Rate

ParametersParameters ValuesValues UnitsUnits

SubstrateSubstrate surfacesurface energyenergy (E(Ess)) 11..7575 eVeV

SchwoebelSchwoebel barrierbarrier energyenergy (E(Eshwshw)) 00..0202 eVeV

IncorporationIncorporation barrierbarrier energyenergy (E(Eii)) 00..0505 eVeV

** JournalJournal ofof AlloysAlloys andand CompoundsCompounds 809809 ((20192019)) 151752151752..

IncorporationIncorporation barrierbarrier energyenergy (E(Eii)) 00..0505 eVeV



MOCVD  Growth RateMOCVD  Growth Rate

** JournalJournal ofof AlloysAlloys andand CompoundsCompounds 809809 ((20192019)) 151752151752..



RROUGHNESSOUGHNESS



SSTRAINTRAIN



AADVANCEDVANCE LLICENSINGICENSING & P& PRICERICE VVALUEALUE

TNL’s tools support advanced and unique licensing models tailored for TNL’s tools support advanced and unique licensing models tailored for TNL’s tools support advanced and unique licensing models tailored for TNL’s tools support advanced and unique licensing models tailored for 
unique customer needs. unique customer needs. 

 ADVANCED LICENSING OPTIONS: ADVANCED LICENSING OPTIONS: 
 TermTerm--Based Based 
 Perpetual Perpetual  Perpetual Perpetual 
 TCAD Academic Suite TCAD Academic Suite 
 24x7 Technical Support for 24x7 Technical Support for Academic Institutions Academic Institutions 
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