
Low- & High-pressure MOCVD Reactors 
Epitaxial Growth SolutionEpitaxial Growth Solution

Solar CellSolar Cell

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



CCHALLENGES: HALLENGES: SSOLAR OLAR CCELL ELL TTECHNOLOGYECHNOLOGY

 IIIIII––V V MultijunctionMultijunction Solar Cell Integration with SiliconSolar Cell Integration with Silicon IIIIII––V V MultijunctionMultijunction Solar Cell Integration with SiliconSolar Cell Integration with Silicon
 Achieving highAchieving high--efficiency solar cells efficiency solar cells and at the same time driving down the cell costat the same time driving down the cell cost
Materials Used : Group III-V Arsenides, Phosphides, and Nitrides, Group IV, IV-VI and 
II-VI semiconductors 
 III–V compound solar cells: shown performance improvement at ~1% (absolute) 
increase per year, with a recent record efficiency of 44.7%
 III–V solar cells on Si substrate through heteroepitaxial integration III–V solar cells on Si substrate through heteroepitaxial integration
 Among competing photovoltaic technologies, the expensive cost is biggest 
impediment in their large-scale deployment for terrestrial applications



PPERFORMANCE: ERFORMANCE: SSOLAR OLAR CCELL ELL TTECHNOLOGYECHNOLOGY

Most significant cost III–V solar cells is the cost of substrate. Most significant cost III–V solar cells is the cost of substrate. 
 Typically, GaAs or Ge substrates used for III–V multijunction solar cell growth, 
 Smaller in diameter and significantly more expensive than Si substrate
 Transitioning from a 4” Ge substrate to a 8” Si substrate would reduce 60% cost

TechnologyTechnology EfficiencyEfficiency Room for ImprovementRoom for Improvement

1J Single junction Si1J Single junction Si ~25%~25% SaturatedSaturated

2J 2J InGaPInGaP//GaAsGaAs based based multijunctionmultijunction 32.9% 32.9% --36.5%36.5% Performance improvement at ~1% Performance improvement at ~1% 
increase increase 3J 3J InGaPInGaP//GaAsGaAs//Si  or III//Si  or III--VV NitridesNitrides ~40%~40%

4J 4J AlGaAsAlGaAs/ / GaAsGaAs/Si//Si/InGaAsInGaAs tandemtandem =44.7%=44.7% ReportedReported further room for improvementfurther room for improvement

Thin strained layers (SLs) and Thin strained layers (SLs) and 
superlatticessuperlattices

~ 35%~ 35% To reduce DefectsTo reduce Defects



DDESIGNESIGN CCRITERIARITERIA & C& CHALLENGESHALLENGES

Two key approaches for integrating III–V Two key approaches for integrating III–V 
multijunction solar cells on Si substrate: 
(i) Heteroepitaxial growth: very promising path 

with several challenges e.g. lattice mismatch, 
strain, types of defect generation

(ii) Mechanical stacking or wafer bonding: suffers suffers 
with wafer bowing or cracking due to large with wafer bowing or cracking due to large with wafer bowing or cracking due to large with wafer bowing or cracking due to large 
thermal mismatch, free from latticethermal mismatch, free from lattice--
mismatch, depends upon mismatch, depends upon HetroepitaxyHetroepitaxy growthgrowth

*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



 Band gaps Tuning : depends on material thickness, composition, defects etc

HHETEROEPITAXYETEROEPITAXY: :  CCHALLENGESHALLENGES

 Band gaps Tuning : depends on material thickness, composition, defects etc
 Efficient absorption from the incident light: thickness of active region
 High thermal/chemical stability: allow operations in extreme conditions in space
 4% lattice-mismatch between GaAs & Si: Epitaxy of GaAs on Si extremely challenging
 Formation of defects and dislocations
 Such defects limit solar cell performance

Substrate Si Al O SiC Bulk GaN AlNSubstrate Si Al2O3 SiC Bulk GaN AlN

Lattice Mismatch (%) 17 16 3.4 - 2.5 

Thermal Conductivity 150 35 490 260 319

Resistivity (ohm-cm) 104 1014 ~1012 - >101
4



CCHALLENGES:HALLENGES: GaN//Si EEPITAXYPITAXY

 GaNGaN directly on Si or Sapphire directly on Si or Sapphire encounters several challenges: large lattice mismatch  GaNGaN directly on Si or Sapphire directly on Si or Sapphire encounters several challenges: large lattice mismatch 
(16% to 20.4%16% to 20.4%), thermal expansion coefficient (TECTEC) mismatch ~ 53%~ 53%
 GaNGaN buffer layer : Avoid formation of cracks buffer layer : Avoid formation of cracks and several other technological other technological 
challengeschallenges
 Stacks of InStacks of InxxGaGa11--xxN layers N layers on GaN buffer layer : To balance compressive and tensile To balance compressive and tensile 
strainstrain
 Growth of the GaN buffer layer on the Si substrate : Still not well understoodStill not well understood Growth of the GaN buffer layer on the Si substrate : Still not well understoodStill not well understood
 Formation of amorphous amorphous SiNxSiNx, deteriorates crystalline quality. 
 Pre-nitridation process of Si substrate greatly influences surface morphology. 
However, nitridation time and temperature highly influence strain generation
 NH3 pre-flow with smaller step size time and the optimum substrate temperature 
are still debatabledebatable to achieve a single-crystalline GaN on Si or Sapphire substrates



CCHALLENGES:HALLENGES: GaN//Si EEPITAXYPITAXY

 GaN-on-Si devices recently attracted much attention reliable Solar cell reliable Solar cell  GaN-on-Si devices recently attracted much attention reliable Solar cell reliable Solar cell 
applications due to cost & large size Si substrates cost & large size Si substrates with possibility of coof co--processing in processing in 
CMOS foundries CMOS foundries 
 Contributor to incident power loss at multiple interfaces due to parasitic effectsparasitic effects
 Type of conductivity & formation mechanism of parasitic channel is controversialcontroversial
 Formation of a p-type conductive channel at the GaN/Si interface, 
 Formation of an n-type electron channel induced by the strong polarization field  Formation of an n-type electron channel induced by the strong polarization field 
at the GaN/Si interface.
 Understanding the behaviors of the parasitic interfaces at multiple junctions: 
crucial to reduce the losses crucial to reduce the losses 
 Unsolved problem requires an unambiguous identification of these issues and 
require lot of investment to do Hits & Trials Hits & Trials 



TNL TNL -- 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..



PPLANETARYLANETARY MOCVD PMOCVD PROCESSROCESS

Planetary MOCVD architecturePlanetary MOCVD architecture
implemented in TNLTNL--InjectorInjector
simulator equivalent to the AIXAIX
200200//44 horizontalhorizontal MOCVDMOCVD reactorreactor.

Inlet of the reactor is divided into
two parts by a separator throughtwo parts by a separator through
which the group III and V
precursors can be fed into the
upper and lower inlet respectively.



PPLANETARYLANETARY MOCVD PMOCVD PROCESSROCESS

The reactant flux, withThe reactant flux,

where JA is the diffusion flux of specie A, is the concentration of species A, x is the direction perpendicular to the substrate
surface, R is the gas constant, T is the absolutcA e temperature. δ is the chamber boundary layer thickness.

with

is the diffusivity of the bulk stream reactants  and dependent on Leonard-Jones parameters 
(σ, Ω) based on the Chapman-Enskog theory 

M is the molecular weight, p is the pressure, σAB is the collision diameter, and ΩD, AB is the collision integral and dependent 
on temperature and intermolecular potential.

Average boundary layer thickness, δ, 



PPLANETARYLANETARY MOCVD PMOCVD PROCESSROCESS

An Injector MOCVD reaction initiate either surface kinetic or mass transport control.

,

An Injector MOCVD reaction initiate either surface kinetic or mass transport control.
Suppose Cg is the concentration of the bulk gas and Cs is the concentration of reactants at
the substrate interface. The concentration of the reactants drops from the bulk to the
substrate surface and the corresponding mass flux,

where hg is the gas mass transfer coefficient, insensitive to variations in temperature.
The flux consumed at the surface where

where ks is the slowest surface reaction rate constant.

For kkss>>>> hhgg, the system dictated by mass controlled , low gas transport rate through the boundary layer
limits the rapid surface reaction.
Surface reaction control dominates for hhgg >>>>kkss, the surface reaction is slow even through sufficient
reactant gas is available. Additionally, hg increases with increasing pressure and decreasing temperature
and ks follows the Arrhenius equation.



WWORKINGORKING

 Gas phase kinetics Gas phase kinetics
 Surface phase kinetics
 Each monolayer with atoms 

positions
 Defects layer by layer quantitatively 

and qualitatively
 Strain layer by layer
 Surface Roughness Surface Roughness
 Lattice Constant etc.



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



TNL CTNL CHEMICALHEMICAL DDATABASEATABASE

Precursors for MN GrowthPrecursors for MN GrowthPrecursors for MN GrowthPrecursors for MN Growth
(M = (M = GaGa, Al, In), Al, In)
TMM, DMM, NHTMM, DMM, NH33, AsH, AsH33, PH, PH33, TBP etc., TBP etc.
DopantsDopants
CpCp2 2 Mg, SiHMg, SiH44, DEZ, , DEZ, DETeDETe, CBrCl, CBrCl33 etc.etc.
Carrier Gases: MN GrowthCarrier Gases: MN Growth
NN , H, H , , ArAr etc.etc.

Reaction rates in forward and Reaction rates in forward and 
reverse directionsreverse directions

NN22 , H, H22 , , ArAr etc.etc.
reverse directionsreverse directions

Here, 
TBP- tertbutylphosphine
DEZ- DiethylZinc
DETe- DiethylTelluride
CBrCl3- Bromotrichloromethane



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



MMETHODOLOGY: ETHODOLOGY: KMCKMC

Total Deposition Rate:Total Deposition Rate:

A A -- Adsorption, H Adsorption, H –– Diffusion,  D Diffusion,  D -- Desorption ratesDesorption rates

Here,  l and w denote length and width of substrate

The characteristic vibration frequency ,

with



EEXTRACTABLEXTRACTABLE

1.1. Lattice Parameters: Lattice Parameters: 3. Surface Roughness:3. Surface Roughness:1.1. Lattice Parameters: Lattice Parameters: 
 LayerLayer byby layerlayer latticelattice parameterparameter ExtractionExtraction..
 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..

2.  Strain: 2.  Strain: 

3. Surface Roughness:3. Surface Roughness:
 Extract surface roughness as a function of growth time

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..

4.  Mole fraction: 4.  Mole fraction: 
 ExtractExtract numbernumber ofof atomsatoms ofof differentdifferent constituentsconstituents layerlayer byby2.  Strain: 2.  Strain: 

 AveragingAveraging layerlayer byby layerlayer strainstrain produceproduce
overalloverall strainstrain inin thethe filmfilm..
 TheThe strainstrain cancan bebe calibratedcalibrated withwith
experimentalexperimental strainstrain..

 ExtractExtract numbernumber ofof atomsatoms ofof differentdifferent constituentsconstituents layerlayer byby
layerlayer..
 RatioRatio ofof groupgroup--IIIIII && VV depositeddeposited atomsatoms MolefractionMolefraction..
5. Defects :5. Defects :
 ExtractExtract numbernumber ofof interstitials,interstitials, vacancyvacancy etcetc layerlayer byby layerlayer
alongalong withwith dislocationdislocation andand StackingStacking FaultsFaults



CCASE ASE SSTUDY :TUDY : Si/Si/AlNAlNCCASE ASE SSTUDY :TUDY : Si/Si/AlNAlN
PLANETARY MOCVD PLANETARY MOCVD 

PPROCESSROCESS



Parameters Si/AlN Pre-Nitridated
Si/AlN

Chamber
Temperature (oC)

300300 300300

IINPUT NPUT CCONDITIONSONDITIONS

Parameters Si/AlN Pre-
Nitridated

Si/AlN
Temperature (oC)
Chamber Pressure
(mbar)

4040 4040

Chamber Volume
(lits)

1.41.4 1.41.4

Ceiling Height (cm) 11 11
Substrate
Temperature (oC)

10501050 10501050

Si/AlN

Nitridation Temperature (C) -- 10501050

Nitridation Time (s) -- 3030

Surface Energy (eV) 2.02.0 2.02.0

Desorption Barrier (eV) 3.03.0 3.03.0

Schwoebel Barrier (eV) 0.050.05 0.050.05Temperature ( C)
Precursors TMAlTMAl & NH& NH33 TMAlTMAl & NH& NH33
Precursors Flow
Rate (sccm)

105105 sccmsccm & 1 & 1 
slmslm

105105 sccmsccm & 1 & 1 
slmslm

Carrier Gas HH22 HH22

PreNitridation(slm) -- 11

Schwoebel Barrier (eV) 0.050.05 0.050.05

Incorporation Barrier (eV) 0.050.05 0.050.05

Nearest Neighbour (eV) 0.050.05 0.050.05

No. of Interactive Elements 11 11

Substrate Dimension (A2) 50x50 [Unit Cell]50x50 [Unit Cell]22



Gas Phase Equations
Al(CH3)3 = AlCH3 + 2CH3 , A=3.5*10^15, n=0, Ea= 66500

CCHEMICALHEMICAL KKINETICSINETICS

Al(CH3)3 = AlCH3 + 2CH3 , A=3.5*10^15, n=0, Ea= 66500
Al(CH3)3 + NH3 = Al(CH3)3:NH3 , A=3.0*10^12 n=0 Ea= 0.0
Al(CH3)3:NH3 = Al(CH3)3 + NH3 , A=5.0*10^10 n=0 Ea= 22000
Al(CH3)3:NH3 = (CH3)2Al:NH2 + CH4 , A=2.0*10^12 n=0 Ea= 27000
Al(CH3)3:NH3 + NH3 = (CH3)2Al:NH2 + CH4 + NH3 , A=2.0*10^12 n=0 Ea= 13000
2(CH3)2Al:NH2 = ((CH3)2Al:NH2)2 , A=4.0*10^11 n=0 Ea= 0.0
##Gas to Surface Phase Equations##Gas to Surface Phase Equations
Al(CH3)3 + space = Al(S) + 3CH3 , coll 1.0
Al(CH3)3:NH3 + space = Al(S) + 3CH3 + NH3 , coll 1.0
AlCH3 + space = Al(S) + CH3 , coll 1.0
(CH3)2Al:NH2 + space = AlN(S) + 2CH4 , coll 1.0
((CH3)2Al:NH2)2 + space = 2AlN(S) + 4CH4 , coll 1.0



OUTPUTOUTPUT

Without Without NitridationNitridation PrePre--NitridationNitridation for  30 sfor  30 s



DDISLOCATIONSISLOCATIONS PPERER MMONOLAYERONOLAYER

Without Without NitridationNitridation PrePre--NitridationNitridation for  30 sfor  30 s



SSURFACEURFACE RROUGHNESSOUGHNESS



OOTHERTHER OOUTPUTUTPUT

Parameters Si/AlN Pre-Nitridated Si 
/AlN

Substrate Thickness (µm) 0.3258 0.3258Substrate Thickness (µm) 0.3258 0.3258
Si3N4 Thickness (nm) - 3.7817
Total  Deposited Atoms (AlN) 5046178 5233815
Vacancies (cm-3) 36069 13393
Total Dislocation Density (cm-3) 2503 1612 
Al Atoms ≈50% ≈50%Al Atoms ≈50% ≈50%
N Atoms ≈50% ≈50%
Many More ………Many More ………



Patterned Substrate: Selective Patterned Substrate: Selective EpitaxyEpitaxy

TNLTNL--InjectorInjector SimulatorSimulator providesprovides flexibilitiesflexibilities toto simulatesimulate regrowthregrowth processesprocesses atat
AtomisticAtomistic ScaleScale forfor SelectiveSelective EpitaxyEpitaxy withwith capabilitiescapabilities::
 Process Process OptimizationOptimization Process Process OptimizationOptimization
 Atomistic growth process for voidAtomistic growth process for void--semiconductor photonic crystal (semiconductor photonic crystal (PhCPhC))
 Better understanding of Better understanding of invisible invisible Physical PhenomenonPhysical Phenomenon
 Patterned substrates Shapes: Patterned substrates Shapes: Steps, Grooves, Well etc.Steps, Grooves, Well etc.
 Epitaxial growth through: Epitaxial growth through: MBE, MOVPE/MOCVDMBE, MOVPE/MOCVD
 Effects of Effects of regrowthregrowth on on airair--hole morphologyhole morphology
 Comparison between patterned substrate hole Comparison between patterned substrate hole regrownregrown void's dimensionsvoid's dimensions Comparison between patterned substrate hole Comparison between patterned substrate hole regrownregrown void's dimensionsvoid's dimensions
 patterned substrate hole: patterned substrate hole: play a very critical role in the final play a very critical role in the final regrowthregrowth
 Many More Benefits Many More Benefits .….…



M A J O R  C H A L L EN G E S :  M A J O R  C H A L L EN G E S :  D I M E N S I O N S  O F  A I R  H O L ED I M E N S I O N S  O F  A I R  H O L E

Information
Strictly Private and ConfidentialStrictly Private and Confidential



ReRe--growth over Step Patterned Substrategrowth over Step Patterned Substrate

RegrowthRegrowth of Si over of Si over GaAsGaAs Step Pattern SubstrateStep Pattern Substrate
Unit Cells  representationUnit Cells  representation

RegrowthRegrowth of Si over of Si over GaAsGaAs Step Pattern SubstrateStep Pattern Substrate
Atomistic representationAtomistic representation



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 with Annual Maintenance Cost (AMC)Perpetual with Annual Maintenance Cost (AMC) Perpetual with Annual Maintenance Cost (AMC)Perpetual with Annual Maintenance Cost (AMC)
 TCAD Academic Suite TCAD Academic Suite 
 24x7 Technical Support for 24x7 Technical Support for Academic Institutions Academic Institutions 
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