
Horizontal MOCVD Injector Reactor
TNL- Injector SimulatorTNL- Injector Simulator

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



CCHALLENGES:HALLENGES: MOCVD MOCVD EEPITAXYPITAXY

MOCVD         Chemical process Chemical process to deposit special materials and high-tech devicesMOCVD         Chemical process Chemical process to deposit special materials and high-tech devices
 Growth mechanism Investigation of III–V compounds       High value productsHigh value products
 Film growth properties, closely related to product quality      Depends gas inlet flow rateinlet flow rate, 

operating pressure & temperatureoperating pressure & temperature and reactor geometry configurationsreactor geometry configurations
 High-quality demands of the semiconductor industry      control composition distributions in 

a MOCVD reactor to achieve film growth thickness  film growth thickness  & uniformityuniformity
MOCVD : complex transport phenomena     complex transport phenomena     momentum, heat, mass & chemical reactions
MOCVD reactor’s optimal growth condition       requires extra experimentation to refine & 
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MOCVD reactor’s optimal growth condition       requires extra experimentation to refine & 
search process to locate an optimal solution until film deposition quality satisfies a pre-
specified criteria. 

 Two categories:     Development of a chemical kinetic & Transport phenomenon
 To save design cost & development time      use of CAD methodologies CAD methodologies of MOCVD processes. 



CCHALLENGES:HALLENGES: GaN//Si EEPITAXYPITAXY

 GaNGaN directly on Si directly on Si encounters several challenges             large lattice mismatch (16% to 16% to  GaNGaN directly on Si directly on Si encounters several challenges             large lattice mismatch (16% to 16% to 
20.4%20.4%) and thermal expansion coefficient (TECTEC) mismatch ~ 53%~ 53% leads to the generation of 
defects at room temperature 
 AlNAlN buffer layer buffer layer growth prior to the growth of GaN To avoid formation of cracks avoid formation of cracks and 
several other technological challengesother technological challenges
 Stack of AlStack of AlxxGaGa11--xxN layers N layers on AlN buffer layer         To balance compressive and tensile strainTo balance compressive and tensile strain
 Growth of the AlN buffer layer on the Si substrate          Still not well understoodStill not well understood
Well known phenomenon of formation of amorphous amorphous SiNxSiNx, deteriorates crystalline quality. Well known phenomenon of formation of amorphous amorphous SiNxSiNx, deteriorates crystalline quality. 
 Pre-nitridation process of Si substrate greatly influences surface morphology. However, 
nitridation time and substrate nitridation temperature highly influence strain generation 
between each layer and results in defect formation process
 NH3 pre-flow with smaller step size time and the optimum substrate temperature are still 
debatabledebatable to achieve a single-crystalline GaN on Si substrate



CCHALLENGES:HALLENGES: GaN//Si EEPITAXYPITAXY

GaN-on-Si devices recently attracted much attention for radio frequencyfor radio frequency (RF) applications GaN-on-Si devices recently attracted much attention for radio frequencyfor radio frequency (RF) applications 
due to cost & large size Si substrates cost & large size Si substrates with possibility of coof co--processing in CMOS foundries processing in CMOS foundries 
However, GaN-on-Si RF devices, still facing some challenges in form of RF lossRF loss
 Contributor to RF loss is parasitic channel formation parasitic channel formation at AlN/Si interface
 Type of conductivity & formation mechanism of parasitic channel is controversialcontroversial
 Few groups suggest formation of a p-type conductive layer at the AlN/Si interface, while 
others suggest that an n-type electron channel induced by the strong polarization field at 
the AlN/Si interface.the AlN/Si interface.
Understanding the behaviors of the parasitic layer is crucial for reducing the RF loss 
 Unsolved problem requires an unambiguous identification of this conductive layer and 
correlating it with the RF loss



 Numerical simulations, (CFDCFD software)software) ONLYONLY predicts Film growth rate and

AAVAILABLEVAILABLE SSOLUTIONOLUTION

 Numerical simulations, (CFDCFD software)software) ONLYONLY predicts Film growth rate and
uniformity, Prediction accuracy heavily relies on the reaction kinetics mechanism,
however, transport phenomena oversimplified byby assumingassuming constantconstant massmass diffusivitydiffusivity forfor
precursors,precursors, temperaturetemperature--independentindependent propertiesproperties ofof gasgas mixturemixture, and constantconstant wallwall
temperaturetemperature profileprofile oror constantconstant heatheat transfertransfer coefficientcoefficient forfor boundaryboundary conditioncondition ofof innerinner
reactorreactor wallwall.

 Oversimplifications made for the heat transfer substantially prohibit the prediction
2
2 Oversimplifications made for the heat transfer substantially prohibit the prediction

ability of the MOCVD processes, making a great discrepancy between the model and the
actual behavior of the film growth on substrate.

 To extract atomistic scale information of MOCVD reactor process through CFD software
is IMPOSSIBLEIMPOSSIBLE
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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.



TNL CTNL CHEMICALHEMICAL DDATABASEATABASE

Precursors for MN GrowthPrecursors for MN GrowthPrecursors for MN GrowthPrecursors for MN Growth
(M = (M = GaGa, Al, In), Al, In) DopantsDopants
1.1. TMMTMM 1. 1. Cp2 MgCp2 Mg
2.2. DMMDMM 2. 2. SilaneSilane
3.3. NHNH33
4.4. NN22

Reaction rates in forward and reverse directionsReaction rates in forward and reverse directions

Carrier Gases: MN GrowthCarrier Gases: MN Growth
1.1. NN22
2.2. HH22
3.3. ArAr



KKINETIC INETIC MMONTE ONTE CCARLO (ARLO (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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