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CRYSTAL GROWTH  CRYSTAL GROWTH  

EpitaxialEpitaxial Growth of Group IV, Growth of Group IV, 
IIIIII--V & IIV & II--VI Semiconductors VI Semiconductors IIIIII--V & IIV & II--VI Semiconductors VI Semiconductors 



CCRYSTALRYSTAL GGROWTHROWTH



EPITAXIALEPITAXIAL GROWTH CHALLENGESGROWTH CHALLENGES

 Development Development of of psuedopsuedo--
substratessubstrates

Substrate BSubstrate B

Substrate ASubstrate A

Buffer layerBuffer layer

Substrate BSubstrate B

*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 TECHNIQUES CRYSTAL GROWTH TECHNIQUES 

(MOMBE)(MOCVD)

High quality 
material

LPE

Very high quality 
material

Near equilibrium 
growth for precise 

VPE

Extremely high 
purity material

Not well suited for 

(MBE)
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 Semiconductor Semiconductor 

technologies  technologies  

Techniques can grow 
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systems reliably
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Expensive growth Expensive growth 
technology ????technology ????
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 Lot of Lot of 

Technological Technological 
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EPITAXIALEPITAXIAL GROWTH CHALLENGESGROWTH CHALLENGES

MultiMulti componentscomponents growthgrowth

 PointPoint defects,defects, ee..gg.. vacancies,vacancies,
interstitialinterstitial atomsatoms

SubstrateSubstrate SiSi AlAl22OO33 SiCSiC Bulk Bulk 
GaNGaN

AlNAlN

LatticeLattice
MismatchMismatch (%)(%)

1717 1616 3.43.4 -- 2.52.5

E.g. E.g. GaNGaN growth growth 

interstitialinterstitial atomsatoms
 ExtendedExtended defectsdefects (dislocations(dislocations &&
stackingstacking faults)faults)
 DislocationsDislocations reducereduce oror relaxrelax
strainstrain

MismatchMismatch (%)(%)

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

150150 3535 490490 260260 319319

ResistivityResistivity
((ohmohm--cmcm))

101044 10101414 ~~10101212 -- >>10101414



EPITAXIALEPITAXIAL GROWTH CHALLENGESGROWTH CHALLENGES

DefectsDefects
 Edge DislocationEdge Dislocation

 VacanciesVacancies VacanciesVacancies

 InterstitialInterstitial

 Grain BoundariesGrain Boundaries



EpiGrowEpiGrow SimulatorSimulator

Thick / Thick / 
Thin Thin 
Film Film 

GrowthGrowth

Users Users 
Growth Growth 
CondiCondi--
tionstions

Surface Surface 
Profile Profile 

(Rough, (Rough, 
Smooth)Smooth)

Surface Surface 
Profile Profile 

(Rough, (Rough, 
Smooth)Smooth)

Defects Defects 
(Points, (Points, 
ClustersClusters
, voids), voids)

Defects Defects 
(Points, (Points, 
ClustersClusters
, voids), voids)

Strain/ Strain/ 

Stress Stress 

Strain/ Strain/ 

Stress Stress 

Inbuilt ReactorsInbuilt Reactors
MBEMBE

Innovative Atomistic Reactor Innovative Atomistic Reactor SimulationSimulation

GrowthGrowth tionstions
Smooth)Smooth)

built built 
Smooth)Smooth)

built built , voids), voids), voids), voids) ProfileProfileProfileProfile

TNL   TNL   
Frame Frame 
workwork

OptimizerOptimizer

Atomistic Atomistic 
EpiEpi Growth Growth 
SimulatorSimulator

MOCVDMOCVD

 GasMBEGasMBE

 CVD & PVD (CVD & PVD (under under 
developmentdevelopment))



EpiGrowEpiGrow SimulatorSimulator

Benefits can be realized Benefits can be realized 
 UsersUsers growthgrowth conditionsconditions
 SurfaceSurface profilesprofiles ExtractingExtracting RoughnessRoughness
 DefectsDefects ExtractionExtraction (point/clusters)(point/clusters) DefectsDefects ExtractionExtraction (point/clusters)(point/clusters)
 ExtractionExtraction ofof dislocationsdislocations && Stress/Stress/

StrainStrain
 FewerFewer experimentsexperiments forfor optimizationoptimization
 ReductionReduction inin wastewaste duringduring

experimentationexperimentation
 AbilityAbility toto dealdeal withwith differentdifferent reactivereactive

speciesspecies andand reactorreactor geometriesgeometries
 OnOn--lineline processprocess controlcontrol



EpiGrowEpiGrow SimulatorSimulator

 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 surfacesurfaceincorporatesincorporates intointo thethe edgeedge onon thethe samesame surfacesurface
levellevel..

 StrainStrain:: (a – a0) / a0

 StickingSticking coefficientcoefficient

 TotalTotal RatesRates RT = Rads + Rhop + Rdes
Here Here adsads ~ adsorption Rate on substrate , ~ adsorption Rate on substrate , HopHop ~ hopping rate on substrate~ hopping rate on substrate

DesDes ~ desorption rate ~ desorption rate 

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..



GaAsGaAs//GaNGaN: MOCVD : MOCVD EpiGrowthEpiGrowth

Gas-phase Mechanisms:

Surface phase Mechanisms:



GaNGaN: MOCVD : MOCVD EpiGrowthEpiGrowth

Surface phase Mechanisms: PATH 2 Chemical Composition of compound on the surface

Surface phase Mechanisms: PATH 3



OUTPUT ResultsOUTPUT Results

1.1. Lattice Constant : Lattice Constant : 
 LayerLayer byby layerlayer latticelattice constantconstant ExtractionExtraction..
 AveragingAveraging layerlayer byby layerlayer latticelattice constantconstant
maymay produceproduce overalloverall latticelattice constantconstant ofof filmfilm..
 TheThe latticelattice constantconstant cancan bebe calibratedcalibrated withwith
XRDXRD studiesstudies obtainedobtained latticelattice constantconstant ..

3. Surface Roughness:3. Surface Roughness:
User may extract surface roughness w.r.t time, included
through the eqn:

TheThe latticelattice constantconstant cancan bebe calibratedcalibrated withwith
XRDXRD studiesstudies obtainedobtained latticelattice constantconstant ..
 LatticeLattice constantconstant includesincludes allall thethe strain,strain,
defectsdefects etcetc effectseffects..

2.  Strain: 2.  Strain: 
 AveragingAveraging layerlayer byby layerlayer strainstrain willwill
produceproduce overalloverall strainstrain inin thethe filmfilm..
 TheThe strainstrain cancan bebe calibratedcalibrated withwith
experimentalexperimental strainstrain..

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: 
 UserUser maymay extractextract numbernumber ofof atomsatoms ofof differentdifferent constituentsconstituents
layerlayer byby layerlayer..
 RatioRatio ofof groupgroup--IIIIII && VV atoms,atoms, molefractionmolefraction cancan bebe producedproduced..
5. Defects :5. Defects :
 UserUser maymay extractextract numbernumber ofof interstitials,interstitials, vacancyvacancy etcetc layerlayer
byby layerlayer



Case Study ResultsCase Study Results

Controlled Epitaxial Growth of Controlled Epitaxial Growth of GaAsGaAs in real in real 
MOCVD Reactor EnvironmentMOCVD Reactor Environment**MOCVD Reactor EnvironmentMOCVD Reactor Environment**

**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 real MOCVD reactor environmentin real MOCVD reactor environment, , Journal of Alloys and Compounds Journal of Alloys and Compounds 809 (2019) 151752809 (2019) 151752..



GaAsGaAs: MOCVD : MOCVD EpiGrowthEpiGrowth

GaAsGaAs monolayersmonolayers growth over growth over GaAsGaAs

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



GaAsGaAs: MOCVD : MOCVD EpiGrowthEpiGrowth

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



GaAsGaAs: MOCVD : MOCVD EpiGrowthEpiGrowth

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



Material Characterization of Material Characterization of 
thin/thick Filmthin/thick Filmthin/thick Filmthin/thick Film



Full Band StructureFull Band Structure

ElectronicElectronic bandband structurestructure ofof IV,IV, IIIIII--VV andand IIII--VIVI alloysalloys

usingusing standardstandard latticelattice constantconstant “a”“a”

VVirtualirtual CrystalCrystal AApproximationpproximation forfor ternaryternary alloysalloys..VVirtualirtual CrystalCrystal AApproximationpproximation forfor ternaryternary alloysalloys..

 SSemiemi--empiricalempirical disorderdisorder contributioncontribution..

NonNon--PParabolicityarabolicity && PParabolicityarabolicity effectseffects

MainMain valleysvalleys energies,energies, effectiveeffective massesmasses withwith nonnon--
parabolicityparabolicity factors,factors, carriercarrier groupgroup velocity,velocity, DOSDOS etcetc..



Case StudiesCase Studies-- ResultsResults

Material Characterization through Material Characterization through 
Electronic Transport on Band StructureElectronic Transport on Band StructureElectronic Transport on Band StructureElectronic Transport on Band Structure

** Praveen K Saxena at. el., An Innovative Model for Electronic Band Structure Analysis of doped and un-
doped ZnO, Journal of Electronic Materials Under Review, 2020.
*Anshika Srivastava, Anshu Saxena, Praveen K. Saxena, F. K.Gupta, Priyanka Shakya, at. el., , An innovative 
technique for electronic transport model of group-III nitrides, Scientific Reports nature research (2020) 
10:18706.



ZnOZnO: Full Band Simulator: Full Band Simulator

DFT LDA PBE HSE06 LDA+U Experimental This 

Different DFT based calculated energy band gap of ZnO materials within the conventional DFT (LDA and PBE
functional), LDA + U functional, and hybrid functional (HSE06) along with the lattice parameters, structural
internal parameters (u) and disorder constants (P).

DFT 

Methods

LDA PBE HSE06 LDA+U Experimental This 

Work
a (Å) 3.2103 3.2844.5 3.2624.5 3.1976 3.25319-21 3.254

c (Å) 5.1363 5.2964.5 5.2124.5 5.1546 5.20519-21 5.21

u 0.380 0.378 0.381 0.378 0.380 0.380

P* 0.000 0.002 -0.001 0.002 0.000 0.000

Eg (eV) 0.79413 3.4134.5 2.4644.5 1.15416 3.443-5 3.428

** JournalJournal ofof ElectronicElectronic MaterialsMaterials (under(under Review)Review)..



ZnOZnO: Full Band Simulator: Full Band Simulator

ZnO Samples
tDS (nm)

tWH

(nm)
Strain

Lattice 
Constant

Internal 
Parameter 

Bond 
Length (Å)

Optical 
Band 
gap 
(eV)

Simulated 
Band gap

(eV)
(100) (002) (101) a (Å) c (Å)

u(P)

Undoped 11 18 10 26 6.5×10-3 3.246 5.238 0.398 2.013 3.22 3.22
0.45at.% Cd 16 20 17 13 -8.0 ×10-3 3.328 5.190 0.4023 2.009 3.20 3.190.45at.% Cd 16 20 17 13 -8.0 ×10 3.328 5.190 0.4023 2.009 3.20 3.19
0.51at.% Cd 19 21 19 26 1.5 ×10-3 3.332 5.161 0.4025 2.007 3.19 3.22
0.56at.% Cd 11 18 10 31 10.0 ×10-3 3.313 5.225 0.4040 2.006 3.15 3.15

1at.% Sr 14 10 17 7.48 -1.64×10-2 3.256 5.194 0.389 1.978 3.25 3.27
2at.% Sr 21 9 16 10.27 4.27×10-2 3.251 5.194 0.389 1.976 3.26 3.26
3at.% Sr 9 6 6 4.14 9.95×10-2 3.271 5.223 0.389 1.988 3.28 3.33
1at.% Fe 5 8 9 1.43 -14.8×10-2 3.236 5.194 0.380 1.967 3.24 3.26
2at.% Fe 3 5 7 0.65 -34.5×10-2 3.231 5.194 0.380 1.968 3.26 3.25
3at.% Fe 8 5 7 9.06 6.6×10-2 3.231 5.186 0.380 1.970 3.29 3.25

Undoped, Cd, Sr and Fe doped ZnO thin films (Sol gel) along with optical and simulated energy band gaps

** JournalJournal ofof ElectronicElectronic MaterialsMaterials (under(under Review)Review)..



GroupGroup--III Nitrides: Full Band SimulatorIII Nitrides: Full Band Simulator

Material Previously 
reported 

values of E

ELDA ELDA-1/2 DFTPBE DFTHSE Experiment
s

EThis work

Energy difference obtained using FullBand simulator compared with various density
functional theory (DFT) techniques and with experimental results

values of Eg

AlN 6.547, 6.2310 4.505,7 6.065 4.137, 
4.0220

6.427, 
6.2920

6.235, 
6.02617, 

6.1-6.27,20

6.20

GaN 3.57, 3.50710 2.025, 
2.117

3.525 1.697,20 3.557, 

3.5520
3.5075, 
3.3522, 
3.5120

3.47

InN 0.7–1.07,8, 
0.7-1.910

-0.035,
-0.247

0.955 − 0.427,20 0.867, 
0.8620

0.7-1.95, 
0.6-0.720

0.7

Al0.2Ga0.8N 3.99* 2.3535 3.9515 4.57012 4.56912 3.96224 3.94
In0.2Ga0.8N 2.72-2.78* 1.525 2.765 2.2725 1.92512 2.62523 2.66
In0.2Al0.8N 4.7 - 4.76* 3.4315 4.4095 3.44512 2.97612 4.51525 4.71

** ScientificScientific Reports,Reports, NatureNature JournalJournal ..



MOBILITY CHARACTERIZATIONMOBILITY CHARACTERIZATION



MATERIAL CHARACTERIZATIONMATERIAL CHARACTERIZATION

Free ElectronsFree Electrons
 For free particles, the electron wave function is the solution to the time-independent Schrödinger equation:

 The solutions form the basis of plane waves:

 The velocity, v, of a particle represented by a wave packet centered around the crystal momentum, k, is 
obtained from the dispersion relation between k and the energy E as

with 

and



ELECMOBELECMOB SIMULATORSIMULATOR

 The Boltzmann  Transport Equation (BTE) is The Boltzmann  Transport Equation (BTE) is 

Here f is the distribution function, E is the electric field,  F is the external electromagnetic force.Here f is the distribution function, E is the electric field,  F is the external electromagnetic force.

 Solution of 6+1 dimensional is possible through:Solution of 6+1 dimensional is possible through:

 A spherical harmonic expansion (SHE) method with initial approximations A spherical harmonic expansion (SHE) method with initial approximations 

 accuracy of simulation results    accuracy of simulation results    ????
 TheThe ensembleensemble MonteMonte CarloCarlo (EMC)(EMC) techniquetechnique (stochastic)(stochastic) isis bestbest suitedsuited toto simulatesimulate nonnon--

equilibriumequilibrium transporttransport inin semiconductorsemiconductor..

 InIn MonteMonte CarloCarlo (MC)(MC) method,method, physicsphysics isis moremore straightforwardstraightforward andand providesprovides flexibilityflexibility inin
exploringexploring physicalphysical mechanismsmechanisms andand carriercarrier transporttransport..



SSCATTERINGCATTERING MMECHANISMSECHANISMS

Scattering Mechanisms

Defect  Scattering Carrier-Carrier Scattering Lattice Scattering

Scattering Mechanisms

Defect  Scattering Carrier-Carrier Scattering Lattice Scattering

Crystal
Defects

Impurity Alloy

Neutral Ionized

Intravalley Intervalley

Acoustic OpticalAcoustic Optical

Nonpolar PolarDeformation
potential

Piezo-
electric

Crystal
Defects

Impurity Alloy

Neutral Ionized

Intravalley Intervalley

Acoustic OpticalAcoustic OpticalAcoustic Optical

Nonpolar PolarNonpolar PolarDeformation
potential

Piezo-
electric



ELECMOBELECMOB SIMULATORSIMULATOR

 UnderUnder thethe influenceinfluence ofof ElectromagneticElectromagnetic forcesforces thethe
carriercarrier::

wherewhere &



GROUPGROUP--III NITRIDES III NITRIDES 
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by open circles, squares and triangles for
AlN, GaN and InN respectively.

Anshika Srivastava, Anshu Saxena, Praveen K. Saxena, F. 
K.Gupta, Priyanka Shakya, at. el., , An innovative technique 
for electronic transport model of group-III nitrides, Scientific 
Reports nature research (2020) 10:18706.



SCATTERING RATESSCATTERING RATES
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MOBILITIESMOBILITIES
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** ScientificScientific Reports,Reports, NatureNature JournalJournal..
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Monte Carlo Monte Carlo 
Particle Device SimulatorParticle Device Simulator

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



DEVICE DEVICE MODELINGMODELING
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Case StudiesCase Studies

GaNFETGaNFET SimulationSimulation

**P. K. P. K. SaxenaSaxena at. el., at. el., Atomistic Level Process to Device Simulation of Atomistic Level Process to Device Simulation of GaNFETGaNFET Using TNL TCAD Tools, Using TNL TCAD Tools, Book Book 
Chapter, Chapter, © Springer Nature (2020) 176, , Lecture Notes in Electrical Engineering ISBN 978-981-15-5261-8 
ISBN 978-981-15-5262-5 (eBook)



GaNFETGaNFET Epitaxial GrowthEpitaxial Growth



GaNFETGaNFET Case StudiesCase Studies



GaNFETGaNFET Case StudiesCase Studies



GaNFETGaNFET Case StudiesCase Studies



Optical DeviceOptical Device

InGaAsInGaAs//InPInP Infrared Infrared PhotodetectorPhotodetector

**P. K. P. K. SaxenaSaxena at. el., at. el., Numerical simulaƟon of InxGa1−xAs/Numerical simulaƟon of InxGa1−xAs/InPInP PIN PIN photodetectorphotodetector for optimum performance at for optimum performance at 
298 K, 298 K, Optical and Quantum ElectronicsOptical and Quantum Electronics (2020) 52:374



Infrared DetectorInfrared Detector



I I –– V CharacteristicsV Characteristics



Infrared DetectorInfrared Detector



Quantum EfficiencyQuantum Efficiency



FDSOI MOSFETFDSOI MOSFET

FDSOI MOSFETFDSOI MOSFET

**P. K. P. K. SaxenaSaxena at. el., at. el., A Comparative Study for Scaling FDSOI Technology up to 7nm A Comparative Study for Scaling FDSOI Technology up to 7nm ––Based on Particle device Based on Particle device 
Simulation, Simulation, JaournalJaournal of of NanoNano & Optoelectronics& Optoelectronics(2020), under Review.



FDSOI MOSFETFDSOI MOSFET



Electron Density at Vg=0.6V and  Vd =0.6V
FDSOI : CARRIERS DENSITYFDSOI : CARRIERS DENSITY



FDSOI MOSFET RESULTSFDSOI MOSFET RESULTS
S

tr
uc

tu
re

 P
ar

am
et

er
s

Nodes (nm) 14nm 10nm 7nm 14nm 10nm 7nm
Single Gate Double Gate

Leff (nm) 22 14 10 22 14 10
Weff (nm) 10 8 10 8
Tox (nm) 1 0.85 0.75 0.75 0.85 0.75

S
tr

uc
tu

re
 P

ar
am

et
er

s

Tox (nm) 1 0.85 0.75 0.75 0.85 0.75

Doping (/cm
3
) 1×10

24
5×10

24
2×10

25
2×10

25
5×10

24
2×10

25

TSOI (nm) 40 30 20 20 30 20

D
ev

ic
e 

P
ar

am
et

er
s Vth (mV) 0.3 0.22 0.2 0.2 0.4 0.5

SS (/mV/dec) 63.3 67.9 82.9 82.9 87.4 72.2
gm (mS/µm) 0.252 0.437 0.499 0.499 0.494 0.449



FDSOI TECHNOLOGY UP TO 7NMFDSOI TECHNOLOGY UP TO 7NM

Scattering RatesScattering Rates

 Intervalley,  Intervalley, 

 Acoustic and 

 Coulomb



DRIFT VELOCITYDRIFT VELOCITY

Carrier Drift velocity a) 14nm b) 10nm c) 7nm 



CARRIER AVERAGE ENERGY CARRIER AVERAGE ENERGY 

a) 14nm FDSOI MOSFET b) 10nm FDSOI MOSFET c) 7nm FDSOI MOSFET



Transfer Id - Vg Characteristics



Single Gate Id - Vd Characteristics



Dual Gate Id - Vd Characteristics



MOSFET



Electron Density at Vg=0.6V and  Vd =1.0V
MOSFET: Carrier Density



MOSFET: Carrier Drift Velocity



MOSFET Transfer Characteristics



Tunneling FET



Tunneling FET



Tunneling FET Transfer Characteristics



Structure
MESFET 



MESFET 



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 
unique customer needs. unique customer needs. 

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



Publications

1. P.K. Saxena, numerical study of dual band (MW/LW) ir detector for Performance improvement, Defence Science Journal, vol. 
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2. Praveen K. Saxena, Pankaj Srivastava, R. Trigunayat, An innovative approach for controlled epitaxial growth of GaAs in real 
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