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ATOMISTIC TCAD TOOLSATOMISTIC TCAD TOOLS

 Epitaxial Growth ProcessEpitaxial Growth Process

Material CharacterizationMaterial Characterization

Material CharacterizationMaterial Characterization

 Particle based DeviceParticle based Device Particle based DeviceParticle based Device
 Impact of Radiation / High Impact of Radiation / High 
Frequency EM waves Frequency EM waves (under (under 
Development)Development)



CRYSTAL GROWTH CRYSTAL GROWTH 

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



CRYSTAL GROWTH CRYSTAL GROWTH 

1. Bulk Crystal Growth 1. 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 
crystalscrystalscrystalscrystals
 Limited to Limited to Si,Si, GaAsGaAs and and 
uptoupto some extent for some extent for InPInP



EPITAXIALEPITAXIAL GROWTH CHALLENGESGROWTH CHALLENGES

 DevelopmentDevelopment ofof psuedopsuedo-- DevelopmentDevelopment ofof psuedopsuedo--
substratessubstrates

Buffer layerBuffer layer

Substrate BSubstrate B

Substrate ASubstrate A

Buffer layerBuffer layer

*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 CRYSTAL GROWTH 

(MOMBE)(MOCVD)LPE VPE (MBE)

2. Epitaxial 2. Epitaxial 

Techniques can grow 
far from equilibrium 

Atomically abrupt 
interfaces

High quality 
material

Very high quality 
material

alloy compositions

Near equilibrium 
growth for precise 
alloy compositions

Relatively 
inexpensive

Extremely high 
purity material

Not well suited for 
heterostructures

2. Epitaxial 2. Epitaxial 
GrowthGrowth
 Semiconductor Semiconductor 
technologies  technologies  
dependent on non dependent on non 
ideal substratesideal substrates

far from equilibrium 
systems reliably

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

inexpensive

heterostructures

Difficult to grow 
abrupt 

heterostructures

Unable to grow 
immiscible alloys

ideal substratesideal substrates
 Lot of Lot of 
Technological Technological 
ChallengesChallenges



EPITAXIALEPITAXIAL GROWTH CHALLENGESGROWTH CHALLENGES

GaNGaN growth over:growth over:
 GroupGroup IV,IV, IIIIII--V,V, IIII--VIVI epiepi--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
devicedevice
 ExtendedExtended defectsdefects withinwithin thethe filmfilm areare
generallygenerally dislocationsdislocations andand stackingstacking faultsfaults

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

generallygenerally dislocationsdislocations andand stackingstacking faultsfaults
 DislocationsDislocations cancan reducereduce oror relaxrelax strainstrain
introducedintroduced throughthrough latticelattice mismatchmismatch oror
thermalthermal expansionexpansion differencesdifferences..

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

ResistivityResistivity
((ohmohm--cmcm))

101044 10101414 ~~10101212 -- >>10101414



EPITAXIALEPITAXIAL GROWTH CHALLENGESGROWTH CHALLENGES

DefectsDefectsDefectsDefects
 Edge DislocationEdge Dislocation

 VacanciesVacancies

 InterstitialInterstitial

 Grain BoundariesGrain Boundaries Grain BoundariesGrain Boundaries



EPITAXIALEPITAXIAL GROWTH CHALLENGESGROWTH CHALLENGES

• Empirical relations procedures, difficult to use if the reactants or the• Empirical relations procedures, difficult to use if the reactants or the
reactor geometry is change

• Statistical methods create purely empirical models of reactor behavior
• Mathematical modeling and simulation provide upto some extend

economic alternative to trial and error-based experimental techniques
• To fulfill the increasing demand by the industry: epiwafer supplies• To fulfill the increasing demand by the industry: epiwafer supplies

very difficult and time-consuming tasks
• Lack of detailed fundamental models has forced industrial CVD

practitioners to rely on methods of trial and error: Expensive



EpiGrowEpiGrow SimulatorSimulator

Innovative Atomistic Reactor Innovative Atomistic Reactor SimulationSimulation
Thick / Thick / 
Thin Thin 
Film Film 

GrowthGrowth

Users Users 
Growth Growth 
CondiCondi--
tionstions

Surface Surface 
Profile Profile 

(Rough, (Rough, 
Smooth)Smooth)

built built 

Surface Surface 
Profile Profile 

(Rough, (Rough, 
Smooth)Smooth)

built built 

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

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

Strain/ Strain/ 

Stress Stress 

ProfileProfile

Strain/ Strain/ 

Stress Stress 

ProfileProfile

Inbuilt ReactorsInbuilt Reactors
MBEMBE

MOCVDMOCVD

 GasMBEGasMBE

 CVD & PVD (CVD & PVD (under under 

Innovative Atomistic Reactor Innovative Atomistic Reactor SimulationSimulation

TNL   TNL   
Frame Frame 
workwork

OptimizerOptimizer

Atomistic Atomistic 
EpiEpi Growth Growth 
SimulatorSimulator

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



EpiGrowEpiGrow SimulatorSimulator

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

StrainStrain
 FewerFewer experimentsexperiments forfor optimizationoptimization 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 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..

 StrainStrain:: (a – a0) / a0 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: MBE : MBE EpiGrowthEpiGrowth

Initialize configuration and rate listsInput variables

Execute event at site update 
time

Determine all possible rates

Transform rates into wait times

Select lowest wait time

Update lists

Time>final timeNO

YES

Output



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 3Surface phase Mechanisms: PATH 3



OUTPUT ResultsOUTPUT Results

1.1. Lattice Constant : Lattice Constant : 3. Surface Roughness:3. Surface Roughness: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 ..
 LatticeLattice constantconstant includesincludes allall thethe strain,strain,
defectsdefects etcetc effectseffects..

2.  Strain: 2.  Strain: 

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

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 constituentsconstituents2.  Strain: 2.  Strain: 

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

 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 StudyCase Study

Controlled Epitaxial Growth of Controlled Epitaxial Growth of GaAsGaAs in real in real 
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 environment, in real MOCVD reactor environment, Journal of Alloys and Compounds Journal of Alloys and Compounds 809 (2019) 151752.809 (2019) 151752.in real MOCVD reactor environment, in real MOCVD reactor environment, Journal of Alloys and Compounds Journal of Alloys and Compounds 809 (2019) 151752.809 (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..



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



Full Band StructureFull Band Structure

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

usingusing standardstandard latticelattice constantconstant “a”“a”

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

Material Characterization through Material Characterization through 
Electronic 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 Accepted for publication.doped ZnO, Journal of Electronic Materials Accepted for publication.
*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

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

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

functional), LDA + U functional, and hybrid functional (HSE06) along with the lattice parameters, structural
internal parameters (u) and disorder constants (P). The calibrated energy gap of ZnO materials using
FullBand simulator and Experimental band gap are also included for comparison.

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 (accepted(accepted forfor Publication)Publication)..



ZnOZnO: Full Band Simulator: Full Band Simulator

tDS (nm)
t

Lattice 
Constant

Internal 
Parameter 

Bond 
Length (Å)

Optical 
Band 

Simulated 
Band gap

ZnO Samples
tDS (nm)

tWH

(nm)
Strain

Constant Parameter Length (Å) Band 
gap 
(eV)

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 3.19
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 3.262at.% Sr 21 9 16 10.27 4.27×10 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 (accepted(accepted forfor Publication)Publication)..



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

Energy difference obtained using FullBand simulator based on the proposed model
compared with those reported earlier, with those computed from reported various

Material Previously 
reported 

values of Eg

ELDA ELDA-1/2 DFTPBE DFTHSE Experiment
s

EThis work

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, 3.525 1.697,20 3.557, 3.5075, 3.47

compared with those reported earlier, with those computed from reported various
density functional theory (DFT) techniques and with experimental results

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 (under(under Review)Review)..



MOBILITY CHARACTERIZATIONMOBILITY CHARACTERIZATION



MATERIAL CHARACTERIZATIONMATERIAL CHARACTERIZATION

Free ElectronsFree ElectronsFree 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 

with 

 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

and



ELECMOBELECMOB SIMULATORSIMULATOR

Features Features 
 Graphical User Interface (GUI) on Windows based application
 Boltzmann transport equation solution with Ensemble Monte Carlo Technique
 Include standard scattering mechanisms following Fermi Golden Rule for momentum & energy
Modeled beyond the effective-mass approximation on the full electronic band structure 
obtained from FullBand Simulator
 The electron-phonon, electron-impurity, and electron-electron scattering rates included in a way 
consistent with the full band structure of the solidconsistent with the full band structure of the solid
 Accounting for density-of-states and matrix-element effects more accurately
 The carrier transport on the full energy band under influence of electromagnetic forces

 Accurate up to particle level



ELECMOBELECMOB SIMULATORSIMULATOR

 The Boltzmann  Transport Equation (BTE) is The Boltzmann  Transport Equation (BTE) is  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    ???? 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 MechanismsScattering Mechanisms

Defect  Scattering Carrier-Carrier Scattering Lattice Scattering

Crystal
Defects

Impurity Alloy Intravalley Intervalley

Defect  Scattering Carrier-Carrier Scattering Lattice Scattering

Crystal
Defects

Impurity Alloy Intravalley Intervalley

Neutral Ionized Acoustic OpticalAcoustic Optical

Nonpolar PolarDeformation
potential

Piezo-
electric

Neutral Ionized Acoustic OpticalAcoustic OpticalAcoustic Optical

Nonpolar PolarNonpolar PolarDeformation
potential

Piezo-
electric



ELECMOBELECMOB SIMULATORSIMULATOR

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

wherewhere &



GROUPGROUP--III NITRIDES III NITRIDES 

5.0x105

5.5x105

 AlN (O’Leary et al.)
 AlN Simulated

 

The Comparison of simulated electron drift
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The Comparison of simulated electron drift
velocity as a function of applied electric field
with the reported literature. Data from present
work is displayed as solid lines where as
experimental/theoretical results are depicted
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.
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group-III nitrides, Scientific Reports nature research (2020) 10:18706.



SCATTERING RATESSCATTERING RATES

U- Valley

Γ3- Valley

Γ- Valley



OCCUPATIONOCCUPATION



MOBILITIESMOBILITIES
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** ScientificScientific Reports,Reports, NatureNature JournalJournal..



1600

T=450o C  GaN1800

1900

 GaN
 In0.2Ga0.8N

T=300o C

TTEMPEMP EEFFECTFFECT OONN MMOBILITIESOBILITIES

1150

 GaN
 In0.2Ga0.8N

 
21.0 21.5 22.0 22.5 23.0

1000

1100

1200

1300

1400

1500
T=450  C

Doping Density (Nd)

M
o
b
il
it
y(

m
2 /k

V
-s

)

 GaN
 In0.2Ga0.8N
 In0.4Ga0.6N

21.0 21.5 22.0 22.5 23.0
1200

1300

1400

1500

1600

1700

M
o
b
ili

ty
(m

2
/k

V
-s

ec
)

Doping Density (Nd)

 In0.2Ga0.8N
 In0.4Ga0.6N

21.0 21.5 22.0 22.5 23.0

1000

1050

1100

Doping Density (Nd)

M
o
b
il
it
y
(m

2
/k
V
-s

)

T=600o C

 In0.2Ga0.8N
 In0.4Ga0.6N
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Monte Carlo Monte Carlo 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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PARTICLE DEVICE SIMULATORPARTICLE DEVICE SIMULATOR

• Particle device simulator takes into account the transport of• Particle device simulator takes into account the transport of
Monte Carlo particles (Super particles).

• Under influence of applied field, determined self-consistently
through the solution of decoupled Poisson's and BTE equation
over a suitably small time-step.

• The time step is taken typically less than the inverse plasma• The time step is taken typically less than the inverse plasma
frequency obtained with the highest carrier density in the
device.
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PARTICLE DEVICE SIMULATORPARTICLE DEVICE SIMULATOR

Technologies implemented in 
Monte Carlo Particle Device 
Simulator:
 MOSFET
 FDSOI
 Tunneling FET Tunneling FET
 MESFET
 HEMT



PARTICLE DEVICE SIMULATORPARTICLE DEVICE SIMULATOR

• Poisson’s solution generated over the node points of the mesh,• Poisson’s solution generated over the node points of the mesh,
• Carrier transport solution is obtained using Ensemble Monte

Carlo (EMC) on the full range of space coordinates in
accordance with the particle distribution itself.

• Particle-mesh (PM) coupling scheme is used for assignment of• Particle-mesh (PM) coupling scheme is used for assignment of
carrier charge on different nodes and for calculation force on
each charges.



SSOLUTIONOLUTION

• The classification of Particle-mesh (PM) coupling scheme is
included as;
 Carrier charge assign at mesh nodes Charge in Cloud (CIC) scheme,
 Solution of Poisson's equation on node points through Successive over

Relaxation (SOR) method,
 Calculation of the mesh defined electric field components, Calculation of the mesh defined electric field components,
 Interpolation of forces at the particle positions.



BOUNDARY CONDITIONSBOUNDARY CONDITIONS

• Particle Device Simulator (PDS) contains consistent boundary
conditions with those imposed on the potential on the field.

• The particle boundary conditions contain Neumann (zero electric
field in the direction normal to the surface) and Dirichlet
(contacts) conditions.(contacts) conditions.

• At Neumann boundary the reflecting boundaries has been taken.



QUANTUM CONFINEMENT EFFECTQUANTUM CONFINEMENT EFFECT

• Density-gradient model: implemented dependent on non-local• Density-gradient model: implemented dependent on non-local
quantities.

• Density gradient model is first-order quantum-correction model
describe carrier confinement by locally modifying the
electrostatic potential through a correction potential γ.

• The Boltzmann-Wigner transport equation can be derived as• The Boltzmann-Wigner transport equation can be derived as



QUANTUM CONFINEMENT EFFECTQUANTUM CONFINEMENT EFFECT

• The corrected quantum effect is included as• The corrected quantum effect is included as

The correction potential term in multidimensional space is

The fitting parameter λ is determined by comparing the carrier density in a device structure
to the carrier density obtained by the solution of Poisson Equation.



PARTICLE MESH COUPLINGPARTICLE MESH COUPLING

• The particle-mesh method is a widespread model for space charge calculations.
• Particle dynamics under applied electric field requires accurate solution of

Poisson’s equation.
• The particle simulation means the assignation of the particle’s charge to the

rectangular mesh.
• Two types of the most famous particle-mesh (PM) coupling schemes:• Two types of the most famous particle-mesh (PM) coupling schemes:
Nearest Grid Point (NGP)
Cloud In Cell (CIC)
 (NEC)



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 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
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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) 52:374298 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



Infrared DetectorInfrared Detector



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.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 MOSFETFDSOI MOSFET



FDSOI MOSFET RESULTSFDSOI MOSFET RESULTS

Nodes (nm) 14nm 10nm 7nm 14nm 10nm 7nm

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

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 RatesScattering RatesScattering Rates

 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
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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 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 



Publications

1. P.K. Saxena, numerical study of dual band (MW/LW) ir detector for Performance improvement, Defence Science Journal, vol. 
67(2), (2017) pp. 141-148. DOI : 10.14429/dsj.67.11177   67(2), (2017) pp. 141-148. DOI : 10.14429/dsj.67.11177   

2. Praveen K. Saxena, Pankaj Srivastava, R. Trigunayat, An innovative approach for controlled epitaxial growth of GaAs in real 
MOCVD reactor environment, Journal of Alloys and Compounds, vol. 809 (2019) 151752. 
https://doi.org/10.1016/j.jallcom.2019.151752

3. Praveen Saxena, R. Trigunayat,  Anchal Srivastava, Pankaj Srivastava, Md. Zain, R.K. Shukla, Nishant Kumar, Shivendra Tripathi, 
FULL ELECTRONIC BAND STURCTURE ANALYSIS OF Cd DOPED ZnO THIN FILMS DEPOSITED BY SOL-GEL SPIN COATING METHOD , 
II-VI US Workshop Proceedings, 2019.

4. R. K. Nanda, E. Mohapatra, T. P. Dash, P. Saxena, P. Srivastava, R. Trigutnayat, C. K. Maiti, Atomistic Level Process to Device 
Simulation of GaNFET Using TNL TCAD Tools, Advances in Electrical Control and Signal Systems pp 815-826, (2020), Spinger Book. 
https://doi.org/10.1007/978-981-15-5262-5_61https://doi.org/10.1007/978-981-15-5262-5_61

5. Sanjeev Tyagi, P. K. Saxena, Rishabh Kumar, Numerical simulation of InxGa1−xAs/InP PIN photodetector for optimum 
performance at 298 K, Optical and Quantum Electronics (2020) 52:374. https://doi.org/10.1007/s11082-020-02488-1

6. Praveen K Saxena at. el., An Innovative Model for Electronic Band Structure Analysis of doped and un-doped ZnO, Journal of 
Electronic Materials Accepted for publication.

7. 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.



+91-983-915-1284

T h a n k  Y o u
C o n t a c t  u s

in fo@technext lab .com

Lucknow 226  003 ,  INDIA

www.technext lab .com


