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IR DIR DETECTOR/ETECTOR/SSOURCEOURCE TTECHNOLOGYECHNOLOGY

 InIn 18001800,, SirSir WilliamWilliam HerschelHerschel discovereddiscovered thethe InfraredInfrared regionregion ofof thethe InIn 18001800,, SirSir WilliamWilliam HerschelHerschel discovereddiscovered thethe InfraredInfrared regionregion ofof thethe
electromagneticelectromagnetic spectrum,spectrum, wavelengthswavelengths spanningspanning fromfrom 11 toto 7575 µmµm..

 AllAll objectsobjects radiateradiate infraredinfrared energyenergy aboveabove absoluteabsolute zerozero temperaturetemperature isis universaluniversal
factfact

 TheThe strongstrong IRIR absorptionabsorption throughthrough waterwater andand atmosphere,atmosphere, makemake itit suitablesuitable chiocechioce
forfor sensorssensors andand detectorsdetectors systemssystems andand sourcessources,, asas thesethese radiationsradiations areare
transparenttransparent toto hazehaze andand certaincertain pollutantspollutants..transparenttransparent toto hazehaze andand certaincertain pollutantspollutants..

 UsedUsed inin militarymilitary asas wellwell asas civiliancivilian applicationsapplications inin thermalthermal imaging,imaging, guidedguided
missile,missile, reconnaissance,reconnaissance, surveillance,surveillance, rangingranging andand communicationcommunication systems,systems,
spacespace etcetc..



IR DIR DETECTOR/ETECTOR/SSOURCEOURCE TTECHNOLOGYECHNOLOGY

•• SWIRSWIR ((11--22µm)µm):: lowlow attenuationattenuation LossesLosses forfor fibrefibre opticaloptical communicationcommunication andand isis•• SWIRSWIR ((11--22µm)µm):: lowlow attenuationattenuation LossesLosses forfor fibrefibre opticaloptical communicationcommunication andand isis
suitablesuitable forfor longlong distancedistance telecommunicationstelecommunications andand usedused toto detectdetect thethe brightbright
plumesplumes ofof boostingboosting missilesmissiles..

•• MWIRMWIR ((33--55µm)µm):: TheThe guidedguided missilemissile technology,technology, IRIR imagingimaging system,system, remoteremote sensingsensing
andand opticaloptical sensorssensors applicationsapplications exploitexploit thethe MWIRMWIR atmosphericatmospheric windowwindow..

•• LWIRLWIR ((88––1414 µm)µm):: ThisThis windowwindow cancan bebe exploitedexploited forfor freefree spacespace opticaloptical
communicationcommunication atat 99..66µmµm andand 1010..66µmµm andand thermalthermal imagingimaging applicationsapplications..communicationcommunication atat 99..66µmµm andand 1010..66µmµm andand thermalthermal imagingimaging applicationsapplications..

•• VLWIRVLWIR (beyond(beyond 1414 µm)µm) :: TheThe VLWIRVLWIR absorptionabsorption bandband isis usedused inin astronomicalastronomical andand
spacespace applicationsapplications..



IR DIR DETECTOR/ETECTOR/SSOURCEOURCE TTECHNOLOGYECHNOLOGY

DominantDominant MaterialsMaterials usedused inin MWMW-- andand LWIRLWIR PhotodetectorsPhotodetectors areare;;DominantDominant MaterialsMaterials usedused inin MWMW-- andand LWIRLWIR PhotodetectorsPhotodetectors areare;;

 IIIIII--VV ((InAsSbInAsSb,, InGaAsInGaAs etc)etc) basedbased materialsmaterials:: MostlyMostly usedused inin photovoltaicphotovoltaic modemode inin
MIRMIR window,window, SlowSlow responseresponse speed,speed, TechnologicalTechnological problem,problem, requiresrequires cryogeniccryogenic
coolingcooling

 IIII--VIVI ((HgCdTeHgCdTe)):: DominantDominant infraredinfrared detectordetector materialsmaterials forfor MIRMIR && LWIR,LWIR, mostlymostly usedused
inin photophoto--conductiveconductive andand photovoltaicphotovoltaic mode,mode, highhigh sensitive,sensitive, maturemature technology,technology,
11/f/f noisenoise problemsproblems reduced,reduced, requiresrequires cryogeniccryogenic coolingcooling11/f/f noisenoise problemsproblems reduced,reduced, requiresrequires cryogeniccryogenic coolingcooling



CCHALLENGES: HALLENGES: IR DIR DETECTORETECTOR

IIIIII––V and IIV and II--VI Infrared DetectorsVI Infrared DetectorsIIIIII––V and IIV and II--VI Infrared DetectorsVI Infrared Detectors
 Achieving highAchieving high--efficiency IR detector efficiency IR detector and at the same time driving down the at the same time driving down the 
detector costdetector cost
Materials Used : Group III-V Arsenides and Antimonides, and II-VI (HgCdTe)
MCT, dominant infrared detector material for MIR & LWIR
 CdZnTe substrate is ideal for epitaxial growth of high performance HgCdTe infrared 
focal plane arrays (IRFPAs) due to almost zero lattice mismatchfocal plane arrays (IRFPAs) due to almost zero lattice mismatch
 CZT suffers with serious limitations such as small wafer size, high cost, relatively 
poor quality, low mechanical strength, and low thermal conductivity
 Cryogenic cooling (77 K) in order to reduce noise and leakage currents
 Two main epitaxial growth techniques: liquid-phase epitaxy (LPE); and vapor-phase 
epitaxy (VPE)



IR DIR DETECTOR ETECTOR TTECHNOLOGYECHNOLOGY

 VPE techniques, molecular beam epitaxy (MBE) and metal–organic chemical vapor  VPE techniques, molecular beam epitaxy (MBE) and metal–organic chemical vapor 
deposition (MOCVD) allow the construction of more complex device structures with with 
other substrates R & D optionsother substrates R & D options, with good lateral homogeneity and abrupt 
composition and doping profiles
 However, lattice and thermal mismatch is important due to industry trend towards 
smaller pixel size and larger detector arrays
 Stress due to lattice and thermal mismatch in epitaxially-grown semiconductors 
leads to mismatch defects (dislocations), have impact on yield and electro-optical leads to mismatch defects (dislocations), have impact on yield and electro-optical 
properties of the device
 Large lattice mismatch between HgCdTe and the alternative substrates, a large 
dislocation density is observed, reduces the performance of HgCdTe IR detectors



DDESIGNESIGN CCRITERIARITERIA & C& CHALLENGESHALLENGES

Key approaches for MCT Growth over other Key approaches for MCT Growth over other 
substrates (Si, Ge, GaAs, GaSb, CZT)
(i) MBE Reactor growth: promising path, require 

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

(ii) MOCVD Reactor growth: Realize novel(ii) MOCVD Reactor growth: Realize novel
detector designs through multilayer in situ
growth, with complete flexibility in choice of
alloy compositions and doping
concentrations favoring HOT conditions

* http://dx.doi.org/10.1016/j.jcrysgro.2016.12.034



 Band gaps Tuning : Depends on material thickness, composition, defects etc

HHETEROEPITAXYETEROEPITAXY: :  CCHALLENGESHALLENGES

 Band gaps Tuning : Depends on material thickness, composition, defects etc
 Efficient absorption: Depends on thickness of active region
 High thermal/chemical stability: allow operations in extreme conditions in space
 lattice-mismatch: Epitaxy of HgCdTe on Si, Ge, GaAs extremely challenging
 Formation of defects and dislocations due to strain
 Such defects limit detector performance

Substrate Si GaAs GaSb Ge CZT CdTe
Lattice Mismatch(%) 19 14 6 15 ~0 0.3



SSOLUTIONSOLUTIONS:: HHETEROETERO--EEPITAXYPITAXY

MCT-on-Si detector recently attracted much attention due due to cost & large cost & large MCT-on-Si detector recently attracted much attention due due to cost & large cost & large 
size Si substrates availability size Si substrates availability with possibility of coof co--processing in CMOS foundries processing in CMOS foundries 
 Huge investment require for Hits and TrailsHits and Trails
 Reduce wasteReduce waste
Understanding of behaviors of parasitic interfaces at multiple junctions: crucial to crucial to 
reduce the losses reduce the losses 
 To save the design cost and development time, use of TNL-computer-aided To save the design cost and development time, use of TNL-computer-aided
design (TNL-CAD) tools at atomistic scale will make the difference
 TNL-MOCVD and TNL-MBE reactor’s based epitaxial growth processes to
replicate real time growth experiments with Process Optimization Facilities.



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 II and VI
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 MCT GrowthPrecursors for MCT GrowthPrecursors for MCT GrowthPrecursors for MCT Growth
Dimethylcadmium (DMCd), Cd(CH3)2, , 
Te(CH3)2,, diisopropyl telluride (DIPTe), 
vapor of Hg 

DopantsDopants
Ethyl iodide (EI) and tris-

Reaction rates in forward and Reaction rates in forward and 
reverse directionsreverse directionsEthyl iodide (EI) and tris-

(dimethylamino)arsenic (TDMAAs) 

Carrier Gases: Carrier Gases: HH22 , , ArAr etc.etc.

reverse directionsreverse directions



CCHEMICAL HEMICAL KKINETICS INETICS 

Gas Phase ReactionsGas Phase Reactions Surface Phase ReactionsSurface Phase ReactionsGas Phase ReactionsGas Phase Reactions Surface Phase ReactionsSurface Phase Reactions

Assuming Hg vapor flux is direct to the substrate Assuming Hg vapor flux is direct to the substrate 
surfacesurface



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: MBE TUDY: MBE CCASE ASE SSTUDY: MBE TUDY: MBE 
GROWTH GROWTH 

Hg1-xCdxTe ON ON GaAs, GaSb, CZT 
SUBSTRATESSUBSTRATESSUBSTRATESSUBSTRATES



IINPUT NPUT CCONDITIONSONDITIONS

Substrate Lattice

Constant

Substrate

(unitcells2)

Sub.

Temp.

Effusion

Cell Cd

Effusion

Cell Hg

Effusion

Cell Te

Time Process Steps

GaAsGaAs 55..6565AA 3030xx3030 22 StepsSteps;; CdTeCdTe &&GaAsGaAs 55..6565AA 3030xx3030
220000ooCC 200200ooCC 3535ooCC 200200ooCC 5050ss

eacheach
StepStep

22 StepsSteps;; CdTeCdTe &&
MCTMCT

GaSbGaSb 66..095095AA 3030xx3030 22 StepsSteps;; CdTeCdTe &&
MCTMCT

CZTCZT 66..468468AA 3030xx3030 22 StepsSteps;; CdTeCdTe &&
MCTMCT



EEXTRACTEDXTRACTED OOUTPUTUTPUT PPARAMETERSARAMETERS

Parameters GaAs/CdTe/ HgCdTe GaSb/CdTe/HgCdTe CdZnTe/CdTe/HgCdTe

CdTe HgCdTe CdTe HgCdTe CdTe HgCdTe

Lattice parameter 
(oA)

a 5.9594 5.9713 6.4495 6.9783 6.1489 6.4765
b 5.9662 6.6454 6.3471 6.6695 6.0663 6.0995
c 6.6470 6.4843 6.6167 6.4108 6.1512 5.7141

Total deposited atoms 604755 696705 776608Total deposited atoms 604755 696705 776608
Dislocation Density 

(/cm2)
(Ist / IInd Growth Steps)

CdTedis = 6.78x1011 

HgCdTedis = 2.32x1012

CdTedis = 5.88x1011 

HgCdTedis = 2.13x1012

CdTedis = 1.69x1011

HgCdTedis = 1.92x1012

Total Vacancies 20% 19% 18%



OUTPUTOUTPUT

Atomistic Atomistic 
arrangement of arrangement of 
atoms of deposited atoms of deposited atoms of deposited atoms of deposited 
CdTeCdTe buffer layers buffer layers 
over over GaAsGaAs followed followed 
by deposited Hgby deposited Hg11--

xxCdCdxxTe atoms. Te atoms. 



DDISLOCATIONSISLOCATIONS PPERER MMONOLAYERONOLAYER

Dislocation Dislocation 
Density within Density within Density within Density within 
deposited deposited 
layers over layers over 
GaAsGaAs
substratesubstrate



DDISLOCATIONSISLOCATIONS PPERER MMONOLAYERONOLAYER

Dislocation Dislocation 
Density Density Density Density 
within within 
deposited deposited 
layers over layers over 
GaSbGaSb
substratesubstrate



DDISLOCATIONS PER ISLOCATIONS PER MMONOLAYERONOLAYER

Dislocation Dislocation 
Density with Density with Density with Density with 
deposited deposited 
layers over layers over 
CdZnTeCdZnTe
substratesubstrate



EEPITAXYPITAXY CCONCLUSIONONCLUSION

 TheThe TNLTNL--MBEMBE reactorreactor provenproven capabilitiescapabilities toto reproducereproduce MCTMCT depositiondeposition processprocess
asas perper thethe realreal timetime processprocess experimentsexperiments..asas perper thethe realreal timetime processprocess experimentsexperiments..

 TheThe growthgrowth ratesrates cancan bebe matchedmatched withwith thethe experimentalexperimental growthgrowth ratesrates..
 OnOn thethe basisbasis ofof outputoutput results,results, CZTCZT substratesubstrate shownshown superioritysuperiority forfor MCTMCT

depositiondeposition..
 BiggerBigger sizesize substratessubstrates ii..ee.. GaAsGaAs andand GaSbGaSb forfor MCTMCT growthgrowth cancan bebe chosenchosen forfor RR && DD
 ThereThere isis stillstill bigbig roomroom toto optimizeoptimize andand improveimprove thethe outputoutput resultsresults inin termsterms toto

furtherfurther reducereduce thethe defectdefect densitiesdensities..
 TNLTNL--EpiGrowEpiGrowTMTM simulatorssimulators areare capablecapable toto expediteexpedite thethe CVD,CVD, LateralLateral && verticalvertical TNLTNL--EpiGrowEpiGrowTMTM simulatorssimulators areare capablecapable toto expediteexpedite thethe CVD,CVD, LateralLateral && verticalvertical

MOCVDMOCVD reactorsreactors basedbased epitaxialepitaxial processesprocesses developmentdevelopment byby reducingreducing costcost andand
manpowermanpower consumptionsconsumptions.. TheThe MBEMBE reactorreactor processprocess cancan bebe optimizedoptimized toto achieveachieve
highhigh qualityquality MCTMCT filmsfilms forfor MWMW && LWLW IRIR detectiondetection applicationsapplications..



InGaAsInGaAs//InPInP IIRR PPHOTODETECTORHOTODETECTOR



II––V V CCHARACTERISTICSHARACTERISTICS



Infrared DetectorInfrared Detector



Quantum EfficiencyQuantum Efficiency



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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