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ABSTRACT

FAILURE ANALYSIS OF INFRARED SENSING DEVICES DUE TO
CRYOGENIC COOLING

Baloglu, Eylup Can
Ph.D., Department of Mechanical Engineering
Supervisor: Assoc. Prof. Dr. Hisnt Dal

June 2023, 142 pages

Development of Infrared Focal Plane Array (IRFPA) struetuinave become increas-
ingly important in recent years due to their applicationsaiwide range of elds,
including thermal imaging, remote sensing, security, sillance, earh observation
and astronomy. Semiconductor compounds used in IRFPA téupies are typi-
cally exposed to a wide range of temperatures during thesraipn and storage.
Temperature-dependent material properties, such as ahexpansion coef cient,
elastic constants, and heat capacity, play a crucial rolbenperformance and re-
liability of IRFPA devices. Therefore, it is important toveaaccurate and reliable
temperature-dependent material properties for theserimateHaving complete and
accurate information about material properties is reqgufiog designing and optimiz-
ing IRFPA devices. In this thesis, Density Functional Tlyg@FT) is implemented
within quasi-harmonic approach to de ne temperature ddpahmaterial properties
which is the rst attempt for the selected IlI-V and II-VI sétonductor compounds
(GaSh, InSb, CdTe, HgTe, ZnTe, CdZnTe). Both LDA and PBEppFraximations
are used to obtain thermo-elastic material properties.olt@entation experiments

on GaSb are conducted at room temperature to verify obtamedrial properties
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such as elastic modulus and Vicker's hardness by DFT. Exparial results show
good coherence with numerical outcomes of DFT for GaSb nahtefo mimic op-
eration conditions of IRFPA structures at cryogenic terapees, a custom test setup
with cryocooler is designed. Crack initiation and propagabf GaSb and CdZnTe
materials on SS304 material due to developed thermo-meaiatress by cryocool-
ing are investigated with this test setup and scanningrelechicroscopy (SEM) is
used to observe cracks at room temperature. Thermo-mecsiagss determinations
on bimaterial assemblies as well as on a representativeAR&&cture are performed
with nite element simulations to show determined stregsaf@lence on de ned ma-
terial properties. A novel phase eld fracture model is deped to simulate crack
initiation and propagation for materials that belongs tbic@nisotropy. Anisotropic
energy based failure criterion that splits the free energy/eventually crack driving
source into isotropic and anisotropic parts is used. Reptative numerical example
with a notched geometry is also provided for different innglanaterial orientations
of GaSh. Obtained material properties of GaSb by DFT are asedaterial inputs
of phase eld fracture simulations. Both numerical and expental investigations
on semiconductor materials are performed. A novel and cetalamework on fail-
ure analysis of IR sensing materials that cover from teniperalependent material

property determinations to crack initiation/propagasaibjects is developed.

Keywords: Cooled infrared detectors, temperature depenahaterial properties,

density functional theory, nanoindentation, fractureubic anisotropic materials
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KIZILOTES | ALGILAMA AYGITLARININ KR  IYOJEN IK SO GUMAYA
BAGLI HASAR ANAL IZ1

Baloglu, Eylp Can
Doktora, Makina Muhendigii B6lim
Tez Yoneticisi: Dog. Dr. Hisnu Dal

Haziran 2023, 142 sayfa

K z I6tesi Odak Duizlemi Dizilimi (IRFPA) yap lar n n gedtiriimesi, termal gorinti-
leme, uzaktan alg lama, guvenlik, gozetleme, yer gozlesrastronomi dahil olmak
tzere ¢ok cesitli alanlardaki uygulamalar nedeniylegdarda giderek daha 6nemli
hale gelmistir. IRFPA teknolojilerinde kullan lan yaleiken bilesikler, operasyon ve
depolama durumlar s ras nda genis bir s cakl k grah maruz kal rlar. Termal gen-
lesme katsay s , elastik sabitler ve s kapasitesi gdald ga bagl malzeme 6zellik-
leri, IRFPA cihazlar n n performans nda ve giveni@iride 6énemli bir rol oynar. Bu
nedenle, bu malzemeler icin g ve guvenilir, s cakba bayl malzeme 6zelliklerine
sahip olmak 6nemlidir. IRFPA cihazlar n tasarlamak vamopte etmek icin malzeme
Ozellikleri hakk nda eksiksiz ve dpu bilgilere sahip olmak gereklidir. Bu tezde, se-
cilen 11I-V ve 1I-VI yar iletken bilegikler (GaSb, InSb, €Te, HgTe, ZnTe, CdZnTe)
icin ilk deneme olan s calda bal malzeme 0Ozelliklerini tan mlamak i¢in yar har-
monik yaklas mla Ygunluk Fonksiyonel Teorisi (DFT) uygulanm st r. Termiastik
malzeme Ozelliklerini elde etmek icin hem LDA hem de PBEsaklgs mlar kulla-

nim str. DFT ile elde edilen malzeme 6zelliklerini, stk modulu ve Vicker sert-
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ligi gibi, dogrulamak icin GaSb Gizerinde nanoindentasyon deneylers @d&lg nda
gerceklestiriimigtir. Deneysel sonuclar, GaSb malzsgingin DFT'nin say sal sonug-
lar yla iyi bir tutarl | k gostermektedir. IRFPA yap lar n kriyojenik s cakl klarda ca-

| sma kosullar n taklit etmek icin kriyogputuculu 6zel bir test diizegetasarlanm s-
tr. Bu test dizeng ile GaSb ve CdZnTe malzemelerinin SS304 malzeme lzerinde
gelisen termo-mekanik gerilme nedeniyle ¢atlak bagiatmae ilerlemesi bu test du-
zen@i ile incelenmekte ve catlaklar n oda s cgkhda gozlemlenmesi igin taramal
elektron mikroskobu (SEM) kullan Imaktad r. Bimateryapylarda ve ayr ca temsili
bir IRFPA yap s ndaki termo-mekanik gerilme belirlemgléan mlanm s malzeme
Ozelliklerine bgl gerilme dgrulugunu gostermek icin sonlu eleman simulasyonlar
ile gergeklestirilmistir. Kibik anizotropiye ait malzeeler icin ¢atlak baslang c n ve
ilerlemesini simule etmek icin yeni bir faz alan k r Ima dw®i gelistiriimigtir. Ser-
best enerjiyi bblen ve sonunda itici kaypazotropik ve anizotropik pargalara ay ran
anizotropik enerji tabanl basar s zl k kriteri kullém st r. GaSb malzeme i¢in farkl
dizlem malzeme oryantasyonlar igin ¢entikli bir geonyetrsahip temsili say sal
ornek de sglanm str. DFT ile GaSb'nin elde edilen malzeme 6zedikl faz alan

k r Ima simulasyonlar n n malzeme girdileri olarak kudlam st r. Yar iletken malze-
meler Gizerinde hem say sal hem de deneysel arast rmaddmyst r. S caklga bayl
malzeme 0Ozelli belirlemelerinden catlak baslatma/yay Ima konulakapsayan IR
alg lama malzemelerinin bagar s zl k analizine iliglgeni ve eksiksiz bir cerceve ge-

listirilmigtir.

Anahtar Kelimeler: Squtmal k z |16tesi dedektorler, s caglh bayl malzeme 6zellik-
leri, yogunluk fonksiyonel teorisi, nanoindentasyon, kiibik atriapik malzemelerde

catlak
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CHAPTER 1

INTRODUCTION

1.1 Introduction

Infrared (IR) radiation covers electromagnetic spectruomf 750 nanometers to 1
milimeters. Infrared radiation can be divided into sevetddgroups according to their
wavelength. Basically these subgroups cover the waveisrigim 0.75 m to 30 m.
Many opto-electronic devices are built in IR spectrum anbrebiated according to
their spectral sensing regions such as NIR (near infra@d)lR (short-wavelength
IR), MWIR (mid wavelength IR), LWIR (long wavelength IR), Ri(far IR). Electro-

magnetic spectrum that covers IR bands is given in Table 1.1.

Table 1.1: Electromagnetic spectrum [1]

Wideband Sub-division mn (M) max (M)
Very Longwave Infrared (VLWIR) 12 30
Longwave Infrared (LWIR) 8 12
Infrared Midwave Infrared (MWIR) 3 5
Shortwave Infrared (SWIR) 1 3
Near Infrared (NIR) 0.75 1
Visible 0.38 0.75
Ultraviolet (UV) Ultraviolet C 0.10 0.38
Extreme Ultraviolet (EUV) 0.01 0.12
X-Ray 0.00001 0.01

IR imaging devices are commonly used in military applicasicuch as night vision

1



devices, missile guidance, thermal cameras for borderiggainmanned aerial vehi-
cles. Moreover, there also exist many applications of tklesees in space, industry,
medical and civil areas. Satellite earth observation, spalescopes, early detection
and determination of cancer, petroleum exploration, r@ikty, moisture analyzing
are some of the applications from different industries. ddiaon, there are many
other applications that is used in daily life such as infiasecurity cameras in air-
ports, park sensors in automobiles. IR imaging systems lacec@mmonly used
in different weather conditions that causes poor visip#itich as foggy and snowy

weathers or nighttime conditions.

Each object that has a temperature greater than absoloté#€rhas emits radiation
which can be de ned as self radiation. The self radiatioregehdent on temperature
and the radiating surface characteristics. IR sensorsidite self radiation of an
object due to its temperature. IR imaging devices contd&sansing layers that are
made from semiconductor materials which will be explairmed more detailed man-
ner later. The pathway of image production is basically gias follows, IR radiation
that is coming from self radiated object is collected by IRsSeg layer. The absorbed
radiation can turn into an electrical or thermal signal aejieg on which type of sen-
sor is built, i.e, thermal detector or photon detector. Intph detectors, the sensing
layer produces an electical signal due to moving electnotisis layer that regards to
the absorbed IR radiation. The moving electrons that chategrical properties of
the sensing layer is measured by an external circuit cafledadout integrated circuit
(ROIC). Produced electrical signals need to be transmittadh is eventually turned
into observable image via ampli cation and video procegsteps. A schematic of
infrared imaging is provided in Figute 1.1. On the other hahd absorbed radiation
causes an increase of temperature that results in changiolgamical and electrical
properties of the sensing material in thermal detectordorBeters, thermopile and
pyroelectric sensors are belong to thermal detector fanBiblometers are resistive
elements with small thermal capacity. They may be positha @egative tempera-
ture coef cients according to type of temperature resestensing element. So, their
resistance changes with changing temperature. RespaesefriR sensors is de-

pendent on how fast the sensing layer produces output asaneasured by ROIC.



Photon detectors have generally faster response in cosopasith thermal detectors
because the formation of moving electrons in photon detedtappens in a shorter

time with respect to heating up the detection layer in thédeatectors.
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Figure 1.1: Infrared imaging scheme

According to operating temperatures, IR imaging devices lwa divided into two
groups as cooled and uncooled sensors. Although thererazisy differences be-
tween cooled and uncooled sensors regarding to sensingiahatenicrofabrication
processes, operation condition performances, deviceweight etc, the main differ-
ence is operation temperature of these sensor types thatsffie thermo-mechanical
behaviour on sensing layers. Uncooled sensors are ablestateparound room tem-
perature whereas cooled IR sensors must at cryogenic tatnpes, i.e 77K for a
generic operation temperature of the cooled IR sensorsui@roled IR sensors, a
lower power consumption is generally adeaquate. They aedlanin physical di-
mensions and lighter with respect to cooled IR sensors withgr opto-mechanical
package structures. Both of the sensor types have civil atithmy applications.
However the cooled IR sensors are generally preferred ifladriperformance is re-
quired. Noise equivalent temperature difference (NET) peerformance metric for
IR sensors which de nes the sensitivity of sensor. For eXampSb cooled detec-
tors have good sensitivity which means low NETD. Cooled IRed®rs have some
drawbacks regarding to price, size, weight, mean time batvi@lures (MTBF) etc.
General trend in the cooled IR imaging device industry istréase operation tem-
perature without having performance degradation so tleattitical parameters such
as power consumption, physical dimensions, weight of thie-apechanical structure
with cryocooler can signi cantly decrease. To reach crygagéemperatures with pos-
sible minimum cooling power, all of the heat losses in opteehanical carrier must

be minimized by dealing with two modes of heat transfer @adn and conduction).
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Convection mode of heat transfer is already eliminated thighhelp of high vacuum

environment {0 °to 10 ° Torr).
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Figure 1.2: a) Representative scheme of IR detector hyBtjd)Thermal image of

IR sensor

[I-VI and I1I-V semiconductor compounds are widely used assing layer materials
for IR imaging applications due to their superior structarad opto-electronic prop-
erties. The most commonly used semiconductor materialbedisted as CdZnTe,
HgTe, HgCdTe, CdTe, ZnTe, InGaAs, InSh, GaAs/AlGaAs, liesbb (type Il su-
perlattices). Epitaxial methods such as MBE, MOCVD, LPE lbamsed to build the
single crystal materials on speci ¢ substrates. Diffeqgmicesses must be performed
to have an active detection layer for IR imaging which arerofabrication processes,
hybridization between focal plane array (FPA) and readatggrated circuit (ROIC),
under lling, integrating hybridized FPA - ROIC couple ontarrier material etc. The
arrays that are composed of infrared sensing pixels, isested as FPA, are located
at the focus plane of a lens system in the imaging systemtaotbie. The formed
electrical signal in sensing pixels cannot be measuredgitiziéd by FPA itself. This
function is performed by ROIC via collecting output signfism FPA with the help
of hybridization process that can be named as ip chip bogd8)/4] . To increase
mechanical and thermal stability of the integrated stng;tthe under lling [5,6] is
applied between the bonds that interconnects each pixePénd-related couple on
ROIC. This process is nothing but feeding epoxy materiatineen coupled FPA and
ROIC layers. In this way, total thermal and mechanical cmgpbf the sensing layer

to ROIC is achieved. Then, back-end processes such as walg) die bonding,
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dicing, grinding can be applied to obtain nal geometry. 1@&ting [7,/8], chemical
etching [9] are widely used processes to thinning of matemasemiconductor in-
dustry. The obtained IR sensor structure which can also beedas coupled FPA is
given in Figuré_1.2a for representative purposes. The ealplPA needs to be placed
in a vacuum environment that can be named as opto-mechaaicar or dewar with
proper electrical, mechanical and optical interfaces. nfleging sensor can be inte-
grated in a opto-electronic system via the opto-mechanenaier. The coupled FPA
is integrated with polymer materials onto opto-mechanczatier that may contain
different types of materials on cooled region such as cergnmetals, epoxies etc.
The term cold region de nes a region that reaches cryogemperatures during the
operation phase of IR sensor whereas its temperature istecarabient temperature
when the device is not working. So, during operation phasa @foled IR sensor,

these materials given in Figure 11.3 must be cooled down togawic temperatures.

L Focal Plane Array J

Underfill region

Readout Integrated Circuit s ne e ns )

- Interconnects

Substrate ——1: Epoxy materials

‘ Cold Head

Figure 1.3: Representative schematic of the cold region

Although the lowest exposure temperature for a sensing lay@served during the
operation of a cooled IR sensor, the highest temperatuiieiBrobserved generally
during crystal growth process for sensing materials. Beyibe crystal growth pro-
cess, the microfabrication and integration (epoxy curer@sses may require rea-
sonably high temperatures to have residual stresses onn$drse The integrated
components with FPA may differ in terms of material and disien. Exposure of
temperature change for integrated material assemblie®igiae practice for IR sen-
sor production/operation studies. Thermal expansion ceet mismatch of con-
stituent materials with cryocooling of the assembly mayseathermo-mechanical
stress problems. Opto-electronic properties of semicciadsican also be affected by

the deformation and stresses which may cause performagcad#gion of semicon-
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ductor devices. Moreover, a direct mechanical failure ekthsingle crystals can be
observed under thermo-mechanical loadings. Using teryrerdependent material
properties of single crystals play an important role to gerf accurate stress-strain
predictions. However, obtaining the material propertiea temperature regime from
cryogenic temperatures such as 60K to elevated tempesatfi@OK is not a triv-
ial task. Experimental methods that can cover such a gregtdmature difference
to obtain thermo-elastic material properties can be vesglg@nd lack of accuracy.
The semiconductor materials that are used in IR imagingiegtns are generally
a few microns to a few hundreds of microns in thickness andra¢wilimeters in
planar dimensions which makes experimental investigatewen harder. In this the-
sis, Density Functional Theory is used to determine tentperalependent material

properties of the selected semiconductors.

4/13/2023 HV mode | mag H WD curr  |[=——30 um
3:53:05 PM[30.00 kV| SE | 1500x[10.9 mm| 140 pA

Figure 1.4: Direct mechanical failure of a semiconductor

Mechanical failure is one of the commonly observed problantgpto-electronic de-
vices. However, providing a solution framework for the érautiation and propaga-
tion problems related with the cooled IR imaging sensorsiesaf the main interests
of this thesis. Fractured single crystals or microcrackfRinmaging applications
deteriorates electro-optical performance and hence thgemuality. These devices
expose to harsh environments such as very low temperafif&3 @uring operation

conditions. However, the storage temperature of the coliReskensors is ambient

6



temperature. During the lifetime of the cooled IR sensdris expected to operate
between these temperature limits for thousands of cyclig®wi degrading the device
performance signi cantly. Phase eld theory for cubic ctglsmaterials is proposed

to determine crack initiation and propagation in this thesi

1.2 Literature Review on Material Properties of Ill-V and Il -VI Semiconduc-

tors

DFT is a powerful tool to simulate different types of matéxiand obtain material
properties under different conditions. There are many Disi@liss on investigation
of structural, electronic, optical material propertiesaowide scale in literature. In
this thesis, II-VI and 1ll-V semiconductors of GaSb, InSkjTe, HgTe, ZnTe and
CdznTe are investigated to obtain thermo-elastic matpashmeters in a wide tem-
perature range. The upper and lower temperature limits agge according to in-
vestigated material due to reaching different temperdinmiés by applied processes.
Extensive literature review is performed to obtain the tssaf previously performed
experiments for the materials that are investigated via.OBTshow the diversity of
investigated materials, various papers considering bxperanental and numerical
studies are referred. Experimental results of the invastymaterials in this thesis

will be compared with our DFT results later.

Olsson [10] performed rst principle investigation to detene temperature depen-
dent elastic constants of zirconium, magnesium and goldlviaitio DFT study and

a good coherence is observed with the available experinrestats. Shaet al. [11]
combined the rst principle calculations with quasi-hammmapproximation so tem-
perature dependent lattice geometries, coef cient ofrtt@rexpansion, elastic con-
stants and ultimate strength of graphene and graphyne sgamdeed. Malica and
Dal Corso [12] usedhermo_pw code to compare quasi-static and quasi-harmonic
approaches in investigating temperature depedent elastistants which is applied
to silicon, aluminum and silver materials. It is showed @l#ough quasi-harmonic
approach requires a higher computational cost and timepvigles reasonably better

accuracy to determine temperature dependent elasticasaaskKhanzadeh and Alah-
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yarizadeh|[1B] investigated pressure dependence of meethamd thermal proper-
ties of TiC and ZrC. Wangt al. [14] determined temperature dependent elastic con-
stanst of rare-earth intermetallic compounds YAg and YCavifRdranet al. [15]
applied DFT to orthorhombic crystals by using both LDA and&&pproximations
whereas Pharmat al. [16] compared atomistic simulations (DFT and Molecular Dy-
namics (MD)) and ultrasonic measurements for face centariit aluminum. Arga-
man and Makov/[17] studied hexagonal closed pack titaniurchaweical properties
with changing temperature. Third order and second ordetielaonstants of zinc-
blende nitrides AIN, GaN and InN are determined in the stutliizapuzynski and
Majewski [18]. Comparison of emprical pseudopotentiald BirT simulations are

performed by Lebedewet al. [L9] on graphene material.

[1I-V semiconductor compounds used for infrared sensoeseaposed to wide tem-
perature differences during their lifetime. These cryssak typically grown at 1000-
1200K [20,[21] whereas cooled IR detectors that use InSb ibivi group as a
sensing material typically operates at 77K|[22]. Thermdmagacal reliability of this
class of materials relies heavily on accurate predictiotheir stress-strain response
across their operating temperatures, which prove dif gidtexperimental means due
to the high cost, the dif culty of measurements at extrenmegeratures and the large
scatter in the data [23, 24]. A reliable and affordable akéve is the calculation
of these properties with quantum mechanical computatimedhods such as density
functional theory (DFT). By now, it has become routine pi@ctto predict zero-
temperature elastic constants of crystalline materiatkiwiL0% of the experimental
results using DFTL[25, 26, 27]. The computational tools ttgwed for the extension
to nite temperatures have been established in seminalrpgdé, 28, 29| 30] al-
though applications have been spafse [31, 32]. Numerigaktigations are carried
out in order to obtain the theoretical limits of the thernastic properties of GaSh
and InSb for IlI-V semiconductor group materials regardiagchanging tempera-
ture. The results are compared against the available enpetal data and extend

their range to cover all relevant temperatures. The reuiilltbe given in Chaptel 3.

Experimentally determined optical properties of antinadenbased Ill-V compounds



have been reported in [33,/34]. GaSb and InSb are both diegxt-gap semiconduc-
tors with zero-temperature band gaps of 0.67 and 0.18eV [8Spectively. GaSb
is widely used in solar cells [36, 37] and photodetector @pgibns [38, 39 40].
Thermal and elastic properties such as the bulk modulus gad]the thermal ex-
pansion coef cient[[42] of GaSb have been the subject of mstngies. Al-Douri
et al. [41] provided bulk modulus of several semiconductors conmais including
GaSh. Nilseret al. [43] performed X-ray diffraction measurements to obtaia th
temperature-dependent thermal expansion of GaSb. Setleti[42] reported the
elastic constants of antimonide compounds under the effqutessure. Varshnest
al. [44] demonstrated the phase transitions of binary antide@ebmpounds under
the effect of pressure and the changes in elastic constattiese materials caused
by the phase transitions. InSb is often used by itself or a@sgbéernary compounds
for electro-optical components of the laser structure$/44% and infrared photode-
tectors|[47| 48]. Stresses generated by thermal mismata$Sminfrared focal plane
arrays were also investigated [49] 50]. Breietlal.[51] determined the temperature-
dependent lattice constants in the range 32-325 °C by ustrgyXliffraction mea-
surements and Cat al.[52] reported temperature-dependent thermal propeies s
as thermal conductivity, coef cient of thermal expansitmermal diffusivity experi-
mentally in between 300-800K.

Application areas of lI-VI semiconductor compounds aredrdgd detector, laser, light
emitting diodes (LEDSs), radiation detector applicationsdely used ternary alloys in
[I-VI semiconductor group in IR imaging applications arermey cadmium telluride
(HgCdTe or MCT) and cadmium zinc telluride (CdZnTe or CZT)eidury cadmium
telluride (MCT) is a promising material that can be used inows infrared ranges
of imaging applications due to its superior properties bgnging the cadmium con-
centration i.e, Hg.CdTe [53,/54/ 55]. In addition, CdZnTe (CZT) is a key material
as substrate in epitaxial processes of IR imaging deviceslss for solar cell and
X-ray detector applications [56, 57,/58,59]. In this theBBET studies are performed
only one ternary alloy which is CZT material from 1I-VI groupaterials due to limi-

tations on computational power and time.



Although the growth temperature of these semiconductorpoamds can vary with
respect to different criterias such as substrate matepalyth method, desired de-
fect density, the compounds can expose to temperatures082800°C [53] 60,
61,[62]. Zhanret al. [63] showed that the cooling of IR sensing layer on Si sub-
strate from growth temperature to operation temperatstdisein developing thermo-
mechanical stresses which affect the focal plane array (pEBformance that is also
valid for CdZnTe substrate material. Gergaaidal. [64] investigated lattice param-
eter measurements of CdZnTe from room temperature up toC309°using high
resolution X-ray diffraction. Skaukt al. [65] also determined experimental lattice
constant and thermal expansion coef cients of the ternammound in the tempera-
ture range of 25°C and 110°C for different composition ranglecadmium. Jacobs
et al. [66] performed residual thermal stress calculations dhdgecooling from
growth to room temperature of CdTe Im on different substsati.e, Si, Ge, GaAs.
Elasto-plastic behavior of HgCdTe is determined experialgnvia nanoindentation
studies by Martyniulet al. [67] and Shkiret al. [68] investigated hardness measure-
ments with crack length, fracture determinations of CdZrmean et al. [69] deter-
mined elastic modulus and hardness of HgCdTe as well as shdugtile to brittle
transition in terms of depth of cut during diamond cuttingsiofgle crystal wafers of
this material. There are various studies which investigégetro-optical properties
and phonon behaviors of XT&X(= Hg; Cd; Zn) binary compounds under different
conditions [70[ 74, 72, 73, 74, 175]. Cottam and Saundéers {é&rmined exper-
imental temperature dependent second order elastic caasibHgTe between 2K
and 300K. Bagott al. [77] provided experimental thermal expansion coef cient
data of CdTe, ZnTe, HgTe. Strauss|[78] studied on the phlysicduding structural,
thermal, mechanical, optical and electrical propertie€dTe. Temperature depen-
dent lattice constant and total energy of CdTe is investiyatith molecular dynamics
by Kanounet al. [79] in the temperature regime of 150K-450K. Yamaaal. [80]
measured elastic and photoelastic constants of ZnTe blp@&iil scattering at room
temperature. Alper and Saunders|[81] measured elastitazta®f HgTe in the tem-

perature regime of 1.4K to 300K with pulse echo technique.

There are different single crystals from IlI-V and 1I-VI grps exposed to great tem-
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perature differences which results in arising thermo-raaatal stress on IRFPAs.
To ensure performance stability of such opto-electroniia#s, investigations of
thermo-mechanical stresses are performed in severaksty8p, 83, 84]. However,
using the temperature dependent material property ismahese thermo-mechanical

stress investigations.

1.3 Literature Review on Phase Field Theory

There are various methods that can be used to determinepn@uigation, delamina-
tion, fracture on different materials such as eXtended&igiement Method (XFEM
[85, 86,87] and Cohesive Zone Method (CZM) [88, 89, 90]. Rharld Model
(PFM) provides good results on where classical fracturehameics has some limita-
tions such as curvilinear crack paths, branching angleftjptaucracking etc. In this
thesis, PFM is used to describe and determine crack propogat cubic anisotropic

materials.

Strength based and energy based criterias are used to detezrack propogation
path in the literature. In strength based criteria, a thokkhtress or strain level must
be reached locally to form micro cracks. Tsai and Hilll[91], 9&ai and Wu[[93] are
widely used strength based failure criterias. Differentéhe investigated material
response in tension and compression is not taken into atcodsai-Hill criterion.
So, the same yield stress is valid both in tension and corsimr@sOn the other hand,
Tsai-Wu criterion can de ne different material responseading to tension or com-
pression loading mode. Energy based criteria is de ned shahformation of new
surfaces happens as crack propogates whereas a matemidigilsiin strength based
criteria. As introduced by Grif th[[94], a crack starts toayr when the energy release

rate,G reaches a critical valug; in energy based Grif th's theory.

Thermodynamically consistent and robust algorithmic enpéntation of phase eld
fracture model is provided by Miehet al. [95,/96] in 2010. Then, the phase eld

fracture models are integrated with multi-physics proldewth more seminal papers
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[97,198,99] 100, 101]. Anisotropic crack phase eld is invgated for brittle solids
by Li et al. [102] and Teichtmeisteat al. [103]. Nguyenet al. [104] and Clayton and
Knap [105] investigated phase eld modeling for polycrystaaterials. Gultekiret
al. [106] investigated rate dependent anisotropic crack pleddenodel for soft bio-
logical tissues. Ambagt al. [107] provided ductile fracture of elasto-plastic solids i
the quasi-static kinematically linear regime. [@alal. [L08] also investigated phase
eld approach to fracture of biological tissues and berr®rced composites. Denli
et al. [109] provided fracture model of unidirectional ber rearted polymer matrix
composites with phase eld model. Phase eld representatibcohesive fracture
is determined within energetic framework by Verhoosel andsB[110]. Fracture of

single crystals is also determined by phase eld models/|[112,113].
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1.4 Objective of Thesis

In IR imaging applications, semiconductor materials exgosvide temperature dif-
ferences due to operation/storage conditions of the deasewell as applied pro-
cesses to build a functional device. Aerospace and defemnhtestries require high
level and long term reliability with exposure of severe temgiures. High-reliability
semiconductor market was valued over two billion dollar@®22 and it is expected
to grow in the upcoming years as a result of geopolitical eons. In the automotive
industry, electronic devices are becoming more common.h+dgdjability compo-
nents need to be deployed especially for self-driving casabse they help ensure
that critical systems and components operate as intendadwtifailure or malfunc-
tion, which is essential for maintaining the safety of théigke and its occupants.
These factors are providing the reasons of the demand g@ivitie high-reliability

semiconductors.

To establish excellent long term reliability of these degicaccurate thermo-mechanical
behavior prediction of semiconductor materials is vitabwéver, the temperature de-
pendent material properties is not available in literatbe¢ covers cryogenic as well
as elevated temperatures. Experimental methods to dekethe material properties
require great costs and provide less accurate results. Agngnical alternative to
obtain temperature dependent material properties, BeRaitictional Theory (DFT)
is proposed for single crystal materials that are commosBdun IR imaging ap-
plications. Investigation of elastic modulus and hardr@s$saSb material is also
performed via nanoindentation experiments at room tentpexao check the valid-
ity of DFT simulation results. Besides GaSb, InSb, CdTe, ¢JgdnTe and CdZnTe
semiconductors have been investigated with DFT. Directhaeical failure can be
observed on semiconductor compounds due to harsh temperatnd thermal ex-
pansion mismatch of the materials. Phase Field (PF) modeiubic anisotropic
fracture is proposed. Fracture on cubic single crystal Ghf#bto mechanical load-
ing, i.e, uniaxial tension of notched plate is investigabdgdusing developed model
and obtained material properties by DFT. So, quantum mechlanaterial modelling

studies are combined with phase eld fracture model in thests. Investigated sin-
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gle crystals are mostly binary compounds from IlI-V and ll-§toups that show
cubic symmetry. Experimental observation of crack progaggaths on GaSb and
CdznTe semiconductor materials are performed with a cuséstnsetup that is de-
signed to operate at cryogenic temperatures that simulaesperation condition of
cooled IR sensor. By using thermal expansion mismatch &éreiit materials, i.e,
semiconductors and stainless steel, the crack initiatimhpaopagation on selected
single crystal materials are observed experimentallyn&iog Electron Microscopy
(SEM) is used to observe fracture patterns. Main motivabiothis thesis is to pro-
vide a complete framework starting from material propedtedminations in desired
temperature regime and cover crack initiation, propagatfcsemiconductor materi-

als with both numerical and experimental investigations.

In Chaptet 2, fundamantels of Density Functional TheoryRindse Field Theory are
provided. Thermal, elastic as well as opto-electronic proes of selected materials
are given by DFT simulations in Chapfer 3. Experimental stigations regarding
nanoindentation tests, test setup design, cryocoolingraxents and crack observa-
tions on semiconductors are provided in Chapter 4. Effet¢miperature dependent
material property on thermo-mechanic stress predictibsemiconductor materials
as well as IRFPA structure are given with nite element siatidns in Chaptel]5.
Then, Chaptdr]6 covers theory, method and computationailsief Phase Field The-
ory to model crack propagation in cubic anisotropic materi@dummary of the inves-
tigated studies and concluding remarks with future workdetermined in Chapter
[7.
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CHAPTER 2

FUNDAMENTALS OF DENSITY FUNCTIONAL THEORY AND PHASE
FIELD THEORY

2.1 Basic Concepts of Density Functional Theory

Density Functional Theory (DFT) is a quantum mechanical efiog method of

solving many body systems, in particular atoms, molecufes @ndensed matter
systems. The condensed matter is a de nition of matter wieosegy is low enough
to form stable systems of molecules, atoms generally indigad solid phases. Soft-
ware packages are able to provide open source codes toatalamarious material
properties of different types of materials by using DFT. bngral, one can simu-
late mechanical, electrical or optical properties of a makas long as the atomic or
moleculer structure of the material de ned properly. Thare some alternatives to
DFT formulations which include Quantum Monte-Carlo (QMC1#][115][116] and

con guration interaction (CI)[[117] methods.

Ab initio, rst principle, approach aims to model a material without using any exper-
imental input by de ning its atomic, molecular structureclinding the de niton of
positively charged nucleus, a number of negatively chaelectrons and the interac-
tion between atoms. The interaction between the atomsdaslinteractions between
electron and electron, nucleus and nucleus, electron acidusi When these interac-
tions can be de ned accurately, the rst principle approaein de ne more complex

phenomena called as many body Scrodinger equation.
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2.1.1 Schrédinger equation

Schrédinger Equationwhich is essentially a wave equation, describes the proba-
bility of wave functions that de nes motion and behaviourswhall particles. One
can obtain information about physical properties of systéy solving many-body

Schrddinger equation.

Many Body Schrddinger Equatiamhich is given below uses kinetic energy of nu-
clei and electrons as well as electrostatic interactiort&éd®n nucleus-nucleus and
electron-electron. In equatién 2.1, the Hamiltonian isrdd with where total en-
ergy is given as E and the many-body wavefunction for N ebeitr eigenstates is
represented by . The Hamiltonian given in equatidn 2.2 includes the kinetiergy
of nuclei and electrons, nucleus-nucleus and electroctrele repulsions as well as
the electron-nuclei interaction. In equation]2.2, R andoresent the coordinates of
nuclei and electrons, mass and charge of ftfenucleus aré1, andZ, and electronic
mass and charge are represented withand e, respectively. , the wavefunction
is de ned to be a function describing the probability of atpae's quantum state as a
function of position, momentum, time and spin. All possigystem information can
be found in the wavefunction. Exact solution of many-bodiii®dinger equation is
not possible for particles more than two or atoms heavian thalrogen. However,
approximate solution for many-body Schrédinger equatiam lose performed. The
exact solution of this equation requires great amount océdp@nd memory of com-

puters which is not practically possible today.

BH(rR)= E(rR) (2.1)

—T r .+ —— P
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The terms in equatidn 2.2 can be de ned as
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whereV, is the nuclei-nuclei interaction,

whereV is the electron-electron interaction,

X ze
& i AT Ri |
whereVey de nes the interaction term between electrons and nucli¢hn also be
de ned as external potential for electrons. The Hamiltoroathe many-body system

can also be represented as

H=Ta+T+Vy+ V+ Vg (2.8)

With Born-Oppenheimer approximatipit is assumed that motion of the electrons
and nuclei can be seperated due to heavy mass of nuclei inazsop to electrons.
Motion of the nuclei is much slower than the electron thatitssn having a xed po-
sition of the nuclei, so the kinetic energy of the nuclei whis given in equation 213

can be neglected. By using Born-Oppenheimer approximaiti@nsystem's degrees
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of freedom are reduced such that the interactions betwedriny, in equatior 2.b

can be treated as constant value.

Pseudopotential approximatiarsed in DFT to simplify the calculation of the elec-
tronic wavefunction. In a pseudopotential calculatior tiore electrons (those that
are tightly bound to the nucleus) are replaced with an effegotential that includes
the average effect of the core electrons on the valenceretect This reduces the
number of electrons that need to be explicitly included ia dalculation, which
makes the calculation more computationally ef cient [1189,/120]. For further

reading about pseudopotentials, it is referred to SinghNordstrom [121].

Relativistic pseudopotentials are effective potentiatg replace the full relativistic
Hamiltonian in the DFT calculations. These potentials amestructed by separating
the core electrons from the valence electrons, and theacaiegl the core electrons
with a pseudopotential that incorporates the relativistiects. The use of relativistic
pseudopotentials is important for accurately modelingrhedements, as the rela-

tivistic effects become more signi cant as the atomic nunibhereases.

2.1.2 Hohenberg-Kohn theorems

Hohenberg-Kohn theorenase two foundational theorems in DFT. The rst theorem
states that the ground-state electronic density of a mégtren system uniquely de-
termines the external potential of the system. The secoear¢im states that there
exists a universal functional of the electronic density thees the total energy of the
system. The minimum value of the energy functional that engzasses all possible
electron densities represents the lowest possible entatyy & the system, which is
called the ground state energy. The electron density tlieggmonds to this minimum
energy state is known as the ground state density. Togetiese theorems provide
the theoretical framework for DFT, which enables ef cientdaaccurate calculations

of the electronic structure of materials. [122].
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In principle, all properties of the system are exact funwis of the ground state

electron densityz[ gs]. Energy functionalE[ ]is expressed as in equation 2.10

Ees = E[ 6sl (2.9)
E[]=F[]+ Vext * Vi (2.10)

whereF[ ] is system internal energy composed of electron kineticemal and
interaction energies.
F[1=T[]+Enl] (2.11)

Hohenberg and Kohn [122] states that true ground state tgeosithe external po-
tential, Vey; is the density that minimizes the energy. the external pgistesnergy is

given by

Z
Vext = drVex (r) (r) (2.12)

When the system internal enerdy[ ] is known, the ground state electron density,

cs can be determined by minimizing the energy functioidl,].

2.1.3 Kohn-Sham method

Kohn-Sham methofl23] is a formulation of DFT which nds a good approxima-
tion to internal electronic energy, F, by de ning a set of gmment energies that sum

to give F. It approximates the true many electron systeteracting by usingnon-
interactingsystems. It assumes that the true ground state densityig@and state
density ofnon-interactingsystem. The Kohn-Sham method effectively separates the
exchange-correlation energy, which accounts for eleettentron interactions, from
the kinetic and external potential energies, making it cotafonally feasible for
larger systems. The Kohn-Sham equations are typicallyesiadelf-consistently, iter-

atively adjusting the electron density until a stable gohuts reached.

The Schrddinger-like equation for the Kohn-Sham orbitalgiven as
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Hes[1i(r)= i i(r) (2.13)

wherelqKs is the Kohn-Sham Hamiltonian, is the electron density,; is theith
Kohn-Sham orbital,; is the corresponding eigenvalue or energy of itiieorbital,
andr represents position as given before. The expression faldueron density can
be given as

X\I . .2
(r)= joi(r)] (2.14)
where the number of electrons is de ned with. The Kohn-Sham Hamiltoninan,

Hs, can be de ned as

i r 2+ Vs () (2.15)

|qKs[ 1= 2m.

where Vs is the Kohn-Sham potential, which consists of the extermaémtial,

Hartree potential and exchange-correlation potentia@mas

VKS (r) = Vext(r) + VHartree (r) + ch(r) (2-16)
with the de nitions of Hartree potential

Z
(r(b drO

T (2.17)

VHartree (r) =

and exchange-correlation potential which accounts foreffiects of electron ex-

change and correlation on the electron density.

E xl ]

= 4

(2.18)

Lets summarize the Kohn-Sham procedure for self-consigien

1. Choose an initial guess for the electron densiy).
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2. Use the electron density to calculate the Kohn-Sham patevks (r), in equa-
tion[2.16.

3. Use the Kohn-Sham potential to solve for the Kohn-Shariaish (r), using
the Schrodinger-like equation 2]13

4. Calculate the electron density from the Kohn-Sham drbiteequation 2,14

5. Check for self-consistency by comparing the new eleaensity with the pre-
vious guess. If the difference is below a certain toleratice,calculation is
considered converged. If not, repeat steps 2-4 using theetestron density

until the convergence is achieved

The self-consistency procedure involves iteratively sm\the Kohn-Sham equations
until the electron density converges to a stable solutianstép 2, the exchange-
correlation potential is calculated using the currenttetecdensity and the functional
derivative of the exchange-correlation energy. In stetn& Kohn-Sham orbitals are
solved for using the Kohn-Sham Hamiltonian, which incluttessKohn-Sham poten-

tial. In step 4, the electron density is calculated from tiok-Sham orbitals. Finally,

in step 5, the electron density is checked for self-consesteand the procedure is re-

peated until convergence is achieved.

2.1.4 Approximations for exchange-correlation energyk .

Exchange-Correlatioenergy the component of the total energy in density funation
theory that accounts for the effects of electron exchandesbettron correlation. The

exchange energy is a component of the electron-electreraiction potential energy
that arises from the Pauli exclusion principle. It is a quamimechanical effect that
arises because two identical fermions (such as electr@arg)ot occupy the same
guantum state simultaneously. The exchange energy isftihera penalty for two

electrons occupying the same quantum state, and it is a keyr fia determining the

electronic structure of a system. On the other hand, theletion energy is a mea-
sure of the additional energy required to account for thetfeat the electron-electron
interaction potential energy is not simply the sum of pasevinteractions between

electrons, but also includes more complex many-body intienas that arise from the
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correlated motion of electrons. There are empirical [1225]land non-empirical
[126,/127] density functional approximations that are usegpproximate exchange
correlation functionalk,[ ]., given in equatioh 2.18. To obtain empirical pseudopo-
tentials, some of the information should be derived from éRkperiments whereas
non-empirical pseudopotentials are derived from the tesafl rst principle calcu-
lations without requirement of any experimental data. Lalesity approximation
(LDA) and generalized gradient approximation (GGA) are ownly used density
functional approximations to approximate the exchangeetation energy in DFT

calculations.

2.1.4.1 Local density approximation, LDA

LDA [122] assumes that the exchange-correlation energgitieis a function of the
electron density at each point in space. This approximasiealid for slowly vary-
ing electron densities and is based on the assumption thatebtron density at each
point in space is uniform. Exchange-correlation energyesgion for LDA is given

as

z
Exo [1= (1) " ((r)dr (2.19)

where P (1) is the LDA exchange-correlation energy per particle as atfan of
the electron density(r). LDA often provides good results for structural, vibratbn

elastic properties for a wide range of solid state systems.

2.1.4.2 Generalized gradient approximation, GGA

GGA [12€] is a more sophisticated version with respect to LibAt includes addi-

tional terms to improve the accuracy of the approximation.
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z
ExAlT= ()i (n)dr (2.20)

where SSA(; r ) is the GGA exchange-correlation energy per particle as a-fun
tion of the electron density(r) and its gradient (r). GGA provides improved
desription of stability of bulk phases, molecular struetiand representation of weak

inter-molecular bonds.

PBEsol is a type of generalized gradient approximation (GBAFT that is often
used to calculate the electronic properties of solids. PBEsa variant of the PBE
(Perdew-Burke-Ernzerhof) GGA [128], which was originadlgveloped to calculate

the electronic properties of molecules.

The main difference between PBE and PBEsol is the way in wttiely treat the
exchange-correlation energy in the GGA. PBEsol uses a mddiorm of the ex-
change part of the GGA that is designed to improve the ddsmipf the cohesive
properties of solids, while maintaining the accuracy of FBEmolecular systems.
Speci cally, PBEsol includes a scaling factor that reduttessamount of exchange in
the GGA, which leads to a more accurate description of thie fiperties of solids.
PBEsol has been shown to be a reliable and accurate methoal éotating the elec-
tronic properties of a wide range of solids, including m&talemiconductors, and
insulators. In this thesis, LDA and PBEsol approximatiores @sed to obtain bulk

material properties of semiconductor materials.

V4
Ec 1= ()= ((r)ir (r)dr (2.21)

C

where PBEs (-1 ) is the PBEsol exchange-correlation energy per particle as a
function of the electron density(r) and its gradient (r). The exact expression for
PBEsdl s quite lengthy and involves multiple terms, but it can berfd in Perdevet

al. [129].

Other types of non-empirical density functional approxiimas include meta-GGAs,
hybrid functionals, range-separated functionals [130d), 32]. These approxima-

tions are widely used in materials science, chemistry andipk to study a variety of
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systems, ranging from molecules to solids and surfaces.

2.1.5 Tools for ab initio calculations

To performab initio calculations, specialized software tools that can hanagdetym
mechanical calculations are required. The most commorey esols for ab initio

calculations are ;

Quantum Espresso

Quantum Espresso (QE) [133, 134] is an open source packafgecotains
implementations of Density Functional Perturbation TRg@FPT). One has
to choose the correct pseudopotential for QE as there deretit pseudopo-
tentials for the same element. One can use Quantum Espoesalzctilate rst
principles and also linear response calculations|[135)cé&it is open source,

implementation of new methods can be quicker for QE.

Vienna Ab initio Simulation Package (VASP)
VASP is a commercial code. Generally, it is faster than QEABINIT tools

as shown in some benchmark studies. There are well tested gsatential
library for VASP package. On the other hand, it uses thirdypaackages for

density functional perturbation theory.

MedeA

MedeA contains different software packages to perform waahgie of calcula-
tions. It contains VASP with proper graphical user integfdGUI) to perform
DFT calculations. Moreover, Large-scale Atomic/Moleculdassively Par-
allel Simulator (LAMMPS), Grand Canonical Monte Carlo meadhfor uids
(GIBBS) and semi-emprical quantum chemisty method for flmsperty pre-
diction and screening (MOPAC) are some software featurés pvoper GUIs
on MedeA. In this thesis, DFT calculations are performedwiedeA VASP
package [136].

Some other tools for DFT calculations can be listed as CAS[IBF], CPMD
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[138], ABINIT [139].

2.2 Basic Concepts of Continuum Mechanics

Fundamental concepts of continuum mechanics i.e, the balsitons of motion of

a body, geometric mappings, kinematics stress measurdsadanace laws are given
in this section. For further reading, one can use the follgnseminal books by
Holzapfel [140], Marsden & Hughes [141], Ogden [142]

Letthe solid body attimgy 2 T R, be referred to as the reference con guration in
the three-dimensional Euclidean sp&&e R3. The spatial or current con guration
of the body,B RS, is de ned at current timé 2 T R:. The material point
X 2 B is mapped with the deformation mdp,(X ) onto the spatial point 2 S

Figure 2.1: The deformation gradieftis de ned as a linear tangent map that trans-

forms the material tangent vectdr,2 Ty B onto the spatial tangent vector2 T, S

8
<B T!S

LX) (2.22)

G T x = (X

The deformation map), {(X ) characterizes the motion of the solid body. In this
framework, the velocity and acceleration of the referermceguration are introduced

as

ViK) =@ (Xi0= 3y AX)= @ (XiD= SV () (229)
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On the other hand, the spatial velocity and accelerationd@rsed

VG = V(X)) ki) = AdX ) HX) = @it v v (2.24)

The referenc® and spatiab con gurations are continuous three-dimensional mani-
folds parametrized locally in the neighborhodtis B andN, S by overlapping
coordinate chartsX* | _ 5.3 andfx?g,_, .,.5, respectively. The deformation gradi-
ent that maps tangents, 2 Tx B of material curves onto tangents? T, S of spatial

curves is de ned as

@R

Fi=ryx' (X) with F= a@x’

(2.25)

Basic mapping relations for line, area and volume mappingeade ned as follows,

dx = FdX; da=cofFdA; dv=JdV (2.26)

with in nitesimal reference line, area, volume elemedXs ; dA ; dV 2 B and related
spatial elementdx ;da;dv 2 S. J, determinant of the deformations gradient, maps
in nitesimal reference volume element onto the associateatial volume element,
i.e,J := detF > 0. The cofactorcofF] := JF T of the deformation gradient,

F maps area vectors of material surfaces onto area vectone afstsociated spatial
surfaces. Similarly, the deformation gradidatmaps material line elements onto its

spatial counterpart as given in equation 2.26.

To furnish coordinate systems in both Lagrangian or refegemnd Eulerian or spatial
con gurations at hand, the two manifolds regarding to mateB and spatialS states
equipped with the symmetric and positive de nite covariegferenceG and spatial
g metric tensors. The metric tensors reduce to the Kroneadeas] i.eGas = a8
andgs, = ap In the Cartesian coordinate system. The metric tensorghi@kangent

and co-tangent spaces
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Figure 2.2: a) Push-forward, b) Pull-back operations

8 8

<T«B! T,B <TxS! T,S

:_ ; g (227)
T7'N =GT ' t7ln=qgt

Figure[2.2 shows the push forward,( ) operations on the covariant met@& and
the contravariant inverse meti@& * producing the left Cauchy-Green tengoalong

with its inverseb ' = ¢

b:=' G*!'=FG 'FT;
(2.28)
c=b'='" (G)=F TGF 1}
Similarly, the pull-back,’ ( ) operations on the covariant metigcand the con-
travariant inverse metrig ! leading to right Cauchy-Green tengdralong with its

inverseC 1!

@)
i

' ()= F'gF
cl=' gt=FIlglT (2.29)

2.2.1 Stress measures

Lagrangian and Eulerian tangent vectors have been giveigiundf2.4 such that the
vectort 2 T,S is the true traction action on the deformed surfdaeof @s. The

Cauchy stress theorem postulates
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Figure 2.3: Lagrangiaim (X ;t;N ) 2 Tx B and Euleriart(x;t;n) 2 T4S traction
vectors on cut out parts of reference and deformed surf@gsand @s, respec-

tively.

t(x;t;n):= (x;t)n with t¥= 2an, (2.30)

with the spatial traction vectdr 2 T,S and spatial normal vector 2 T, S of the
surface. The Cauchy stress tensor is dependent on the &mtcaland the actual
deformed area. Kirchoff stress tensor,and rst Piola-Kirchoff stress tensol, are

de ned as follows

=J (2.31)

P=JF T=F T (2.32)

Similarly, the relation between material traction vecfoand material normal vector
N is established by the second Piola-Kirchoff stress teBsahich is a symmetric,

purely Lagrangian object

T(X;t;N)= S(X;t)N (2.33)

The mappings between tangential and cotangential spadesgoéngian and Eule-

rian manifolds for stress tensors are summarized in FigkeFrst Piola-Kirchoff,
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Figure 2.4: The push-forward and pull-back operations oesstmeasures corre-

sponding to their covariant and contravariant represemsit

second Piola-Kirchoff and Kirchoff stress tensors can tsted with each other from

the pull-back, push forward relations as summarized in fei@d

S=F 'P

Gp g T (2.34)
= PFT
et (2.35)

or rst Piola-Kirchoff stress tensor can also be represeémaerms of Kirchoff stress
P = F T orCauchystresstensd®, = JF T. The rst-Piola Kirchoff stress

tensor measures the stress with regard to the undeformeddate @y

2.2.2 Stress power and dual variables

The Kirchoff stress tensor and the second Piola-Kirchoff stress tenSoare dual
objects just as dual Eulerian metrg&ndC . Dual geometric objects in Eulerian and
Lagrangian con gurations that characterize strain andsstrare $,C) and (, g).

In stress power, these dualities are used as work-conjodgets. In the reference
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con guration, the stress power per unit volume is de nedRas= S : E can be

reformulated withe- = 2C as

P=S:-C (2.36)

The rate of right Cauchy Green tengdrcan be given in terms of the Green strain
rate tensoE.. The push forward of the equatibn 2. 36 results in Eulerianguration

with the dual variables of the Kirchoff stress tensand Eulerian metrig.

P= :£,e= :Z£,0= :d (2.37)

Lie-derivative £ de nes the Oldroyd-type rates of the Eulerian tensor eldghree

steps

Pull back of the Eulerian object to the time-invariant Lagg&n setting
Material time derivation of the Lagrangian object

Push forward the resulting quantity to the Eulerian conajion

For example, the application of the Lie-derivative to thereat metricg results in

the rate of deformation tensat,

£,.9=F T% FTgF F '=gl+1"g=2sym(gl)=2d (2.38)

1

with the de nition of spatial velocity gradient, := r ,v = EF *. Two-point,

Lagrangian and Eulerian geometric settings for the streg®pcan be expressed as

P=gP:E=S:-C= :-£.0 (2.39)



2.2.3 Balance laws

Balance of mass, balance of linear and angular momenturhand second law of
thermodynamics are the fundamental axioms of thermomeéchéor the primary
eld variables. A de ned special volum®s is enclosed by a smooth bounda@ s

as given in Figuré_2]3. The balance relations are deternmanedrding to the volu-
metric source and the surface ux terms by considering thepral change of the

related quantity.

Balance of mass
A fundamental physical property of any material is mass. Miass density of refer-
ential and spatial con gurations can be de ned @éX ) and (x;t). Conservation of

the mass states that the total mass of special voRgremains constant that requires

Z Z Z
d

d d d
M = N N N o(X :)dV =0

(2.40)
This yields the local Eulerian form of mass balance equation
_+ divv=0 and J (x;t)= oX;t) (2.41)
Balance of linear momentum
, . R
The linear momentuml, of the partPs is given byl = Ps v(x;t)dv and the

resultin% forces i.e, the sum of volume speci ¢ body forcesl éhe forces on the

surface P (x;t)dv + . t(x;t;n)da. The conservation of linear momentum

@
postulates that

Z Z
v(x;t)dv = (x;t)dv + t(x;t;n)da (2.42)

Ps Ps @s

d d z
dt dt

By using the mass balance equation, the Cauchy stress theme Gaussian integral
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theorem on the surface term, the Eulerian form ofthe lineamentum balance is

obtained as

V= +div (2.43)

and the Lagrangian form of this equation yields

O\L = 0o0 + Div P (244)

with the material body force given per unit masg(X ;t) ;= (x;t) ' (X).

Balance of angular momentum
Balance of angular momentum is another fundamental pim@pcontinuum me-
chanics. The resultant moment of the forces acting?grwith respect to the origin

described by the position vecteris given as

Z Z
Moo= X dv + X tda: (2.45)

@s @s
The conservation of angular momentum states that the charigee of the angular

momentum of the body part equals the coudlg

Z Z Z

d X vdv=M o= X dv + X tda (2.46)
dt Ps Ps @s

and by inserting the mass balance equaiton with Cauchyssdres Gaussian integral

theorems lead to

z
x (v div )dv=0 (2.47)

Ps

The above equation shows that the Cauchy stress tensor meyim Thus, the

balance of angular momentum provides that
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= T (2.48)

Note that the other stress measures ahndS satisfy the symmetry relation except

the rst Piola-Kirchoff stres$? which is a non-symmetric tensor, i.e,

= ™. PFT=FPT; s=8T (2.49)

First law of thermodynamics

First law of thermodynamics is often referred as balancenefgy that describes the
evolution of the internal energy in a system. Total energy siystem is de ned as the

sum of the kinetic energ( and the internal energf as given below

Z 1 Z
K := ~ v vPdv andE := e dv (2.50)

Ps 2 Ps
with the internal energy per unit maséx ; t) and the spatial velocity covectof =
gv.

The mechanicaR and therrgal poweR is givzen by

P = vPdv + t vPda (2.51)
Ps @s

z Z

Q= r dv g nda (2.52)
Ps @s

wherer (x; t) is the mass speci ¢ heat source agk ; t) the surface heat ux vector

together with the unit normal outward,

The global form of the rst law of thermodynamics states ttiaie rate of change of
total energy must be balanced with the mechanical powertardial heating of the
body

%(K +E)=P+0Q (2.53)
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By inserting the previous relations and with the use of begaof mass and linear
momentum in conjunction with the Cauchy stress and Gausgsiegral theorem, the

spatial form is achieved as

e= :(gh+ r divg (2.54)

whereas the Lagrangian form of the balance of energy is gigen

=P :E+Rg Div[Q] (2.55)

with Ro(X ;t) = r(x;t) ' (X))

Second law of thermodynamics

The second law of thermodynamics serves as major regulatiazonstitutive rela-
tions of elastic and dissipative mechanisms on a thermadig@d system in which
the exchange of energy with its exterior is existed via heatk done by the body
and contact forces acting on that body. Entropy which is asoneaof disorder. The

total entropy in a system is de ned with speci ¢ entropyx ; t)

Z
H = dv (2.56)

Ps

External sources can cause an irreversible change of entit©p the other hand,
the dissipative processes such as fracture evolutiontjgl#sformation etc result in
irreversible change of the entropy. The fundamental state¢rof the second law of
thermodynamics is that the disorder in a system tends teasersuch that net entropy
production is always non-negative as givem in 2.57 with titegration of the mass

speci ¢ entropy production, (X ; t)
= dv O (2.57)

Ps

The quantity of heat received per unit temperature is giwen b
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Z

s= Lav 9 M 4a (2.58)
Ps @s
So, the entropy imbalance is de ned as
= EH S O (2.59)
Codt '
which can be rewritten as
Z q Z Z ; N
dvi= = dv Tav+ 942 0 (260
Ps dt Ps Ps @s

Spatial local form of the entropy imbalance is achieved as

q _

= £+div = £+}divq izq rx 0 (2.61)

This inequality can also be written in the form of ClausiusHem inequality

r }divq+ izq My (2.62)

for which the material local form is obtained as

0

R 1_. 1
o— -DivQ+ —Q r x (2.63)

The entropy production in 2.61 with absolute temperaturesults in spatial dissipa-

tion

D := 0 (2.64)

with the local (Clausius-Planck inequality) and condueiparts, i.e,

Dioc:= _ (r divg) O (2.65)
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1 1
Deon:= —qry = =Q rg 0 (2.66)
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CHAPTER 3

DENSITY FUNCTIONAL THEORY

In this chapter, the results of a comprehensive study cogdhiermo-elastic mate-
rial properties of various semiconductors from IlI-V aneMlil groups are provided
by using ab-initio DFT simulations. Due to computationallymanding nature of
DFT simulations, different simulation parameters suchugsescell size, strain de-
pendency of elastic properties are discussed on llI-V awl H#emiconductors. GaSb
and InSb are commonly used IlI-V compounds in opto-eleatrdavices. Tempera-
ture dependent elastic and thermal properties of theseialatare obtained from 1K
to 1000K via DFT. Moreover, binary compounds of CdTe, HgTeT& from II-VI
groups are also investigated to obtain thermo-elasticeptiis from 1K to 600K. To
use computational power more ef ciently, the highest terapge of II-VI semicon-
ductor compound simulations is limited to 600K. In additipnocesses such as sur-
face cleaning, sputtering, depositing, even epitaxiaMgnavith MOCVD on CdZnTe
material can be performed below this temperature limit [1T48}]. Thermo-elastic
and opto-electronic properties of CdZnTe ternary compowhith is widely used
for IR sensor, solar cell and X-ray detector applicatiorsaso investigated by DFT
simulations. The obtained results for all of the studiedemals are compared with
available experimental data for different temperaturesgood coherence is observed

for all of the thermo-elastic material parameters.

3.1 Theory, Method and Computational Details

Computational details for DFT calculations of I1I-V compuals and 11-VI compounds

are given in this section. The investigated materials frdRVIgroup are GaSb
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and InSb whereas from II-VI group compounds, DFT calcuftegiare performed on
CdTe, HgTe, ZnTe binaries and CdZnTe ternary compound. rSelpsize effect on
temperature dependent elastic constants is determineca8b.Gn all 111-V group
calculations, combined strain levels of 0.02, 0.01, 0.@0G01 are applied to obtain
temperature dependent elastic constants. In the caloogatif 11-VI group, a single
supercell size is used. However, strain dependency of semaler elastic constants
is investigated for binaries of this group materials. Duditated computational
power and time, strain dependence of second order elaststants of CdZnTe is not

investigated.

3.1.1 Ill-V compounds

In this section, the computational details for DFT caldolas of GaSb and InSb are
provided. Temperature-dependent elastic constants (BpBOmaterials are often
calculated using either the quasi-static approximatio8ARor the quasi-harmonic
approximation (QHA)I[145, 146, 12, 147, 148]. In the QSA, dffilect of temperature
is assumed to be limited to the expansion of the lattice. given temperature, the
elastic constants are calculated as the second derivafitles total DFT ground state
energy with respect to strain at a lattice constant thatmmizes the Helmholtz free
energy. Herein, the vibrational entropy is ignored. In tHeAQthe Helmholtz free
energy is written as the sum of the DFT ground state energytrendibrational free
energy. The TDECs are then calculated as second derivafitfes full free energy at
the appropriate lattice constant. Since it involves theuwdation of a suf cient num-
ber of phonon modes at each lattice constant and strain V@Id4 is signi cantly
costlier than QSA. However, its superior accuracy, esfig@ahigher temperatures,
compensates the computational cost. The elements of tinéh forder elastic tensor

Cij« are de ned as
@y
@u -

where j and i are the elements of the stress and strain tensors, resggcfince

Cijkl = (31)
the stress and strain are conjugate pairs, the elasticrteas@lso be written through

the internal energy, using the relation

_1 @u .
Cin = @ @u

(3.2)
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where represents the volume of the reference system. At a nitgtmature, in the
abscence of external pressure, the internal energy carplazee by the Helmholtz

free energy

1 @
K @ @ (33)
where is de ned as
= U+ Fvib: (34)

HereF,j, is the vibrational contribution to the free energy dependenthe strain
and the absolute temperatureln terms of the phonon frequencies of the crystal, the
vibrational free energy is given as

1 X Ks ~! (qg;)

X
Fun(; )= 5N ~l (g; )+ N In 1 exp ke . (3.95)
q q

HereN represents the irreducible unit cells in the crysgak the phonon wavevector
and is the polarization of the phonon mode. The sum runs over #e&wectors
in the rst Brillouin zone and are limited to a discrete grid our computational
treatment. The internal energy is replaced by the totalmpictate DFT energy for
each strain mode. Electronic contribution to the free engtd9], which is usually
treated within Mermin's theorem [150] is omitted. This caiptition for the materials
of interest and the temperature ranges studied here hasdsegned to be within a
few per cent[[16, 151, 12]. In addition, the QHA approximatleas been identi ed
to be accurate enough for temperatures below 1000 K instiethe ¢ull anharmonic
treatment([152].

To understand the effect of different exchange-corratafimctionals, all calcula-
tions are performed using both the local density approxomgl.DA) [153] and the
PBEsol [154] exchange-correlation functional framewargmg the Vienna Ab initio
Simulation Package (VASP) [155]. Structural optimizatairthe materials are con-
ducted using the conjugate gradient algorithm until altésr are under a threshold
of 0:001eV/A. Self-consistent eld calculations are conductedchgsihe RMM-DIIS
algorithm with a total energy threshold @D ’ eV between consecutive steps. A
threshold ofl0 & eV is also used in a set of test calculations to ensure totalere
gence. The difference between these limits is not more tha2 24or bulk modulus,
shear modulus and Poisson's ratio. A planewave cutoff ofé&0@s used to truncate
the basis expansion while a Monkhorst-Pack [156] gridbf 11 11k-points are
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used to conduct Brillouin zone integrations. Gaussian simg& used with a smear-
ing width of 0:05eV. Following the structural relaxation, phonon calcwas are per-
formed using nite differences to obtaiR,j, as seen in Equatidn 3.5. The accuracy
of the phonon dispersion is monitored by making sure thagtltadhon modes are real.
The zero-temperature phonon dispersion is reported fdr taiterials in Figure 312.
As expected, the dispersion relations are very similar gixtar the acoustic-optic
branch gap, which is smaller in InSb due to the similarityhia masses of In and Sb.
At each temperature, the Helmholtz free energy is calcdlateseven evenly spaced
values between (and including) 0a&81.12a, for GaSb and 0.9%%-1.04a, for InSb,
whereag is the zero temperature equilibrium lattice constant. Tleéntholtz free
energy is then t with a Murnaghan equation of state (EQS)/]1®6 determine the
equilibrium lattice constang( ), at the temperature in question. After determining
total energies at seven different lattice volumes, theutaled total energies are tted
with the Murnaghan EOS,

|
BoV  (Vo=V)B0 . VoBo

E+(V)= Er (W) +

(3.6)

whereV is the volumeB, andBJ are the bulk modulus and the pressure derivative
of the bulk modulus at equilibrium volumé,. A representative Murnaghan EOS t
[157] is provided with PBEsol approximation for GaSb in Figl3.1. Only temper-
atures of 1K, 300K and 500K are provided to simply observeskivenergy volume
points. These datapoints are nothing but providing lattarestants of GaSb material
at the lowest energy points for corresponding temperattliteen, the temperature-

dependent linear coef cient of thermal expansion is calted by using

_ 1 da(),
" 4 (3.7)

as a readily available by-product. Once the equilibriurtidatconstant is obtained
for a given temperature, the stress values are calculated regarding to appliedstra
to obtain the elastic constants [158, 159]. Heat capacitgrdenations are equal for
constant pressure and constant volume within the harmppioaimation. In Debye

approximation, the speci ¢ heat capacity is given as foBdw60]
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Figure 3.1: Murnaghan EOS t of volume dependent total Hedftihfree energy for
GaShb with PBEsol approximation

GaSb InSb
_T | —= ||
a b

Figure 3.2: Phonon dispersion plots for GaSb and InSb, otispéy.

3 Z

Cv( ) =9qks - OXD x4%dx andxp = — (3.8)
In order to ensure convergence with respect to the numbérarfgm modes included,
elastic constants of GaSb are calculated in supercell siz2s 2 2and3 3
3. ForInSb, a2 2 2 supercell is considered. The numerical derivatives are
calculated using a much ner grid &7 27 27 k-points and at four different
values of , namely 0.02, 0.01, 0.005, 0.001. This amounts to a total3ofotal
energy calculations at each temperature, 1 for the unstt@ystem at the equilibrium
lattice constant determined at that temperature and $sttaystems for each of the
4 strain levels. Using this method, elastic properties oBgadnSh are obtained in

the temperature range of 1-1000K.

41



In addition to the elastic constants and the thermal expansoef cients, several
other related material properties such as heat capacitke¥s hardness, Poisson

ratio are important.

The Vicker's hardness using the semiempirical expressemeldped by Chen [161]
which is given as follows.
Hy=2( 2 )%% 3 (3.9)

Bulk modulus, B, is the response to a uniform compressionpgdyang the strain

eldof e= ", ="y, = ", allows the computation of B with the relation

Be?

U= — (3.10)
whereU represents the energy change due to applied strain eldil&ig the shear
modulus can be determined using the strain eleesf ",, = 2", = 2",y with
the equation of

U= %?f (3.11)

whereG is the shear modulus. For cubic symmetry, the Voigt and Repgsoxima-

tions for the shear modulus are de ned as

1
Gy oigt = E(Cn Ci12+3Cu)
: (3.12)

4(S11 S12) +3Sus’
where S is the compliance matrix which is nothing but the inversermab C.

GREUSS =

Finally, Hill shear modulus is de ned as the arithmetic mean

1
Gin = E(GVOigt + GRreuss) (3.13)

Once Bulk modulus, B, and shear modulus, G, are de ned,ielasddulus, E, and
Poisson's ratio can be determined by standard formulae of elasticity.

1B 322G
= 3 and E = 9B
22B +

3l
G 1+%

(3.14)

1
3
3.1.2 1I-VI compounds

Binary compounds of CdTe, HgTe, ZnTe from II-VI group aredastigated with DFT

studies to obtain temperature dependent thermal andceefaaterial properties from
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1K to 600K. In addition, a representative case study is peréal on CdZnTe ternary
alloy that covers second order elastic constants as welptsealectronic material
properties, i.e, refractive index, energy bandgap, etttindn the same temperature
interval. Due to requirement of greater computational poavel time for ternary al-

loys, only CdZnTe material is investigated in this manner.

The given procedure in_3.1.1 is also followed for binary couonpds of II-VI group
with slight differences. QHA is still used for II-VI group rexials with both of
the pseudopotentials, i.e, LDA and PBEsol. Force convesgeanlculations are per-
formed with conjugate gradient algorithm with a threshdl8:001eV/A in structural
optimizations. Self-consistent eld calculations are fpemed with a total energy
threshold ofl0 7 eV between consecutive steps. Planewave cutoff energy(&80
is still valid with a Monkhorst-Pack grid 027 27 27 k-points for conducting
Brillouin zone integrations. Gaussian smearing width iptkeonstant for all 11-VI
group calculations with a value of 0.05 eV. The effect of supk size is determined
on GaSb and InSb materials so only supercell siz€ of2 2 is used on II-VI
group binaries to use computational power ef ciently. 8trdependency of elastic
constants is investigated for XTe binary compourXis{ Hg; Cd; Zn) by applying
discrete strain levels of %2, %0.5, %0.1 in the temperatange of 5-600K. The
procedure of analysis for lattice constant and thermal esipa coef cient determi-
nations are kept the same with the analysis procedure of @a8bnSb materials.
Elastic constants of CdZnTe are calculated at one stragi,lee, = 0:001 When
the elastic constants are reported for disordered cubtemsyswhich is the case for
our ternary compound, CdZnTe only,the effective SOECs aneedl via an average

of coef cients for a simpli ed, anisotropic cubic system fmlows,

=~ _ Cuu+Cxp+Cs3, & _ Suut Syt Sss
1= ;o1 =
3 3
— Cx+ Cizs+ C — Sz+ Si3+ S
Cpy = 23 :;3 12; S, = 23 ?1’3 12 (3.15)
Cour = Cast+ Cos+ Cos. = _ Saat Sss+ See
44 = 3 RS VVES 3

where the effective elastic constants and compliancesepresented witlC; and

Sk . In this case, shear modulus in Voigt and Reuss approximatio(3.12) is still

valid with the effective coef cients.
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In order to calculate the temperature-dependent energgl gap of the CdZnTe,
the equilibrium lattice constants are extracted from theAQidlculations, then the
electron-phonon interaction is introduced in the methazppsed by Zacharias and
Giustino [162] by displacing atoms from their ground stadsijon according to the
vibrational spectrum by 0.015 Angstrom for temperatures Kf 20 K, 40 K, 80 K,
100 K, 150 K, 200 K, 250 K, and 300 K. The displacement is penft within a to-
tal of 2 steps by the PBEsol approximation and a 277 eV cutsofblane-waves and
0:154 0:152 0:0371/Angstront k-point spacing with an electronic convergence
of 10 “eV. The band gaps are calculated from the resulting streictiithe one-shot
displacement pattern by employing modi ed Becke and JohrdoA (MBJLDA)
[163] functional to have a more accurate value comparedatiadstrd LDA or GGA
approximations. The temperature-dependent optical ptiegeare only calculated
within the PBEsol approximation due to the high computati@ost with 3000 grid

points and 0.1 shift parameter to have more accurate digéghctions.

3.2 Numerical Results

3.2.1 1llI-V compounds

Temperature-dependent lattice constants, thermal ekpaosef cients, and elastic
constants of bulk GaSb and InSb are computed for a wide rafrtgenperatures with
the quasi-harmonic approximation (QHA) based DFT caloorhest

Figure 3.8 displays the temperature-dependent latticetanhand coef cient of ther-
mal expansion of GaSb and InSb. The numerical values area@upvith the avail-
able experimental data of Nilsezt al. [43] and Duttaet al. [164]. Both LDA and
PBEsol show good agreement with the experimental latticstemt data. As often
documented in the literature [165, 166], PBEsol slightlg@stimates the lattice con-
stant. The calculated linear expansion coef cient als@ldigs excellent agreement
with experimental data for GaSbh and InSb in the range of exygental data. The co-

ef cient of thermal expansion of InSb from 2K to 40K is detarmad experimentally
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by Sparks in 1967 [167] which shows good agreement with b@hA and PBEsol
calculations. Breivilet al.[51] determined lattice constant and coef cient of thermal
expansion of InSb between 32°C and 325°C and provided rdtsscond order poly-
nomial ts, respectively which provides also excellent eadnce with our results but
shows clear difference in magnitudes. The discrepanci&sgtine constant calcula-
tions of InSb have been previously reported. For IlI-V conmpas such as InAs, InSb,
Lindsayet al.[168] report an error of 1.0%-1.5% DFT calculations and expental
values of the lattice constant. Mohammetdal. [169] performed DFT calculations
on InSb and InAs and determined the lattice constant of thesgounds with an
error of 2.5% with respect to the experimental results givgihandoltet al[170].
Finally, the InSb linear expansion coef cient was underaeated by at least a factor
of two in the work by Mirandaet al. [171]. The three TDECs relevant to the cubic
lattice, namelyC,4, C1», andCy, are displayed for the two materials in Figlrel3.4.
The dependence on the supercell size for GaSb resultedighadifference between

2 2 2and3 3 3. This difference is observed to increase as temperature in-
creases, but remains below 2% throughout the full temperatuinge. Both the LDA
and the PBEsol functionals slightly underestimate the expntal values. However,
the errors remain small. The maximum errors occur for alhefdases at OK and are
displayed in Table_311. Overall, LDA provides a better repreation of the second-
order elastic coef cients, which can be expected due to dfiesing of the bonds in

the PBEsol approximation.

The variation of the elastic constants and thermal exparief cient with temper-
ature is important to predict developed stresses on mitetaurately. For GaSb,
LDA results showed that,,, C;, drop 5.37% and 10.94% in the given temperature
regime, respectivelyC,44 shows a relatively stable results in the given temperature
interval with 2.78% decrease. In contrast, LDA providas and C,, in the same
temperature interval such that drop of 10.04% and 18.90%rubd for InSb ma-
terial. For InSh,C44 again shows a small drop with 2.68%. It can be concluded
that thermo-mechanical stress predictions by using teatper dependent material
properties can provide higher accuracy difference for Infaiterial in comparison to
GaShb due to effect of temperature on second order elaststanmis more obvious

for InSb material. PBEsol provides very similar differesa@e temperature regarding
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Figure 3.3: (a, b) Calculated temperature-dependentdatibnstant of GaSb (left)
and InSb (right) with PBEsolbjue), LDA (red). Dotted lines represent the experi-
mental data from Nilsest al.[43] and Breiviket al.[51] for GaSb and InSb, respec-
tively, performed by X-ray diffraction measurements. (¢,Gbef cient of thermal
expansion (CTE) of GaSb and InSb is provided by using LR#d)Y( and PBEsol
(blue) pseudopotentials. Experimental result of thermal exjoansoef cient ( )
for GaSb and InSb are provided by Dutta et al. [164] and Cai\&ad[52] ( ),
Breivik et al.[51] ( ), Spark and Swenson [167}rple), respectively.
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for GaSh.There is no signi cant difference between the twpescell sizes. So, the

supercell sizeo®2 2 2is given only for InSh. Experimental data.(rplg is taken
from Boyle [172] and Slutsky [173].
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Table 3.1: Maximum error between DFT results and the exparimin SOEC.

GaSb
Pseudopotential Cgy; Ci2 Cus
LDA 6.62% | 7.00% | 5.28%
PBEsol 12.73%| 14.48%| 11.58%
InSb
Pseudopotentigl Ci; Co Cua
LDA 6.27% | 6.84% | 6.00%
PBEsol 13.37%| 15.10%| 12.07%

to second order elastic constants.

The Poisson ratio, Vicker's hardness and the heat capatityeatwo materials are
shown in Figuré_3]5. InSb was found to be about half as hardag&b@t low tem-
peratures while both materials display sharply increasiaginess with increasing
temperature. At 1000K, the hardness value was found to bat 41804% and 37.3%
larger than the 1K value for GaSb and InSb, respectiveleré&stingly, the PBEsol
and LDA values display different rates of increase at higeeperatures. In fact, the
underestimating trend of PBEsol is reversed as a result missover at high temper-
atures. Obtaining an increase of hardness values withascrg temperature may be
caused by decreasing trend of shear modulwghich is given in the denominator of

equatiori 3.9. The decreasing trend of shear modulus is alsp m Figurd 5.8

Poisson’s ratio is expected to decrease with increasingeeature. In fact, a de-
creasing trend is observed for both materials in Figure Bt heat capacity values
of GaSb and InSb are only calculated using LDA are also shavgured 3.5 (e) and
(), respectively. For both materials, Passler [174] del ieat capacities by means of
are ned version of low-to-high temperature interpolatiormula of non-Debye type.
In this study, it is also provided analytical descriptiofig@oharmonicity related dif-
ferences of isobaric and isochoric parts of heat capacibes results show excellent
coherence from 1K to 300K. For higher temperatures, thdtseestiPassler follows a

slightly increasing trend whereas our results are constanéxpected. Pashinkat
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Figure 3.5: (a) Temperature-dependent Poisson's ratioa8kGs given with LDA

(blue) and PBEsol ¢

provided with LDA (blue) and PBEsol
son's ratio of InSh. (d) Temperature-dependent Vickerslhass of InSbh. Both of

these are provided with LDAb{ue) and PBEsol

). (c) Temperature-dependent Pois-

DFT calculations for GaSb and InSb are given in (e) and (Bpeetively.
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al. [175] provided experimental results of heat capacitiesa®Band InSb which are
measured by drop calorimetry. According to the results isfgtudy, heat capacity of
GaSb and InSb at 300K #8:70 J/mol.K and49:29 J/mol.K respectively. Our DFT
results yield48:04 J/mol.K for GaSb and8:80J/mol.K for InSb. This amounts to an

error of only 1%.

I1I-V materials are widely used in high-performance opémttonics applications be-
cause of having advantageous properties of direct bandudgip,electron mobility
and low exciton binding energy. GaSb and InSb materials fie® @xposed to large
temperature differences during fabrication processep@ration conditions of an op-
toelectronic device such as IR sensors. In this sectionpitasented a complete set of
temperature-dependent thermo-elastic material pragseior the two materials with
the QHA approximation using DFT. In addition, the obtainedults are compared
with existing experimental and computational studies whmyssible. Speci cally,
the calculated values for second-order elastic cons@ni1», Ca4, €lastic moduli,
Vickers hardness, Poisson's ratio, isobaric heat capaaitithe Lamé coef cients are
reported. The provided results are, overall, in very goodagent with experimental
values, in spite of the dif culties associated with the aeta measurement of these

values in a large temperature range.

The calculations are conducted making sure that the coemeggis achieved with
respect to the relevant calculation parameters and twerdift approximations to
the exchange-correlation were used (LDA and PBEsol). Thengresults are in-
tended to serve as a reference for the variation of impogkastic constants over
a large temperature change. These variations have bednllyageianti ed and re-

ported. To render the obtained results more versatile, alytcal expression for the
temperature-dependent free energy function is proposgdtiows accurate predic-
tion of thermally and mechanicaly induced stresses foracapmmetric GaSb and
InSb in Sectiof 5]3. In addition, functional ts are provéi® the Lamé coef cients,

which can now be extracted at any desired temperature.
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3.2.2 1I-VI compounds

In this part, an extensive numerical investigation is eafrout in order to obtain
the theoretical limits of the thermoelastic properties dif€, HgTe, ZnTe, CdZnTe.
Achieved results are compared against the available expatal data and extend
their range to cover all relevant temperatures. Temperatependent opto-electronic
material properties of CdZnTe ternary compound such aggreamd-gap, refractive
index, extinction constant are also providedafanitio DFT simulations. Temperature-
dependent lattice constants, thermal expansion coeftsiand second order elastic
constants of these semiconductors are computed for a widge raf temperatures
with the quasi-harmonic approximation (QHA) based DFT glatons. Given equa-
tions for free energy, stress, Lamé parameters from equiiibto 5.8 are also valid

for calculations of II-VI compounds.

Figure[3.6 displays the temperature-dependent latticetanhand coef cient of ther-
mal expansion of CdTe, HgTe and ZnTe. The numerical valuesa@ampared with
the available experimental data of Baggtal. [77]. Both LDA and PBEsol fol-
low very similar trends with the experimental coef cient thlermal expansion data.
However, LDA provides better agreement with the experiralergsults for all three
binary compounds. As expected, both LDA and PBEsol lattaestants follow the

same trend as a function of temperature with LDA yielding kenaalues.

Since the SOECs are determined through nite-differensetdalerivatives, the amount
of strain used may have an effect on the numerical valuesediathis issue, strain
sensitivity of the SOECs of CdTe, ZnTe and HgTe are explo&tdhin levels of 2%,
0.5% and 0.1% are applied and the results of SOECs are codhfoaréhe LDA and
the PBEsol approximation. In Figuke B.7, the LDA behaviaur®,; andC;, cal-
culations change visibly going from 0.5% to 2% with remaigajppod agreement
with experiment for CdTe. However, the PBEsol approximatgalmost insensitive
to strain change from 0.5% to 2%. Conversely, the PBEsolamation remains
unaffected. Going from 0.1% to 0.5%, instead, values catedl within the PBEsol
approximation show a signi cant change. This interestiegult indicates that differ-
ent levels of exchange-correlation approximations shdfgrdint levels of sensitivity

to numerical displacements. In contrast, LDA and PBEsor@pmations do not
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Figure 3.6: (a) Calculated temperature-dependent lattaestant of CdTe with
PBEsol plue), LDA (red). (b) Coef cient of thermal expansion (CTE) of CdTe is
provided by using LDA ied) and PBEsol §lue) pseudopotentials. Experimental re-
sult of thermal expansion coef cientj(cer) for CdTe is taken from Bagot et al. [[77].
(c) Calculated temperature-dependent lattice constahtgde with PBEsol lplue),
LDA (red). (d) Coef cient of thermal expansion of HgTe is provided bging LDA
(red) and PBEsoll§lue). Experimental result of coef cient of thermal expansian o
HgTe is also provided by Bagct [77i(cer). (e) Lattice constant of ZnTe is given
with PBEsol plue), LDA (red). (f) Thermal expansion coef cient of ZnTe is pro-
vided with PBEsollflue), LDA (redand compared with available experimental result
of Bagot et al. [[77].
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Figure 3.7: Temperature-dependent second order elastgtards of CdTe are pro-
vided by using LDA (ed) and PBEsol lflue) with 0.1% strain (left column), 0.5%
strain (middle column) and 2% strain (right column). Expezntal datagurple is

taken from Greenough and Palmér _[176].

provide a behaviour change in terms of SOECs for ZnTe and tgTgiven in Fig-

ures[3.8 and 319, respectively. The calculated SOECs foezmi HgTe remain
essentially insensitive to the various strains used in ¢lsé tFor ZnTe, the experi-
mental data is available only at four different temperagur&he numerical results
shows good coherence in magnitude but the slope of secomd elastic constants
with increasing temperatures is different for the appliedis limits. The amount of
distortion or strain is important while determining SOEGshe applied strain value
is too small, changes in the derivatives of the total enefgh® cell with respect to
distortions, i.e, the stress, may be too small to have gooaracy. On the other hand,
if the strain is too large, anharmonicity of the energy mayah@oblem in terms of

accurate determinations of SOECs.

SOECs calculated for a strain of 0.1% are reproduced all exgace for the three

materials in Figure 3.10, for ease of comparison. The egpetdwnward trend of all
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Figure 3.8: Temperature-dependent second order elastgtaits of ZnTe are pro-
vided by using LDA (ed) and PBEsol i§lue) with 0.1% strain (left column), 0.5%
strain (middle column) and 2% strain (right column). Expental datagurplg is

taken from Lee [[177].
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elastic coef cients with increasing temperature are obséiin all experimental and
DFT data presented here. Overall, all of the calculatedegdigree with experimental
ndings, with slight but notably difference. In general, RCand PBEsol represents
about a 10% bracket in which the available experimentalltestay for the given
temperature range. The most signi cant difference is tlopalof the elastic con-
stants, where the experimental elastic constants drogrfiein the calculated ones.
The reason for this could be attributed to one or more of tfextf omitted from our
guasiharmonic approach. The contribution of the electréneie energy (due to elec-
tronic entropy) is expected to be small, and therefore ehliko cause this amount
of difference. Similarly, the anharmonic effects are oedtin all similar calculations
due to their minor contributions at these temperatures][1T8e conditions under
which the experimental measurements were taken could feetit from our simu-
lated conditions. At higher temperatures, if the soundaigleexceeds the speed of
heat transfer, the elastic constants that are measured loeidentropic as opposed to
our isothermal values, which assume instant heat trarb7&l.[ Since the correction
to isothermal elastic constants to make them isentropinest in temperature with a

positive slope, this could potentially account for the eliéince.

Poisson ratio of the binary compounds of CdTe, HgTe, ZnTegiaen in Figurd 3.1/1.
Both LDA and PBEsol results show an identical decreasingdtneith increasing
temperature with slightly different values. For HgTe, hoesthe difference between

the two approximations is very small, both essentiallydwihg the exact same graph.

Calculated heat capacity values of the binary compoundslacegiven in Figure

[3.11. Although CdTe, ZnTe and HgTe show very similar chandstics with increas-

ing temperature in terms of heat capacity values, an inerapso 100K in Figure

[B.11 (d, e, f) is observed with slightly different slopesFigurel3.11 (f), DFT results
of ZnTe agree with the experimental results of Gavricéeal. [180,/[181]. For HgTe

and CdTe, our calculated heat capacities agree with thiabl@aexperimental results
within an error of 5%![182, 183, 184, 185].

Due to the increased computational cost in CdZnTe ternamypoaind calculations,

the strain dependence of SOECs is not performed. Only PEfpgobximation is ap-
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are provided by using LDAréd) and PBEsollflue) with the supercell size & 2 2.

Experimental datap(urplg is taken from Greenough and Palmer [176]. (b, e, h)

For HgTe, the second order elastic constants are providagsiog LDA (red) and
PBEsol plue). Experimental data is taken from Cottam and Saunders [76}().

(c, f, 1) Second order elastic constants of ZnTe are providigd LDA and PBEsol.
Experimental results of Leel [1[77] is also provided. LDA esties approximately
10% larger values of elastic constants. A strain value 00Di8 used to generate

these results.
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Figure 3.11: (a, b, c) Poisson ratio of CdTe, HgTe and ZnTaertémperature range
from 1K to 600K. (d, e, f) Temperature dependent heat capdcjtvalues of CdTe,

HgTe and ZnTe are given in the same temperature interval.

plied on CdZnTe materialC,1, C1, andCy4 results for CdZnTe material are given in
Figurd3.12 (a, b, c). There is a slight uptrend from 5K to 80I¢n a clear downtrend
from 80K to 600K inC;4, Cy5 results. Similarly to the binary compound3, shows
very little variation as a function of temperature for Cd2nTemperature-dependent
second order elastic constants@fl; Zn,Tewith x = 0:04 was investigated by
Queheillalt and Wadley [186] by a laser-based ultrasorcbrigue. Second-order
poynomial ts of the provided experimental results are give Figure[3.1R (a, b,
c). The experimental results @f;;, C;, andC44 show a downtrend with increasing
temperature from 273K to 600K. The behavior of CdZnTe exkibomparable trends
with changing temperature, experimental error marginsgotdntial sources of er-
rors to other investigated materials. The discourse pteddar binary compounds is

also applicable to CdznTe.

In Figure[3.12 (d, e, f), Poisson ratio, Vicker's hardnesd heat capacity results of
DFT are shown and compared with the available experimeatal 87/ 188, 189].
In spite of the scarcity of available data and differenceshs composition, good

agreement with experimental work is observed.

Opto-electronic propertiesf the materials (absorption, quantum ef ciency, etc.)aghe
impact the performance of the devices which are made of $esé&conductor mate-

rials. In the literature, the temperature-dependent bapdod the binary compounds

58



D
o
N
N

PBEsol * PBEsol *
[asg] — | [86] — |

\

bBEsoI .
[186] — |

w

[oe]
N
o

Cu [G Pa]
&

w
g

a1
N
T
[any
[e2]

C12 [GPa]
w w
R
Cus [GPa]

200 400 600

o 200 400 6oo 30 200 400 600 140

a Temperature [K] b Temperature [K] c Temperature [K]

. T .

0:32 %1.2 ‘PBESOI . A 15
o PBEsol +{ ‘o [eg) - | _ ]
B - o 1r .l B
20:31 ‘ . 12 £1.0r
g ' s <
9 i 50:8 = PBEsol —
.g T X

0:3r A n 0:5
o GO6l : 5]

K X
2 feens
0:294 200 400 s00 940 200 400 600  0f 500 700 500
d Temperature [K] e Temperature [K] f Temperature [K]

Figure 3.12: Second order elastic constant€;a) b) C1,, ¢) C44, d) Poisson ratio,

e) Vicker's hardness, f) Heat capacity values of CdZnTe

of XTe (X=Cd, Hg, Zn) were calculated by Tsay et al. [190]. thermore, the com-
positional effects on the CdZnTe energy band-gap are widghstigated in the lit-
erature such as the study given by Strzalkowski et. (al. |[1@idre the growth of
the CdzZnTe is performed by vertical Bridgman-Stockbargethad for different zinc
compositions. The composition of the crystal is determingld a method employing
SEM/EDS spectrum and the compositional dependence of etengd-gap is cal-
culated based on transmission spectroscopy spectra & é\bfor Cd).gsZNg-04TE.
Mogeret al. [192] used the thermal co-evaporation method to grow CdZinifelms
and then analyzed the structural, morphological, and alpimperties of these Ims
by several experimental techniques. The compositiona¢iggnce of the energy
band gap is extracted from seven data points ranging xren® to 1 for CdZn; «Te
andis tted with Vegard's lawi[193, 194] which the energy lolagap of Cd.qsZNng.04Te

was calculated to be 1.539 eV at room temperature.

In order to evaluate the temperature-dependent behavibesé materials, the energy
band gap, refractive index, and extinction coef cient oé t6d).gsZng.04T€ ternary
alloy are calculated with MBJLDA approximation for tempeenas of 5 K, 20 K, 40
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Figure 3.13: Temperature dependent energy band-gap ofTedZn

K, 80 K, 100 K, 150 K, 200 K, 250 K, and 300 K. The results (seeufed3.13)
show that CdZnTe material has an energy band gap of 1.541 reX26aZn content
at room temperature which is in good agreement with the @xgertal results of the
reference [192]. On the other hand, there is an energy diffey of 26 meV compared
to the result of the reference [191]. This can be attributethé inadequacy of the

conventional single-particle Kohn-Sham approach to sgmreexcited states.

In Figure[3.1B, the effect of the temperature on the energyl lgmp of CdZnTe is
given. The rate of change of the band gap as a function of teahype, dEg=dT,
is calculated asl:2 10 4 eV/K. This value is lower than those of CdTe and ZnTe

[190] while the behavior is similar.

The calculated optical properties i.e, the refractive inded the extinction function
of the CdZnTe are given in Figufe 3114 dnd 3.15, respectiv&lye change in the
critical points ofEq andE; are shown in both gures' insets. The values of thg
andE; present a red shift with increasing temperature in the sneéFigure 3.14
and3.15. The change of titg critical point energies with respect to temperature in
the 20 K to 300 K range is 20 meV which is similar but lower thiaattgiven in ref-
erencel[190] ( 140 meV) for ZnTe. The room-temperature critical point gyesf

E, is determined from Figule 3.14 as 3.322 eV which is in gooéagent with the
spectroscopic ellipsometry data 3.31 eV) taken from the molecular beam epitaxy

grown CdZnTe layer [195].
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[I-VI materials, which are very important for such techmgiles as detector produc-
tion, are routinely produced nowadays with epitaxial mdtoTernary compounds
can be used to have desired material properties with pragebmations of materi-

als and growth techniques. Thermo-mechanical stressesgnulities in the crystal

structure may deteriorate crystal quality which is detrniaéto the opto-electronic
properties. During the growth, microfabrication procassiesemiconductors, and op-
eration conditions of opto-electronic devices may expbgenaterial to signi cant

temperature gradients. A complete set of temperaturerdkspe thermo-elastic ma-
terial properties for XTe binary compounds (X=Cd, Hg, Znjl dine CdZnTe ternary
compound is given in this section. The lattice constant &ednal expansion coef-
cient of the binary compounds are compared with the avddadxperimental data
and a good overall agreement is observed with our numergsailts. The energy
band gap, extinction, and refractive index of the zinc-tlégrnary compound are

also reported for a temperature regime of 5-300K.

62



CHAPTER 4

EXPERIMENTAL STUDIES

In this chapter, conducted experimental studies are gi¥gntst, nanoindentation

tests are conducted on GaSb material to check elastic modallihardness proper-
ties. Basically, two different types of GaSb material aredus these experiments
according to surface treatment of GaSb i.e, polished orpwlished. Then, a test
setup is designed to perform cryocooling experiments onbGafsi CdZnTe mate-

rials to observe crack initiation and propagation pathsedrated assemblies of the
semiconductors with stainless steel cooled down to 77K &ada up to room tem-
perature. Developed crack patterns are observed at roopetammre via Scanning

Electron Microscopy.

4.1 Nanoindentation

The use of nanoindentation is a valuable technique for piotgimechanical proper-
ties of various materials, such as hardness, elasticitypéasticity behaviors|[196,
197,198/ 199]. The advancement of technology in buildingraihano-scale de-
vices has led to a need for more precise and accurate appotrktudying material
behavior. Continuum theories and traditional approachag not be suf cient, as
scaling effects can dominate the material behavior, resuilh signi cant errors in
determining material properties at the macroscopic leMais section focuses on the
application of nanoindentation tests on GaSb material twide a baseline for the
temperature-dependent thermo-elastic material pragsetiiat are obtained by Den-
sity Functional Theory (DFT) in this thesis. Nanoindergatis a standard engineer-

ing tool that is useful for characterizing the mechanicaparties of materials at
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the nanoscale, including bulk materials, polymers, comgssand thin Ims. Other

techniques, such as Atomic Force Microscopy (AFM), micar¥RRn Spectroscopy,
Scanning Electron Microscopy (SEM), and Focused lon Bed®) (fechniques, can
also be used to determine the deformation mechanism ofusasemiconductor ma-
terials like Ge, Si, GaSb, InP, and others.

A nanoindentation measurement is generally performedavitivee sided Berkovich
indenter which sinks onto the sample surface. By recordiegdad, displacement
and time during the indentation, local mechanical propemif the material can be ac-
complished. Oliver-Pharr method [200] provided the praredf determining elas-
tic modulus and hardness properties via nanoindentatiimBarkovich indenter. It
became a commonly used method on different investigatioatgrials, applications.
[201,[202[ 208].

In our experimental investigations, CSM Instrument Nadeinter is used in Bilkent-
UNAM campus. Itis equipped with diamond Berkovich indent®pical indentation
curve is given in Figurd_411. Applied force during the ingsditn is not constant as
it seen in typical indentation curve. Loading and unloadiagtions of the process is
labeled as "a" and "b" in Figure_4.1, respectively. The tamgarve at the beginning
of the unloading section is de ned as "c" R} . The permanent indentation depth
after removal of the test force is de ned hs. The point of the tangent "c" to curve
"b" at maximum load with the indentation depth axis is de resh, whereas the
depth of contact of the indenter with the sampl&aiy is given ash.. The maximum
indentation depth at corresponding Id&g.y , is given ashax . The contact stiffness

atFmax and the geometric constant are represented with S aredpectively.

The extreme limits of the ideal mechanical behavior of makeican be de ned as
ideal elastic and rigid plastic. In ideal elastic case, treling and unloading curves
are coincident so that there does not exist permanent dafammat the end of un-
loading stage. In rigid plastic case, the induced deformnatannot be recovered so
that unloading stage will result in a vertical downward Ilgtarting at-,.« . However,
elasto-plastic behavior is widely observed on engineamatgrials whose character-

istic behavior is actually given in Figurle_4.1.
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Figure 4.1: Typical indentation curve

Table 4.1: Geometrical parameters according to indenegresh

Indenter Shape m "
Flat Punch 1.0 1.0000
Cone 2.0 0.7268
Sphere 1.5 0.7500

The maximum load and indentation depth of nanoindentaiendre obtained from
the same acquisition point that is directly on curves. Thmtdations of geometrical
parameters in Figure_4.2 are given as,

Fm X
hy = himax sa (4.1)
he = hmax  "'(Nhmax D) (4.2)

The permanent indentation depth after removal of the tesefd,, is determined
by linear t inbetween %15 and %0 of the maximum load accogdia CSM In-
strument's nanoindentation user guide document. The cbstdfness, S, can be

obtained by either tangent method or Oliver-Pharr methadamgent method, S is
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Figure 4.2: Schematic of the indenter-sample contact

determined according fo 4.3 by providing a tangent t whitarts at %95 of .«
and ends at %70 d¥ .y -

S= (4.3)

In Oliver-Pharr method, power law t of unloading curve isaasto determine stiff-
ness with equations 4[4, 4.5

— . h hp m
F = Fmax.(hmax y (4.4)
S = MFpax :(hmax  hp) * (4.5)

The geometrical parametens and"” are given with corresponding indenter shapes
in Table [5.2. For the elastic modulus, indenter tip propsrshould be provided in
calculations with the depth of contact of the indenter wite sample at maximum

load,h.. The indentation elastic modulus,r is given as

1 2
Vs (4.6)

1 1 Vi2
Er Ei

Er =

where ; is Poisson ratio of the indenter (0.0B), is the elastic modulus of indenter
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(1141 GPa) ands is the Poisson ratio of the sample, I& reduced modulus of the

indentation contact

p_
E/ = p 87 4.7)
2 Ap (he)

where is shape dependent geometric factor andh.) is the theoretical projected
contact area. Standart measurement of hardihBgss dependent on maximum load

and developed contact arés,(h;) as given in(4.B.

_ Fmax
HV = o BLA(D (4.8)

41.1 Testresults on GaSb

Elastic modulus and hardness of GaSb has been determinael tenhperature range
of 1K to 1000K by DFT previously. Nanoindentation experirteeare conducted at
room temperature on polished and non-polished surfaceittmmed GaSb samples.
Bulk GaSb material surface does not contain any Im coatiithe dimensions of
the prepared sample at&0 4:8 0:5mm?3. The delta slope contact is applied as
%80 which is recommended for the hard materials. Low dettpestontacts such as
%10 to %20 is desired for soft materials such as epoxiesnpaly. A representative
load-displacement curve is given in Figlrel4.3 for 20mN ing@dase. The maximum
loads of 10 mN and 20 mN are applied during the indentatiorxiMam indentation
depth is around 500nm for 20mN maximum loading as given infeigl.3 whereas
it is approximately 320nm for 10mN maximum load case. Fohdaading, total
number of 10 indentation has been performed and box ploltsasithe indentations

for different maximum loads are given in Figlrel4.4.

Boxplots basically de ne a set of ve data which are minimunst quartile, median,
third quartile and maximum values. The box limits in Figlird de nes the limits
of rst and third quartile of elastic modulus values and tlegihontal line in the box
de nes the median of dataset. Besides the experimentaiestuthe results of DFT

calculations performed with LDA and PBEsol approximatians provided as single
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Figure 4.3: Representative load - displacement curve adindentation test on GaSh

with maximum applied load of 20mN

lines in the box plot so that comparison of the numerical aqpeemental results is

more comfortable. The results of DFT simulations are cavéreletail in Chaptelr]3.

A typical nanoindentation curve is already given in Figur® 4However, the experi-
mental results may not be identical with this behaviour tmteand every indentation.
For example, a discontinuity during loading phase of indgah that is called as pop
in may be observed during nanoindentation. Pop in is de ned saudden change
in load or displacement during the loading of indenter onghmple. Nanoinden-
tation experiments can be performed with two options i.e simould either control
indentation load or displacement. If the indentation idgrened with load control, a
horizontal plateu or plateu with a positive slope can be ntesk On the other hand,
if the nanoindentation experiment is performed with displaent control, a vertical
drop on force-displacement behavior can be observed. Peffant is commonly
explained by different topics according to tested mateialch as dislocation nucle-
ation for crystalline materials, a result of strain tralsitnear grain boundaries of
metals or fracturing of the thin Im if a hard brittle Im is teted on a ductile substrate
material. So, there exist variety of reasons to observe peaffeéct. This phenomena
is not discussed in detail here and pop in event is not obdemdhe given data in
Figurel4.4.

As seen in Figure[_4]l4, surface condition of GaSb can affeztefastic modulus
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Figure 4.4. Measurements of elastic modulus of polished;paished GaSb sam-

ples by nanoindentation

results. Results of polished GaSb material shows excett@mrence with the limits
of DFT predictions on elastic modulus for both of the maximungientation loads.
On the other hand, non-polished GaSb provides higher elagidulus with larger
scattering of the data. When the maximum indentation loattieased to 20 mN the
difference between highest and lowest measured valuesrestiman 90 GPa. Surface

conditions of both samples that are captured by SEM are @ivEigure [4.5.

(a) Polished surface (b) Nonpolished surface

Figure 4.5: GaSb test sample surfaces
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Hardness results are also provided in Figlire] 4.6. Contrathe elastic modulus
results, both polished and non-polished samples providel goherence with the
room temperature DFT results. For a maximum load of 10 mN a@hdhR®l, both
of the con gurations show more scattering data with respealastic modulus re-
sults. Although DFT results does not stay out of the rst anidd quartile limits of
corresponding boxplots, it is hard to verify that the hastnealues determined in a

reasonable range due to inconsistent nanoindentatiohgesu

Figure 4.6: Measurements of hardness of polished, nosipadi GaSb samples by

nanoindentation

Hardness is de ned as the resistance of a material to permaegormation during
application of load. This property can show size dependencsaterials i.e, the re-
sults can vary near the surface with respect to bulk hardmessurements. As it is
observed from Figuré 4.4 and _#.6, although the elastic nusduleasurements by
using nanoindentation show great coherence with DFT iestitre exists a scattered
data for the hardness measurements. The common issue wittattiness determi-
nation is the contact area determination which is given umaéign [4.8) a#A.(h.).

It is a measured value after indentation. However, the ptegecontact area,(hc)

in equation[(4.l7), is a theoretical or calibrated value w@aled according to indenta-
tion depth,A, = f (h). The actual contact area can represent a signi cant diffeze

if the surface is not ideally at or it shows some topologickiferences from one
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indentation point to another. This may be the cause of sealtttata in hardness mea-
surements. Moreover, some materials can exhibit defoamaghaviour that can lead
to inaccurate contact area determinations. For exampliesisiand pile-up behavior
of material during nanoindentation may cause inaccuratéacbarea determinations
[204,[205]. So, an accurate information about the contaga & important while
determining a representative hardness value. The exparimelved using two dif-
ferent types of GaSb material based on surface treatmelst{pd or non-polished)
and revealed signi cant differences in elastic modulusedeinations based on sur-

face treatment.

Surface roughness of the samples are also measured withNixgd/iew 7100 Op-
tical Pro ler which uses scanning white light interferometo measure and visualize
the microstructure and topology of the surfaces. Accordlingjven results in Figure
4.1, polished sample has a roughness (rms) value of 0.62dmpeak to valley (PV)
value of 19.54nm whereas nonpolished sample has a muclegR®atand roughness

values of 7820nm and 1031.57nm, respectively.

(a) Polished sample (b) Nonpolished sample

Figure 4.7: Zygo New View 7100 optical pro ler measuremeonsthe samples
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4.2 Custom Designed Test Setup for Cryocooling

4.2.1 Test setup design

A test setup is designed and produced to perform cryocoepgriments. Aim of

obtaining cryogenic temperatures is to mimic IRFPA undegéneric operation con-
dition, i.e, at 77K. High vacuum conditions must be satistectliminate convection
mode of heat transfer so that obtaining cryogenic tempegatwith minimum cool-

ing power can be satis ed. Ease of sample integration, tegnation and reusability
of the test setup are also important in terms of effectiveridsthe test setup. A
schematic structure of the designed test setup is givenguaré&id.8. Test setup is
composed of a dry pump, turbo-molecular pump, pressure giag@alve, test enve-
lope which is integrated on a cryocooler, a DC power suppldy unit and required

assistive equipments.

Optic Interface

>

Electronic Interface

®
Dry pump | Temperature

sensor
\ [Temperature
Pressure Gauge Pump Tube sensor

®<‘;: Test Envelope " A
Valve Temperature control

feedback

Turbomolecular
pump Display Unit
Cryocooler

N
Electronic Interface v
> @ < Input

Power

find

Mechanical Interface DC
> Power supply

Figure 4.8: Test setup schematic

In the test setup, a rotary type Stirling engine cryocooRfI6]| has been used to
achieve cryogenic temperatures. Pressurized helium @ aseryogenic coolant in
the cryocooler. Rotary Stirling cryocooler is integrateihva custom designed test
envelope that has two o-ring interfaces to seal interioun from the exterior as
shown in Figuré 4]9. Test Envelope is simply a leak tightcttiee with proper op-
tical and electrical interfaces as shown in Figure] 4.8 which indicated as

optical window and electical pins. Mechanical interfacetlod cryocooler can be
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used for mechanical integration and heatsinking.

Figure 4.9: Test setup design

Interior volume of the Test Envelope is under vacuum envirent by the help of
pump tube, dry pump and turbo-molecular pump. A copper pagfibe has been
utilized as the vacuum port. The dry pump works as a backuppopamd it satis es
the vacuum level inside the housing so that the turbo-médeq@ump can start to
operate. Viton o-ring material and hermetic material ind¢ign processes such as
brazing, laser welding has been used in between parts tolsteuum integrity of
Test Envelope. Standart QF ange features have been useddia parts which are
o-ring sealed. Standart metal clamps have been used to levéd parts together. The
samples that will be tested are placed on a ceramic mathatld integrated on top
of cold head as shown in Figufe_#.9. A temperature sensohvifijglaced on the ce-
ramic surface is connected to electrical pads via wirebasdshown in Figure4.10.
Electrical pads are placed on a multilayer ceramic that aeel to connect electrical
pads to the outer world pins. This way, signal transmittainoen the temperature

sensor to the outer world and Stirling cryocooler is realize

Advantages of this setup can be de ned as follows;

Active temperature control of the sample by adjusting tly@cooler operating

temperature.
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Figure 4.10: Ceramic with an integrated sample on cold head

Ease of sample mounting or dismounting obtained by usingneaile epoxies

and standart QF anges and clamps.

Changing optical window without de-integrating any othartpif needed.

Experimental test setup is designed to conduct experimantsyogenic tempera-
tures. Ceramic material is integrated on cold head with amgmaterial. The sample
structure can be integrated on ceramic (white) as showngarei4.10 with thermal

interface material. The thermal interface material is nwed so that it does not pro-
vide rigid contact between bonded layers. Two temperatioged are integrated on
carrier ceramic, one of them can be observed on Figure| 4.t0anmiepresentative
wirebond that connects temperature sensor to the eldgiads so that the tempera-
ture can be monitored during the experiments. The seconpeture diode is used

to provide temperature feedback for the cryocooler thatisvi in Figure[4.8.

4.2.2 Cryocooling experiments

Cryocooling is required to decrease noise level caused by @arent mechanism
of detection layers in IRFPA structure. Generic IRFPA cdalegion can be com-
posed of different ceramic, metal, semiconductors thatrdaegrated on each other
by using epoxy materials. Due to coef cient of thermal exgian mismatch be-
tween constituent materials and great temperature difte® problem of arising
thermo-mechanical stresses on IRFPA structures has beeiopsly explained. To
mimic thermo-mechanical stress on IRFPA structures, GalbCalZnTe semicon-
ductor materials are integrated with stainless steel (85&@h an epoxy material

and integrated on cold head of the custom designed testwétup thermal interface
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material.

4.2.2.1 GaSb - SS304 sample

GaSb and SS304 samples are integrated with an epoxy maildraintegrated struc-
ture is cooled down to 77K by using a custom designed tespsdtue details of the
test setup is given in Sectign #4.2. Temperature of the caddl ieecontrolled with the
temperature sensor on the carrier material. After obtgiirK temperature on cold
head, standby time of a minute is waited to ensure semicdodomaterials reached
steady state. Then, the cryocooler is switched off and wéitereaching temperature
of the assembly to room temperature. This assembly is calded from room tem-
perature to 77K approximately in 6 minutes. The cooldowrhefsample is given in
Figure[4.11. Then, a cleaning process of the assembly isnoeel before inspection
with SEM. Rectangular prism geometry is de ned for the c@osnts in dimensions
of 15 4.8 0:5mmdand15 4.8 2mm?3 for GaSb and SS304, respectively.

Figure 4.11: Cooldown of the integrated sample

Top surface normal of GaSbh sample is on <100> direction bplieine material orien-
tation was not known. After cryocooling experiment, it ia@éd in Scanning Electron

Microscopy (SEM) and top surface of the sample is investigaDbserved crack pat-
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(a) Crack pattern 1 (b) Crack pattern 2

Figure 4.12: Observed cracks on GaSb sample

tern on GaSb is given in Figure_4.12a with a crack width in tmege of 100nm to
140nm as observed in Figuie_4.12a. In Figure 4.12b, it isrebsgethat the second
crack path is changing its direction with an angle of 18.48s€@vation of crack pat-
terns and crack width are obtained with SEM. To determinectbavage planes of
single crystal materials, electron back scattering diffitm (EBSD) method can be
used to determine fatigue assesments and crystal misatr@mbf materials as well

as single crystals'[207, 208].

In plane material orientation of the investigated GaSb danvas not controlled dur-

ing crystal growth phase. So, the crack propagation doactannot be speci ed

according to in-plane crystal directions of GaSbh. Crackpopgation on GaSb as a
straight line makes an angle between horizontal axis. Asdbiserved from the re-
sults of phase eld theory, for example in Figurel6.6, theckrpropagation path on

GaSb material can be different with respect to changingangimaterial orientation

which is also valid for other cubic crystals. The constrda®ucture is analyzed with
nite element method on Sectidn.1.
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4.2.2.2 CdZnTe - SS304 sample

Cdi xyZncTe withx = 0:04 ternary compound with top surface normal of <211>
direction is commonly used in HQCdTe IRFPA detectors as atsate material [209,
[210]. By applying the exactly same geometric structure andqzlure given in Sec-
tion[4.2.2.1 for CdZnTe instead of GaSbh, crack pattern ortéhgary compound is
able to be observed. CdZnTe is integrated on SS304 sampieawiepoxy material.
The temperature pro le given in Figure 4]11 is also validtioe test of CdZnTe. The
top surface of CdZnTe is inspected with SEM at room tempegatihe observed
crack pattern on CdZnTe material is provided in Figure4.13.

(a) Crack pattern 1 (b) Crack pattern 2

1

4/13/2023 HV mode

mag H| WD curr — 50 ym ——
3:57:30 PM |30.00 kV| SE 750 x |10.9 mm| 140 pA|

(c) Crack pattern 3

Figure 4.13: Observed crack on CdZnTe sample
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The crack pattern on CdZnTe given in Figlre 4]13a shows ale afd22.5°between
two observed directions. A broad capture of observed crisckigure[4.13a is given
in Figure[4.13c. Two set of paralel cracks are observed iewielw, i.e, crack number
1, 2 and 3 represent paralel crack set 1 whereas crack nuraberzrepresent paralel
set 2. The angle between observed zig-zag crack in FiguBii4ntasured as 114.8°.
Zig-zag crack pattern of crack propagation can be obsergedubic anisotropic
materials. According to in-plane material orientation @ading type and direction,
cubic anisotropic materials may exhibit zig-zag or unidilt@nal pattern for crack
propagation[[102]. A decreasing crack width and sharpresdbserved by SEM
when the crack is propagating and loosing its energy andibsi vanishes at the top
end as seen in Figure 4.13b. In contrast to observed craclka&b Gample in Figure
[4.12b, the crack width smaller on CdZnTe material.

The given results in Section 4.2.2.1 dnd 4.2.2.2 are theattstmpts to observe crack
propagation paths on GaSh and CdZnTe materials in thetliteraMaterial orien-
tation of both of the materials were not controlled duringstal growth processes
because this is not a requirement in IRFPA applications. $Ekges from the top
surface are provided to observe crack propagation pathseomaterials. Although
the crack propagation path directly depends on in-planemahbrientation, there are
other factors such as void defects, precipitations, psaioggparameters during crys-
tal growth, surface roughness, thermal history of the nedténat can affect crack
initiation and propagation on a single crystal materialgémeral, minizing the defect
density and controlling the microstructure of the matediaiing production can help

to improve resistance to crack propagation.
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CHAPTER 5

THERMO-ELASTIC STRESS ANALYSIS OF IRFPA WITH FEM

5.1 Thermo-Mechanic Stress Determination on Bimaterial Asembly

The effect of temperature-dependent material propediggroduced with nite ele-
ment analysis (FEA) on a GaSb-SS304 assembly. Motivatitm®ftudy is to show
maximum von Mises stress results regarding the usage @reift material proper-

ties, i.e, temperature-dependent material propertiesratdrial properties at 300K.

Coef cient of thermal expansion and elastic modulus of Gasdtterial are deter-

mined by DFT studies and given in Section 3/2.1. Room tentpergroperties of

GaSb given in Table 5.1 are used. The room temperature piegpef GaSb are also
extracted from DFT results. The used material properti€33804 are also provided
in Table5.1.

Table 5.1: Material Properties of GaSb and SS304 at 300K

Material CTE (1/K) Elastic Modulus (GPa) Poisson ratio
GaSb 6.87E-06 82.20 0.2422
SS304  17.3E-06 193 0.2900

Rectangular prism geometry is de ned for the constituemtiimensions o15 4:8
0:5mm3and15 4:8 2mm? for GaSb and SS304, respectively. Due to symmetry,
a quarter of the structure is modeled. Anisotropy in GaSkerradtis omitted in FEA
study. Mesh is given in Figure_5]1a and de ned path for vonédistress is provided
in Figure [5.1b. The given path is starting on the neutral arid elongates till the
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diagonal edge.

h f s

(a) Mesh structure (b) De ned path for stress output

Figure 5.1: a) Mesh structure, b) De ned path on GaSb midplan

Previously determined temperature dependent materipepties of GaSb are given.
Although heat capacity and coef cient of thermal expansialues are provided with
continuous lines in Figuré_3.5 and B.6 respectively, discvalues of material prop-

erties for the corresponding temperatures are given in ABI®2021.

On symmetry surfaces, displacements in surface normadtaires are constrained.
All three displacements on bottom vertex of neutral axishef assembly are also
constrained with xed support. Then, thermal condition obting is given on both
of the materials from 300K to 77K. Temperature gradient @nstinucture is not main
driving force of this problem so it is omitted. Maximum von $és stress on the path
given in Figure[ 5.7 is taken as the only output for compariso

Path stress results on GaSb by using material propertie30&t &nd by using tem-
perature dependent material properties between 1K and 800 great differences.
Obtained maximum von Mises stress level by using temperatapendent data is
117.61 MPa whereas it is 91.59 MPa when the room temperataterial data is
used. If the maximum von Mises stress is normalized witheesjo the analysis per-
formed by room temperature material data, the maximum vaebstress difference
along the de ned path shows 28.41% difference and it is liegaept the edge which
can be seen in Figure_5]2b.

A simple representation of material property effect on tbemechanical stress de-
termination is given in GaSh-SS304 bimaterial assemblpn@sry, constituent ma-

terial properties are important to determine accuratesstpeedictions. However, in
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(a) GaSb path stress (b) Normalized path stress

Figure 5.2: The effect of material property de nition on vbfises stress determi-
nations via FEM of the two con guration, i.e, materials peopes provided only at

300K and temperature dependent material property for 16k3@mperature range

cooled region of IRFPA structures, there exist differenbrgetries and materials.
To observe the effect of temperature dependent materipepties much better, per-
formed nite element analysis in this section is repeatecharpresentative IRFPA

assembly structure.

5.2 Thermo-Mechanic Stress Determination on IRFPA Assem@l

As an extension of bimaterial assembly, thermo-mechangsstdetermination of a
representative IRFPA structure is performed. Finite el@nneodel consists of ve
different materials as given in Figure 5.3a. At the bottowidcnger cap, a metal
part is de ned as part 1. Carrier which is placed on the megat s given as 2.
Silicon readout integrated circuit, under ll/intercorotenaterial and GaSb semicon-
ductor material that represents the IRFPA are provided mutimbers 3,4 and 5 re-
spectively. Interconnects and under |l materials are asstias a homogeneous layer
in the model. Frictionless support is de ned on symmetryaees such that displace-
ments across the symmetry surfaces are constrained. Boéxiex of part 1 is xed

in three directions. At the bottom of the cold nger cap makr(part 1), footprint of

cold nger tube which is a quarter hollow cylinder as giverFigure[5.3b is xed in
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z-direction (surface normal), but it is not constrained-yn directions.

(a) Representative IRFPA model (b) Boundary conditions

Figure 5.3: IRFPA model and regarding boundary conditionthe structure

Two nite element analysis are performed with exactly thensamodel geometry,
boundary conditions and mesh. Material properties of pa/2s3 and 4 are not
changed within these simulations. The only difference betwthe analyses was
providing either temperature dependent or single poinB(@K) material properties
of IRFPA material. Initial temperature of the whole assgm&P98K. Thermal load-
ing of cooling the assembly to 77K is applied on the structuBended contact is
de ned between the constituent materials such that delamnaein or separation is not
allowed. The temperature gradient on the assembly is negletue to utilization
of thermally conductive materials and thin layers on theeadsy. Driving force in
these analysis is the coef cient of thermal expansion misimand great temperature

difference that IRFPA material must withstand for thousaoithermal cycles.

Table 5.2: Geometric dimensions of parts

Part# Dimensions in milimeter
=6:861t=0:8
=8:0;t=0:4
=18:5t=0:75

5 5 075

505 505 0:005

4:87 391 005

gl |lw N

Geometries of the constituent parts are given in Table 5.8.itAs observed, the
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material thicknesses is not larger than 1 mm and it imm&nd 50 m for under Il and
GasSb layers, respectively. Total number of 893402 node$and47 elements are
used in the analyses. Very ne mesh is used on the analysahdéwomputational

time is still low in steady state mechanical analysis.

5 ys
021 R2

Figure 5.4: De ned path on midplane of GaSh

H [—

| mpmszEEEmmmsacpbdpisssas
T T . ' i

(a) Thermal expansion coef cients of the parts (b) Elastic modulus of the parts

Figure 5.5: Thermal expansion coef cient and elastic madydarameters of the con-

stituent materials on IRFPA assembly.

To determine the stress and displacement outputs on IRAR#cgeductor layer, a
path is de ned on midplane of GaSb layer which is given in Fedb.4. De ned path
starts from center axis of the structure and elongates wod& edge of GaSb. Sin-
gle point and temperature material properties of GaSb aza@y provided in Section
B.1. For the remaining parts, thermal expansion coef gielatstic modulus and Pois-
son ratio are given in Figurés 51%a, 5.5b and Table 5.3, ctispby.
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1 0

1] 0
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(a) Von Mises stress on GaSbh midplane (b) Z-axis deformation of GaSb layer

Figure 5.6: Effect of temperature dependent data on vondigess and out of plane

deformation for de ned path.

Table 5.3: Poisson ratio of the parts

Partl Part2 Part3 Part4
0.400 0.228 0.280 0.317

Developed thermo-mechanical stress is determined alangl¢med path given in
Figure[5.4. According to results of the two analyses thatodotained with either
single point temperature data or temperature dependertrisdadata of GaSb, von
Mises stress results are given in Figlre b.6a. Out of plaf@mation of GaSb top
surface is given in Figuiie 5.6b.

Using temperature dependent material data for GaSb miapeaeides 44.7% im-
provement in von Mises stress determinations. In contoasif plane surface defor-
mation on top surface of GaSb behaves very similar in thesecbges. It is a clear
evident that when the IRFPA structure is exposed to cyckerttal loading during
the device lifetime, using right material properties camscantly affect the thermo-
mechanic stress response so the lifetime estimation oftthetsre. In the Section
and 5.P, it is showed that thermo-mechanic stress di@uaccuracies are im-
proved with the use of temperature dependent material prepevith 44.7% and

28.41% accordingly. The improvement margins could be evginen depending on
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(a) Von Mises stress with temperature i(b) Von Mises stress with temperature de-

dependent data pendent data

B: Temp Dependent Material Data
P

al Deformation(Z Auis)

(c) Z-axis deformation with temperaturé) Z-axis deformation with temperature

independent data dependent data

Figure 5.7: Effect of single point material data and tempegeadependent data. a), b)
represents the effect on von Mises stress, c), d) repretbensit of plane deformation

results.

the constituent materials of the assembly.

5.3 Free Energy Function and Stress Expression

In this section, free energy function and stress expredsioaubic anisotropic ma-
terials are derived. Free energy function is divided into parts, i.e, isotropic and
anisotropic parts. Mechanical part of the free energy isvddrfor cubic symmetric
materials and the de nitions of stress expression, elégtiensor are also provided.
Then, free energy of a anisotropic thermo-elastic solidctdsic symmetry is given.
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For GaSb and InSb materials, a polynomial t is provided fanhé parameters and
cubic anisotropy parameter which can be used in cubic synoiete energy deter-
minations of these materials. R-square parameter whiolvstite quality of the ts,

is greater than 0.99 for all of the performed curve ttings.

5.3.1 Cubic anisotropy

The mechanical part of the free energy function for a crystti cubic symmetry is

described as

("Mii )= iso("s )+ sym("sM i3 ) (5.1)
whereM ; = a; a; withi = f1;2; 3g are the structural tensors associated with the
cube faces possessing unit normalsHerein, we have decomposed the free energy
function into isotropic and additional stiffness terms ube orientations due to cubic
symmetry. The isotropic part of the free energy functiordeea

vy Q)
iSO(’)_T

(tr )2+ ()" " (5.2)
where () and ( ) are the temperature-dependent Lamé parameters. Heraésn
the double contraction operator such that for two secondrdehsor#A andB , the
double contraction reads

A:B = Aij Bij (53)
The additional term of the free energy function due to cuprometry reads

", . — >@ ( ) no. 2
sym( 1M (] )_ T( M I) (54)
i=1
with () as the additional modulus term due to cubic crystal strectdihe stress

expression then has the following form

x3
= (O)wrrl+2 ()" + OC M OM (5.5)

i=1
The fourth order elasticity tensor can be derived from thessttensor as follows

x3
C= ()1 1+2 ()I+ ()Ei; (5.6)

i=1
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wherel is the fourth-order identity tensofy = i« jy + i jk andEE=M; M
is the structural tensor associated with the cube faceselBsécity tensor of a cubic

symmetric crystal in matrix notation with the Voigt conviemt reads

2 3

Cii Ci2 Cyp2

Ciz Cin Cpg 0

C C C

&= 12 Cip Cypg : (5.7)
Caa
0 Caa
Cua

By comparing (5.6) and (5.7), we conclude that
=Cun 2C4 Cp = Cu = Cy2: (5.8)

Herein, and are the shear modulus and the rst Lamé constant, respéctive
Due to crystal symmetry, the number of nonzero independentents are reduced
signi cantly. The rank-four tensor notation can then bevamently reduced to rank-
two notation. For cubic crystals, the relation between tired indepedent nonzero

rank-two and rank-four elastic constants is
Ci1=GCii and Cyp = Cjj; i 6 ]

wherei;j = 1;2;3. In this short-hand notation, also known as the Voigt notgti
the so-called engineering strain must be usged= ; (i =1;2;3); 4=2 3, 5=

2 31, 6 =2 12). The parameter vanishes for isotropic elastic materials leading to
2C4 = Cq1 Cyp. For further information regarding admissible set of syrtimas
for the elasticity tensor and the resulting number of indeleait elastic constants, it
is referred to Chadwickt al.[211].

5.3.2 Thermo-elastic cubic anisotropy

To de ne free energy for a cubic anisotropic thermo-elastiid, the free energy,

is rewritten by including isotropic (5.2 and cubic symmed®y) parts as follows

87



x3
Oz (™ Deompzs (g 20 oy

(" )= . 2
(5.9)

2

with , stress-temperature modulus for isotropy, and speci ¢,lea positive € >

0). , ,and are the Lamé coef cients and the anisotropic coef cientatttle-
scribe the mechanical properties of the material. The té;hﬁtr")z represents the
volumetric (dilatational) part of the mechanical energpiler ( )" : " represents
the deviatoric part of the mechanical energy. The tegﬁf(" : M ;)2 represents the
contribution of the material's anisotropy, wheve; are the three orthogonal axes of
the crystal lattice. ( o)tr" represents the contribution of thermal expansion to
the free energy. ﬁ( 0)2 represents the contribution of thermal energy to the
free energy. Overall, this expression in (5.9) represefreeaenergy function that ac-
counts for both mechanical anisotropy and thermal effectssolid material. Then,

the stress expression then has the following form

x3
= ()wrl+2 ()" + OC:MOM i+ o)l: (5.10)

i=1
The entropy, and heat ux,q can be given as

- %: e+ () (5.11)

0

q=kr ; (5.12)

where thermal conductivityy must be positivek > 0. It is assumed that thermal
conductivity of the solid is isotropic. Moreover, the heatisce or heatsink vector
in thermoelasticity that describes any internal heat germr or absorption due to

material deformation is omitted in this framework.
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Table 5.4: Rational curve tting parameters as stated i8)(8.13) for elastic con-

stants of GaSb with goodness of t parameter of R-sq.

Elastic constants of GaSb
() () ()
ng +2:846E 5 +2:63FEF 7 +1.79E 6
N, 1.00E 1 5927F 3 +1:.74E 3
ng +5:75E +1 +3:90%E +1 381FE +1
ng +1:956E +6 +7:03%E +3 2.07€E +4
d +4.647FE +4 +1:834E +2 +5:49F +2
R-sq +9:95E 1 +9:99%€ 1 +9:93& 1

5.3.3 The Lamé and parameters of GaSb and InSb

According to obtained results of second order elastic @mstby DFT, the Lamé
parameters { ) including the additional modulus term due to cubic symméti

as given in (5.8) for GaSb and InSb materials are obtained ft& to 1000K. The
results can be seen in Figure 5.8. A rational curve ttingtEmperature dependence
of elastic constants with a numerator degree of three andrdiexator degree of one

S+ %+ N3 +ny

s (5.13)

f()= =

is tted to the simulation results obtained. The parametershe elastic constants of

GaSh are depicted in Table 5.4.

Lamé parameters of GaSb can be de ned with R-square valugéi tharD:99 for

all the cases. Sum of squared errors (SSE) which is anotlogingss of t parameter
is 0:011, 0:033 0:051for the estimation of; ;  parameters. For InSb, the Lamé
t parameters are provided in Table 5.5. R-sq values of thesare also greater
than0:99. SSE values 00:000560:0034 0:00250ccurs while determining ;

parameters of InSb.
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Figure 5.8: Shear modulus rst Lamé parameter and the cubic symmetry param-
eter for (left) GaSb and (right) InSb are determined accordin(bt8) by using the
second order elastic constaniig;, C,», C44, and depictedréd) dots. The rational
curves according to the parameters provided in Tables 54 &nfor GaSb and InSb,

respectively, are depicted withl(i€) lines,
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Table 5.5: Rational curve tting parameters of InSb accogdio (5.8),(5.13) with

goodness of t, R-sq.

Elastic constants of InSb

() () ()
Ny 5246 8 +6:64& 7 4944 8
n, 896(E 4 906%E 3 +2:161E 3
ng +2:95F +1 +3:60%E +1 295 +1
ng +2:81& +3 +4:966E +0 3:06FE +3
d +957E+1 +1:41E+0 +1:04%FE +2
R-sq +9:996E 1 +9:99%E 1 +9:99&& 1
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CHAPTER 6

PHASE FIELD THEORY

6.1 Introduction

The results of DFT analysis provide thermal expansion aoeht, lattice constant,
second order elastic constants as well as Vicker's hargdiRessson ratio etc. Semi-
conductor compounds may expose to thermo mechanical etrefsse to different
conditions such as microfabrication processes, operatahstorage conditions. In
this study, the investigated single crystals by DFT gehetave brittle behavior at
room temperature as well as at cryogenic temperatures. Elebanical behavior of
[1I-V and II-VI single crystals can also be affected by fast®such as temperature,
loading rate, doping etc. Since single crystal silicon idely used in solar cell and
MEMS industries, thermo-mechanical and fracture propsrtif this material is of
great importance to build MEMS based microphones, acaeleters, pressure sen-
sors etc [212]. However, there does not exist a study thatreowvacture of IlI-V
and II-V semiconductor compounds with experiments and mioalenvestigations.
In this section, a phase eld model is developed such thaivecs cubic anisotropic
behaviour of single crystal compounds and obtaining thetdira patterns of GaSb
material with case studies. So, a complete framework imeguohaterial property de-
terminations by DFT and numerical investigations of crackation and propagation

will be given for speci ¢ single crystal semiconductors.

Cohesive Zone Method (CZM) [88, 89, 90] and eXtended Finientent Method
(XFEM) [85, 86, 87] are widely used on crack propogationadahation problems
of broad range of materials. Phase Field Model (PFM) repitssthe fracture pro-
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cess as a continuous eld, which enables the simulationadigal crack growth and
crack coalescence. In contrast, CZM and XFEM representréotuire process as a
discontinuous eld, which can make it dif cult to model gradl crack growth and
coalescence. PFM can simulate complex crack patterngydimg branching and
merging, without requiring a priori knowledge of the cra@tlp There are also some
limitations and challenges associated with phase eldténecmodeling, such as the
need for complex parameter calibration and the computatexpense of the method.

In this thesis, PFM is used to simulate crack initiation anappgation studies.

6.2 Basics of the Phase Field Model of Fracture

The mechanical response and phase eld response of a fegotablem are respec-
tively governed by the crack phase eld, represented by d,the deformation map,
represented by. A framework will be presented to include anisotropy for icigym-
metric crystals, which includes the semiconductor compsielonging to the Ill-V
and II-VI group materials that exhibit cubic symmetry. Taagnt for this anisotropy

class, a proposed phase eld model is required.

LetB R 3 be the reference (undeformed) con guration of a materialybwith 3D
space dimension an@ its boundary with material poirX 2 B. The continuum
body is at reference con guration attimg2 T R and itis in deformed con gu-
ration attimet 2 T R. The spatial con guration is represented 8y R3. The
deformation eld maps each material poig, 2 B in Lagrangian con guration onto

its Eulerian, deformed, counterpart2 S

8

I(X)_<BT 1S 6.1)
T X Tixo= (Xt '

Crack phase eld de nes the material state as intatt(0), fractured ¢ = 1) or
damaged@<d< 1)
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SBT ! [01]
d: (6.2)
(X;t) 7Vd(X;t)

Deformation gradient; , desribes the mapping of unit Lagrangian line elentft
onto its Eulerian counterpadlk = F dX . Gradient operators, ( ) andr «( ) de ne
the gradient with respect to referen€eand spatiak coordinates, respectively. The
mapping between in nitesimal reference volume elemenboatated spatial volume

element is performed with the Jacobiah € detF > 0). Left and right Cauchy-
Green tensors are given as follows

C=F'gF; b=FG FT; (6.3)

with the covariant reference and spatial metric ten§drs E' E’ andg =
7 e e, respectively, where; and j are Kronecker delta functions in the Carte-
sian coordinate system. The free energy function of isatrepids can be determined

by three invariants; I ;13

ly=trb; I,=2>12 tr b* ; Iz=detb (6.4)

1
2
Anisotropy is de ned with directional dependence of thegedy in solid mechanics.
As opposed to isotropy that means homogeneous behavioyroparty in all direc-
tions, anisotropy provides information about the naturthefmaterial. For example,
if the strength of a material has a bias toward one partiaifaction then the mate-
rial is said to have uniaxial anisotropy which is the caseufudirectional reinforced
polymer matrix composites. The matrix material is gengrabtropic. By adding

bers, uniaxial anisotropy can be produced according tarddsmaterial behaviour.

For unidirectional anisotropy, a single unit referencetoed, and its spatial coun-
terpart,f need to be de ned as such

f =Ffg (6.5)
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together with single Lagrangian and Eulerian structureden

A=f, fo and A;=f f (6.6)

For cubic anisotropy, orthogonal basis system needs todeiied with three direc-
tional anisotropy. So, unit reference vectors and theitigpeounterparts as well as
Lagrangian and Eulerian structure tensors need to be riedtiwith a factor of three

for cubic anisotropy.

fire=Ffq1; foe=Ffy fze=Ffgs (6.7)

Related second order structure tensors are also given as

A1:f1 fl; A2:f2 fz; A3:f3 f3 (68)

wheref; andf fori = 1;2;3 are Lagrangian and Eulerian vectors, respectively.

A fori =1;2; 3represent structural tensors of cubic anisotropy.

A discontinuity occurs between intact and broken statehi@fmaterial for a sharp
crack as described in Figure 6.1a. De nition of crack for@®t order phase eld
modeling is given in Figure 6.1bC, continuous pro le of crack representation is
used where the damage eld,provides information about material state, des O
(intact),0 < d < 1, (damaged) and = 1 (broken). Length scale parameter is
represented by and regularization pro le of the exponential function isedswith
d=exdj xj=l].

Coupled solution of mechanical eld and crack phase eldésfprmed in phase eld
analysis. Dirichlet and Neumann type boundary conditidmsechanical eld which

are represented in Figure 6.2a are giveh as' andP N = T respectively. On the
other hand, Neumann type of boundary condition for craclspheld that is provided

in Figure 6.2b is given asr d N = 0. Sharp crack surface at tintés de ned by
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"] l.

(a) Sharp crack (b) Diffusive crack

Figure 6.1: De nitions of crack with damage eld] whered = 0 represents intact

state andl = 1 is broken state (a) Sharp crack, (b) Diffusive crack

R
(d) R?in the solidB with a surface integral d) = dA. Phase eld model
represents the sharp crack surface with a volume integstgan of surface integral

by creating a regularized crack surfag€d) such that

B, P-N=T LYd-N=0 X

(a) Deformation eld (b) Crack phase eld

Figure 6.2: Deformation eld and crack phase eld

z
(d)= (d;r d)dv (6.9)

B

where (d;r d) represents the isotropic crack surface density function

(d;r d) = §1| d>+1%rd r d (6.10)

that satis es the condition of(d;Qr d) = (d;r d);8Q 2 O(3). The tensorQ,

represents the rotations in the orthogonal gradf8). Length scale parameter that
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controls width of the crack is representedlbyrRegularized crack surface functional

can be extended to cover anisotropy classes as such

y
(d)=  (dir d;L)dV (6.11)

B

where anisotropic crack surface density is

(d;r d;L) = §l| d>+rd Lrd (6.12)

with the condition (d;Qr d) = (d;r d);8Q 2 G O (3). Gstands for a sym-
metry group as a subset 6f(3). According to given formulation of the crack sur-
face density function, the second order anisotropic gtrattensor,L can be de-
ned according to desired material symmetry condition. Erample, unidirectional

anisotropy with the isotropic part can be stated as follows

L = |#22|} +|2!f01={2 f? (6.13)

Isotropic part

Anisotropic part

where! ¢, represents the anisotropy parameter that controls thegstref the anisotropy.

6.2.1 Euler-Lagrange equations of the phase eld model

Bounday of the problem domain can be divided into Dirichletl &Neumann-type
boundaries such tha@ = @Y[ @Y and@®\ @Y = ;. The minimization
principle can be stated as

d(X ) = Arg Jznvfl 1(d) (6.14)

with the Dirichlet type boundary condition

n 0
W= djdX)2B" d= don@" (6.15)
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Intact state of the material is describeddas O and broken state is represented with
d'= 1. The Euler-Lagrange equations are obtained after inwastigthe minimiza-

tion principle as

f[d  Div(r d)] =0 inB;

(6.16)
rd N =0on@s;

In equation 6.16N represents the unit normal outward on the boundary surface i
the reference con guration. Divergence term interpolatesdamage eld between

fresh and cracked states.

To determine anisotropic fracture with the surface derfaitgtion includes a second

order structural tensdv , the rst order phase eld approach can be de nd as

Il[d Div(M r d)] =0 in B;

(6.17)
Mrd N =0 on@3;

At rst, the crack surface density function is de ned isghio as given in equation
6.10 whereas material anisotropy for cubic symmetry is ée with elastic material

parameter, ( ) in the anisotropic part of the free energy which will be heltkl on.

6.3 Governing Equations of Anisotropic Fracture

6.3.1 Finite strain setting

Viscous rate-type potential, is given as

—E+D P (6.18)

whereE represents the rate of energy storage functiobaljs viscous regularized

dissipation functional ang is the external power functional.

The rate of energy storage functional that includes worljugmate variables to and

d are the rst Piola-Kirchoff stress tensd?, and the scalar energetic fortgiven as
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follows

Z
E(;d= (P :E fddv, (6.19)

B

where

P=@ (gF;A:;d); f= @(9gF;A:;d) (6.20)

As given in equation 6.20, rst Piola-Kirchoff stress tensmd scalar energetic force
can be de ned with respect to free energy functionThe free energy function pro-
vides the degrading free energy of the continuum with a cataddegradation func-

tiong(d)=(1 d)?i.e

(g F;A¢d):=9(d) o(g:F;AY) (6.21)

In equation 6.21, the degradation of free energy of the imteterial is de ned with

evolving the damage eld according to growth conditions

g{d) 0 with g(0)=1;9(1)=0;g%1)=0 (6.22)
Viscous regularized dissipation functionBl,, is given as

Z
D (d; ;d)= ) d Zih( dir d)i? dv; (6.23)

with the arti cial viscosity 0 regulates the scalar viscous over-streskat reads

(;dird)= Gl a (dir d)] (6.24)

The Macaulay brackets Iter out the positive valuesy 0 andg. represents the

critical fracture energy. The external power acting on théyhis given as follows
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Z Z

P(D= o 'dV+ T '_dA; (6.25)
B @Bt

where, o, — andT represent the material density, the prescribed body fonce a
surface traction, respectively. Mixed variational prplei of the evolution problem

can be proposed with the rate-type potentialas follows

( )
f' ;d; g=Arg inf inf sup (6.26)
2We_d2w 0

with the admissible domains for the primary variables

W = }‘]'_j ''=0 on @og

, (6.27)
W,= djd=0 on @By
Strong form of the eld equations reduces to
1. DvP+ 4 =0
(6.28)

2: d=2(1 d)H d+Div(r d)

Balance of linear momentum and evolution equation of cratksp eld are repre-
sented by the rst and second equation of 6.28, respecti‘élyndicates the crack

driving source such that

T
I
o

= (6.29)

6.3.2 Small strain setting

The displacement eldi = x X is described at a material poi¥t 2B R®and

attimet 2T ,i.e,

8

u i) .
( ) : (X;t) /! U(X;t) ( )
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In small strain setting, the rate of energy functional isegiwith the stress tensor

which is the work conjugate variable of the small strain nnea% = symr u.

Ewd= ( L fddv; (6.31)

B

The energetic forcd, stands in equation 6.30 as the work conjugate of the damage

variabled. These two variables are expressed as

=@("Ad); f= @(";A;d) (6.32)

Free energy function of de nes a degrading continuum with the effective free en-

ergy function of the intact solid, 3 as follows

( ";A;d):=g(d) of";A) (6.33)

The viscous regularized dissipation functional 6.23 aralascviscous over stress
function 6.24 remain unchanged for small strain setting e. Whe external power

term can be written as

Z Z

Pu= o udvV+ T udA (6.34)
B @Bt

where, o, — andT represent the material density, the prescribed body fonce a
surface traction, respectively. A mixed variational pijre of the evolution problem

can be de ned as follows

fu;d; g=Arg ulzl’\}\]; d|2|\1A1lc su(;)) (6.35)
U . u d

with the admissible domanins for primary variables

uju=0 on @bg

fu

|C

u

W 6.36
W (6.36)

i
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Then, the variation potential with respectto eldfu;d; gand algebraic manipu-

lations [95] leads to strong form of the eld equations

1: Div + o =0
- (6.37)
2: d=2(1 dH d+Div(r d)

6.3.3 Constitutive model for cubic anisotropy

Free energy function of a cubic anisotropic solid can be dgxxsed into two parts,
I.e, isotropic and anisotropic parts. Isotropic solidslsanle ned with three invariant,
I1;15;13 that are given in equation 6.4 in terms of left Cauch-Greeiordeation

tensor. For unidirectional anisotropy, the stored eneayy lee obtained in terms of
rst three invariants with the addition of fourth invariahi. For cubic anisotropy,
the unidirectional anisotropy can be extended to threeogdhal directions. The

extended fourth invariant, can be stated as

l4=1f, of,fori=1,;2,3 (6.38)

wheref ; represents the three orthogonal anisotropy directionsl@tcsymmetry.

The mechanical part of the free energy function for a singstal with cubic sym-

metry is described as

o(GF ;M )= 5O(Fl)+ 3 (1) (6.39)

whereM ; = f, f, withi = f1;2;3g are the structural tensors associated with
the three orthogonal unit normal vectdrs corresponding to the cubic anisotropy.
Herein, we have decomposed the free energy function intoosic and additional
stiffness terms in cube orientations due to cubic symma@tme isotropic part of the

free energy function reads

0
2

()

S0(J;14) = (InJ)2+T(I1 2InJ 3) (6.40)
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where ( )and ( ) arethe temperature-dependent Lamé parameters. For Hutrapic

part one can use

* 0
4

i=1

&l (| ) 1= (lg 1) (6.41)

with () as the additional modulus term due to cubic crystal strectdihe fourth
invariant,l 5; has three components, iies 1; 2; 3 corresponding to three orthogonal
vectors of cubic symmetry. The Kirchoff stress tenspcan also be introduced as
such

=PFT=2@ = 9(d) o 0=2@ o (6.42)

with a monotonic degradation functiog(d). The given de nitions in 6.39, 6.40 and

6.41 are used to obtain Kirchoff stress given in 6.42 so that

o= Indg*+ Db gt + ()(s Dy f; (6.43)

Please note that

@J::—ZLJg 1 ; @l]_:b ; @I4i=fi fi (644)

Elasticity tensor and effective elasticity tensors arerdsl as

C:=4@, = 9(dCo; Co=4@, o (6.45)

with explicit de nition expression foCy

x3
Co= gt gt+2( INJ)lg 1+ 2 ()M (6.46)

i=1

where the symmetric fourth order identity tensgr. can be represented in indicial

notation(l, )" = * ' + 1 ik =2 and the fourth order structure tensors
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M; = M; M ; (647)

6.3.4 Linearization of the constitutive model

The linearized form of the free energy function is represéats follows

(":Mi; )= isol"; )+ an("iM; ) (6.48)

Isotropic and anisotropic parts of the free energy takeah@a$

()

iso("s ) = T(tr " () (6.49)
The additional term of the free energy function due to cuprometry reads
. O PR
ani( ;M i ): —( M i) (6-50)

4

i=1
with () as the additional modulus term due to cubic crystal strectlihe stress

expression then has the following form

= ()tr"1+2()"+X3)Q"'M-)M-' (6.51)
- 2 . | | . .
i=1
The fourth order elasticity tensor can be derived from thessttensor as follows
_ X Oy
C= ()1 1+2 ()I+ TM,, (6.52)
i=1
wherel is the fourth-order identity tensbgiqy = « ji + i x andM; =M ; M

is the structural tensor associated with the cube faceselBEsécity tensor of a cubic

symmetric crystal in matrix notation with the Voigt conviemt reads

2 3

Cll ClZ ClZ

C12 Cll Cll O

C C C

g=g " T e : (6.53)
C44
0 Cua
C44
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By comparing (6.52) and (6.53), we conclude that
=Cuu 2Cu Cyp2 = Cu = Cp2: (6.54)
Herein, and are the shear modulus and the rs Lamé constant, respegtivel

The parameter vanishes for isotropic elastic materials leading2@y, = Ci;
Ci1,. Chadwicket al. [211] provide additional insight into the acceptable range
symmetries for the elasticity tensor and the consequenttaaftautonomous elastic

constants.

6.3.5 Energy based anisotropic failure criterion

As given in equation 6.39, free energy functions are deca®gto two parts. So,
critical fracture energies can also be decomposed intooigimtand anisotropic parts

which are represented Igf° andg2", respectively. These critical fracture energies

can be de ned with a proportionality constantsuch that

i ani

%"= 9g¢
As a result, crack driving source term in equation 6.29 cadebeed as

T3S0 _ iéo . ani _ Sni
H™ = oo H™ = o (6.55)

that leads to rate-independent evolution of the phase eld

1 dH=d %Div(r d) (6.56)

along with the speci c form of the dimensionless crack dityisource term

H(t) = max [H(s) 1i]
s2lon] (6.57)

iso —-ani

H=H +H
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In equation 6.57, an irreversible and positive crack dgveource is de ned where
the Macaulay brackets Iter out the positive values fé(s) 1 that indicates the

material will be intact until the failure surface is reached

1
‘)

Geometric resistance

T Id 5 Div(r d) (6.58)

Crack evolution Driving force

The rate dependent case can be de ned with the crack drivongefand geomet-
ric resistance terms. For the rate independent case, theseba balance between
the crack driving force and the geometric resistance. Iruffadming case studies,
isotropic geometric resistance for crack propogation edudHowever, the material

free energy is de ned for cubic anisotropy.

6.4 Representative numerical examples

6.4.1 Effect of length scale parameter

Length scale parameter which determines bread of the ceqmiesented by, The
effect of this parameter is investigated on a square platie planar dimensions of
10 10mm? with a thickness oflmm that contains a notch starting on left edge and
propagating to the center of the body is de ned as given iuféd.3. The top edge
of the plate aiy = 10 is exposed to linear displacementwhereas itis xed in three
directions aty = 0. The material is de ned as cubic anisotropic with the stuuat
directorsf 1, f, andfs. The structural director off; is inclined () with respect to

x-axis of a xed cartesian coordinate system.

As a cubic symmetric material, a 1ll1-V group semiconductempound, GaSb mate-
rial is de ned for the analysis. Previously determined temgture dependent thermo-
elastic material properties of GaSb by using DFT are usdd$rstudy. Second order
elastic constants as well as Lamé parameters of GaSb aredlvith the following

polynomial in equation 5.13.
To determine the effect of length scale parameter, elenmno$0:25mm, he, is used
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Figure 6.3: Square plate with a single notch Aasm thickness with the applied

boundary conditions

in analysis. When the length scale parameter effect is figated, a horizontal ma-
terial orientation ( = 0) is used with the material parameters of GaSb at298K .
Length scale parameters b= 0:3;0:6; 1:2; 224mm's are applied on the geometry
de ned in Figure 6.3. As observed in crack evolution equatdb8, geometric crack
resistance is isotropic. However, the crack driving foscanisotropic due to de ned
free energy function is composed of isotropic and anisatrpprts. The changing
length scale parameter is not de ned with different craclemtations in this study.
According to obtained results, an obvious smearing diffeeeis observed when the
length scale parameter is increased. When the length saedenpter is increased,
effected material zone by an initiated crack increases asrgbd from Figure 6.4.
Using too large length scale parameter may result in craakgimg branching more

easily in case of having multiple cracks in the speci ed getm

6.4.2 Uniaxial tension of a notched plate

For a representative case study, the geometry given in&g&8ris used with different

material orientation angles, Material parameters of GaSb are de ned according to
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(@)l =0:3 (b)I =0:6
(©l=1:2 d=2:4

Figure 6.4: Effect of length scale parameter on cracki (a)0:3, (b) | = 0:6,(c)
=12, (d)I =24

given polynomial in 5.13 and Table 5.4. The critical isoimofree enegygs® is

de ned aslE 03[MPa mm] with critical fracture energy proportionality cetant

of =5E 05 Notethatif =1, then isotropic free energy and anisotropic free
energy of fracture will be equal. A nite element discretioam is done with 1534
elements on the whole domain. A constant element siZ228mm is used and the
length scale parametér= 0:6, is chosen such that it is greater than 2 times of the

element size.

Load displacement behavior of the notched plate given in Figuasinvestigated

for different material orientations. Provided results in Figure 6.5 shows that when
increases frond to 45, the damage in the material observed earlier with the given

input con guration. However, the maximum load that can bplega before the ma-

terial degradation increases whemcreases. Speci cally, = 15 , 30 and45 ori-

entations can withstand 30.71%, 78.92% and 104.26% high&mnum loads with

109



respect tad) orientation, respectively. If the critical free energyesinold,g. is in-
creased, the absolute values of maximum loads before therialadlegradation is

expected to be higher.

Crack propagation paths are analyzed for different madteriantations and the re-
sults are given in Figure 6.6. The dashed lines given in [Eigus represents vector
which makes the angle with the horizontal axis whereas the solid lines represents
the vectorf,. For 0°, 45° and 90°, a horizontal crack propagation is olekeon
the notched geometry. When the material orientation hasigie avith the horizontal
x-axis, the crack is propagating on horizontal directiondavhile, then its direction
is changed depending on the given in-plane material otientalf the material ori-
entation angle is smaller than< 45, developed crack follows the dashed line or
f, direction. When > 45| the crack eventually follows the second directiofy,

or the solid line. For = 60 and = 75, the crack is following f, direction
which is symmetric with respect to the dashed line in Figu&d} and b), respec-
tively. In this model, the critical free energy, is de ned as a scalar eld because itis
given isotropic. However, another alternative could bertleg orientation dependent

critical free energy to model anisotropic fractugg( ).

20 * T T T T

8 0 T R T e -
16 15 - SR AT R S 4
14+ 30 rrrrrrrrrrr S rrrrrrrrrrr ,,,,,,,,,, -
12l 45 S b T

T o N — AT

Load,F [N]

Displacement10 3 [mm]

Figure 6.5: Force displacement results of different in plaraterial orientations

A phase eld model is provided for cubic anisotropy and théeef of the length
scale parameter is covered for 0° material orientation.nTHee effect of material
orientation on crack propogation path is investigated.c&atisplacement results of

the case study for different material orientations are atsyzed.
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Figure 6.6: Effect of material orientation on crack propgamga
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CHAPTER 7

CONCLUDING REMARKS

This thesis represents the rst attempt to obtain tempegatapendent thermo-elastic
material properties of IlI-V and II-VI semiconductor magds with quasi-harmonic
approaximation in Density Functional Theory. The investiggl materials are widely
used in broad range of applications for which these matecah be exposed to dif-
ferent temperatures due to operation/storage conditmitspfabrication and growth
processes. Experimental studies for different semicaileducaterials show good co-
herence with obtained results by DFT. Thermal expansiohaiest results obtained
by LDA show excellent coherence for all binary compoundsEB®@ provides sim-
ilar trends in comparison to LDA but with slight differenceSecond-order elastic
constant results provide very similary behavior for bothALBnd PBEsol approxi-
mations for all of the investigated semiconductors. Experital results of second
order elastic constants can be represented within 10% legiigated DFT studies.
Lattice constant, Poisson ratio, heat capacity and Viskeardness of different semi-
conductor materials from 1lI-V and 1I-VI groups are estabkd within quasi har-
monic approximation on a wide temperature limits. Effecs@percell size and strain
level on second order elastic constants is investigatediftereht materials. It is
shown that supercell size & 2 2 provides better ef ciency in terms of compu-
tational power and time requirement without reducing aacwr Strain dependency
analysis on binary compounds of 1I-VI semiconductors puedi that strain level of
0.1% shows excellent results in second order elastic congéterminations of CdTe
whereas the results are insensitive for HgTe and ZnTe naéexith both LDA and
PBEsol approximations. Opto-electronic material praperof C@.oeZno.04T€, i.€,
refractive index, energy band-gap and extinction constmet determined in a tem-

perature interval of 1-300K. Moreover, second order etaginstants, Poisson ratio,
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Vicker's hardness and heat capacity of CdZnTe are alsormdxdavith PBEsol.

A benchmark study that shows the effect of using temperatapendent material
properties on thermo-mechanical stress estimationstegsah improvement of de-
termined von Mises stress level on GaSb with 28.4% for GaSR08 rectangular
prism shaped bimaterial assembly. In IRFPA structure etiieimore complex ge-
ometry and the number of constituent materials is higherepgresentative IRFPA
assembly structure is de ned that consists of ve differparts and cryocooling of
the assembly from room temperature to 77K is analyzed. @gait of thermal ex-
pansion mismatch driven problem developed thermo-mechhsiresses on sensing
IRFPA layer that was GaSb in this case. An improvement of%%4ri maximum von
Mises stress of IRFPA (GaSb) layer is observed that is gléagher than the ana-
lyzed bimaterial assembly. The free energy expressionapgsed such that cubic
anisotropy is covered. Temperature-dependent Lamé p&esneg( ) and ( ) to-
gether with cubic symmetry paramete(, ) are determined in terms of second order
elastic constants. For the given temperature limits, cutwey is applied for GaSb
and InSb materials to t Lamé parameters and cubic symmedrgmpeter, () with

a polynomial function. Thermal eld is added in the free egede nition such that

coupled- eld problems can use this free energy expressiotige future.

Experimental study to determine elastic modulus and Viskerdness of GaSb is
conducted by using nanoindentation method. It is obsevadsurface condition of
the material shows great importance while determiningielasodulus of GaSh. Ex-
perimental results of elastic modulus and Vickers's hasdrage compared with room
temperature DFT result and good coherence is observed.eNddkardness results
show more deviations with respect to elastic modulus erpartal result. Main rea-
son of this difference between elastic modulus and Vickeaisiness can be caused
by the contact area determinations. The theoretical obreéd contact area is used
to determine elastic modulus whereas the developed caateatis used to calculate
Vicker's hardness. Theoretically calculated developeatact area may cause great
oscillations in the obtained nanoindentation results @sfig for non-polished GaSb
surface. A test setup that consists of vacuum envelopeyrStaling cryocooler, tur-

bomolecular and dry pump with proper interfaces is desigiiéds custom designed
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test setup is used to cooldown of GaSb and CdZnTe semicamndcamtpounds to
77K. Before the cryocooling experiments, these semicawdsi@re integrated with
stainless steel by using epoxy material. Due to developeut-mechanical stress,
crack initiation and propagation is observed on both of tra@es. Induced cracks
on both of the materials are observed with scanning eleatioroscopy at room tem-
perature. With these experiments, both unidirectionalzgradag patterned cracks are

reported with different crack propagation angles.

A preliminary study of crack initiation and propagation arbe crystals is performed
with Phase Field Theory. The developed free energy fundétooubic symmetry is

used in this theory. Obtained material parameters of GaSbHly are used as ma-
terial inputs of phase eld fracture simulations. A notchgebmetry is investigated
under uniaxial tension with a xed end as given in Figure 6t3s observed that the

crack propagation paths differ with respect to changingam@ material orientation.

The proposed framework from DFT simulations to experimievesa cation of ma-
terial parameters and crack initiation/propagation itigesions with the de ned test
setup and phase eld simulations can be applied to diffesenticonductors. Elastic
modulus and Vicker's hardness veri cations on GaSb can ropeed at different
temperatures with a more sophisticated instrument by maeaoitation. Stress-strain
behavior of semiconductors for elasto-plastic region caddtermined with molecu-
lar dynamics simulations or with DFT by using relativelygaramount of computa-
tional power and time. To observe plastic behavior of a giegystal material, it will
be required to de ne more than ten times of the unit cell strteewhich may not be
feasible by DFT. So, molecular dynamics simulations can better alternative to

work on plastic and fracture characteristic of single aisst

As a future implementation of the provided test setup, tse detup design can be
improved for application or testing of a material for specpurpose under thermo-
mechanical loading by cryocooling and coef cient of thetragpansion mismatch.
Moreover, thermal cycling can be applied between room teatpee and cryogenic

temperatures on a desired assembly. So thermo-mechaaiicald lifetime experi-
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ments can be performed. With proper modi cations, this settp can be used not
only for mechanical characterization of materials but &sapto-electronic tests of

IRFPA structures.

For another future work alternative, phase eld fractured®locan be improved by
providing the termal eld together with mechanical and &abase eld so that cou-
pled thermo-mechanical fracture can be simulated. Crathktion and propagation
due to cryocooling and coef cient of thermal expansion masoh of constituent ma-
terials can be simulated. Higher order phase eld methodsla developed for
speci cally proposed materials such that one of the expenital outcomes of this

thesis can be compared with another numerical result as well
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