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ABSTRACT

NANOSCALE SURFACE FINISHING STUDIES AND CHARACTERIZATIONS
OF CADMIUM ZINC TELLURIDE CRYSTALS

Kabukcuoglu, Merve Pinar
MS, Department of Physics

Supervisor: Prof. Dr. Rasit Turan

December 2016, 116 pages

Cadmium Zinc Telluride (CdixZnxTe, CdZnTe) crystals are used in two different
applications depending on Zinc (Zn) concentrations. CdZnTe crystals are one of the most
promising materials for X-ray and gamma-ray detector applications due to unique material
properties such as high atomic number and high resistivity. Wide band gap and high
stopping potential of CdZnTe crystals allow operation at room temperature for high
performance detectors with several applications including medical imaging, astronomy,
and homeland security. CdZnTe crystals are also known to be substrate material for
epitaxial growth of Mercury Cadmium Telluride (HgCdTe, MCT) high performance
infrared detectors by Molecular Beam Epitaxy (MBE) since lattice constants of HgCdTe
and Cdo.geZno.04Te are perfectly matched. Producing high quality epi-ready substrates with
low defect density on large size wafers (i.e. 2 cm x 2 cm) is highly critical for the MCT
based infrared detectors. High quality MBE requires uniform zinc concentration and low-

defect density.

This thesis focuses on surface treatments and characterization of finished CdixZnxTe
single crystals with surface quality factors such as surface roughness and orientation

accuracy for {111} and {211} orientations. These two application desire ultra-flat wafers



with desired thickness variation. The main aim is to have sub-nanometer surface
roughness and ultra-flat surfaces on the large wafer areas. Within the scope of surface
finishing studies, | focused on the optimization of lapping and polishing processes with
respect to material removal rate (MRR) and its relation to surface roughness. Nano-
mechanical behaviors of various crystallographic orientations and different zinc

concentrations were to be understood for machining damage and MRR.

Surface and subsurface damages prevent growth of high quality MCT epi-layers on CZT
substrates. Microcracks, plastic deformations, and dislocations induced by machining
processes are the main issues required to be investigated. The surface topography and
morphology after each process was observed by surface profilometer, atomic force
microscopy (AFM), and scanning electron microscopy (SEM) techniques. Surface and
subsurface damage were observed by SEM to understand induced defects after each

surface process.

Finished CdzZnTe single crystals have been characterized in terms of structural,
compositional, and optical. X-ray Diffraction (XRD), Electron Dispersive X-ray (EDX)
Spectroscopy, and Fourier Transform Infrared (FTIR) methods were employed after each
surface treatment to understand the effect of surface preparations. Moreover, Te-
inclusions that appears during mechanical polishing analyzed after polishing and chemical

etching with Nakagawa and Everson etchants.

(211) and (111) oriented CdZnTe crystals having sizes up to 20 x 30 mm? were sliced
with high orientation accuracy based on XRD measurements. Sub-nanometer surface
roughness rms down to 0.4 nm was achieved on larger surface area. Zinc distribution
throughout finished samples were uniform to be around 10% for Cdo.g0Zno.10Te and 4%
for Cdo.gsZno.osaTe crystals. CdZnTe crystals are stoichiometric after final chemical
polishing. IR transmittance of mirror-like polished samples were near 66%, which is the

theoretical limit.

Keywords: CdZnTe, surface finishing, surface roughness, MRR
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KADMIYUM CINKO TELLUR KRISTELLERININ NANO DUZEYDE YUZEY
HAZIRLAMA CALISMALARI VE KARAKTERIZASYONU

Kabukcuoglu, Merve Pinar
Yuksek Lisans, Fizik Bolimu

Tez Yoneticisi: Prof. Dr. Rasit Turan

Aralik 2016, 116 sayfa

Kadmiyum Cinko Telliir (Cd1-xZnxTe, CdZnTe) kristalleri ¢inko dagilimina bagli olarak
farkli alanlarda kullanilir. Yiiksek atom nmarasi ve yliksek direng gibi 6zdiin 6zelliklere
sahip olmasindan dolay CdZnTe kristalleri X-ray ve gama-ray algilayicilar
uygulamalarinda en ¢ok umut vaat eden malzemelerden biridir. CdZnTe kristallerinin
genis bant aralif1 ve yiiksek durdurma potansiyeli, oda sicakliginda yiiksek performansh
algilayilar i¢in tibbi goriintiileme, astronomi ve ulusal gilivenlik gibi bir ¢ok alanda
kullanimina izin vermektedir. CdZnTe kristalleri ayn1 zamanda molekiiler 151n epitaksisi
(MBE) yontemi ile yiiksek performansh kizilotesi algilayici olan Civa Kadmiyum
Tellir’in (HgCdTe, MCT) epitaksiyel katman biiyiitmesi i¢in alt tas malzeme olarak
kullanilmaktadir. HgCdTe ve CdZnTe kristallerinin 6rg uyumu mikemmel olarak
eslesmektedir. Yiiksek kalite epi-hazir alt taglarda genis yiizey alaninda (2 cm x 2 cm)
diisiik kusur yogunluguna sayip olmas1t MCT kizilotesi algilayicilar igin oldukea kritiktir.

Bu tezde yuksek Kkaliteli CdixZnxTe tek kristal yiizey hazirlama ve bunlarin
karakterizasyonuna 6zellikle yiizey kalitesini etkileyen faktorlerden yiizey piiriizliiligi ve
{111} ile {211} yonelimlerindeki yonelim hassiyeti iizerine yogunlagilmigtir. Yuksek
kaliteli MBE’de {iniform ¢inko dagilimi ve diisiik kusur yogunlugu olduk¢a 6nemlidir.

Istenilen kalinlikta oldukga diiz 6rnekler iki uygulama alani i¢inde istenmektedir. Genis
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yiizey alaninda nanometer alt1 yiizey piiriizliiliigiiniin hazirlanmasi amaglanmistir. Yiizey
hazirlama c¢alismalar1 kapsaminda malzeme kaldirma oran1 ve bunun ylizey piirtizliligi
arasindaki iligkiye gore diizleme ve parlatma islemlerinin optimizasyonu tamamlanmuistir.
Mekaniksel hasarlar ve malzeme kaldirma orani i¢in ¢esitli kristalografik yonemliler ve

fakli ¢inlo konsantrasyonlarin nono-mekanik davranisalari incelenmistir.

Yiizey ve altyiizey hasarari, CdZnTe alt tas tizerinde yiiksek kaliteli MCT epi-katman
blylmesini engellemektedir. Mekanik islemler sirasinda (kesme, diizleme ve parlatma)
ortaya ¢ikan mikrogatlak, plastik bozulmalar ve kayma (dislokasyon) incelenmesi
gerekmektedir. Her yiizey hazirlama igslemi sonrasi yizey topografisi ve morfolojisi yizey
profilometresi, atomik kuvvet mikroskobu (AFM) ve taramali elekron mikroskobu (SEM)
ile analiz edilmistir. Yiizey ve yiizey alt1 hasarlar yiiksek ¢oziiniirliikk taramali elektron

mikroskobu ile farkli islemler sirasinda olusturulan kusurlar incelenmistir.

Yiizeyi hazirlanan tek kristal alana sahip CdZnTe kristalleri yapisal, bilesimsel ve optiksel
olarak karakterize edilmistir. Yiizey hazirlama ¢alismalarinin etkisini anlamak i¢in her
yiizey hazirlama isleminden sonra X-1sin1 kirmimi (XRD), elektron kirinimi X-1sin1
spektroskopisi (EDX) ve kizilotesi gegirgenlik (FTIR) yontemleri kullanilmistir. Yiizey
islemlemlerinin yiizey kalitesini 6nemli derecede etkiledigi tespit edilmistir. Buna ek
olarak, mekanik parlatma sirasinda ortaya ¢ikan Te-birikintileri, Nakagawa ve Everson

asindiricilart ile parlatma ve kimyasal aginma sonrast analiz edilmistir.

10 x 10 mm?°den biiyiik yiizey alanmna sahip {211} ve {111} ydnelimine sahip CdZNTe
kristalleri XRD 0l¢iimlerine dayanilarak yliksek oryantasyin hassasiyeti ile dilimlendi.
Genis ylizey alaninda nanometre-alt1, yaklagik olarak 0.4 nm, yiizey piiriizliliigi elde
edildi. Yilzey hazilama isleri sirasinda 6rnek yilizeyinde ¢inko konsantrasyonu
Cdo.9oZno.10Te kristalleri i¢in yaklasik %10 ve Cdo.geZno.osTe kristalleri i¢in yaklasik
olarak %4 olarak olgiilmistiir. Ayna gibi parlatilmis yiizeylerde kizilGtesi gegirgenlik

%60’dan fazla dlgiilmistiir.

Anahtar Kelimeler: CdZnTe, yiizey hazirlama, yiizey piriizliliigi, MRR
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CHAPTER 1

INTRODUCTION

1.1 Importance of CdZnTe Crystals

Cadmium Zinc Telluride (CdixZnxTe, CdZnTe) single crystals are one of the most
promising materials for room temperature x-ray and gamma-ray detectors. They are also
used as substrate materials for epitaxial film growth of Mercury Cadmium Telluride
(MCT) which is used for the fabrication of best performing infrared detector arrays. A

high quality MCT growth depending on ZnTe mole fraction in CdZnTe [1,2].

Cadmium Telluride (CdTe) related crystals were found to have great potential in x-ray
and gamma-ray semiconductor detector applications such as medical imagining systems,
homeland security, and also astronomy applications due to their unique material properties
[3]. They have large atomic numbers which is the main advantage for larger photoelectric
absorption coefficient compared to semiconductor detectors based on germanium (Ge)
and Silicon (Si) technology [4]. In addition, CdZnTe radiation detectors have room
temperature operability owing to their higher resistivity (> 108 Q.cm) and wide band gap
between 1.4eV and 2.26eV; while the traditional high performance detectors need liquid-

nitrogen cooling systems [5,6].

Hg1-yCdyTe is one of the most important material for infrared detector technology because
of its excellent performance both in mid wavelength infrared (MWIR) and long
wavelength infrared (LWIR) region between 2-14 um ranges [2]. HgCdTe infrared
detectors were first synthesized nearly fifty years ago, upon the first investigation of this
material properties such as direct band gap with high absorption coefficient, moderate
thermal coefficient of expansion, etc. [7,8]. High quality and defect free bulk growth of
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HgCdTe is highly difficult because of the high vapor pressure of Hg; so that bulk growth
has been replaced with epitaxial film growth which requires suitable substrates. In mid
1970s, CdTe large size single crystals were used as substrate materials because of their
good optical properties such as high infrared transmission in both LWIR and MWIR
regions. However, CdTe crystals have a few percent of lattice mismatch with HgCdTe
causing formation of undesirable defects and rougher surfaces in the epitaxial grown
HgCdTe layer. In order to adjust the lattice parameter of CdTe to match HgCdTe, a few
percent of ZnTe have been added and then CdixZnxTe has been used as substrate for
epitaxial film growth of HgCdTe where x value is nearly 0.04. Comparing the lattice
parameters of Hgo.77Cdo.23Te versus Cdo.geZno.o4Te and others, CdZnTe is almost perfectly
matching rather than CdTe, Si, and GaAs for a good epitaxial growth [2]. For a high
quality MCT epilayer growth, it is important to have high quality substrate in terms of
defect density and uniformity of Zn concentration [9]. Furthermore, MBE growth
technology requires high-quality surfaces in terms of surface roughness, flatness, and

orientation accuracy [8,9].

1.2 Manufacturing of CdZnTe Crystals

In spite of difficulties in growing high quality bulk crystal, CdZnTe crystal has been the
dominating material for X-ray and Gamma-ray detector applications and substrate for
epitaxial growth of HgCdTe for infrared applications. The main difficulty of bulk growth
of CdznTe is to be able to obtain large-volume single crystals with low-defect density
due to higher thermal conductivity, ease of twin formation, controlling stoichiometry and
Zn segregation [10].

Wafering processes are as critical as the bulk growth processes. Radiation detector
performance in terms of resolution and detector signal to noise ratio depends not only the
bulk material quality, but also on the CdZnTe surface quality [1,11]. Surface quality plays
a critical role for HgCdTe detector performance because any kind of damage and defects

(scratches, cracks, inclusions, and dislocations) on CdZnTe substrate surface are directly



transferred to the HgCdTe epilayer. Epitaxial growth technology requires high crystal

quality, ultra flat surface with sub-nanometer roughness [12].

Many research groups have focused on CdZnTe bulk growth from liquid phase since the
first synthesis of CdZnTe. Various growth techniques such as Bridgman method, vertical
gradient freeze (VGF), and travelling heater method (THM) have been developed
[4,10,13].

The main processes in manufacturing of CdZnTe wafers are shown in Figure 1.1.
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Figure 1.1 Main processes of manufacturing CdZnTe crystals

Following the first successful growth of CdTe in 1978, CdZnTe crystals were grown
primarily by Bridgman method in which the starting elemental materials (Cd, Zn, Te)
inside a crucible is moved slowly under an axial temperature gradient (Figure 1.2) [13].
Since vapor pressure of Te is much lower than that of Cd, a sealed quartz crucible is used
to prevent evaporation of Cd. In Bridgman method, elements are homogenized by melting
at high temperatures (nearly 1100°C) and finally crystallization is started slowly with a
few mm/h growth rate from the lower end. Both vertical and horizontal systems with
proper pressure conditions have been designed and manufactured [10]. The major



disadvantage of the Bridgman method is the (i.e. thermal stress) movement of large

amount of melt material inside the crucible [4].

In order to eliminate the temperature variation due to the movement of the crucible,
Vertical Gradient Freeze (VGF) method has been developed. In this method, the crucible
Is kept stationary while the control of the temperature is achieved by computer
programming of a multi zone system (Figure 1.2) [14]. Temperature distribution for
melting of materials is controlled by computer programming in multi-zone furnace that
achieve A good temperature stability and a well-controlled temperature profile is then
obtained [4,16]. VGF method allows high precision in controlling the melt/solid interface,
which is absolutely necessary to produce large crystal domain in the grown ingot. In the
growth processes, the charge (could be elemental or component) is loaded inside the
closed crucible as in the Bridgman method. It is melted and soaked for several hours at
higher temperatures, nearly 1115°C for CdZnTe, for homogenization. The melt is then
cooled down for nucleation under a certain temperature gradient (a few degree per cm).
Solidification is initialized from one end of the crystal and it is the lower end in vertical
gradient freeze configuration. Once the solidification starts, solid-liquid growth interface
is moved to the upper body of the melt crystal using electronically controlled temperature
gradient until the melt becomes completely solid at the tail end. The grown ingot is
thereafter cooled down to room temperature with a proper cooling rate (a few tens degrees

per hour) to control defect mechanism throughout the crystal.
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Figure 1.2 Schematic of Bridgman method and Vertical Gradient Freeze method

A series of delicate processes such as slicing/dicing, flattening, polishing and cleaning has
to be carried out in order to transform the ingot to wafers which are the main study of
semiconductor technologies. Thanks to the silicon wafering technology which has
provided basic knowledge and methodology for the fabrication of high quality CdZnTe
wafers [2]. However, difficulties still arise during the surface finishing of CdZnTe crystals

due to their soft-brittle nature.

Slicing of CdZnTe crystals in a specific orientation is one of the challenging processes.
Perfectly {111}- and {211}-oriented crystals are preferred for HgCdTe epitaxial growth
since crystallographic misorientation has deleterious effects on epitaxial layers. Wire-
cutter or dicer are commonly employed for the slicing process. Because of the multi-
crystal nature of the grown ingot, extracting single crystal grains from the ingot (called
grain mining) is critical in the process yield and the number which is important for the

cost of the final product.

Sliced crystals from the ingot slices cut form the ingot s with different dimensions
depending on grain size and depth are lapped/grinded to remove the damage on the surface
and at the subsurface. A relatively flat surface and desired wafer thickness are obtained
after the lapping/grinding process.



Mechanical polishing and chemo-mechanical polishing are then applied to improve
surface quality and remove subsurface damaged formed during the lapping/grinding
process. At this stage chemical treatments play an important role in reaching a good

flatness at sub nanometer level [16].

Finally, wafers are cleaned and packed for characterization.

1.3 Outline of the Thesis

In this thesis, manufacturing of single crystal CdZnTe from ingot to wafer and
characterization of surface preparation of the CdZnTe wafers during and after the whole
process chain were deeply studied. The outline of the thesis and the main objectives are

given below:

- Chapter 1 gives a short summary of the importance of CdZnTe crystals for the two main

applications and manufacturing studies.

- Chapter 2 presents the crystal properties of CdZnTe and the theory of surface preparation

techniques.

- Chapter 3 covers the experimental details of surface finishing studies. Slicing
experiments are explained in detail. Lapping and polishing studies are provided
subsequently in each section. Material Removal Rate (MRR) studies are also investigated.

Characterization techniques are presented in this chapter.

- Chapter 4 focuses on the results and detailed discussion of experimental results. MRR
studies of crystal machining processes conducted on CdZnTe wafers having different
crystallographic orientations are given in this chapter. Characterization of wafering

studies in terms of surface, structural, and optical properties are presented.

- In the last chapter, Chapter 5, general conclusions drawn from this thesis as well as

possible future studies are provided.



CHAPTER 2

THEORY

In this chapter, general information about CdZnTe crystals are given and theory of surface
finishing studies are described. Main properties of CdZnTe crystals are explained in
Section 2.1. Crystalline defects that affect the crystal quality are given in Section 2.2.
Finally, theory of surface preparation studies and material removal mechanisms of each

step is described in Section 2.3.

2.1 Properties of CdZnTe

2.1.1 Crystal Structure

Cd1xZnxTe crystals have zinc-blende (or sphalerite) crystal structure from F43m cubic
space group [17]. This crystal structure consists of two interpenetrating face-centered-
cubic (fcc) Bravais lattice, that are occupied by metallic (Cd or Zn) and non-metallic (Te)
atoms (Figure 2.1). One sublattice comprises of only cations (Cd*? or Zn*2) and the other
only anions (Te?). All atoms in the crystal lattice are identical.

The Bravais lattice consists of Cd-Te paisr displaced from one another % bond length

distance along the (111) direction [18]. Cd and Te atoms are dispersed over close-packed

planes (i.e. {111} planes).



Figure 2.1 Zinc-blende structure for CdTe-related compounds [18]

Each atom shares its four neighbor-hetero atoms; thus structure form as covalent bonding
[9]. Te atoms are surrounded by 4 Cd atoms (Figure 2.1). The covalent bonding between
Cd and Te plays an important role on iconicity that is 0.55 for Cd-Te which is one of the

highest in 11-VI semiconductors [19].

CdixZnxTe crystals can be described as a CdTe crystal with Zn atoms randomly
substituting the Cd atoms in the fraction of x. Lattice constants of Cdi.xZnxTe are
calculated by Vegard’s law (Equation 2.1) [20]. In the equation, a is the lattice parameters

of compounds.

Equation 2.1 Aca,_,zn,re = (1 — X)acare + (X)Aznre

At room temperature, lattice parameters of CdTe and ZnTe are 6.481 A and 6.1037 A,

respectively. Lattice parameters depend on zinc mole fraction (Table 2.1).



Table 2.1 Lattice parameter change with respect to the atom fraction of Zn in Cd1.xZnyTe crystal

Compounds of CdixZnxTe | Lattice parameters
(A)
CdTe 6.481
ZnTe 6.1037
HgTe 6.46
Cdo.9sZno.oaTe 6.466
Cdo.9oZno.10Te 6.443
HgCdTe 6.466

Addition of Zinc into the CdTe crystal lead to decreasing of lattice parameter since Zn

atoms have smaller atomic radius than Cd atoms.

Lattice constant of Cdo.gsZnoosaTe is highly vital for epilayer growth of HgCdTe.
Comparing to high lattice mismatch crystals (CdTe, Si, and GaAs), Cdo.geZno.osTe crystals
have perfect lattice match with Hgo.77Cdo23Te (Figure 2.2).
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Figure 2.2 Crystal lattice of Cdi.xZnxTe and Hg1.yCdyTe crytals



2.1.2 Polarity of CdZnTe Crystals

CdZnTe crystals have four fold roto-inversion axis, one three-fold rotation axis, and mirror
plane called F43m. CdZnTe crystals have no center symmetry; therefore, the crystal
structure has exhibited crystallographic polarity. Opposite crystallographic planes, (hkl)

and (hkl), have different structural, chemical and crystal growth behaviors [21].

(111) surface
P . P — A
\
' C
//4;\\,_\ Z E,\ AW — B

Figure 2.3 Polar surfaces of {111}-oriented fcc crystal [18]

One of the clearest example of crystallographic polarity is seen on {111} surfaces of zinc-
blende structure. In the composition of fcc, Roman latter id used to symbolize metal atoms
(Cd (or Zn for CdZnTe) and Greek latter is used to denote non-metal atoms (Te). (111)
and (111) surfaces are terminated by one type of atom (Cd or Te). In Figure 2.3 (111)
surface is terminated with Cd atoms and opposite face is terminated with Te atoms. The
surfaces can be described as {111}Cd and {111} Te. It is suggested that white circles are
called A (alabaster) element and black circles are called B (black) for ball and stick
diagram as shown in Figure 2.3 [21]. For CdTe-related compounds, A-terminated Cd
surface is described as {111}A and B-terminated Te surface is described as {111}B [18].
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Earliest studies showed that (111)A surface is less chemically reactive than (111)B surface
for zinc-blende 111-V materials [22,23]. Due to more reactivity, {111}B surface is
dissolved in oxidizing agents more rapidly and chemical etching is attached to {111}B
surface faster than {111}A face. Differences in etch pit formations is also investigated for
different polarities [23]. Besides, epitaxial growth and some mechanical properties such

as subsurface damage depth, strain, and nano-hardness depend on polarity of the surface.

Polarity of any surface can be determined by the polarity index formula [21] that is given
as;

Equation 2.2 P = nAn;TnB

Here; Na, Ng,and Nt are the number of A atoms, B atoms, and total atoms, respectively.
Polar index P=1 or -1 shows opposite polarities of fully polar faces such as {111}A and
{111)B faces. Beside this orientation, {211} surfaces also shows polarity. From this
equation, Polarity indexes of {110} and {100} surfaces are zero (P=0). These surfaces are

known to be non-polar.

In order to reveal A and B surfaces, chemical etchants are commonly used [24]. One of
most effective etchant is Brown etchant involved HF:HNOs:lactic acid (1:1:1 v/o) or HF:
HNOzs:acetic acid (1:1:1 v/o) [24,25]. These etchants leave a matt-black surface on
{111}A face and a bright-shiny surface on {111}B face.

2.1.3 Band Structure

CdTe and ZnTe semiconductors have direct band gap structures at k=0 at room
temperature. Band gap of CdTe and ZnTe are 1.54 eV and 2.26 eV, respectively [18].
Band gap of CdixZnxTe crystals are changed by adding Zn into CdTe. Growth of
compound semiconductor with wide range of band gap, atomic number, and density
proper an important advantage for almost all applications [20]. Comparing with traditional

semiconductors, CdixZnxTe crystals have wide band gap at room temperature (Table 2.2).
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Table 2.2 Band gap of the principle compound semiconductors

Material Band Gap (eV)
Si 1.17
Ge 0.67
GaAs 1.52
Cdo.gsZno.oaTe 1.56
Cdo.goZno.10Te 1.59

Band gap of Cdi-xZnxTe crystals can be calculated from Equation 2.3 where ¢ is “bowing
parameter” and nearly 0.27 at room temperature [10]. Increasing additional Zn in CdTe
compound leads to increase band gap of the CdZnTe material and therefore more energy

is required to generate an electron-hole pair.

Equation 2.3 Ey,(Cdy_xZn,Te) = xEg(ZnTe) + (1 — x)E;(CdTe) — cx(x — 1)

2.1.4 Mechanical Properties

Mechanical behaviors of crystals play a critical role in the growth and surface processing.
Dislocation formation during solidification depend on residual stress and strain on CdTe;

hence, they should be known. Residual stress in the crystal affects the physical properties

of Cd1xZnxTe crystals [26]. Residual stresses of CdZnTe crystals are measured as T12=-4

MPa (sharing stress) and 6:=30 MPa, and G1=14 MPa (axial stresses) [19].

Hardness and dislocation energies are related inversely [27]. Addition of Zn into CdTe
weakens the crystal lattice since Cd-Te iconicity is higher than Zn-Te iconicity. Zn-Te
bond energy is lower, defect energy formation is higher and these cause lower dislocation
density. Hardness of CdZnTe crystals are decreased by addition of Zn due to shorter bond

length between Zn and Te atoms [16].

CdZnTe crystals have soft-brittle nature. Since CdZnTe crystals have anisotropic

structure, surface finishing studies in terms of material removal rate and surface roughness

12



are related to the orientation of crystals [28]. Crystal machining and surface damages are
correlated with nano-mechanical behaviors of crystallographic orientations. Hence, it is
necessary to known nano-mechanical properties of CdZnTe. Nano-hardness and elastic
modulus of Cdi1.xZnxTe crystals were measured by different researchers [11,29]. Hardness
are measured by Oliver and Pharr method [30].

H — Pmax
Ac

Equation 2.4
In the Equation 2.4 H is the hardness, Pmax is the maximum applied load, and Ac is contact
area. Young’s modulus (Elastic modulus) can be calculated by Equation 2.5 where E and
v are the Young’s modulus and Poisson’s ratio for the crystal and Ejand vi are the same

parameters of Berkovich indenter.

1-vZ 1 1-v7

E  E E

Equation 2.5

E: is the reduced modulus and it can be measured from stiffness of crystal (Equation 2.6).

i _ar _2
Equation 2.6 S = e 7TET\/Z

Table 2.3 Hardness and elastic modulus of different orientation of CdixZnyTe crystals

) ) Hardness Elastic Modulus
Crystal Orientation
(GPa) (GPa)
Cdo.9oZno.10Te {111} 1.19 434
Cdo.9sZno.0aTe {111} 1.21 42.5
Cdo.gsZnoosTe {110} 1.02 44.0

shows that hardness of {111} oriented Cdo.soZno.10Te crystals is lower than that of {111}-
oriented Cdo.geZno.0saTe crystals due to additional Zn. Zhang et al. have measured that
{111}-oriented Cdo.9sZnoosTe crystal has higher hardness than {110}-oriented
Cdo.9sZno.0sTe crystal since {110} surface has less atoms than {111} surface [11]
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Figure 2.4 Schematic representation of load vs displacement data

2.1.5 Optical Properties

Optical transmission of crystals provides useful information about quality of growth and
surface studies. In order to characterize optical properties of CdTe-related compounds,
Infrared (IR) transmittance measurements are crucial [31]. IR-transmittance of crystals
are directly related to the crystalline imperfections. General formula for the Infrared
transmission (T) is given in Equation 2.7 where R is the reflectivity of the surface, a is

the absorption coefficient, and d is the thickness of sample [32]

: 1-R)%2e~%d
Equation 2.7 = (1_1?2)%

Reflectivity of the CdTe samples can be calculated from Equation 2.8, where n is
reflective index, since real part of the complex reflection is larger than imaginary part due

to wide band gap of CdTe-related compound.
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_ (n-1)2
T (n+1)2

Equation 2.8

Solving the Equation 2.7 and Equation 2.8, absorption coefficient o can be calculated
from Equation 2.9 where Tmax IS the maximum degree of transmittance (T) in every

spectrum.

_1, (1-R)24/(1—R)*+4T2 4, R?
d 2T

Equation 2.9 a

Theoretical IR-transmittance value for CdZnTe is around 66% in the 2-20 um wavelength
range at room temperature [33]. Te-rich regions are the main source of degrading for the
IR transmission of CdZnTe crystals. Decreasing of IR-transmittance at shorter
wavelengths is a result of scattering of precipitates; whereas, free carrier absorption

dominates the decreasing of IR-transmission at higher wavelengths [2].

Te precipitates and Te inclusions exist in CdZnTe crystals as Te-rich phases. Te-rich
CdznTe crystals present p-type behavior and p-type ingots have lower IR-transmittance
because of higher carrier concentration. Cd-rich CdZnTe crystals show n-type behavior

and have higher IR-transmittance due to lower carrier concentration [10].

IR-transmittance spectrum decreases with increasing free carrier absorption (Figure 2.5).
Free carrier absorption is seen in heavily doped semiconductors where Fermi energy is
closed to conductive band and materials are prone to high free carrier concentration. When
free carrier concentration is around 3 x 10%° cm™, the effect of free carrier absorption can

be seen very clearly in CdZnTe crystals [34].
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Figure 2.5 IR-transmittance of CdZnTe depends on free carrier absorption [2]

Li et al. showed four types of IR-transmittance spectrum for CdZnTe crystals [35]. These
types are correlated with the quality of crystals. Crystals with high dislocation density
have descending type (a), low resistive crystals have ascending-type spectrum (b), crystals
with high dislocation density and low resistivity have low-straight type (c), and crystals
with low dislocation density and high resistivity have high-straight type IR-transmittance

spectrum (d) as shown Figure 2.6.
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Figure 2.6 Different types of IR-transmittance spectrum [15]

2.2 Crystalline Defects in CdZnTe

2.2.1 Grains and Grain Boundaries

Grain is an individual crystal having specific crystal orientation in metals or
semiconductors. Grains are produced during the cooling of crystal growth by high growth
rates, high temperature gradients or may also be a result of the growth convection [15].
Grain boundaries divide the crystal surface two or more crystal volume that have different
crystallographic orientation. Grains and phase boundaries are two-dimensional defects
that are formed due to non-equilibrium thermodynamics [36].

Grain boundaries can form at the beginning of crystal growth when nucleation of grains
occurs or they may form by instabilities at the growth interface. Grain boundaries degrade
CdZnTe detector performance in terms of thermal conductivity and electrical properties.

High concentration of dislocations and impurities are placed at the grain boundaries [9].

CdZnTe crystals are grown generally polycrystalline. Grain boundaries in CdZnTe ingots

are one of the main problems selecting (mining) single oriented wafers due to decreasing
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the single crystal yield. Generally, grain size of CdZnTe crystals about a few centimeters

are acceptable to use as X-ray and gamma-ray detectors and substrate for IR detectors.

2.2.2 Twins

Twins are defined as specific oriented grains having symmetric crystallographic relation
to their host grain. Largest grain in a twin formation on it is called as ‘host’, ‘parent’ or
‘matrix’ grain. Twin formations form in the crystal along minimum energy orientations.
{111} planes have the largest atomic density and interplane spacing; moreover, {111}
planes have the weakest interactional force [37]. Hence, for cubic systems (like fcc) twin
planes usually lie on {111} face in order to satisfy low boundary energy [18] Twin
boundaries are internal surfaces between the twin plane and the host plane having the

lowest energy [38].

Twins are generally formed by temperature fluctuation during cooling of crystal growth
with low stacking fault energy (11 x 10”7 J cm?) [36]. Misorientation of atoms because of
unstable solid-liquid interface or thermal stress at higher temperature introduce twins and
twin boundaries [39]. Some parameters of crystal growth can also cause twining such as
crucible wall, rotation of crucible etc. Twin formations are classified as stress induced
twins and growth twins. Stress induced twins are evaluated by slipping of dislocations
under deformation stress. Crystalline energy and stacking fault energy change when
partial dislocation nucleate and slip on the plane [40]. Interaction between crucible and

crystal and temperature change during crystal growth are caused growth twins.

Twins are shifted {111} planes with a Burgers vector %< 112 > without any wrong

bonds. When the atoms are shifted, stacking sequence change from ...Aa-Bp-Cy-Ao-Bp-
Cy-Ao-Bp- Cy... to twin stacking sequence ...Aa-Bp-Cy-Aa-CB-Ay-Ca-Bp-Ay... to

sustain mirror symmetry (Figure 2.7).

Twinning in CdZnTe crystals can be identified as rotation of the lattice by 180° about

{111} orientation. Micro-twin formations having few atomic layers to cm size occur in a
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group of 3-6 twins parallel to each other [37]. Twin formations degrade the electrical

properties of CdZnTe crystals and thus, performance of detectors [33].

FCC Structure Twinning

Twinning
Plane =p

Om>Om> O WP
>OWO>PE®ED>O®LP>

Figure 2.7 The atomic configuration of twin formation of fcc crystals

2.2.3 Dislocations

Dislocations are known as irregularities of atoms in crystals structure. Dislocations are
produced during crystal growth due thermo-mechanical stresses caused by interaction
between required temperature for bulk growth [9,41]. Many types of dislocations can be
formed in CdZnTe crystals such as edge, screw, Cd (a), and Te (B) dislocations.

Edge and screw dislocations are dislocation lines that related with Burgers vector [42].
Atoms around slip plane can move through dislocation lines leading to disorder in the
crystal lattice. If Burger vector and the dislocation line are perpendicular to each other, it
is called an edge dislocations (Figure 2.8a). If Burger vector and the dislocation line are
parallel to each other, a screw dislocations form (Figure 2.8b). The length of dislocation

lines are tenths of microns [41].

a(Cd) and B(Te) dislocations are 60° edge dislocations produced along {111} <110> slip
systems due to crystallographic polarity of CdZnTe crystals [43]. a and B dislocations can

be described as extra plane of atoms [18]. If extra planes are terminated at the slip plane
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of cations (Cd), it is called a-edge dislocation and B-edge dislocation has an extra plane

that terminate at the anion atoms (Te) (Figure 2.8c).

(a) (b)
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Figure 2.8 Different types of dislocations (a) edge dislocation, (b) screw dislocation,

and (c) a-edge and B-edge dislocations [42]

Density of all type dislocations can be characterized by etch pit density (EPD) method.
Chemical etchings are used to reveal etch pits on the surface. This technique is an
important method to identify growth and surface quality. Inoue [44], Nakagawa [45], and

Everson [46] etchants are mainly used to reveal dislocations.

Inoue introduced chemical polishing solutions (E- and P-solutions) to obtain mirror like

surfaces and chemical etching solutions (EAg-1 and EAg-2) to reveal all kinds of
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dislocations. Etch pits of {111}, {110}, and {100} surfaces have different characteristic
shapes. Shape of dislocation etch pits are associated with Thomson’s tetrahedron in real
space (Figure 2.9). Chemical etching of {111}-oriented crystals have equilateral triangle,
{110}-oriented crystals have isosceles triangle with 70.6° apical angle, and {100}-

oriented crystals have rectangular shape etch pits [44].
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Figure 2.9 Schematic view of the characteristic shape of etch pits

In order to reveal fresh dislocations on CdTe crystal surfaces, Nakagawa developed a
solution that is completely different than E-Ag reagent that not capable to reveal fresh
dislocations [45]. Nakagawa etching is used to reveal dislocations on {111}-oriented

polished surfaces.

Everson was introduced a new etchant to reveal dislocations on B side of {111}- and
{211}- oriented CdTe-related compounds [46]. Everson etching produces pits on (111)B
and (211)B face of CdZnTe. This etch produces equilateral triangles on (111)B surface
and elongated triangles on (211)B surface with 10:1 width:depth ratio that can be seen

unaided eye.
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2.2.4 Te Inclusions

Te-inclusions are formed due to the difference of thermal expansion between Te and
CdznTe matrix. CdTe-related compounds are prone to become Te-rich at high
temperature during crystal growth due to Cd overpressure [18]. Morphological
instabilities at the crystallization layer are the result of Te-rich melts. Te-rich droplets of
CdznTe are captured from Te-rich diffusion layer at the interface caused originating of
Te-inclusions. Relation of growth rates and temperature gradients at solid-liquid interface

cause the emergence of Te-inclusions.

Cd loss and Te enrichment cause two phases with different size and density i. appearance
of Te inclusions (> 1 um in diameter, low density of Te particles) and ii. emergence of Te
precipitates (size between 0.01 and 0.1 um in diameter, high density of Te particles)
(Figure 2.10)
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Figure 2.10 Plot of the diameter versus density of Te-second phases in CdTe crystal
[47]
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Te-inclusions can decorate with other crystallographic defects in lattice. Dislocations,
twins and grain boundaries can be decorated by Te-inclusion [48]. High density of second
phase inclusions may induce extended defects such as dislocations, i.e. surrounding by
etch pit roseate and gliding patterns [49,50]. Te decorated with dislocations on {111}

surface with <110> direction of glide propagation is shown in Figure 2.11.

Figure 2.11 Evaluation of Te-inclusions [49]

Morphology of Te-inclusions changes under different growth conditions and depends on
the polarity of the surface. Final shape of Te-inclusions completely changes from the
beginning of their morphology. He et al. represented morphology evaluation of Te-
inclusions in CdZnTe crystals [51]. Shape of the inclusions may be formed due to cooling
rate. Larger cooling rate (> 50 Kh'') keep their shape as Figure 2.12a-b and slow cooling
rate Te inclusions keep their shape as Figure 2.12c-f. In CdZnTe crystals, triangular and
hexagonal shape of Te-inclusions with 1-2 um diameter up to 10-20 um [52].



Second phase inclusions degrade the optical mechanical and electrical properties of
CdznTe crystals. Larger dimension inclusions distort the electrical field and increase the
leakage current; hence, presence of inclusions decrease the energy resolution of the
detector [9,53]. Density of Te inclusions effect the infrared transmission of CdZnTe
crystals [48]. Large size Te inclusions have strong infrared absorption caused reducing of

infrared transmission.
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Figure 2.12 Shape evaluation of Te-inclusions under different growth conditions [51]

2.3 Theory of Surface Finishing Studies

CdZnTe crystals are the most promising materials for room-temperature detectors and
substrates for epitaxial growth of HgCdTe for IR detectors [54]. Both applications demand
high surface quality in terms of surface roughness, orientation accuracy, flatness, and
favorable thickness [8]. These factors are getting important for high resolution detector

performance. Hence, wafering studies (ingot to wafer) need state-of-the-art technology.
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To improve the quality of CdZnTe, crystal machining steps should be well understood.
Lapping, mechanical polishing (MP), and chemo-mechanical polishing (CMP) are known

crystal machining processes for semiconductors [7,12,54].

Both lapping and polishing are abrasive based processes that have been employed in
semiconductor fabrication for more than 100 years. Lapping and polishing methods
remove the materials with free abrasives that are easily embeded on the surface and hard
to remove. These methods are different than traditional crystal machining processes such
as grinding, milling, drilling etc., due to free abrasive particles. These traditional methods

end up with the fracture of brittle materials due to micro vibrating of machines [55].

The aim of lapping and polishing is to achieve high orientation accuracy and flatness and
to obtain minimum surface and subsurface damage. These are very similar machining
processes that workpiece and rotating plate contact and removed material by fraction of
abrasives. Differences of both processes lie on the material removal mechanisms and
various sizes of abrasive suspended in liquid carrier or paste. Lapping processes are called
three-body abrasive mechanisms; on the other hand, polishing procedure involves two-
body abrasive mechanisms. Lapping has higher material removal to obtain flatter surfaces
while reducing surface roughness; although, polishing is a surface smoothing process that

provide a reflective surface with lower material removal rate.

Abrasive choice is crucial for crystal machining. Abrasive grains must be harder than
workpiece in lapping and polishing procedures. Since CdZnTe crystals are soft-brittle
materials with around 1 GPa hardness, abrasive size and type is very important to restrain
the abrasive wear suffering [56]. It is given that hardness values of abrasive grains in
Table 2.4.
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Table 2.4 Hardness of abrasive materials at room temperatures

Abrasive Type Hardness of abrasive (GPa)
Diamond 56-102
Cubic boron nitride (CBN) 42-46
Silicon carbide ~24
Silica 24
Alumina oxide ~21

2.3.1 Theory of Lapping

Lapping process can be identified as the material removal processes by the results of the
frictional interaction of workpiece with plate and abrasive slurry. This process is
influenced by abrasives (size, type, shape, and concentration), process parameters
(velocity of plate, applied load, and lapping time), and materials (machined materials and
lapping plate). In the lapping process, important properties are material removal rate,

surface roughness, surface flatness, surface and subsurface damage, and residual stress.

A lapping system consists of lapping plate, slurry carrier and a holder for machined
crystal. Crystals are mounted on the jig and then constant load is applied on the jig to
remove the material (Figure 2.13). The abrasive slurry is prepared in a cylinder container
to feed the lapping plate. An automatic slurry controller adjusts for constant flow rate of
abrasive slurry. Low velocity is given to lapping plate to machine. Lapping processes are
low-speed processes due to mechanism of abrasion and this process known as three-body

abrasion.

During lapping, material removal can occur by lapping abrasives distributed in a liquid
(i.e. water). The properties of lapping abrasive play an important role on mechanisms of
material removal and the parameters of the process. The abrasive can be characterized by
abrasive type, abrasive shape, abrasive size distribution, and mixing ratio of abrasive and

liquid that are also connected to each other.
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Figure 2.13 Schematic view of lapping system

The material removal is realized by the abrasives, it has to be harder than the machined
crystal. Deep scratches are created with much harder and sharper abrasives than workpiece
as hard abrasives can be embedded in softer materials easily. Thus, softer the machined
crystal, the softer the abrasive. Since CdZnTe crystals have soft-brittle nature, lower
hardness abrasives must be preferred (Table 2.4). Silicon carbide, most common abrasive,
can be used for hard and soft materials. Aluminum oxide is preferred for machining of
softer materials. Boron carbide is harder than silicon carbide and aluminum oxide, then it
is used for harder materials. Diamond is much harder and sharper than others. Hence,
aluminum oxide powders are more suitable than others for machining of CdZnTe crystals.

Material removal rate and surface roughness are directly related to size of abrasive. Bigger
size abrasives are prone to higher MRR and higher surface roughness than smaller size
abrasives. To complete high surface quality, many work cycles with smaller-sized
abrasives and reduced material removal rate must be needed. It is suggested that different
size of abrasives should not be used at the same time. Moreover, different lapping plates
should be used for rough and fine lapping process or lapping plate should be cleaned after

each size abrasives.
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Number of active abrasives are determined by the mass or volume ratio of abrasives and
the liquid. Mixing of lapping abrasive and lapping fluid (medium or paste) is called as
lapping slurry. Abrasive concentration is volumetric mixing of abrasive and liquid
generally with the ratio of 1:2 to 1:6. Abrasives are fall apart in the fluid. The optimum
volumetric ratio depends on abrasive size and machined material that is only determined
experimentally. Thus, all abrasive based properties strongly influence the material
removal mechanisms that are related to achievable surface roughness and material

removal rate.

The characteristics of lapping plate have great importance for quality lapping processes.
Lapping plate made by too hard material can deeply scratch the machined crystal. Harder
plates do not allow to embed abrasives on them. Therefore, abrasives roll between plate
and workpiece. This may cause micro-fracture on the surface of the machined crystal due
to stress. Abrasives can be embedded into the softer lapping plates. Consequently,
abrasives slide rather than roll during lapping and removal mechanism is plowing. Finer
surface finishing but less planarity are common results for softer lapping plates. Many
types of lapping plates are available for various applications. Glass lapping plates are used

for softer materials (i.e. opto-electronic materials).

During lapping processes, deformation, separation and friction processes combine to
remove materials. Wear mechanism is happened while material gradual material removal
from crystal by contact and relative motion of abrasive and lapping plate. There are many
types of wear such as adhesion, erosion and abrasion wear. Abrasion (abrasive) wear
mechanism is mostly seen for one side lapping processes that create grooves and scratches
by sliding movement. Detachment of material from crystal in relative motion that caused

by abrasive particles between lapping plate and workpiece or fixed in lapping plate.

2.3.2 Theory of Polishing

Polishing processes can be defined as obtaining smooth and shiny surfaces by rubbing

crystals on polishing cloth or using chemical action. Polishing is crucial process for
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semiconductor technology with the increasing demands for functional enhancement, since
surface quality of crystals directly influence the performance of the device. Polishing
technology promises completely atomically smooth mirror-like, and damage-free surfaces
that are basic requirements for the high quality surfaces. Nanometer order of geometrically

dimensional shapes are produced with ultra-precision polishing processes.

Abrasive based slurry is dripped on the polishing cloth and abrasives are retained on the
cloth surface resiliently and elastically for mechanical and chemo-mechanical polishing
processes. Higher plate velocity is applied to remove material by scratching. Mechanical
and frictional actions of abrasive and polishing plate can produce shallow scratches due
to micro-cutting. Material removal rate of polishing process is much smaller than the

lapping process.

Polishing processes are influenced by slurry (properties of abrasive and liquids), polishing
cloth, and process parameters (velocity of plate, applied load, and polishing time).
Requirements of finish samples and their influencing factors depend on the parameters

given above (Figure 2.14). Important parameters for high quality wafers are:

e Flatness or total thickness variation (TTV)
e Surface roughness
e Mechanical damages of surface and subsurface

e Crystal defects

Abrasive choosing is one of the most important parameter for polishing processes like
lapping. Abrasive type, shape, size, and mixing ratio determine the process quality. Type
and shape of abrasive are chosen according to the hardness of abrasive and machined
crystal. Fine abrasives of below 1 um are preferred to obtain smooth and mirror-like
surfaces with the effect of polishing cloth. Fine and ultra-fine abrasives generate brittle
fractures on the machined surface by removing materials in terms of plastic deformation

to produce nano-scale surface roughness.

Geometric accuracy and quality of machined surfaces are necessary factors after
polishing. In polishing, machined surface and polishing cloth are rubbed under constant

pressure. Chip formations are produced by abrasive particles that are dripped and
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embedded on the polishing cloth. Shape accuracy of plate (polishing plate or lapping plate)
are transferred to crystal’s surface with pressure and smooth surfaces are generated. For
that reason, condition of polishing cloth (topography of cloth) should be done carefully
and smooth polishing cloths with minimum elastic deformations should be used during
polishing.

Material removal depends on relative velocity between the crystal and plate, applied load
on jig, and time of the process. These parameters can be optimized by experimental trials

since crystals has different properties and optimized parameters.

Factors Parameters Requirements

e N
(" Carrier fluids ) High quality
Type of chemicals Polishing solution (defect free, mirror like)
\. J
Particle size, shape s A
Type, hardness Abrasive Atomically smooth
(Roughness)
\ J
( ) e A
Hardness -y
Polishing Cloth i -
Surface topography _[ h ] High accuracy
\ = J (Flatness)
\, J
' ™ 7 N
Environment . .
. . Cleaning Cleanliness
Abrasives and chemicals L
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Figure 2.14 Parameters and requirements of polishing

Chip formations during polishing are important in order to obtain high quality mirror-like
surfaces. Chip generations determine the surface roughness. Abrasive slurry, polishing
cloth and cleaning affect the quality. Abrasives in the slurry are the main parameters for
formation of chipping from the surface. Different polishing plates (cloths) should be used
for different size (or type) of abrasives. If bigger or harder slurry has been used previously,
polishing plate becomes contaminated and dirty with that particles which can cause higher

surface roughness than expected with deep scratches. Moreover, unwanted dust particles
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in the slurry can produce deep cracks on the surface. Removing large particles and dusts
in the slurry, washing polishing cloth and crystal, and cleaning of environment of the

polishing system enhance the quality of surfaces.

Mechanical and chemical actions influence the removal mechanisms. Mechanical actions
include removal and frictional actions; on the other hand, chemical actions include
oxidation and dissolving of reaction. Chemo-mechanical polishing method can be defined
as the combination of these two actions. In order to improve the accuracy and efficiency,
proper chemicals for oxidizing and dissolving materials can be added to slurry. Chemo-
mechanical processes are mechanical and chemical processes that mechanical actions
applied to the surface when chemical reactions activate on the material. In this process,
both friction induced by mechanical work and chemical work involve abrasion are
responsible for material removal. Chemical interaction on the surface is a more significant
factor than mechanical action. Material removal rates increase and deep scratches are
removed due to combination of abrasives and chemicals. Thus, chemo-mechanical

polishing produce high quality surfaces without formation of damaged layer.

2.3.3 Material Removal Mechanisms

Abrasive wear can be classified in two categories as two-body and three-body abrasive
wear (Figure 2.15). If the abrasives are bound or attached to a second body (lapping plate),
it is called two-body abrasive wear. If the abrasive particles are free to roll and slide
between workpiece and the second body, it is called as three-body abrasive wear. Lapping
is three-body abrasive wear since abrasives can roll and slide freely. However, sometimes
abrasives may embed into the plate or the machined crystal in sliding mode for a Abrasive
wear can be classified in two categories as two-body and three-body abrasive wear short
time referred to two-body abrasive wear. On the other hand, material removal process
involve ploughing damage and grooves on the surface in rolling mode. Particle shape

change the mode of abrasive wear. Round and uniform size abrasives increase the
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possibility of rolling mode while rectangular and non-uniform size (larger width than

thickness) abrasives are increased the possibility of sliding mode.

Load

Workpiece

Two-body No contact Two-bod Direct

: y
and ductile Crelelts and brittle contact
machining Three-body machining

Lapping plate

Figure 2.15 Schematic view of two-body and three-body abrasive wear

There are two main forces on the crystal during lapping processes that are pressure of the
applied load and relative velocity of lapping plate and machined crystal. Increasing
applied load on the jig causes deeper embedding and scratching formations on the surface.
The material removal mechanisms of brittle materials is based on generation, networking
and propagation of microcracks that grown the effect of stress field. Effect of abrasive
wear is very important for removal mechanisms. Embedded abrasive wear and small

abrasive wear removal mechanisms are also identified for soft-brittle materials during

lapping.

32



CHAPTER 3

EXPERIMENTAL PROCEDURE

In this chapter, process flow from ingot to wafer and characterization studies of surfaces
are described. Process steps that have been carried out for surface machining processes of
CdznTe crystals are as follows: slicing, lapping/grinding, mechanical polishing, and
chemo-mechanical/chemical polishing. Details on surface preparation methods and
material removal rate (MRR) studies are given in Section 3.1. Characterization studies are

presented in Section 3.2.

Throughout this thesis, METU grown ingots have been used. Grown CdZnTe crystals are
named starting with prefix MT, which stands for METU, followed by numerical order of
crystal growth. For example, MT12 corresponds to 12" growth at METU-CGL

CdznTe crystals having various sizes, crystallographic orientations, and Zn
concentrations have been processed by following different surface treatments.

3.1 Surface Preparation Processes

Surface preparation processes are highly critical for detector technology. Surface and
subsurface damages play an important role on detectors performance. Damages on the
machined surface like inclusions, scratches, cracks, and imbedding abrasive powders
bring about high leakage current strongly influencing the resolution of x-ray/gamma-ray
detector. Because of soft-brittle nature of CdZnTe, crystal treatment is much more difficult

than that of traditional hard-brittle or soft-plastic materials such as Si, GaAs. Ultra
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precision machining is needed for CdZnTe materials. CdZnTe surface processing is highly
sensitive and needs to be optimized with respect to material removal rate, surface

roughness, and stoichiometry of surface.

Although the steps mentioned below in Figure 1.1 below are the main processes of crystal
machining, grain revealing and polarity determination etchants must be applied as
intermediate steps. In Figure 3.1, general wafer processing flow diagram for CdZnTe

crystals is given.

Cyrindrical grinding Orientation

Lapping Dicing Chip selection  Etching

— |'/'p@dw
SE N _e
Primary polishing  Final polishing Final cleaning Inspection packaging

Figure 3.1 Schematic flow of CdZnTe wafer processing [2]

3.1.1 Grain Revealing Etching

Abrasive wire saw machine equipped with goniometer and 300 um diameter diamond
wire have been employed for slicing of CdZnTe crystals. Water-based cutting liquid was
used as buffer between the wire and the sample in order to avoid cracks and damage. It
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also provided less kerf loss. Cutting feed and wire speed parameters were optimized to

avoid deflection of wire (i.e. prevention of wire breakage).

After retrieval of grown ingot from the ampoule, the conical tip and the heel parts were
cut off as standard steps as shown in Figure 3.2. Generally it was difficult to observe grain
formations on as grown or sliced ingots. To investigate grain formations, the ingot was
first grinded with sandpaper and then chemically etched with grain revealing etching.
Etching enabled us to see grain boundaries and also twin formations as shown in Figure
3.3.

Figure 3.3 MT7 ingot before and after grain revealing etching
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3.1.2 Orientation Dependent Slicing

In the growth of CdZnTe, grain growth take place randomly. Twins are commonly
observed on CdZnTe crystals with special orientation. Twins can be called as grains which
always grown on {111} faces and grown along [112] directions. From crystallographic
knowledge, it was realized that [111], [110] and [112] directions were orthogonal to each
other (Figure 3.4). To obtain {111}- and {211}- oriented single crystals twining method
has been developed and used during this study. With this method, selected grains were cut

parallel to twin planes, if any, to obtain {111} planes.

[111]

% [112]

"4

[110]

Figure 3.4 Orthogonal crystal orientations for fcc

Selected grain containing twin formations was separated from other grains to prevent from
cutting of others during slicing trials (Figure 3.5). First twin formations were marked and
then top of the marked face was arranged parallel to wire saw by goniometer. It was aimed
that slicing of large thickness of {111}-oriented pieces since edges of the sliced crystal
was referred to {211}- and {110}-plane orientations (Figure 3.5d). The larger thickness
{111} orientation, the larger surface area for {211} and {110}. Slicing experiments with
twining method for MT2-grown and MT5-grown ingots have been discussed in this thesis.
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Figure 3.5 Slicing trials with twinning method (a),(b) MT2-grown ingot and
(c),(d) MT5-grown ingot

MT2 ingot was sliced 5 pieces to obtain larger grain from the center. Twin formations was
used to arrange goniometer and sliced on them (Figure 3.5b). Larger than 10 x 10 mm?
surface area {111}-oriented wafers were sliced from MT2-grown ingot. MT5-grown ingot
was also sliced to separate grains as with twin formation and non-twin formation parts.
{111}-oriented crystal with large thickness (~10 mm) was sliced. The edge of {111}-
oriented sliced was cut perpendicular [111] direction. Therefore, {211}- and {110}-
oriented wafers with larger than 10 x 10 mm? surface area were obtained. XRD

measurements gave the information about orientation of the crystals (Figure 3.6)
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Figure 3.6 XRD measurement of (a) {111}-oriented (b) {110}-oriented (c) {211}-
oriented crystals

Positions of desired orientation planes were found also by X-ray back reflection method.
This method gives us information about grain orientation and angle between desired
orientation and orientation of host grain. The angle was arranged with goniometer and
wire cutter was employed for slicing. Slicing trials with X-ray back reflection method for

MT8-grown ingot has been discussed in this thesis (Figure 3.7)
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Figure 3.7 Slicing of MT8-grown ingot with x-ray back reflection method (a)

selecting grain, (b) arranging wire, (c),(d) sliced crystals

Wafers were cut from sliced part which shown in Figure 3.7c and Figure 3.7d. It was
obviously presented that crystal consumption was less than the twining method. Wafers
with large size area (i.e. 20 x 30 mm?) were cut from one sliced for MT8-grown ingot
which had high yield.

The main advantage of this method was that any desired orientation can be sliced without
twin formations. Size and number of wafers were increased with X-ray back reflection
method. Moreover, total time consumed for slicing was decreased. Detailed
characterizations of samples prepared with these two methods have been described in
Chapter 4.
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In general, wafers were diced from sliced part into square/rectangular shapes larger than
10 x 10 mm?. Crystals had wire damages, cracks on the surface and high subsurface
damage because of brittle nature of CdZnTe after slicing. The performance of the wire
saw forced us to have slices thicker than 2 mm. Thickness of wafers was changed
depending on the application area such that we had thicker crystals for detector
applications (CdogoZno.10Te) and thinner crystals for substrate applications
(Cdo.gsZno.oaTe).

3.1.3 Polarity Determination

Between slicing and lapping procedures, surface polarity was determined by chemical
etchant proposed by Brown et al. which is a mixture of HF, HNO3s, and CH3COOH (or
C3Hs03). (1:1:1, v/0) [24]. Crystals were dipped in this chemical solutions for 30 seconds
followed by rinsing with deionized water (DIW) immediately. After etching, the matt face
was identified as (111) Cd-terminated face called {111}A, and bright face was identified
as Te-terminated face called {111}B by convention (Figure 3.8). This procedure has been

same for {211}-oriented crystals.
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Figure 3.8 Polarity determination for {111}-oriented crystal (a) Cd-terminated face

(b) Te-terminated face

3.1.4 Lapping Processes

During slicing and cutting procedures from ingot into single crystal wafers, surface and
subsurface damages are inevitably induced. Crystals were lapped after slicing and polarity
determination steps to a) remove surface and subsurface damage caused by slicing b)
obtain more flat and smooth surfaces required for polishing steps and c) control the desired
wafer thickness. Double-side surface preparation processes were preferred rather than
single-side processes to produce ultra-flat surfaces for material characterization. Crystal
thickness values were controlled thoroughly by contact thickness measurement gauge

following to each surface finishing step.

Different type and size of alumina oxide (Al2O3) abrasive powders were used throughout
this thesis study. 15 pm, 9 um, and 3 um sized alumina powders were mixed separately
with DIW. Because of its high stock removal rate, 15 pm Al2Os slurry was used if the
slices were thicker. If not, lapping was started from 9 um Al>Os slurry. While the size of
powders decreased, not only surface damage such as micro-cracks and cleavage but also
the subsurface damage was minimized.
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Various concentrations of DIW and aluminum oxide abrasives were prepared to optimize
the lapping slurry. Between 10% and 15 % volume ratio was determined to be better than
other concentrations. Lapping process was carried out with lapping and polishing system
having an automatic abrasive slurry flow control feature which continuously feeds the
plate. Specimens were bonded on a glass substrate and lapped on grooved or non-grooved
glass plate depending on the dimensions of crystals. Material was removed in lapping
processes by rolling or sliding abrasive particles between the surface of crystal and the
glass plate which refers to three-body abrasive wear. Applied load on the jig was changed
from 100g to 500g to optimize the pressure. Different plate rotation speeds were also
employed to obtain material removal rate (MRR) and total thickness variation (TTV) data.
TTV was calculated by measuring thickness variations from 5 different points on the
crystals and taking difference of maximum and minimum value of them as shown in
Figure 3.9. Therefore, TTV measurements gave the information about flatness of the

surface, too.

Figure 3.9 Measured points of thickness variation on CdZnTe crystals

Parameters affecting the quality of lapping process will be mentioned in material removal
rate studies section.
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3.1.5 Polishing Processes

After several steps of lapping procedures, a series of polishing processes was performed
to improve surface quality and decrease subsurface damage layer. Mechanical polishing,
chemo-mechanical polishing and chemical polishing were applied. Mirror-like surfaces
were obtained for both surfaces which was necessary for characterizations.

Polyurethane polishing cloth were preferred for polishing and ultra-fine Al,Os powders
were mixed with DIW. Abrasives were free to roll on the glass plate in lapping process
while abrasives are limited to roll on the polishing cloth in mechanical polishing process.
Abrasive powders were imbedded to the polishing cloth. Another difference from lapping
processes was that sub-nanometer roughness values were achieved. Successive
mechanical polishing processes were completed with decreasing the particle size of
powders. After 3 um Al>Oz lapping procedure, crystals were polished with ultra-fine
Al;03 powders. Some of the crystals first polished with 1 um Al>O3 powders for rough
polishing to prepare samples prior to fine polishing in which 0.3 um-sized Al.Oz abrasives

were used for fine polishing.

Rotation velocity of plate was set to maximum rpm of the polishing system and constant
abrasive flow. Different concentrations of abrasive slurry were prepared to find the most
efficient one and applied load per unit area was also optimized. Total polishing time was
also one of the critical parameters needed to be optimized carefully in order to eliminate
subsurface damage of lapping process and keep away from over-polishing. When
compared to lapping processes, surface cracks and pits were removed; however,

inclusions and dislocations were appeared on the crystals surface.

After sub-nanometer rms roughness and mirror like surfaces were obtained, crystals were
chemo-mechanically polished with commercial polishing fluid which include sodium
hypochlorite and sub-micron size Al>Oz abrasives. Chemo-mechanical polishing (CMP)
studies were done for time optimization. Characterization of CMP with various polishing

times was completed in terms of surface morphology and topography.
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A modified polishing slurry was prepared for chemo-mechanical polishing. One of the
NaOCl-based commercial solution (pH around 13) that includes nano-sized silica
abrasives was preferred. The polishing slurry was modified by adding strong acid into
solution until pH value became around 7. Polished surfaces were analyzed in terms of
surface roughness, topography and morphology. This chemical polishing slurry was called

CMP1 in this study and optimized polishing parameters were used.

Based on commercial solutions, another unique solution that does not contain abrasives
was developed so that the surfaces could be free of scratches. Chemicals were chosen in
terms of oxidation rates and removal rates for CdZnTe. This unique solution that involve
citric acid and NaOCI (pH around 7) was called CMP2 in this study.

3.1.6 Material Removal Rate (MRR) Studies

Crystal machining studies were carried out to investigate the effects of process parameters
on material removal rate (MRR) in lapping and polishing. Plate rotation speed rpm,
applied pressure on the samples, concentration of abrasive slurry, size of abrasives, and
slurry flow rate were main parameters affecting MRR and so the machining quality.
Slurry drip rate (drip/minute) has been almost the same for each lapping processes whose
drip rate is lower than polishing processes. MRR was measured according to Equation
3.1. Thicknesses of the crystals were measured from different points before and after each
steps as shown in Figure 3.9. Average thickness from the measurement were calculated

as final thickness with contact thickness measurement gauge.

1—dy

Equation 3.1 MRR = dT

Here, d1: initial thickness of crystal
do: final thickness of crystal at some time of t

t: machining time
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From CMP studies of crystals MRR have been equal to Preston’s equation which is given

in Equation 3.2.

Equation 3.2 MRR = % = C,.P.V
In this thesis, MRR has been extensively studied to optimize lapping and polishing
processes for desired thickness and to understand the quality of the surface under different
conditions. According to Preston’s Equation (Equation 3.2). MRR is directly affected by
the applied pressure and plate rotation. Different slurry concentrations were prepared to

obtain a relation between removal rate and the surface quality in terms of roughness.

Material removal rates were measured by changing the applied pressure where the other
parameters were constant. Next, velocity of plate rotation was changed from 20 rpm to 30
rpm and MRR was calculated accordingly as other parameters were kept constant.
Crystals were lapped with different size and type of abrasive particles under the same
conditions and their MRR was determined. In addition to these studies, different
concentrations of Al>Os polishing slurry were used to compare removal rates since the
abrasive particles are responsible for material removal due to rolling, sliding and

embedding mechanism.

Material removal studies were conducted with (211)- and (111)- crystallographic oriented
Cdo.gsZno.osaTe crystals. Optimized parameters were identified in terms of surface
morphology, surface topography, and material removal rate. Higher plate speeds caused
scratches on the surface due to micron-sized abrasives and caused non-uniform thickness
during lapping. Additionally, while higher pressures cracked the edges of the crystals,
lower pressures led to polishing times longer than expected. Maximum plate rotation of

70 rpm was applied during polishing processes..

Li Yan et al. mentioned that MRR and surface quality depends on crystal orientations
which have different nanoscale mechanical properties. Li Yan et al. also claimed in their
another work that MRR on (111)-oriented plane is smaller than (110)-oriented plane under
same machining parameters because of anisotropic structure of CdZnTe crystals [28,29].
It was realized that there has not been a detailed experimental study on literature about
nanomechanical behavior and MRR on different crystallographic planes of CdZnTe
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crystals. Thus, optimized parameters were applied during lapping and mechanical
polishing to (100)-, (110)-, (111)- and (211)-oriented Cdo.g6Zno.04 Te wafers. Furthermore,
(211)-oriented Cdo.g0Zno.10Te wafers were lapped and polished to investigate the effect of
Zn mole fraction of CdZnTe (Cdo.g6Zno.0saTe and Cdo.goZno.10Te). Moreover, same crystals

were investigated under nanoindentation tests.

3.2 Crystal Characterizations

All detector applications need high-quality substrates since the surface processes strongly
influence the detectors performance. High-quality substrates require nano-scale surface

roughness, high orientation accuracy, and stoichiometric crystals with low defect density.

Different techniques have been employed to characterize the quality of surface processes
and crystals as well. These techniques can be classified into two groups as surface

characterizations and structural characterizations.

3.2.1 Surface Characterizations

Surface characterizations are crucially important to understand and improve the quality of
the surface. Surface quality is usually expressed in terms of surface roughness and surface

morphology are the main analyses of the each process.

3.2.1.1 Surface Roughness Measurements

Surface roughness analyses of various processes were performed with surface
profilometer Veeco dektak, atomic force microscopy (AFM), and white light

interferometer.
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Roughness values of as-cut sliced crystals and various abrasive-sized lapped crystals were
measured with surface profilometer and AFM. Surface profilometer was scanned 3 mm
line and speed of scan was 0.5 mm/sec. AFM scans on the surface were performed over
20 x 20 pm?and 10 x 10 um? scanning areas with high resolution pixel (512 x 512). Before
the measurements, parameters such as scanning speed and frequency were optimized to
avoid damage on the processed surface. It was decided that tapping-mode with 4 pum/min

scan speed is suitable for soft-brittle CdZnTe single crystals.

Polished surfaces roughness was measured with white-light interferometer in addition to
the AFM technique. Measurable surface area of AFM was much smaller than light
interferometer measurements. Light interferometer was preferred due to larger area

measurement availability (0.35x0.47 mm? or 0.35x0.26 mm? depending on objectives)

3.2.1.2 Surface Morphology Measurements

Surface morphologies of differently treated crystals were observed with Optical
Microscope (OP) and Scanning Electron Microscopy (SEM). Lapped and polished
crystals were used to observe the effect of removal mechanisms of various-sized
abrasives. Surface defects appeared on finished surface and mechanical damage were
examined. While chips, scratches, and cleavages due to removal mechanisms of soft
materials were analyzed for lapped specimens; polishing lines, dislocations, and

inclusions were investigated for polished specimens.

3.2.2 Structural Characterizations

After slicing wafers, surface morphology have not been enabled to examine structural
characterizations. With surface treatments, structural analyses have been made possible to
analyze the quality of crystals and success of processes. X-ray Diffraction (XRD) method,

Energy Dispersive X-ray Spectroscopy (EDX), Fourier Transform Infrared Spectroscopy
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(FTIR) analyses were performed and chemical etching studies for Etch Pit Density (EPD)
analyses have been carried out at METU. Except for chemical etching which was applied
only after polishing procedures, other characterization techniques were applied for each

surface treatment processes.

3.2.2.1 Crystal Orientation od CdzZnTe Crystals

After different surface treatments, XRD measurements were repeated. Sliced, lapped and
polished surfaces of same crystals were used and measurement results were recorded for
each. Shifting of peak position and intensity were discussed. Besides, full-width half-

maximum (FWHM) of X-ray rocking curve measurements were carried out.

3.2.2.2 Surface Composition of CdZnTe Crystals

The surface compositions of lapped and polished crystals were analyzed with EDX
method. The stoichiometry of the surface after each surface treatment was measured.
Cdo.g0Zno.10Te and Cdo.ssZno.oaTe crystals were used. Atomic concentrations of elements
on processed CdzZnTe surfaces were obtained and Te overall ratio to Cd+Zn was
measured. Additionally, this method was used to investigate surface contamination after
treatments. Since samples were exposed to air, surface was covered with Carbon (C) and
Oxygen (O) easily. Except for Cd, Zn, Te, C and O elements, Aluminum (Al) was also

found at compositional analyses due to abrasive based slurry.

3.2.2.3 IR-Transmittance of CdZnTe Crystals

A Fourier Transform Infrared Spectroscopy (FTIR) analysis was used to understand not

only the IR transmission of crystals but also the defect structure inside the crystals. In the
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wavelength interval 2-20 pum, nearly 60% IR transmission is expected. IR transmittance
(%) was measured with Bruker Equinox 55 FTIR Spectroscopy for different treatments.
Single side polished and double side polished wafers were prepared from the same ingots
to investigate the difference. Chemical polishing solution, Inoue’s E-solution, was applied
to single-side polished crystals to analyze the effect of chemical polishing. HNO3z (10 mL)
+ H20 (10 mL)+ K2Cr207 (4 g) were the chemicals of E-solution [44]. Crystals were
dipped various times (40 s, 60 s, and 120 s) to understand chemical polishing effect on

IR-transmission.

3.2.2.4 Defect Revealing Etching for CdZnTe Crystals

Chemical etching experiments were applied to reveal defects in the crystals. Etching
processes are known as destructive analyses. Everson, Nakagawa and Inoue etching were
used to reveal dislocations lines, inclusions, and etch pits (Table 3.1). Different chemical
etchants utilize the analysis of crystals and surface quality. Crystals were dipped to
chemical solutions and after that crystals were rinsed with DIW. Crystals were dried with
air immediately. Etched surfaces were examined with OP and SEM imagining techniques.
Etch pit formations are observed based on Thomson tetrahedron, shape of pits varied
depending on crystallographic orientation. Various oriented crystals that are {111},
{211}, {100}, and {110} oriented CdogsZnoosaTe crystals were etched with Inoue’s
solution capable of revealing defects for all orientations. Finished surfaces was chemically
etched to investigate Te-inclusions. EPD was used to compare IR-transmittance in the

range of 14-20 um wavelengths to decide crystal quality of selected ingots.
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Table 3.1 List of dislocation revealing etching

Etchant Chemicals Time
HF:HNOs:Lactic acid ]
Everson [46] 5 minutes
(1:4:25,v/0)
HF:H202:H.0 )
Nakagawa [45] 2 minutes
(3:2:2,v/0)
Inoue [44] 10 mL E-solution+ 0.5 g AgNOs )
i 2 minutes
(EAg1l,EAQ2) 10 mL E-solution+10 g AgNO3

3.3 Nano-mechanical Characterization of Crystals

Nano-indentation tests were performed for different orientations and different Zn-
concentration. For this specific study, {111}-, {100}-, {110}- and {211}- oriented slices
from Cdo.gsZnoosaTe and {211}-oriented CdooZnoaTe crystals were cut. Crystals were
lapped and polished under same conditions. A Berkovich diamond indenter was used with
100 nm tip radius. Hardness and elastic modulus of various crystals were measured as a
function of applied load. Different loads varied from 1 mN to 9 mN were applied. Loading
and unloading times were 10 s and a 10 s awaiting period between loading and unloading
was selected. Because of anisotropy of CdZnTe crystal, hardness values vary for different
crystallographic orientations and additional Zn in the CdTe structure also influences the
harness and elastic modulus. Micro-mechanical behaviors were influenced nano-
mechanical behaviors so material removal rates of different orientations are not the same

as nano-mechanical properties.

3.4 Subsurface Damage Experiments

Subsurface damages inside the crystals degrade the quality of detectors in terms of
mechanical, optical, and electrical properties. Field emission scanning electron

microscopy was employed to investigate subsurface damages. Two polished surfaces were
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bounded on the top of the polished faces by bonding wax as shown in Error! Reference
ource not found.. Cross-section crystal machining was applied to the surface. Surface

treatments listed below were applied:

e 9um lapping
e 3um lapping
e 1 um rough polishing

e Ultra-fine polishing

Samples were etched with 5 ml HNO3z + 10 ml H20 + 2 g KoCr.O7 + 0.25 g after treatment
proposed by Li Yan’s group [28]. This etching solution which is modified from Inoue
etching solution was used to reveal damages. The etching time was 30 seconds. Micro

scale damages were investigated by SEM.

Polished
surfaces

Figure 3.10 Schematic view of bonded-interface method
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CHAPTER 4

RESULTS & DISCUSSION

In this chapter, results of surface preparation studies are given. Material removal studies
with changing of load and plate speed for various size of Al,Os abrasives are shown.
Optimization studies for different orientations are discussed in Section 4.1. Surface
characterizations of MT-grown crystals after lapping and polishing steps are discussed in
Section 4.2 and finally structural characterizations are evaluated in Section 4.3. CdZnTe
bulk-growth, surface treatment studies and characterizations of prepared surfaces were
conducted at METU-CGL

4.1 Material Removal Rate Studies

Surface quality of CdZnTe is highly critical for both infrared and x-ray, gamma ray
applications. Due to its soft and brittle nature, the surface of CdZnTe is highly prone to be
scratched and can be damaged easily. Thereby it is necessary to pay special attention
during mechanical and chemical processes. After slicing by a wire saw or dicer, several
lapping processes are applied. Primary purpose of lapping is to remove the surface and
subsurface damage formed after the cutting process and reduce to wafer thickness to the
desired value. Later, mechanical and chemical polishing is applied to obtain atomically
smooth and defect-free surfaces. Mechanical steps with Al,Oz abrasive based solutions
must be optimized to obtain high quality surfaces in terms of surface roughness and

flatness
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In this section, the results of material removal rate studies are presented. Optimization
studies were carried out for (211)- oriented Cdo.osZno.04Te wafers. An identical study was
conducted for (111)- (100)- and (110)- oriented Cdo.96Zno.os Te wafers to compare material
removal rates of different crystallographically oriented crystals. Moreover, (211)-oriented
CdogoZno.10Te crystals were also lapped and mechanically polished with optimized

parameters to understand the effect of Zn concentration.

Optimization of material removal includes adjustment of equipment parameters such as
applied pressure, plate speed etc. Applied pressure on the jig was chosen in such a way
that the material removal can be done in a well-controlled and uniform way. In general,
lower plate speeds were applied for lapping studies due to micron-sized Al>Osz abrasives
(i.e. high removal rate) while higher plate speed was used for polishing studies due to
ultra-fine Al>O3 polishing abrasives (i.e. low removal rate and uniformity). Slurry
concentration was 15% volume ratio for the lapping procedure. For polishing, abrasive
based slurry concentration varied from 5% to 20% volume ratio to obtain better surface
quality in terms of roughness.

4.1.1 Material Removal Rate Studies for Lapping Procedure

During lapping studies, material removal rate (um/min) was determined by measuring
thickness variation per minute. A contact mode thickness measurement gauge was

employed for thickness measurements from five selected points on the crystals.

{211}-oriented CdogsZnoosTe crystals were used for material removal rate (MRR)
optimization studies. According to Preston Equation, MRR mainly depends on applied
pressure and velocity of platen. Other factors affecting MRR, crystal structure (orientation
and Zinc concentration), and slurry properties (size, type, concentration, and drip rate of

abrasive) are accounted for in the Preston constant (Cp).

MRR of lapping processes were conducted under various applied loads on the jig for 20
rpm and 30 rpm platen velocity (Figure 4.1). 15% volume ratio of Al>Os abrasive and
DIW mixture were used for all lapping processes. MRR increased almost linearly as the

applied load and platen velocity were increased.
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Figure 4.1 Material Removal Rate Studies with 20 rpm and 30 rpm plate speed (a) 15
pum Al2Osz (b) 9 um Al,Ozand (¢) 3 um Al20s3

Large diameter abrasives removed much more material from the crystals in a minute. For
15 pum Al>Os abrasives and 20 rpm rotation, removal rates varied between 17.5 and 92.5
um/min as the applied pressure was changed. Similarly, for 30 rpm rotation, MRR
increased from 22 to 123 pum/min when the jig load increased linearly. 15 pm Al;O3

abrasive slurry was used only for thicker samples due to high material removal rate.

9 um Al,Ozabrasive has MRR between 9 and 55 pum/min for various applied loads, in the
meantime, plate rotation was 20 rpm. Based on Preston equation, MRR was expected to
change by 1.5 times when the rotation was set to 30 rpm. Removed material per minute
was higher than expected due to experimental variables that strongly affect the Preston

constant.
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Material removal rate was smaller for 3 um-sized Al,Os3 abrasives as expected. MRR
changed from 2.9 to 26.4 um/min by applying load between 100 g to 500 g for 20 rpm
plate rotation. MRR rose around 1.5 times for 30 rpm.

In general, plate velocity rpm, applied force on the wafer, size of abrasive, concentration
of abrasive, and slurry drip rate have great influence on the MRR and therefore on lapping
processes [57]. Influence of variables on MRR was analyzed. Theoretically, if variables
are constant during lapping, MRR must be constant. Experimental results show that, MRR
show tiny changes even if the parameters are kept constant. Changing zinc concentration
in the crystals due to zinc segregation along the ingot, inaccuracy in preparation of
abrasive concentration, jig rotation and jig position during lapping, and reconditioning of
the lapping plate may have influence on the MRR. Even though such factors are present,

reproducible results were achieved for all lapping processes.

It is obtained that higher removal rates with increasing applied load as expected since
there exists a linear relation between MRR and pressure (Preston Equation). Due to
uncontrolled thickness value under higher pressures and difficulties of adjusting lower
pressures on small size wafers (i.e. 1 x 1 cm?), 300 g (~30 kPa) has been determined as

the most suitable value for all lapping processes.

According to Preston equation, MRR is proportional to the platen velocity. 20 rpm was

decided as optimized parameter since 20 rpm has lower stock removal than 30 rpm.

Preston constant, Cp, includes the abrasive type, size, and concentration of slurry. Calcined
alumina was used with 15% (v/0) concentration for all lapping processes. Decreasing of

abrasive size resulted in lower material removal.
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Table 4.1 Material Removal Rate of different crystallographic orientations with various size of Al.Os

abrasives
Al20sz abrasive MRR of Different Crystallographic Orientations
size {111} {100} {211} {110}
15 um 38.58 47.55 49.70 66.18
9 um 20.66 24.74 25.98 32.00
3 pm 12.38 13.29 15.22 16.61

Different crystallographic orientations were sliced from Cdo.gsZnoosTe ingots to
understand their effect on MRR. The atomic density of different crystallographic
orientations are not the same and therefore this leads to anisotropic mechanical properties
[29]. Therefore, MRR changes according to hardness of planes related to atomic density.
Number of atom inside the crystals can be arranged in the following order,
{111}>{100}>{110} according to Miller indices as shown in Figure 4.2.

fcc unit cell fec unit cell fcc unit cell
(100) face (110) face (111) face

(111)

(100) . ;,;— )&
‘}:‘p

fee lattice :  different net planes

Figure 4.2 Atomic density of (100), (110), and (111) planes for fcc crystals

Optimized lapping parameters were applied to different crystallographic orientations to
measure MRR and hardness of crystals (see Section 4.4). Applied pressure and plate
rotation speed was kept constant during processes. Only the crystallographic orientation
was variable that was involved in Preston constant, C,. According to experimental results

in Table 4.1, when atomic density increased, it was getting hard to remove material from
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the surface. The increasing order of material removal rate for differently oriented crystals
is {110}>{211}>{100}>{111}.

{111} planes are known as closed packet planes offered minimum frictional force on the
surface. {110} plane is cleavage plane for zinc-blende structures and that leads to the easy-
removal of materials because of higher fracture energy. (Fracture energies for {111}- and
{110}-oriented crystals are w1153 = 0.580 J/m? and w110y = 180 J/m?* [18].)
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Figure 4.3 Material removal rate studies for Cdo.g0Zno.10Te and Cdo.gsZNno.04Te crystals
with same parameters (a) 15 um, (b) 9 um, and (c) 3 um Al2O3 lapping

In order to see the effect of Zn concentration, CdogoZno.1oTe crystals were analyzed in
terms of MRR under the same parameters as Cdo.gseZno.o4Te crystals. Results are shown in

Figure 4.3. Mechanical properties of these CdZnTe crystals are known to vary with zinc
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concentration. The crystals have different frictional coefficient and different hardness.

These factors have influence on the MRR.
Following parameters were used during lapping processes,

e Plate speed: 20 rpm
e Abrasive concentration: 15% (v/0) Al.Oz inside the DIW
e Constant slurry drip rate

e Various applied load (from 100 g to 500 g)

As we see from the results displayed in Figure 4.3, material removal of CdggoZno.10Te
crystals were higher than Cdo.geZno.osaTe crystals. Cd atoms are substituted by Zn atoms in
the Cdi.xZnxTe crystals. Bond energies of Cd-Te and Zn-Te are different than each other

and this affects the soft nature of crystals.

4.1.2 Material Removal Rate Studies for Polishing Procedures

Several steps of polishing processes were applied to the lapped samples. During the
polishing, thickness changes were measured by contact mode thickness measurement

gauge. MRR and total thickness variations were measured after each process.

{211}-oriented Cdo.96Zno.04 Te crystals were used for optimization of polishing parameters
under different applied loads. Different types of slurries were prepared for mechanical
polishing, chemo-mechanical polishing and chemical polishing processes. According to
Preston Equation, abrasive concentration and slurry type included in Preston constant Cp
influence the MRR.

0.3 um Al>Os inside DIW were prepared with different concentrations (20% (v/o0) to 5%
(v/0)) to measure MRR and observe the effect of abrasive removal on the crystals. To
optimize applied load for polishing studies, 15% and 7.5% Al>Oz and DIW mixture was
used (Figure 4.4). Since abrasives are responsible for material removal, MRR increased

with higher abrasive concentration. Moreover, MRR almost linearly increased with the
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changing of applied load. 300 g applied load was decided as optimized pressure parameter
during polishing studies.

Different abrasive slurry concentration was prepared for MRR. Surfaces were polished

under the following parameter,

e 300 g applied load
e 70 rpm platen velocity

e Stable (but higher than lapping) drip rate

Increasing of abrasive concentration led to more removal on the surface due to the
abrasives. There is a logarithmic increasing of the MRR. The reason of not to be linear
increasing is abrasives can be embedded into the polishing cloth and this is prone to be
decreasing of MRR.
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Figure 4.4 Material removal rate for mechanical polishing (a) under different applied
load (b) under different slurry concentration

Optimized parameters were used for chemo-mechanical polishing and chemical polishing
processes too. MRR of each process are given in the (Table 4.2). While mechanical
polishing include removing and frictional processes, chemical polishing include oxidizing
and dissolving. In chemo-mechanical polishing, materials are removed by the

combination of abrasives and chemical reactions. For that reason, MRR was higher for
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chemo-mechanical polishing processes and the lowest values of MRR belonged to

chemical polishing.

Table 4.2 MRR of polishing processes

Mechanical Chemo-mechanical Chemical
Process o o o

Polishing Polishing Polishing
MRR 0.4-1.2 pm 7.2-5.3 ym 50-32 nm

Total thickness variation (TTV) is measured as the maximum and minimum thickness of
the surface (Table 4.3). After each surface preparation, it is aimed to obtain flatter surfaces
as abrasive size decreases. After final polishing, TTV can be as low as 1 um. In lapping
and polishing, the shape of the plate (glass plate or cost-iron plate with polishing cloth) is
transferred to the machined crystals. Thus, plate condition has great influence on the
flatness and changing of thickness along the crystal. Moreover, crystals were bonded to
glass substrate by wax. Wax uniformity under the crystals may influence the thickness

changes.

Table 4.3 TTV of surface preparation processes

Process As-cut Lapping Polishing

TTV 130-68 pm | 7.4-3.8pm | 231 1um

4.2 Surface Characterizations

Lapping, mechanical polishing, chemo-mechanical polishing, and chemical polishing
were applied as sequential steps for surface preparation of crystals. After each surface
treatment process, samples were characterized separately. Surface roughness
measurements were carried out using AFM and surface profilometer after lapping
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processes and white-light interferometer were employed after polishing processes.
Morphology of surface was inspected with FE-SEM and/or optical microscope (OP) after

each treatment.

4.2.1 Lapped Surface Characterization

Various sized of Al.O3 powders were chosen during the lapping process. Crystals were
lapped with 15 pm, 9 um, and 3 pm Al2O3 powders in DIW. Optimized parameters used

during all lapping procedures are listed in Table 4.4.

Table 4.4 Optimized Lapping Parameters

Abrasive size Load Platen Concentration of DIW
(um) (9) speed(rpm) and Al203
15,9, 3 300 20 10%-15% (v.)

4.2.1.1 Surface Roughness of Lapped Crystals

After each step, surface roughness were measured with AFM (area scan) and surface
profilometer (line scan) methods. Surface topographies after each lapping steps were
examined. The root-mean-square (rms) roughness of lapped crystals were investigated. In

addition, cross-sectional lines for the peak to valley depths of surfaces were analyzed.

A typical AFM image showing the surface topography and x-y line scans from center of
the measured surface after lapping procedure with 15 um Al,Os abrasives (Figure 4.5).
Surface roughness-rms was nearly ~500 nm. Difference between maximum height and
minimum valley value of the scanning area (peak to valley, PV) was about 3 um. Large
size of pits were observed on topographic image. The pits were related with material

removal mechanisms of abrasive based lapping procedure. Abrasives were responsible for
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removing and flattening the crystals, but at the same time abrasive particles could be
imbedded into the crystals. Since samples were ultrasonically rinsed in isopropyl alcohol
with high-frequency, some of embedded abrasives are removed from the surface leaving
behind empty holes. The main reason of such a high roughness value was due to the depth
of pits from 15 um Al,QO3 abrasive.
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Figure 4.5 AFM measurement; (a) Surface topography, (b) x-line scan, and (c) y-line
scan for 15 um Al>Oz lapped crystal

After surface treatment with 9 um Al>Oz abrasive, AFM measurement was repeated.
Crystals were ultrasonically cleaned before the measurement to remove embedded
abrasive and chipped CdzZnTe particles on the surface. Surface topography and x-y line
scans near the center were analyzed as shown in Figure 4.6. While surface roughness was

nearly ~ 400 nm, peak to valley was around 2.70 pm, nearly similar to 15-um-lapping.
Density of pits were decreased due to small size of abrasive.
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Figure 4.6 AFM measurement; (a) Surface topography, (b) x-line scan, and (c) y-line

scan for 9 pum Al2O3 lapped crystal

It was presented that surface topography and x-y line scan from the center (Figure 4.7)
after 3 um Al2Os abrasive. The surface roughness-rms was nearly ~250 nm and peak to
valley value was around 2 pum. Small size pits as well as different size of scratches were
observed on the surface. Because of the use of hard abrasive material to machine soft-
brittle CdZnTe crystals, deep and shallow scratches were formed during the material
removal. Density of pits were much smaller and pit sizes substantially reduced. Moreover,
we obtained less variation in the line scans than bigger size abrasive processes as can be

seen in Figure 4.7b and Figure 4.7c
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Figure 4.7 AFM measurement; (a) Surface topography, (b) x-line scan, and (c) y-line

scan for 3 pm Al2O3 lapped crystal

Frictional interaction mechanism was observed between abrasive, glass plate and the
crystal during lapping processes. Al>Os abrasives were free to roll and slide between plate
and crystal. Abrasives were the main factor scratching the surfaces and they were
embedded on the surface of crystals during removal mechanisms. This removal
mechanism of soft materials produced pits, cleavages, micro-cracks, micro-fatigue and
chips. These were blamed for and causing the surface and subsurface damage. However,
AFM technique cannot characterize cracks under the pits. Upon cleaning in an ultrasonic
bath, some of embedded abrasives were removed and pits are formed on the surface.
Various sizes of Al>Osz caused different dimensions and depth of damages (Figure 4.8).
Combination of these damages, irregular pits and scratches, determined the surface

roughness.

Pit dimension was measured to be around ~ 10 um x 10 um with nearly 2 um depth after
15 pum Al203 lapping and the large pit was combination of small pits (Figure 4.8a). Pit
area was around ~ 5 um x 5 pum and depth of pit was nearly 1.4 um after 9 um Al.O3

lapping (Figure 4.8b). Pit sizes are reduced as a result of smaller abrasive size. Density
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of pits also were almost half of previous process as mentioned before. When the Al.O3
abrasive particle size is further reduced to 3 um, smaller pit area (2.9 um x 2.9 pm) as
expected; however, depth of pits did not changed that was around 1.3 um (Figure 4.8c).
Dimensions and depths of the pits were almost same on the analyzed surface. Furthermore,
depths scratches were almost same with pits showed that abrasives scratched the surface

during removal mechanism.

According to the results obtained, abrasives have not got in uniformly shaped. While
mixing Al>O3 abrasives with DIW, particles may be bonded to each other or chipped.
Small abrasives can be more easily imbedded into the surface which can have certain

effect on the surface roughness and flatness.

(b)

-2.3 pm

1.1 pm

-3.7 pm

3.6 pm

20 N / W
29, s
N

Figure 4.8 3D topographical images of pits after lapping with (a) 15 um Al.Ogz, (b) 9
pm Al203, and (c) 3 um Al>O3
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Surface profilometer was employed to measure surface roughness Rq by line scanning
over 3 mm length. This profilometer was used only on lapped surfaces due to lower
sensitivity. From these experiments, surface profile were observed and deviations between

maximum and minimum point on scanned line were determined.

We see that surface roughness and standard deviation values were close to those obtained
from the AFM measurements (Table 4.5). Surface roughness rms (Rq) was around 780
nm for 15 um Al>O3 lapped and maximum deviation of the measured line was 3.2 pm.
The main reason of roughness value difference between AFM and surface profilometer is
related to the measurement method. While selected area was scanned line by line with
AFM, stylus non-contact profilometer scanned only single line. Roughness of scanned
line was nearly 400 nm after 9 um Al2O3 lapping process and 191 nm surface roughness
was measured for 3 um Al2O3 lapped surface. While roughness measurements of line scan
were almost similar with area scan, differences were seen on maximum and minimum

values with these two methods.

Table 4.5 Surface profilometer results

Surface Treatment

Surface Roughness (Rq)

Maximum deviation (o)

15 um Al>O3 lapped 776 nm 3.2 um
9 um Al203 lapped 399 nm 1.4 ym
3 um Al>O3 lapped 191 nm 0.9 um

4.2.1.2 Surface Morphology Analyses of Lapped Crystals

Surface morphology of crystals after each lapping processes were analyzed with SEM.
Captured SEM images after 15 um, 9 um, and 3 um lapping processes are presented in
Figure 4.9. Images were taken 800x magnification. It was clearly observed that surfaces
became more featureless with the smaller powder size of Al,Ozabrasive particles. Surface

damage was also reduced. Lapping processes created crystal machining related defects
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such as micro-cracks, scratches. Moreover, embedded abrasive were mostly removed by
ultrasonic cleaner and removed abrasives left micro holes on their corresponding places
(Figure 4.9).

Many cracks and pits were observed on 15 um lapped crystal surface (Figure 4.9a).
Abrasive based removal mechanisms was created cracks while rolling processes on brittle
materials. Pits (large and small pit around it) marked on the SEM picture with dashed

circles and size of large pit was around 13 pum.

-
Y
(s

20 pum

Figure 4.9 Surface morphology of CdZnTe single crystals with 800x magnification
(@) 15um lapped, (b) 9 um lapped and (c) 3 um lapped
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For 9 um Al,Os lapped surface mm abrasive, cracks, embedded abrasives and pits were
still observable (Figure 4.9b); however, surface topography became more homogenous
with decreasing particle size. Besides, imbedded powders into the surface could not be
removed with ultrasonic cleaning due to deep embedment. The size of embedded abrasive
was nearly 9 um. Moreover, there was a pit near the surface which possibly caused by

small abrasive wear mechanism.

Small scratches and cracks were observed on the 3 um Al.Oz lapping processed crystal
(Figure 4.9c). Density and size of cracks were decreased and surface became
topographically smoother. However, small size of scratches were found on the surface
apart from larger size abrasive stated previously. The reason of first-time-appeared

scratches may be due to sliding removal mechanism by small size free abrasive lapping.

A closer examinations of various size of Al>Os lapped procedures is shown in Figure
4.10. SEM images were captured with 12000x magnification. Cleavages are clearly seen
from the pictures. Similar to pit formation mechanism, depth and size of cleavages
changed with the size of abrasive. CdZnTe has zinc-blend structure which is described as
a pair of interpenetrating face centered cubic (fcc) and its cleavage plane is {110} plane.
CdznTe crystals have high tendency to cleave along [110] direction due to soft nature.
Lapping processes were performed on {111}-oriented crystals. Cleavage formations were
pyramidal type due to the angle between cleavage plane and processed plane. Moreover,

cracks, chips, and scratches as machining micro-defects were investigated.
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Figure 4.10 Cleavages of CdZnTe single crystals with 12000x
magnification (a) 15um Al>Oz lapping, (b) 9 um Al>O3 lapping, and
(c) 3 um Al203 lapping

Chips were often found inside cleavage surrounded by cracks after 15 um lapping process
(Figure 4.10a). Steps of cleavage plane were clearly seen. The number of chips and cracks
increased after 9 um lapping (Figure 4.10b). After 3 um lapping, cleavages became
smaller and chips vanished (Figure 4.10c). Scratches on the surface were generated due

to small size of abrasive.

Abrasives were free to roll and slide between lapping plate and processed crystal refers to
three-body abrasive wear. Rolling of abrasives between lapping plate and processed
crystal may cause pitting and micro-cracking on the surface and chips were flaked off
from CdznTe surface during removal. Applied load on the crystals during lapping may
create micro-cracks. Micro-cracking were observed after all processes but size and density
decreased with finer abrasive. Chips were generally observed inside the cleavages. Sliding
of abrasives can be the reason of scratches mostly observed after 3 um Al>Oz lapping.
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Eventually, 3 pum-lapped surface became topographically homogeneous. The size and
density of cracks decreased; chips and pits vanished; however, the number of line-

scratches increased.

4.2.2 Surface Characterizations after Polishing

To improve surface quality, crystals were mechanically polished with ultra-fine Al.O3
abrasives. Rough polish was applied to Cd terminated face (A-face) and Te terminated
face (B-face) was fine polished. Chemo-mechanical polishing (CMP) was developed

during this study. In-house developed CMP slurries were applied.

1 pum and 0.3 pum Al>Oz abrasives were mixed with DIW separately to be used as
mechanical polishing solution. Selected parameters used during the polishing studies are

given in Table 4.6.

Table 4.6 Parameters of Mechanical Polishing

Size of Al,O3 Load Velocity Mixture of DIW and
abrasive (9) (rpm) AlLOs
gl 0 0
0.3 um 300 70 7.5%-15% (v/0)

Polyurethane polishing cloth examined with SEM to estimate removal mechanisms during
polishing (Figure 4.11a and Figure 4.11b). Based on this cloth structure, abrasives are
more likely embedded into the pores and two-body abrasive wear removal mechanism
forms; so that abrasives are not free to roll. By limiting the movements of free abrasives,
uniformly distributed wear is obtained. Polishing cloth structure seem to be destroyed due
to applied force on the jig during both mechanical polishing and chemo-mechanical
polishing (Figure 4.11c and Figure 4.11d). Since there was frictional interaction between
polishing cloth and the crystal during removal, depth of holes decreased and width of them

were enlarged. Because chemo-mechanical polishing suspensions were prepared by
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mixing selected chemicals and ultra-fine abrasives, different cloths must be used for
mechanical polishing and chemo-mechanical polishing processes. The cloth for CMP

studies had more damage than the cloth for MP due to attacking of chemicals.
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Figure 4.11 Polyurethane polishing cloth (a) 80x (b) 1500x, and used cloth
during (c) mechanical polishing (d) chemo-mechanical polishing

4.2.2.1 Surface Roughness of Polished Crystals

AFM and white-light interferometer were employed to analyze the surface topography,
flatness and roughness rms for mechanical polishing steps. AFM has measured the area
varying between 5 pm x 5 pm and 20 pum x 20 um whereas white-light interferometer
were capable of measuring large area up to 0.35 mm x 0.47 mm.

After mechanical polishing with 1 um Al203 and DIW slurry, surface topography and x-
y line scans from the center were recorded as shown in Figure 4.12. Crystal was cleaned

72



with ultrasonic cleaner in isopropyl alcohol to avoid sticking abrasives on the surface.
Surface roughness rms was found to be around 9.80 nm and difference between maximum
and minimum point of measured area was nearly 105 nm. Although surface was much
more flat than lapping processes, small features were detected on the surface. From line
scans, peak heights were nearly 60 nm. It is claimed that CdZnTe pieces which could not
be removed, formed together on the surface. Moreover, shallow scratches (i.e. polishing

lines) were also observed.

yline

Figure 4.12Surface roughness and topography measurements with (a) AFM method

and (b) White light interferometer method for 1 um Al203 polishing process

Surface topography was measured with white light interferometer with 0.47 mm x 0.35
mm surface area after 11 um Al>Osz polishing (Figure 4.12b). Surface roughness rms was
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around 11 nm and peak to valley difference was 158 nm. Although roughness value was
close to small area measurement with AFM, PV degree was much higher. On the surface,
CdZnTe particles leading to higher PV values were present. Crystals were intended to be
more flat and smoother by using 1-micron-ultra-fine powder and polishing cloth.

Obviously, 1 um Al>Oz abrasive was not sufficient for fine polishing though.

As the last step of mechanical polishing, crystals were polished with 0.3 um Al20s and
DIW slurry. AFM was employed again to analyze surface topography for 20 pm x 20 pm
and 10 um x 10 pm surface areas (Figure 4.13). Even though surface was ultrasonically
cleaned in isopropyl alcohol in 5 minutes, embedded abrasives were observed on the
surface (20 um x 20 um). Surface roughness rms was 2.93 nm and difference of maximum
peak and minimum valley was nearly 52 nm. Polishing lines and deep grooves were
detected on the surface due to abrasive based polishing. Embedded abrasive density was
higher than expected. It was observed that methanol solution cleaned the surface more

effectively than isopropyl alcohol.

Surface topography of cleaned surface was measured (Figure 4.13b). Measured area was
10 pm x 10 pm. Surface roughness rms was 1.34 nm and the peak to valley value was
around 17 nm. Surface of the crystal was quite clean and abrasive free. However, polishing
lines from removal mechanisms were observed. Deep and shallow scratches partially
covered the surface. Although the surface was atomically smooth, scratches should be
removed to get better surface quality. Chemo-mechanical polishing study was needed to
obtain more smooth and scratch free surfaces.
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Figure 4.13 AFM measurement of 1 pm Al,O3 polishing process for (a) 20 x 20 pum?
and (b) 10 x 10 um? surface area

Surface topography was measured with white-light interferometer after ultrasonic
cleaning. Surface roughness rms was 1.6 nm and peak to valley value was 55 nm (Figure
4.14a). Even though nano-scale surface roughness was obtained, deep and shallow
scratches, called polishing lines, were observed. During the material removal, ultra-fine
abrasives scratched the surface. These scratches caused not only surface damage but also
subsurface damage having serious effect on the detector quality. High abrasive

concentration may have been the main reason of the scratches. The slurry mix ratio was
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same with lapping procedure, but since the size was much smaller than lapping abrasives,

there was more abrasive present inside the polishing slurry container.

Decreasing the Al,Oz concentration in DIW can be a solution to reduce scratch density.
An alternative solution to remove scratches may be CMP in which ultra-fine abrasives

exist inside proper chemicals.

nm WV 4 6 nm
nm s nm
nm nm

m e d: S X 0.47 am

m ri d: S Y 0.35 ram

-0.01124

Trimmed:

Figure 4.14 Surface topography measured with white light interferometer after 0.3
pm AI203 DIW mixture polishing (a) 15% v/o (b) 7.5% v/o, and (c) CMP with

commercial solution
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After mechanical polishing with 0.3 um Al203 (7.5% v.) slurry, surface topography of
crystal was presented in Figure 4.14b. In this case have reached sub-nanometer surface
roughness rms value which was around 0.8 nm and the highest peak and lowest valley
difference was 27 nm. Roughness value was significantly better than that of higher slurry
mixture ratio. Density of polishing lines were reduced and this brought about lower
surface roughness. However, there were still scratches on the surface; that is the polishing

lines were not completely removed.

Different abrasive concentrations of slurries were prepared to compare the material
removal rate and surface roughness (Figure 4.15). Cdo.goZno.10Te crystals were used for
this study. When the concentration of abrasive was increased inside DIW from 5% to 20%,
the material removal rate also increased from 0.4 to 1.2 um/min. Wafer polished with 5%
(v/0) 0.3 um Al20Ozand DIW mixture had 3.6 nm surface roughness. This value was much
more than other concentration since removal rate was not enough to eliminate surface
damages remained after lapping. On the contrary, the highest concentration caused higher
roughness value due to higher possibility of abrasives embedding into the surface (left pits
on the surface after cleaning) and scratches on the surface determining the surface

roughness.
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Figure 4.15 Material removal rate and roughness value under different 0.3 pm

abrasive concentration

It was proved that surface roughness of crystals polished with higher concentrations create
more scratches and subsurface damages. 7.5% (v/0) was found to be ideal for mechanical
polishing. Furthermore, surface roughness lower than 0.8 nm could not be achieved with
just mechanical polishing. Thus, CMP is required to obtain featureless surfaces with better

roughness values.

Crystal surface can be polished with chemo-mechanically to remove scratches. For this
purpose sodium hypochlorite (NaOCI) based commercial polishing slurry containing
ultra-fine Al>Os abrasives was used for CMP. Surface topography was analyzed with
white-light interferometer (Figure 4.14c). Surface roughness value was nearly 1.8 nm.
Difference between maximum and minimum value was reduced to 18.9 nm since there
was no obvious scratches on the surface. Sodium hypochlorite oxidizes the surface and
abrasives are responsible for material removal. Surface roughness increased when
compared to mechanical polishing because chemical based solution polished the surface
anisotropically (edge effect). Chemical reaction was faster on the edges of the samples.

Two main studies were planned based on total polishing times. The aim of these studies

was to identify the optimum chemo-mechanical polishing time. In order to investigate the
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edge effect, crystals were prepared with different time combination of mechanical and

chemo-mechanical polishing providing that the total polishing time was kept constant for

Study 1.
Table 4.7 Chemo-mechanical polishing optimization study 1
MP time | CMP time | Roughness PV
) ) Surface morphology
(min) (min) (nm) (nm)
20 0 1.32 14.58
15 5 5.27 40.81
10 10 7.23 57.9
5 15 10.75 1172

Surface roughness and peak-to-valley values for various mechanical and chemo-

mechanical polishing times are shown in Table 4.7. This study showed that surface

morphology was getting worse by increasing chemo-mechanical polishing time.

Differences between maximum height and minimum valley increased especially after 15-

minute-chemo-mechanical polishing followed by 5- minute-mechanical polishing. It was
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also found that the reason of higher roughness values may be due to shorter mechanical

polishing times rather than optimized process times.

In study 2, mechanical polishing time was kept constant as 20 minutes and surfaces were

chemo-mechanically polished for various times (Table 4.8).

With the increase of mechanical polishing time, surface morphology seemed to be
smoother and scratches (polishing lines) were removed on the surface. Nevertheless,

roughness and PV values are still high with additional chemo-mechanical polishing time.

Table 4.8 Chemo-mechanical polishing optimization study 2

) CMP
MP time _ Roughness PV
) time Surface morphology
(min) ) (nm) (nm)
(min)
20 5 1.85 18.917
20 10 2.061 23.483
20 15 3.14 26.014

It was shown that surface roughness increased because of the dominant effect of CMP
slurry to the surface. It was then concluded that this sodium hypochlorite based slurry was
not proper for CdZnTe crystals and did not improve the surface roughness. The aim was

to remove polishing lines and eliminate inclusions on the surface using chemicals. Almost
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non-scratches surfaces were achieved since the chemo-mechanical fluid contains nano-
sized abrasives. Nevertheless, high concentration of chemicals with high pH caused non-
uniform surfaces and chemicals attacked to edges of the crystals. To eliminate warp on
the surfaces, crystals were lapped with convex plate. Thus, surfaces of the polished
samples were concave and this gave us an important advantage in the chemo-mechanical

polishing because of edge effect.

Based on the feedbacks from commercial polishing solution, a NaOClI-based solution
called CMP1 was developed. Crystals were chemo-mechanically polished with CMP1
under various time followed by 20 minutes mechanical polishing (Figure 4.16a). 10
minutes chemo-mechanical polished crystal had 0.87 nm surface roughness and 13.5 nm
PV value. Increasing of chemo-mechanical polishing time to 20 minutes helped to remove
scratches and created homogeneous surface topography (Figure 4.16b). Surface
roughness-rms around 0.5 nm and 8.4 nm peak-to-valley value was achieved in a
measured area 0.47 x 0.35 um?. Surface was atomically smooth and scratch free with this
promising polishing solution.

()

g +0.00324

nm WV 8. 8 nm
nm < nm
nm ¥ 0. 4 nm

mm e ed: X 0 mm

mm ed: Size Y 0.35 mm Trimmed:

Figure 4.16 Surface topography of crystals polished with CMP1 (a) 10 minutes (b) 20
minutes
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4.2.2.2 Surface Morphology Analyses of Polished Crystals

Surface morphology images were investigated by Optical Microscopy and SEM after
mechanical polishing treatments with 1 um and 0.3 um Al.O3 abrasives (Figure 4.17 and
Figure 4.18). Material removal mechanisms were analyzed. Polishing lines, embedded
abrasives, small size pits, and structural defects determining the overall surface roughness

were examined extensively.

Figure 4.17 Optical microscope images of polished samples with (a) 1 um Al20s, (b)
0.3 um Al>03

Figure 4.17a shows the surface morphology after 1 um Al>Os3 (i.e. rough polishing with
coarse abrasives) mechanical polishing. Micro-scale CdZnTe particles aggregated all
around the surface. Alumina abrasives were nested onto the clustered CdZnTe particles

due to fractures created during polishing treatment.
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Figure 4.18 SEM images of polished samples with 0.3 pm Al2O3 abrasives

After 0.3 um Al203 mechanical polishing, pits, inclusions, and polishing lines (scratches)
were investigated on the surface (Figure 4.17b and Figure 4.18). If the surface are not
cleaned carefully, sticking abrasives remains on the surface as shown in Figure 4.18a.
Moreover, abrasive cleaning was one of the major issue after finishing of samples.
Samples were cleaned ultrasonically with methanol after each polishing process.
Abrasives are squeezed into the pores of polishing cloth; as a consequence, abrasives
scratched the surface during stock removal. Lapping-induced micro-cracks, cleavages and
chips were removed and rolling of abrasives became limited. Triangular and hexagonal
shape inclusions were found on the surface.
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Figure 4.18c and Figure 4.18d shows Te inclusions and dislocation line after mechanical
polishing. Large hexagonal Te-inclusions with dimensions changing between 20 um and
5 um were observed. Inclusions had different structures like void, cavity, and purely
occupied Te inclusions. Dislocation line was accompanied with Te inclusions. It is
believed that voids inside the inclusions caused by surface preparation; however,

inclusions were formed during the crystallization of the melt.

Surface morphology after CMP with modified polishing slurry was analyzed with SEM
technique (Figure 4.19). It was clearly showed that there was topographical deformations
near the edge. It is the proof of chemical solution attacked to the edge faster than the
center. Around the center, surface scratches and were removed comparing with
mechanical polishing. However, small stacked silica abrasives were captured on the
surface. The size of abrasives changed between 80 nm and 20 nm. Ultrasonically cleaning
of crystal inside methanol showed that abrasives were not embedded on the surface.

Surface of cleaned sample had no scratches, abrasives or pits (Figure 4.19c).
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Figure 4.19 SEM images of chemo-mechanical polishing with modified solution (a)

from edge and (b) from the center (c) cleaned surface

4.3 Structural Characterizations

In this part of our study, various techniques were employed to characterize finished
surfaces in terms of structure and composition. These techniques inspected or described

the surface and crystal quality. Results of these studies are presented below.
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4.3.1 Crystal Orientation Studies with XRD method

Orientation of grains singled out from the unseeded grown CdZnTe ingots were unknown.
As was described in ‘Slicing of CdZnTe Crystals’ at Chapter 3, twin formations were used
to obtain {111}-, {220}- and {422}-oriented single crystals. This method was used until
the employment of X-ray back reflection method from which large dimensions of crystals

could be obtained and crystal preparation time was noticeably reduced.

It was given that XRD results of {211}-oriented slices obtained with these methods
showed significant dissimilarities (Figure 4.20). MT5-RH1-G1-W1 was sliced with
twinning method and MT3-RS2-G5-W2 was cut with the help of X-ray back reflection
technique. 2Tetha degree of {422} orientation for Cdo.9sZno.oaTe is given as 71.29° [ref].
2Tetha degrees for MT5 and MT3 grown wafers were 71° and 71.35° respectively. Peak
position may be moved due to misorientation from slicing. Comparing with these two
methods, intensity of peaks was higher for MT3 wafer. Moreover, additional low intensity
peaks detected from MT5-grown wafer were referred to {111), (220), (311), (331), and
(642) orientations respectively. Some minor peaks which cannot seen easily were also
observed from XRD measurements of MT3-grown as-cut wafer. Additional peaks may be
arisen with misorentation due to slicing method or wire cutter’s performance during
slicing explained in Chapter 3. Surface condition may be the reason of minor peaks
though. Since as-cut surfaces were highly damaged due to diamond-wire tracks, x-rays
may have been scattered from the surface.
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Figure 4.20 XRD measurements of (211)-oriented as-cut Cdo.g6Zno.osTe slices (a)
sliced with twinning method from MT5 (b) sliced with X-ray back reflection method
from MT3

(111), (211), and (220)-oriented wafers can be sliced by twinning method, but (111) plane
was twin plane created as defect formations on the grown ingot. Adjusting angles on
goniometer during slicing process was completed by eye as precise as possible; hence,
possibility of misorientation was increased with this method. One of the main aim of
crystal growth was to obtain large single crystal yield without twin formation. Twining
method is limited by proper twining formations. Thus, x-ray back reflection method is

more preferable for CdZnTe crystals.

XRD measurements were repeated after each surface treatment for {111}-oriented
Cdo.9sZno.0aTe crystals (Figure 4.21). MT3-RS2-G7-W1 wafer was used. After polishing,
additional peaks were disappeared and {111}-family peaks were moved to their peak
position 20 degrees. Since surface was extremely flat and damage free, measurements

seemed to be more reliable.
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Figure 4.21 XRD measurements of {111}-sliced crystal after surface treatments

It was shown that additional peaks, {220}, {311}, and {331}, appeared after slicing with
twinning method (Figure 4.21). Low-intense {331} peak vanished after 3 um Al203
lapping. Therefore, all of the additional peaks were gone after polishing due to reduced
scattering from the surface. A closer examination of (333)-orientation peak was given in
Figure 4.21. Peak position moved to its corresponding position after each treatment and
also the intensity of peak increased. Peak position of maximum intensity of finished

surface was 76.25° which was very close to exact position.
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4.3.2 Surface Composition of Crystals with EDX Method

To analyze surface composition, EDX method in which every element has a unique
signature allowing a unique set of peaks on spectroscopy was employed and compositional
analyses after lapping and polishing were conducted. MT12-RX7 sliced wafers from
Cdo.90Zno.10Te ingot were used to analyze zinc distribution.

In addition to main elements of Cd, Zn, Te peaks, extra peaks were observed due to air
and slurry exposure. Since lapping and polishing slurry included Al>Oz abrasive, Al and
O peaks were also detected. This showed that residuals were adhered on the surface even

after ultrasonic cleaning.

Atomic concentration of main elements and the ratio of overall Te to Cd+Zn were
measured after each surface treatment (Figure 4.22). Same wafer was used during
measurements in order not to be affected from the zinc segregation along the ingot. Zinc
concentration varied from 8% to 13% during surface processes. It was expected that
Te/Cd+Zn ratio was around 1 for stoichiometric surfaces. The ratios were observed to
have changed between 0.92 and 0.98. It seemed that lapped surfaces was prone to be non-

stoichiometric. Even so, the ratios were close to 1 after polishing procedures.

Zinc distribution of grown Cdo.g0Zno.10Te crystal was determined to be nearly 10%. EDX
spectroscopy was not sensitive enough to analyze chemical compositions of CdZnTe

crystals due to at least 2% error.
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Figure 4.22 Left: Atomic Zinc concentration of Cdo.goZno.10Te crystal after different
surface treatments measured by EDX, Right: The ratio of overall Te to Cd+Zn

chemical compositions measured by EDX spectra

MT4-grown Cdo.geZno.osTe crystal was used to analyze stoichiometry of the surface after
polishing. EDX was employed 4 different points with 4 different lines on the 20 x 20 mm?
wafer (Figure 4.23). Measurement showed that zinc distribution of Cdo.gsZno.04Te crystal

was around 4% for all points.
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Figure 4.23 Atomic zinc concentration of polished Cdo.gsZno.0sTe crystal from

different point on the surface
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4.3.3 IR Transmittance Studies

It was expected that IR transmittance for high quality CdZnTe crystals to be around 60%
within the range 2-20 um wavelength interval. The IR transmission spectra of different
surface treatments are given in Figure 4.24. MT2-grown wafer was used to examine the
effect of surface topography. In the range of 2-20 um, IR transmittance of as-cut wafer
changed between 14% and 23% which was very low. For the wavelength range from 2
pm to 10 um, transmittance was again very low after final double-side lapping with 3 pum-
sized Al;Os abrasive. The IR transmittance was increased to 65% after mirror-like

polishing with 0.3 um-sized Al,Oz abrasive.
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Figure 4.24 IR Transmittance measurements after surface treatments

Lapping process has a detrimental effect on IR transmission due to scattering losses from
rough surface. Single-side polishing and double-side polishing was compared using MT2-

grown wafer (Figure 4.25a). To achieve this, one surface of crystal was mirror-like
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polished and the other-side was kept as 3 um lapped. Obviously, non-reflective surfaces
influenced the measurement. IR transmittance was very low for mid wave infrared region

(i.e. 3-5 um). However, IR transmittance value was almost constant within the range of
longer wavelengths.

IR transmittance spectra of double-side grinded and double-side lapped crystals were
shown in Figure 4.25b. While the transmittance was very low for 3 um lapped surface, it
was more than 60% and quite stable for grinded sample looked mirror-like with deep
grooves. It can be deduced that both surfaces of crystal must be mirror-like to analyze the
transmittance correctly. Otherwise, commenting on crystal quality cannot be certain.
These investigations showed that the surface preparation was extremely important for the

quality of characterizations and so detector performance.
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Figure 4.25 IR transmission measurements (a) polished surfaces (b) lapped and

grinded surfaces

MT2-grown single-side polished (the other side was lapped) sample was chemically
polished with Inoue’s E-solution. Wafer was dipped into the chemical polishing solution
without any machining steps. Wafer was dipped into E-solution for various times to
observe the chemical polishing effect. IR transmittance at shorter-wavelengths (2-8 pm)
was rapidly increased after chemical treatments Figure 4.26. The reason of the rise in
transmittance was chemically polished of lapped surface providing almost a mirror-like

surface. Nevertheless, chemicals attacked to the surface, after 120 seconds, the quality of
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the surface in terms of topography and morphology was reduced. It was decided that

double-side mechanical polishing was best option for IR transmittance measurements.
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Figure 4.26 IR Transmittance measurements for chemical polishing studies

IR transmittance measurements were performed for double-side polished wafers cut from
MT5- and MT8-grown Cdo.9sZno.0sTe ingots with 880 um thicknesses (Figure 4.27). It
was obtained that IR transmittance was higher than 30% for MT5-grown {111} oriented
crystal and IR transmittance was higher than 60% for MT8-grown {211} oriented crystal
in the range of 2-20 um wavelength. IR transmittance continuously decreased until 30%
due to free carrier absorption for MT5-grown crystals. This decreasing of IR transmittance
at long wavelengths (>10 pum) may have been caused by the low crystal quality and micro-
defects existing in the crystal.

Hence, in order to confirm this, crystals were chemically etched for micro-defect revealing
in the crystals. Everson etching was applied for 5 minutes. Defect formations of triangular
etch pits were produced on the surface and etch pit density (EPD) of crystals were
correlated with IR-transmittance (Figure 4.27). While deep and shallow equilateral
triangles pits were counted over the surface of MT5-grown wafer and EPD was calculated

around ~10° cm?. EPD of MT8-grown wafer was around ~10* cm?. Thus, IR-
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transmittance measurements have been confirmed with EPD characterizations for crystal
quality.
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Figure 4.27 IR Transmittance and EPD measurements for (a), (c) MT5-grown ingot
and (b), (d) MT8- grown ingot

4.3.4 Chemical Etching for Defect Characterizations

High quality CdZnTe detectors must have low dislocation and inclusion density. The
density of dislocations was revealed by chemical etching for different oriented crystals.

Surface of crystals should be mirror-like polished to clearly distinguish dislocations etch
pits on the surface.
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Etch pit formation of different crystallographic oriented wafers had characteristic shapes
since pits were formed according to Thomson tetrahedron. Various oriented crystals from
Cdo.9sZno.04Te grown ingots different were chemically etched with Inoue etchant (EAg-2)
because of its compatibility to all orientations (Figure 4.28).

According to Inoue, shape of pits were depend on crystal orientation. Pits grown on the
Thomson tetrahedron. The characteristic shapes of pits on the (111), (110), and (100)
surfaces are equilateral triangle, isosceles triangles with 70.6°, and rectangular dislocation
pits respectively. In Figure 4.28, it was observed that pits exactly what Inoue said. Small
size equilateral triangles leagued together and created bigger size equilateral triangles on
the surface of {111}B. Moreover, small sized isosceles triangles gathered and they formed
like uncompleted isosceles triangles on the surface of {211}B. Rectangle shape pits with
line in showed anisotropically etching on the surface of {100}. Isosceles triangles with
the angle of 71.15° on the surface of {110}.The angle value is very close to theoretical
value. The sample sliced with twinning method and this lead to a few degree of
misorientation. Since different oriented samples were sliced and prepared from different
MT-growths, dislocation density and size of the pits may change the according to growth
quality.
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Figure 4.28 Inoue etchant applied to different crystallographic orientations (a) {111}-
orientation, (b) {211}-orientation, (c) {100}-orientation, and (d) {110}-orientation
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Inclusions were observed after chemical etching. Morphology of micro-scale inclusions

was captured with SEM. Inclusions were analyzed with EDX spectrum to present atomic

percentages. The composition of inclusion was determined with EDX mapping

measurement. Atomic composition of hexagonal-shaped Te inclusion with a size of about

10 um (Figure 4.29) was given in Table 4.9.

Figure 4.29Te inclusion (a) SEM image (b) EDX mapping

Table 4.9 Composition analyses of Cdo.gsZno.oaTe crystal and inclusion

Region number

Cadmium Atomic

Zinc Atomic %

Tellurium Atomic

% %
(1) 0 0 100
2) 46.5 2.1 51.4

Te-inclusions appeared during mechanical polishing and were removed by chemo-

mechanical polishing mentioned in Chapter 4.2. Removed inclusions left large pits.

Crystals sliced from MT5 and MT10-grown ingots were etched with Nakagawa and

Everson etchants. Inclusions were investigated before and after etching. Exactly the same

Te-inclusions were captured with SEM (Figure 4.30 and Figure 4.31).



Figure 4.30 Te inclusions decorated with dislocation line from MT5-grown ingot (a)
after 0.3 um Al203 mechanical polishing (b) after Nakagawa etching

Te-inclusions in the matrix induced dislocation line was shown in Figure 4.30. Crystal
was chemically etched with Nakagawa solution for 2 minutes. Exactly same inclusions
and dislocation line was observed after etching. Te-inclusions disappeared leaving behind
empty hexagonal shapes along the dislocation line. Chemicals of Nakagawa solution

(H20- as oxidant) may have attacked to the inclusions.

Te-inclusions after mechanical polishing (Figure 4.31a) and chemo-mechanical polishing
with CMP1 solution (Figure 4.31c) were investigated. While half-filled Te-inclusion was
observed after mechanical polishing, empty hexagonal-shape was seen after the chemo-
mechanical polishing, since chemicals attacked to the inclusion. Crystals were etched with
Everson solution for 5 minutes. Similar hexagonal-shaped inclusions were observed after

dislocation. In this case, Te-inclusion was revealed more clearly (Figure 4.31b). In Figure
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4.31d, edges of hexagonal-shape became sharper and direction of edges is <110>. Cavity
were bounded by triangular and square faces. Everson etch may have revealed inclusions
more clearly (HNOs as oxidant) since its etch rate is several micrometers per minute for

CdZnTe matrix so that inclusions are exposed more easily.

Figure 4.31 Te inclusions from MT10-grown ingot (a), (b) same Te-inclusion after

mechanical polishing and Everson etching (c), (d) same Te-inclusion after chemo-

mechanical polishing and Everson etching

Optical microscope was used to analyze the depth of inclusions. Nakagawa etched crystal
from MT5 and Everson etched crystal from MT2 were analyzed (Figure 4.32). Depth of
inclusion pit was around 9 um (Figure 4.32b). Most probable reason for the removal of
inclusions is that chemicals etched Te-inclusion faster CdZnTe for Nakagawa solution.

Te-inclusion with etch pit rosette was observed with optical microscope. Height of the
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inclusion was nearly 2.5 um (Figure 4.32d). It was concluded that the etch rate of CdZnTe
crystal was higher than Te inclusion for Everson etchant.

KRN
e

R

Figure 4.32 Te-inclusion depth analyses (a), (b) after Nakagawa etching to MT5-

grown wafer (c), (d) after Everson etching to MT2-grown wafer

4.4 Nano-mechanical Characterizations

The nano-mechanical properties of {111}-, {211}-, {100}-, and {110}-oriented
Cdo.9sZno.04Te crystals and also {211}-oriented Cdo.goZno.10Te crystals were measured by
nanoindentation. In this measurements, increased force were applied on the surfaces and

indentation displacement was measured correspondingly.
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It was shown that as experimental results, when indentation load increased, hardness and
elastic modulus decreased for different kinds of CdZnTe crystals (Figure 4.34). This
phenomena is called indentation size effect related to changing mechanical properties due
to residual stress and plastic deformations [58]. Sub-nanometer machining damage layer
exist near the surface; so lower subsurface has higher deformation energy. Therefore,

increasing displacement generate lower hardness and elastic modulus [16].

Force displacement curve of {111}-oriented Cdo.gsZnoosaTe crystal showed that pile-up
phenomena was observed for higher forces (> 5 mN) due to plastic deformation (Figure
4.33). Since displacement of 1 mN force was near the machining surface and it was not
influenced by pile-up, 1 mN force ideal to decide nano-hardness and elastic modulus.
Hardness and elastic modulus of {111}-oriented Cdo.9sZno.0sTe crystal were 1.25 GPa and

63 GPa respectively.

101



~
o

—

©o

(b) ==

125 L —o=—Elastic

dulus

L
>3
a

)
o
=3
S

Force (mN)
(ed9) sninpo a13se|3

Hardness (GPa)

o
L

o

o

1.05 -

o - N w - (5] (-} ~ (=]
T T T T T T T T

4 ! 1 1 1
0 2 4 6 8 10
Force (mN)

0 100 200 300 400 500 600
Displacement (nm)

() (¢ TR

il BIL IS

Figure 4.33 Nano-indenter measurement for {111}-oriented Cdo.96ZNno.0sTe crystal (a) Load-
displacement curve (b) Hardness and elastic modulus measurements, and (c) Optical

microscope images

Hardness and elastic modulus of {211}-, {100}-, and {110}-oriented crystals measured
with different applied force. Hardness and elastic modulus of various crystallographic
orientations were different due to anisotropy of CdZnTe crystals. Hardness and elastic
modulus of {211}-,{100}- and {110}-oriented Cdo.9sZnoosTe crystals were 1.21 GPa,
54.17 GPa; 1.17 GPa, 49.83 GPa; and 1.08 GPa, 49.63 GPa, respectively. Since {110}
planes has lower atomic density than other measured planes, hardness and elastic modulus
are the lowest for {110}. As mentioned in Section 4.1, differences of mechanical
properties influences crystal machining. It was proven that material removal rate is higher
for the planes having lower hardness.
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Figure 4.34 Hardness and elastic modulus measurements under different force for (a)
{211}-oriented (b){100}-oriented, and (c) {110}-oriented Cdo.9sZno.0aTe crystals

{211}-oriented Cdo.9oZno.10Te crystal were used to compare the effect of Zn-concentration
on nano-mechanical behavior (Figure 4.35). It was found that {211} Cdo.g0Zno.10Te had
hardness of 1.08 GPa and elastic modulus of 59.68 GPa. Increasing of Zn concentration
has tendency to decrease the hardness. In CdixZnxTe crystal structure, Cd atoms are
substituted by Zn atoms. CdZnTe crystals belong to I1-VI soft-materials and also Cd and
Zn atoms are from I1B group in periodic table. Even though Cd and Zn atoms have similar
physical and chemical properties, atomic radius of Cd atoms are higher than Zn atoms.
Therefore, bond energy between Cd and Te atoms are higher than bond energy of Zn-Te.
Increase of zinc concentration leads to weaker bonding of elements and this is the main

reason of decreasing of hardness.
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Figure 4.35 Hardness and elastic modulus measurement for {211}-oriented

CdogoZno.10Te crystal

4.5 Subsurface Damage Analyses

Damage layer under the surface deteriorate the detector performance. Subsurface damage
(amorphous layer) was introduced into the crystals during slicing. Crystals were lapped to
decrease subsurface damage. Subsurface damage was almost reduced through mechanical
polishing with ultra-fine abrasives. Subsurface damage in the form of micro-cracks after

the lapping process are given in Figure 4.36.
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64 pm

Figure 4.36 Subsurface damages of CdZnTe (a), (b) 9 um Al>Oz lapped and (c), (d) 3
pum Al2O3 lapped

SEM pictures of the cros-section of the samples processed with different abrasive particle
sizes are shown in Figure 4.36. Cracks, pits, chips and cleavages were observed on all
lapped surfaces. In Figure 4.36a lateral cracks parallel to the surface with maximum depth
of 65 pum were investigated. Pits are formed after the etching for damage revealing. About
26 um x 36 um cleavage was also present in addition to lateral cracks following the 9 um
Al>O3 lapping process (Figure 4.36b). Subsurface damage depth changed from 40 pm to
65 um, and mostly lateral cracks caused by material removal mechanism for brittle

material like indentation effect were observed.
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Subsurface damage depth of lateral cracks was reduced to 25 pm after 3 um lapping
(Figure 4.36¢). Chips again were again formed inside the cracks. Median crack depth of
64 um was found to be normal to the surface (Figure 4.36d). The reason of median cracks
could be the stress intensity of ductile removal mechanism on soft-brittle CdZnTe (i.e.

strength degradation in brittle materials).

Figure 4.37 shows that subsurface damage layer after mechanical polishing. 2.5 pm
damage layer was measured after 1 um polishing. Damage layers was solely composed of
curly, thin lines at nano-scale (Figure 4.37a). After 0.3 um polishing, these lines seemed
to be completely avoided (Figure 4.37b) except only one location (Figure 4.37b inset).
It is more likely that clear visualization of subsurface damage after the fine mechanical
polishing may not be applicable with this method.

Figure 4.37 Subsurface damages of CdZnTe (a) 1 um Al2O3 polished, (b) 0.3 um
Al>03 polished
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CONCLUSIONS

In this study, wafering and surface finishing studies were intensively conducted.
Atomically smooth wafers up to 20 x 30 mm? were produced from grown CdZnTe ingots.

The following conclusions summarize the results that investigated through this study.

Wafering studies were conducted with two different slicing methods. In twining method,
twin formations was used that lied on {111} plane and grown along {211} direction. Twin
lines were aligned parallel to the wire by three axes of goniometer. Small size of wafers
(10 x 10 mm?) were sliced with this method; however, the possibility of misorientation
was increased since alignment were conducted by eye. In conventional x-ray back
reflection method, x-rays reflected from selected grain and mathematical software gave
possible solutions for desired orientation. Any crystal orientation can be aligned more
precisely. The main advantage of this method is that multi-slicing can be performed and

the number of wafers with large area (> 20 x 20 mm?) may increase.

Surface preparation steps include multi-step lapping process and then mechanical
polishing. Several steps of lapping with different size of abrasives were applied primarily
to reduce the thickness, roughness and damage zones. Material removal rate studies were
deeply studied for the crystals with different crystallographic orientations and various zinc
concentrations. The effect of applied pressure and plate velocity on MRR analyzed based
on Preston Equation. Size of abrasive, crystal orientation, zinc concentration in CdZnTe
material also directly influence the material removal rate as inside Preston constant.
Thanks to MRR studies, lapping processes were optimized to obtain desired thickness

with low surface damage.

In mechanical polishing, ultra-fine abrasives were used to obtain smooth and mirror-like
surfaces. Abrasive concentration was optimized in terms of MRR and surface roughness.
Even though sub-nanometer surface roughness (~0.8 nm) was achieved, polishing lines

surrounded the surface. Mechanical polishing was followed by chemo-mechanical
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polishing to avoid polishing lines. Chemical polishing was the final polishing step to
reduce surface roughness further. Sub-nanometer surface roughness of 0.4 nm was
achieved over relatively large area (~2 mm?). Moreover, after final polishing, total
thickness variation was recorded as low as 1 pum. It was shown that success of chemical
polishing was strongly depending on the pH value of the slurry. Slightly basic solutions

seemed to provide better uniformity on the wafers rather than acidic solutions.

Surface finishing studies could be further optimized if white-light interferometry system
was owned at in house facility. Lack of this instrument prevents to obtaining instant

feedbacks after each intermediate surface finishing step.

Throughout this work, characterizations of produced wafers were conducted in terms of

surface, structural, compositional, optical, and mechanical characterization tools.

As a surface characterization, optical microscope and scanning electron microscopy were
employed to investigate the surface quality after each surface preparation. It was shown
that different type of surface damage depends on material removal mechanism. It was also

shown that surface cleaning was one of the major issue.

XRD measurements showed that additional peaks, belonging to different crystallographic
orientations, appeared for sliced wafer with twinning method and more intense major
peaks were observed for sliced wafer with x-ray back reflection method. It was found that
additional peaks disappear after mirror-like polished and minor peaks shifted to their exact

position.

EDX measurements showed uniform Zn homogeneity (around 10%) after each surface
process for Cdo.goZno1oTe crystals. Surface of crystals were stoichiometric after each
surface treatment since the ratio of overall Te to Cd+Zn was around 1. It was also shown
that 4% Zn concentration in large surface area (20 x 20 mm?) Cdo.gsZnoosTe finished

wafer.

Infrared transmittance of 60% was achieved for METU-grown crystals. It was claimed
that surface must be double side polished (reflected surfaces) to avoid scattering of surface
morphology. It was also shown that decreasing of IR-transmittance for double side

polished sample related to crystal quality.
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Crystals were chemically etched to explore crystal quality. Inoue, Everson and Nakagawa
etchants were utilized to reveal etch pits (dislocations) and inclusions. Surface of crystal
should be mirror-like to observe dislocations. Different crystallographic orientations can
be etched with Inoue etchant while Nakagawa and Everson etchants only work on {111}
and {211} orientations. Different shape of Te-inclusions were observed just after
polishing steps and chemical etch. It was shown that different etchants had different etch

rates on Te and CdZnTe matrix.

Subsurface damage after lapping and mechanical polishing studies were analyzed using
bonded interface method. It was found that abrasive size had strong effect on crack
formations under the surface. This method is in sufficient to observe subsurface damage
after mechanical polishing. New methods such as angle polishing can be used as future

studies.

As future studies, chemical polishing studies can be improved using different
combinations of proper chemicals. Surface chemistry and oxidation studies can be added
to chemical polishing studies in order to measure oxide thickness after the processes.
Moreover, subsurface damage and lattice deformations of finished samples can be

analyzed with high resolution transmission electron microscopy.
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