Defect Characterization in 4% Cadmium Zinc Telluride Semiconductors

by

Silvia I. Penkova

Bachelor of Engineering, University of Victoria, 2015

A Thesis Submitted in Partial Fulfillment

of the Requirements for the Degree of

MASTER OF APPLIED SCIENCE

in the Faculty of Mechanical Engineering

© Silvia I. Penkova, 2018

University of Victoria

All rights reserved. This thesis may not be reproduced in whole or in part, by photocopy

or other means, without the permission of the author.



Supervisory Committee

Defect Characterization in 4% Cadmium Zinc Telluride Semiconductors

by

Silvia I. Penkova

Bachelor of Engineering, University of Victoria, 2015

Supervisory Committee

Dr. Rodney Herring, Department of Mechanical Engineering

Supervisor

Dr. Thomas Tiedje, Department of Electrical and Computer Engineering

Co-Supervisor

Dr. Jordan Roszmann, Department of Mechanical Engineering

Departmental Member



Abstract
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This thesis presents a characterization study of Cadmium Zinc Telluride with a 4% Zinc
molar concentration using five different techniques. Three of the characterization
methods — X-ray diffraction (XRD), transmission electron microscopy (TEM) and wet
chemical etching — were used to study the atomic arrangement of the lattice and the type
of defects in the material. On the other hand, the other two methods — photoluminescence
(PL) and the Hall Effect — provided information about the electronic properties of the
material and identified the electronic signatures of the defects present. This thesis study
applied these five methods to 29 samples with the [111] and [211] crystal orientations.

XRD was used to calculate the Zn concentration and the atomic spacing of the samples.
TEM allowed to map the crystal structure using Kikuchi diffraction and to calculate the
variation of the local lattice constant. This showed that the sample was under strain. A
CBED imaging condition producing HOLZ lines allowed for qualitatively imaging the
strain field in the crystal and contrast phase imaging showed stacking faults and
dislocations present in the lattice. Next, wet chemical etching - using Nakagawa and
Everson solutions — revealed several different types of etch pits were present on the
material’s surface and provided a value for the etch pit density (EPD). PL at room
temperature was used to calculate the Zn concentration and to produce contour maps of
the samples showing the variation in Zn. Low temperature PL was used to conduct
intensity and thermal studies of the material providing information about the type of
emission (donor-acceptor pair, free exciton or excitonic) and the activating energies. This
information was used to assign the peaks seen in the PL spectrum at 8K. Lastly, the Hall
Effect experiment was used to calculate the resistivity and the mobility of carriers, i.e.,
electrons and holes, of the samples.

The last stage of the project was to seek correlations between the data obtained during the
five characterization techniques. Correlations were noted between the XRD FWHM
broadening and the EPD, the disturbances in the atomic lattice and the defect band
broadening and a summary of all the values calculated during the project was provided.
Overall this project provided a very thorough study of 4% CZT.
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Chapter 1

Introduction on Cadmium Zinc Telluride Semiconductors

Semiconducting compounds make up the backbone of all electronics today. Their applications
span the entire range of the market from nano-devices, to all fields of commercial transportation
and even supercomputers. One application of semiconducting compounds is in the field of
radiation detection. This field makes use of single crystals, grown from melt compounds, which
are able to work with high energy electromagnetic signals such as x-rays and gamma rays. The
challenge of mass commercializing this type of technology has been the inability to produce
large sized low defect single crystal wafers. One such promising material is Cadmium Zinc
Telluride (CZT). This master’s thesis focused on studying the types of defects present in CZT by

applying five different characterization techniques.
1.1 Introduction

Cadmium Zinc Telluride (Cdi.x ZnTe) is a pseudo binary compound made up of CdTe and
ZnTe, which form a zincblende structure [1]. An important property of CZT is its tuneable lattice
parameter. The lattice parameter is dependent on the Zinc concentration, which also has a direct
effect on the band gap of the material. CZT is a wide band gap (1.49 eV) material, when
compared to other single crystal semiconductors such as high purity germanium and silicon,
which have band gaps of 0.8 and 1.1 eV, respectively [1]. This wider band gap reduces leakage
currents and allows CZT x-ray detectors to operate at room temperature thus making it a

preferred choice compared with silicon or germanium which need to be cooled.

CZT is generally manufactured in a 4% or a 10% Zinc concentration. These two concentrations

are chosen for the following reasons:

1) Using a 4% Zn concentration allows for the lattice constant to be matched to that of
HgCdTe, an infrared (IR) detecting material, in order to be used as a growth substrate.
These substrates are used for military applications such as night vision goggles and IR

tracking cameras in drones [2].



2) In the 10% zinc concentration, CZT crystals are used in gamma ray and Xx-ray
detection. This concentration is preferred for medical imaging (PET scans), airport
security (baggage scanning) and homeland security applications (dirty bomb detection)
[2].

Previous work by Chu at al (2004) [3] has shown that one of the roles of Zn is to reduce the
density of Te antisite defects (Tec4) and also to increase the density and diffusion rate of Cd
vacancies (V¢4). This increase in diffusion and higher Zn concentration causes the vacancies to
merge, which in turn promotes the trapping of Te precipitates. These are one of the most
common defects in CZT that lower the spectral resolution of CZT detectors and are discussed in
more detail further in this chapter [3]. Due to this mechanism, the same study showed that

growing CZT detectors with higher than 10% Zn concentrations produce inferior results.

The interaction of these detectors with higher energy electromagnetic radiation signals, such as
gamma rays and X-rays, happens via one or more of the four following mechanisms: elastic
scattering, photoelectric absorption, Compton scattering or pair production. The main process for
interaction in CZT is by photoelectric absorption. In this process, the energy from the absorbed
photon interacts with the orbital electrons in the atoms of the detector. As the high energy photon
penetrates the detector material, it is absorbed by valence or core electrons and the excited
electron loses its kinetic energy as a result of Coulomb interactions and produces many electron-
hole pairs. The charges created in this process drift across the detector volume creating a current
in an external circuit. The detection of these pairs occurs through pulse charge signals which are
used to recreate a histogram of pulse peaks with a height, which is proportional to the energy of
the absorbed photon [4]. This histogram can then be reconstructed using specialized software and
the known detector geometry to present meaningful information such as a 3D image of a

computed tomography (CT) medical scan.
1.2 Motivation for Study

The goal of this thesis was to examine 29 samples, in the [111] and [211] crystal plane

orientations, by using five distinct characterization methods and to lend further understanding to



3
the types of defects seen in CZT. Three of the five methods employed during this study - X-ray
diffraction, Transmission Electron Microscopy and Wet Chemical Etching — were used to
examine atomic arrangements of the lattice. On the other hand, the other two methods -
Photoluminescence and the Hall Effect - studied the electronic properties of the material. The
results from each method were first independently interpreted and then a correlation between
results from the different methods was established. The goal of this study was to examine a large
batch of samples and to use that information to conclude, with some certainty, that trend lines in

fact observed were a valid result and not an outlier.

1.3 Organization of Thesis

This thesis focuses on five destructive and non-destructive methods of studying CZT, laid out in
six different chapters. The first chapter provides an introduction to the properties of CZT and the

significance of this material to the research field.

In chapter 2, a review of the material properties is provided, including discussions on how to

grow CZT and the types of defects which affect large scale production.

In chapter 3, CZT’s structural properties are studied using x-ray diffraction, transmission
electron microscopy (TEM) and chemical etching. The theory and experimental method behind
each analysis type is explained, followed by a presentation of the experimental results and an

interpretation.

In chapter 4, CZT’s electronic properties were studied using photoluminescence (PL) and the
Hall Effect in semiconductors. As in Chapter 3, a review of the theory and experimental method

is provided, followed by the results from each characterization method and their interpretation.

In chapter 5, the results from the preceding chapter are looked at as a big picture, interpreted and
discussed. First the results of each method are independently interpreted, and then a discussion

involving cross links between the methods is presented.

In chapter 6, a summary of the work in the thesis and closing remarks - including suggestions for

future work — are provided.



Chapter 2
Crystal Morphology

2.1 Crystal Structure and Electronic Properties
2.1.1 Zincblende Crystal Structure

The properties allowing CZT detectors to efficiently absorb higher energy electromagnetic
signals are rooted in the atomic arrangement of the zincblende structure. The zincblende
structure is made up from two interpenetrating face centered cubic lattices which are offset from
each other by ¥ of the cubic diagonal vector. In binary I1-VI compounds, each sub-lattice is
made up of atoms from one of group Il or group VI. Each atom in the structure is positioned at
the center of a tetrahedron formed by the four closest atoms (Fig.2.1) [4].

[100]

Figure 2.1: Zincblende crystal structure with interpenetrating A (white) and B (blue) sub-lattices

The most common growth orientation for CZT is with axes aligned in the <110> or <111>
crystallographic directions. Material grown in the <111> direction has face polarity, either an A

or a B face. The A-polar face is terminated with Cd and Zn atoms, whereas the B-polar face is
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terminated with Te atoms. One property of the face polarity is that each face has a different

chemical reactivity and reacts differently to etching [5] (discussed further in Section 3.3.3).
2.1.2 Electronic Properties

CZT is held together by covalent bonds. This bonding type binds all of the electrons in the
lattice. In the event that the temperature is not at absolute zero or there are electronically active
defects some electrons can be excited into the conduction state. The electrons which are bound to
an atom are considered to occupy a valence state whereas the mobile electrons are said to occupy
a conduction state. The energy required for an electron to transition from the valence band to the
conduction band is equal to the band-gap of the material. One mechanism allowing this bi-
directional valence-to-conduction transition to take place is the absorption of a photon. CZT is a
direct band-gap semiconductor which does not require an exchange of momentum between
electrons transitioning between the valence and conduction states. This is an important advantage
over in-direct band-gap semiconductors - such as silicon - because direct band-gap
semiconductors promote a stronger interaction of photons with electrons. This means that a much
smaller volume of material is required to absorb light and to result in a photoelectric interaction.
The more electrons which are able to overcome the band-gap of the material, the more
conductive the material becomes. High resistivity semiconductors are less prone to leakage
currents and detectors made from these materials have a higher signal to noise ratio [4].

The other important electronic property of semiconductors is the product of the material’s carrier
mobility (u) and lifetime (t). This property is a measure of how far excited charge carriers are
able to travel in the material under the influence of an electric field before they recombine with
an electron, hole, or a defect and this has a direct impact on the sensitivity of a detector. The
mobility, measures how quickly an electron or a hole travels through the material under an
electric field. Ideally, the drift length which is the product of the mobility, lifetime and electric
field should be greater than the detector thickness to ensure full charge collection. However, the
hole mobility is lower (~90 cm?/Vs) compared to the electron mobility (~880 cm?/Vs) which
results in “hole tailing” [6]. Detector devices often suffer from incomplete hole collection which
results in some charge loss during the sampling time, broadening of the measured energy

spectrum of a given signal and a reduced current pulse. The carrier lifetimes in CZT have been
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shown as an average of 100 ns to several microseconds for electrons and 50-300 ns for holes
[6]. The electronic and mobility properties are also detailed and discussed in more depth in

Section 4.4.1 (Photoluminescence) and Section 4.4.2 (Hall Effect in Semiconductors).

2.2 Growth Techniques
2.2.1 Vertical Gradient Freeze Growth Process

The samples studied in this thesis were grown by the Vertical Gradient Freeze (VGF) method.
VGF is a melt growth process which uses 5N or higher purity Cd, Zn and Te material that is
compounded and sealed in a graphite ampoule. The system is heated until the melting points of
all three materials have been surpassed. This ensures that previously existing molecular
structures have been destroyed and will not remain intact as they can lead to the formation of
precipitates in the new matrix. Atmospheric control, achieved through a vacuum, ensures that a
proper stoichiometry is maintained and a high resistivity material is produced. The material is
then cooled and the temperature profile is adjusted in order to stabilize the growth interface. It is
at that liquid and solid interface that the melt is most unstable and where one of the first defect
origination mechanisms starts through the effects of segregation [7]. This stabilization is
achieved by controlling the temperature profile electronically and melt replenishment, when
required. In cases where the ampule or heater is translated to achieve the desired temperature
field during the solidification phase, the crystal growth process is known as Bridgman growth

[71.
2.2.2 Effects of Segregation

The electrical properties and conductivity of semiconductor crystals can also be controlled by the
addition of certain dopant elements. These specifically chosen elements added to the melt and
then incorporated into the solid crystal during the growth process, can be used to control the
conductivity of the material. Common dopants for CdTe include indium, aluminum and chlorine
for n-type material and phosphorous, lithium and sodium for p-type material [4]. However,
during the solidification process, some of these added elements can become segregated at the
solid-liquid interface of the material resulting in a non-uniform dopant distribution throughout

the material [8]. These result in poor carrier properties and affect the detector performance.
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Segregation occurs as a result of changing concentration of the dopant in the melt as the boule
solidifies. At the beginning of the growth process the initial concentration of the dopant in the
melt is C,. At the start of crystallization, the concentration of dopants in the liquid will be the
same as the initial concentration, C, = C,. As crystallization proceeds and a solid begins to form,
the concentration in the liquid is offset due to concentration in the solid [8]. Progressively the
liquid becomes richer in the dopant species or more depleted in the case of Zn. A compound’s
propensity for segregation is measured by the segregation coefficient number, k, which is the

ratio of dopant concentration in the solid to the dopant concentration in the liquid (Equation 2.1)

[8].

CSolid

k = 2.1
Cliquid

Segregation occurs in liquids with a coefficient not equal to one. The segregation coefficient for

Zn in CdTe is 1.35. Even in an ideal case of perfect mixing within the liquid, the concentration

in the solid is still at a higher level than the initial concentration C,, of the liquid melt. An over-

excess of rejected dopant at the solid-liquid interface remains within the boundary layer of liquid

and leads to an increase of concentration in the solid too [8].

In addition, dopant accumulation in the boundary layer will result in a lowering of the melting
temperature in this region. A steep thermal gradient is formed between the segregated dopant and
uniform melt areas. This results in a super cooled region of the melt. At this critical
concentration, super cooling is relieved by spontaneous solidification and the growth of
dendrites. The dendrites close around segregated dopant clusters which can contains various
defects too, such as Tellurium inclusions. In effect the trapping of Te inclusions and other
defects leads to detrimental results for the resolution of CZT detectors [8]. The next section gives

a brief overview of how defects lower the performance of detector arrays.
2.3 Types and Effects of Defects on Semiconductor Performance
2.3.1 Tellurium Precipitates and Inclusions

The most common defect originating from the VGF growth process is the formation of Te
precipitates and inclusions. Origination of these defects occurs during the melt growth by two
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distinct mechanisms: (1) the formation of droplet inclusions due to growth instabilities and (2)
temperature dependant retrograde solubility (i.e. the tendency of a substance to become less
soluble with higher temperatures) [9]. Detrimental effects caused by Te precipitates result in the
introduction of stress by distortion of the surrounding lattice and also act as non-radiative
recombination centers for carriers. These particles are often associated with radial strain fields,
dislocation loop punching and faceted shapes [9, 10]. Additionally, the presence of Te droplets
results in less transmittance and degraded electrical properties because solid Te has a band gap of
~0.33eV, which is much lower than the surrounding CZT matrix. As a consequence, higher
leakage currents found along grain boundaries are attributed to the high density of conducting Te
inclusions [11]. A typical scatter of Te inclusions, imaged using IR transmission microscopy, is

seen in a 10% CZT material (Fig. 2.2).

W

recipitates in

Figure 2.2: Te precipitates are visible in the CZT matrix because they are not transparent in the IR

C.H. Hanager Jr. et all (2009) [9] showed that the specific orientation of Te precipitates in the
surrounding CZT matrix occurs on low energy planes ({111}, {110} or {100}). These
researchers imaged CZT using backscatter SEM and showed that: (1) the Te precipitate shapes
are approximately tetrahedral with faces corresponding to the {111} growth planes of cubic CZT
matrix, (2) the elemental Te’s crystalline axes have a relationship with the host axes and crystal
faces and (3) Te particles have relatively large (~30% of volume) voids [9].



2.3.2 Pipes and Wires

The second most common defect observed in CZT is the formation of hollow tubular defects
known as pipes. Pipes are commonly found running intermittently and parallel to the growth axis
of the CZT ingots. A higher density of pipes is usually observed at the top of the ingot with a
decreasing density towards the bottom of the ingot [12]. Salez et al (1998) [12] indicated that
pipes form by two mechanisms during the growth: (1) pipes are caused by solute trails left by
excess Te and (2) pipes occur as a result of dissolved gases coming out of the solution as the
crystal cools. The pipes are usually several mm to a few cm in length and have a width of 20-50
microns. These typically appear hollow and can trap foreign contaminants during process like
acquiring contact materials such as gold. Moreover, thinner pipe-like structures, also called
wires, form in the solid and are typically observed at triple junctions (regions of three of more
intersecting grains) inside the CZT boule. They are made up of continuous Te precipitates, which
can act as a short circuit if they extend between the cathode and anode. Pipes and wires tend to
form at the higher end of the boule earlier on in the growth process, as the solidification gradient

of the material travels from the bottom to top ends of the boule [12].
2.3.3 Other Common Defects in CZT (Cracks, Grain Boundaries and Twins)

Cracks results from the excess thermal stress during the cool down process. The cracks observed
in previous studies by T.E. Schlesinger et al (2001) [4] have ranged in length from ~ 25 um in
width to several cm. They were found to originate from the edges of the crystal and propagate
toward the center of the ingot. It is thought that the excess stress developed from the adhesion
between the crystal and the crucible wall during the solidification process gives rise to nucleation
sites for the crack propagation. In addition, cracks can occur when the material is being sliced
and cut during the manufacturing stage.

Another common defect in CZT is twinning caused by the partially ionic nature of CZT bonding
which favours a low stacking energy. Twin planes with (111) orientations are found in nearly all
CZT crystals. High dislocation densities and twinning have both been found to impact the device
efficiency and yield. Electrical response studies by C. Szeles at al (1998) [10] using a single
channel analyzer and a >’Co source showed almost zero response from regions along large angle

grain boundaries, when compared to a high response inside grains. Cracks propagating inside the
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grains also gave a nearly zero response. However, no correlation was found between lowered
performance and the high presence of twin boundaries, indicating that twins have a negligible

effect on the electric field and charge collection in CZT devices [10].
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Chapter 3

Structural Characterization

3.1 Theory
3.1.1 X-ray Diffraction

X-ray diffraction is a non-destructive method of analysing the crystal structure, lattice constant,
strain and composition of a material [13]. X-rays are emitted toward the specimen (usually using
a Cu source) and used to probe the lattice as radiation scatters from the interaction with the
electron cloud surrounding each atom. At a time when the path difference of each wave (nA) is
equivalent to 2dsinf, constructive interference occurs and this is known as the Bragg condition

given by Equation 3.1 [13]:

2dsinfy = na 3.1

where d is the atomic plane spacing, fzis the Bragg angle, A is the X-ray source wavelength and
n is any integer. Bragg’s law is used to calculate the atomic plane spacing by using the value of

the experimentally obtained Bragg angle, 8. This is shown in Figure 3.1.
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Figure 3.1: Bragg’s law showing the constructive interference of waves scattered from two parallel
planes
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The reflection as a function of angle near the Bragg angle carries information about the crystal

structure and defects present in the material [13].
3.1.1.1 Reciprocal Space

Each set of crystal planes in real space is associated with a diffraction spot in reciprocal space. In
order to plot the reciprocal lattice, a vector perpendicular to a particular set of planes is drawn
from the origin. This vector has a magnitude of 1/d and describes the interplanar spacing [14]. A
point is plotted at the end of each vector until a 3-D periodic array of reciprocal lattice points is
established. Due to the reciprocal relationship between reciprocal and real space, small plain
spacing in real space become large in reciprocal space. As a result, any factor which alters the
spacing will be reflected in the position of the Bragg spots and can be used to calculate the

atomic lattice spacing.

The reciprocal lattice can be probed by the scattering vector, s. This vector is obtained from the
difference between the incident vector (k,) hitting the sample and the reflected vector, k,.. The
length and orientation of a scan can be changed by varying the reflected vector angle 26 and the
angle at which the incident beam hits the sample ®. The reciprocal lattice can be thought of as
being attached to the crystal because if the crystal moves with respect to the incident beam, so
does the crystal lattice. The locations at which the Bragg condition is satisfied lie on the Ewald
sphere of reflections. The radius of the Ewald sphere is 1/A, where A is the wavelength of the
probing signal. This sphere represents the regions of the reciprocal space, which can be explored
given a certain angle theta and a particular wavelength A. The maximum possible length of s is
2/, which is twice the length of the incident vector, k,. Not all of the reflections can be accessed
as some of them are blocked by the crystal. In addition, the allowed reflections from each crystal

structure are determined by the atomic scattering amplitude and the structure factor (see Section
3.1.1.2).

3.1.1.2 Structure Factor

The type of diffraction pattern which forms depends on the crystallographic orientation and
symmetry of the crystal. The intensity of the scattering of the x-rays reflected back at the Bragg

angle is determined by the structure factor. The structure factor is the combined equivalent from
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all the scattering amplitudes of each individual atom in the unit cell. The scattering amplitude
(Acen) from the unit cell is given by Equation 3.2:

ekar
Acen =

r

Z fi(e)eZn'iK-ri 3.2

According to Equation 3.2, all the atoms within the unit cell scatter with a phase difference given
by 2miK - r;, where 1; describes the position of each atom in the unit cell [15]. This expression

can be shown to equal the structure factor F; (Equation 3.3).

21
Fyp = Z fre-a (hritkyitiz) 3.3
i

where h, k and 1 are the Miller indices of the Bragg reflection. Equation 3.3 is valid for all sizes
and symmetries of unit lattice cells, whether the unit cell is made from one atom or over a
hundred. The position in reciprocal space of the constructive interference, or “reflections”, is
determined by the location of the atoms within the unit cell. For a face centered cubic structure,

like CZT, the atom coordinates are:
= 11 191 11
(Xayaz) - (anao)a (2 X 0); (2 ) 0; 2); and (O; 2’ 2)

Substituting these values into Equation 3.3 shows that if all three values of the h, k and 1 indices
are either odd or even, then all of the exponential terms will be equal to ™. This results in the
diffracted waves being multiples of 2n and being in phase. This condition produces allowed
reflections for this structure. However, if one of the h, k and 1 indices is odd and two are even, or
vice versa, this will result in odd multiples of @ and two terms of -1. In this case, the structure

factor is zero and there is no reflection at the corresponding Bragg angle [15].

In the case of the CZT samples, the [111] oriented samples can be directly scanned for a [111]
Bragg predicted reflection. However, the [211] samples do not produce a reflection for a zinc
blend structure having one even and two odd indices due to a lack of signal constructive
interference. This means that a [422] Bragg condition must be used to produce a signal. The

[422] plane is a higher order plane parallel to [211] and has a more narrow FWHM width.
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3.1.2 Transmission Electron Microscopy
The transmission electron microscope (TEM) is used for high resolution imaging of small
objects at the nano and pico scales. The advantage of this instrument, over conventional optical
microscopes, is that it is not limited by the wavelength of visible light (400 nm - 700 nm) since
the electron has a much smaller wavelength (1.23 nm at 1 eV) [15]. As high energy electrons
pass through the crystal interacting with atoms in the material, inelastic and elastic scattering
occurs. Analysis of each scattering type can be used to learn about different properties of the
material [15].

3.1.2.1. Kikuchi Diffraction Patterns

Inelastically scattered elections lead to the formation of Kikuchi diffraction. Kikuchi diffraction
patterns occur in thicker samples (several nm) due to availability to generate more scattered
electrons which travel in all directions. These electrons become Bragg diffracted by the crystal
planes as the incident beam ends up producing a parabolic Kossel cone diffracted beam. In
regions near the optical axis, a direction in which a ray does not undergo double refraction, these
parabolic cones appear as two parallel lines [15]. Kikuchi lines provide important
crystallographic information about the sample such as: (1) information about the direct real-
space crystal lattice via the Kikuchi band positions, (2) the reciprocal lattice via the band widths
and (3) the physical crystal structure via the band intensity. Additionally, Kikuchi bands can be
used as “maps” or “roads” to navigate the crystal as they are attached to a specific location which
does not change as the crystal is rotated. Travelling from one location to another is made
possible by the presence of zone axes. A zone axis is formed when two or more Kikuchi lines
intersect. In real space, a zone axis represents a lattice row parallel to the intersection of two (or
more) families of lattice planes. Tilting the crystal by a known angle allows for moving from one
zone axis to another. This property of diffracting crystals can be used to orient the sample along
a particular crystallographic axis [16]. The location of the Kikuchi lines can also be used to

calculate the deviation parameter and to identify the orientation of the specimen [17].
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3.1.2.2 Convergent Beam Electron Diffraction (CBED) Imaging of Higher Order Laue Zone
(HOLZ) Lines

Coherent elastically scattered electrons are used to form Higher Order Laue Zone (HOLZ) Lines.
HOLZ lines become visible under a convergent beam electron diffraction (CBED) condition.
CBED is a method of producing high resolution images over a focused area. The regions
sampled by CBED are a function of the beam probe size of incident electrons from the cone
shaped intensity (convergent beam) and the diffuse elastically scattered electrons at Bragg
angles. HOLZ lines come in pairs, similar to Kikuchi lines, with bright excess lines seen in the
HOLZ hkl plane maxima and the dark (not visible lines) in the 000 disk [18]. The difference
between the formation of Kikuchi lines and HOLZ lines is illustrated in Fig. 3.2a and Fig.3.2b.
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Figure 3.2: Schematic showing the difference between the formation of Kikuchi lines due to
inelastic scattering in (a) and the formation of HOLZ lines with elastic electron scattering in (b)
The beam used to produce HOLZ lines converges on the specimen over an angular range of 2«,
as the Ewald sphere is rotated at 2a about the origin. This allows for a wide range of sampling
for existing HOLZ lines. This method allows for many ordered planes to be observed and thus

the strained state of the crystal can be interpolated due to the sensitivity to the change in lattice
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parameter. The sensitivity in the vector beam, g, to a change in the lattice constant is given by
Equation 3.4 [15].

Ad
dZ
where d is interplanar spacing and Ad is the change in interplanar spacing due to strain in the

crystal lattice. This strain causes the HOLZ lines to split. The split in HOLZ lines is attributed to
the presence of non-uniform atomic displacement along the beam direction and the reflectance of
the beam at the Bragg angle [15]. An accurate measurement of the split in the HOLZ lines

provides the highest resolution analysis of strain in crystals at a given point in the sample.
3.1.2.3 Phase Contrast Imaging

Phase contrast imaging is used for lattice imaging of the atomic arrangement in the material.
Thin-sectioned specimens are irradiated with a parallel electron beam, which passes through an
aperture and results in the electrons being scattered or transmitted through the material. The
difference between the phase of the scattered and transmitted waves can be interfered to form
interference fringes. This two beam imaging condition and multiple beam imaging at a zone axis,
an intersection of atomic planes in real space, use the interference fringes to create a lattice
image which is visible at a magnification of 100,000x or more. Lattice images are useful in
studying the atomic arrangement and better understanding the types of defects present in the
material [19].

3.1.3 Wet Chemical Etching

Wet chemical etching is a simple and cost effective process used to gauge the crystal quality of a
semiconductor material. The etching process is used to reveal etch pits, which mark the locations
of dislocations terminating on the surface of the material [20]. The efficiency of the etching
process is determined by the mass transport of reactants or products in the solution, while the
rate is determined by the kinetics of the surface reactions. In each etch, one of these processes is
usually dominant [21]. If the mass transport is the prevalent mechanism, then the etching rate
will be determined by the hydrodynamics of the system and the surface will not be sensitive to
the crystallographic orientation or the surface morphology [20]. In the case of CZT, the dominant

process of etching is dependent on the surface kinetics because the results of the etching process
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are very sensitive to the surface orientation [21]. Different crystal faces, such as (111)Acq Or
(111)B+e, will dissolve at different rates and also produce different quality or no results

depending on the crystallographic orientation.

The etching methods used with CZT work by oxidation of the surface followed by dissolution of
the oxide. In this process, valence electrons are removed from the surface bonds by an active
agent in the etching solution. The oxidizing agent is used to remove the bonding electrons from
the valence band. This can in a sense be viewed as “injecting holes” into the solid. When these
holes localize at the surface, they cause the rupture of surface bonds. The bonds in the etching
agent and solid are broken and new bonds are formed; however, this does not involve free holes

[22]. This study used three types of etchants which are discussed next.

3.1.3.1 2% Bromine Methanol Etch

The 2% Bromine methanol (volume) is a standard etch used for removing oxides from the
surface of CZT samples. This type of etch is commonly used before X-Ray diffraction (XRD) or
photoluminescence (PL) experiments in order to clear the surface of the oxide layer which can
act as a non-radiative recombination center for electron hole pairs. Etching CZT, using
Br/MeOH, leads to the formation of Te metal and the depletion of Cd from the surface sub-layer.
This etchant is also anisotropic, preferentially etching the surface on the 111B face (Te) faster
than the 111A face (Cd) [23].

The process works by the absorption on the surface of Br, molecules present in the solution. The
redox potential between the Br,/Br™ species is high and this reacts with the Te anions to give
negatively charged ions and neutral Te®. Due to the presence of Br anions, Cd** species pass into
the solution forming CdBr», leaving elemental Te on the surface. This results in the removal of
the Cd sub-lattice and the left over Te sub-lattice, which is now comprised of Te® with dangling
bonds. This stoichiometric imbalance results in an unstable system that self-stabilizes by atomic
rearrangement. The Te atoms are drawn together, forming clusters. Since the atoms in the
clusters have a smaller minimum distance between the Te anions than in CdTe, the cluster
formation disrupts the matrix leading to non-uniform etching and the appearance of pores on the

surface. These pores allow for the Br anions to penetrate deeper into the material, thus etching
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the material to a greater depth. This enables removal of Cd atoms from deep inside of the

material and favours transfer of Te atoms into the solution [23].
3.1.3.2 Nakagawa Etch

The Nakagawa etch has been very effective in showing etch pits on the (111)A (Cd) face but not
on the (111)B (Te) face. For this reason, it has actually been used as a distinguishing agent for
the polarity of the faces. The reason this type of etch has been found to work on the cadmium
side is due to the higher reactivity of these species. The standard concentration of Nakagawa is a
3:2:2 HF:H,0,:H,0 ingredient ratio by volume. However, previous work by F. Semendy et al
(1999) [24] has showed that changing the solution concentration to a 4:0.5:2 of HF:H,0,:H,0
ingredient ratio has also produced successful results on the (111)B (Te) face. This was shown to

work due to a three-fold reduction of the oxidizing agent [24].
3.1.3.3 Everson Etch

The Everson etch is made using 2:2:3 ratio of HF:H,O,:lactic acid. This etch is effective in
showing pits on both the [111]cqand [211] oriented crystal surfaces. The role of the HF and
peroxide is to oxidize the surface, breaking surface bonds and disassociating the Cd ions into the
solution, while the function of the lactic acid is to act as a buffer, a pH controlling agent which

moderates the acid reaction in the solution [25].
3.2 Experimental Method
3.2.1 X-ray Diffraction

The high resolution X-ray diffraction measurements were performed using the Bruker D8
Discover Diffractometer. X-rays are emitted from a copper source at a wavelength of 1.54056
angstroms. Samples are mounted onto the holding plate using vacuum suction provided by the
machine. The Bruker system has a capability of aligning 5 axes of rotation (x, y, z, phi and chi)
and allows for movements as small as 0.001 degrees. The system is equipped with two detectors.
The variable optic detector provides a lower resolution with a highest intensity and the Ge220
analyser crystal provides a higher resolution with a lower intensity. All 29 samples, in both the

[111] and [211] orientations were examined using coupled w-26 scans.
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3.2.2 Transmission Electron Microscopy

The Hitachi HF-3300v scanning transmission electron holography microscope (STEHM) at the
University of Victoria was used to set up three imaging conditions: (1) Kikuchi diffraction
patterns used to map the crystal, (2) a CBED pattern with HOLZ lines showing the strain in the
material and (3) a two beam phase contrast imaging condition used to view the arrangement of
the atomic planes. The TEM specimen was made from a [111] oriented CZT sample, prepared
using a focused ion beam (Hitachi FB-2100) system, and mounted onto a single tilt sample

holder. Details about the sample preparation are included in Appendix A.
3.2.3 Wet Chemical Etching

The first step in the etching study was to fine tune the process and etching duration for each type
of etch. Several trial samples were used and etched for slightly different lengths of time, varying
between 60 seconds and 120 seconds. Each sample was viewed under an Olympus U-CMAD3
model optical microscope and examined for formation of etch pits. Several test samples were
used to dial in an optimal etching time, which was found to be 100 seconds. The chemicals for
both etches were mixed in a large batch before starting each experiment such that any

concentration discrepancies would be spread throughout the entire sample population.

The procedure for the Nakagawa etch was modified by the addition of a 2% Bromine Methanol
(2% Br-MeOH) solution for rinsing. This was suggested by Dr. Neil Armour from the UVIC
Crystal Growth Laboratory who experimentally showed that rinsing with 2% Br-MeOH after
doing the Nakagawa etch removed the oxide layer from the surface allowing for better

observation of the pits under the optical microscope. The following procedure was used:

1. Each sample was placed in a Teflon etching basket and dipped into the Nakagawa
solution for exactly 2 minutes. The solution was not stirred or agitated during this time.

2. The basket was removed and dipped into a beaker full of deionized (DI) water for a few
seconds to dilute the acids and stop the etching reaction.

3. The basket was then dipped into the 2% Br-MeOH solution for 2-5 seconds without
stirring or agitating it.



20
4. Lastly, the basket was consecutively dipped in two methanol beakers which were used
to rinse the 2% Br-Meth solution. The sample was removed and left to air dry on a Kim

wipe.

The Everson etch process was followed exactly without any modification or addition of steps.
The Everson etch procedure was as follows:

1. Each sample was placed in a Teflon etching basket and dipped into the Everson etch for 1
minute and 50 seconds. The etching solution was not stirred or agitated during this time.

2. The basket was removed and then rinsed in a beaker full of DI water.

3. The sample was removed from the basket and left to air dry on a Kim wipe.

The etch pits were then counted for six Nakagawa etched samples and four Everson etched
samples. The Olympus U-CMAD3 optical microscope and camera set up was used to photograph
different areas of each sample. The Nakagawa etch pits were visible using x10 magnification.
The diameter of the area seen in the microscope’s view at x10 magnification is 2 mm. The
Everson etch pits were smaller and required a x100 magnification and the diameter of the visible
area was 0.02 mm. The average etch pit density for each sample was found by taking the average

of the number of counted pits in two locations. This was done for each sample.
3.3 Results
3.3.1 X-ray Diffraction Results

The [111] and [211] samples were studied using X-ray diffraction and the FWHM and Zn
concentration in the material were calculated. A coupled w-26 scan was used for both
orientations. The [111] oriented samples were scanned on the [111] plane; however, the [211]
samples were scanned on the [422] plane because [211] is a forbidden reflection in FCC

materials [13].
3.3.1.1 XRD Peak Position and Zinc Concentration

The XRD data was used to calculate the lattice constant for each sample by using Bragg’s Law
(Equation 3.1) and the known XRD copper source wavelength of 4 = 0.154051 nm. The

geometric properties of a cubic crystal structure were used to calculate the spacing between the
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atomic planes, d};, according to Equation 3.6, where a is the lattice constant and h, k and 1 are

the Miller indices.

a

d111 == 36
Ny e

The Zinc concentration (%) was calculated by linearly interpolating from Vegard’s Law
(Equation 3.7), where az,7. and acqr. represent the theoretical lattice constants of ZnTe and

CdTe, respectively.
Aczr = XAznre + (1 — X)Acare 3.7
The accepted values of az,r. and acyre are 0.6104 nm and 0.6481 nm, respectively [27]. The

distribution of Zinc for all samples is seen in Fig. 3.3a, and then data is split up showing only

[111] samples (Fig. 3.3b) and then only [211] samples (Fig. 3.3c¢), respectively.
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Figure 3.3: (a) Zinc concentration (molar) variation between all 29 samples, (b) [111] oriented
samples only and (c) [211] oriented samples only
The Zinc distribution was found to vary between 2.8% and 7.9%., with an average zinc
concentration of 4.3%. The variation of Zn in the [111] oriented samples was found to range
from 3.7% to 7.9%, with an average of 5.18% and the Zn variation in the [211] oriented samples
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was found to range from 2.8% to 4.7% with an average of 4.62%. The highest Zn
concentration of 7.9% was observed with Sample Q in the [111] orientation, and the lowest Zn

concentration of 2.8% was found in Sample E in the [211] orientation.
3.3.1.2 XRD Peak Shape and Full Width Half Maximum (FWHM)

All 29 samples, in both growth orientations, were examined using XRD. The XRD data revealed
a wide variation in peak shapes, including peak splitting (Fig. 3.4a) and peaks overlapping on a
large shoulder on one or both sides (Fig. 3.4b). Fig. 3.4c shows the peaks distribution and shapes
found in the batch of [111] oriented samples.

T T T a) T
Sample U 1 0

1025 1030 1035 1040  10.45
Bragg Angle (arc seconds)
b)
Sample W |
I /
8 0 12
Bragd Angle (deg)
13.45 13.50 13.55 13.60 13.65

Bragg Angle (arc seconds)

Figure 3.4: (a) Sample U showing an example of a splitting XRD peak, (b) Sample W showing an
example of overlapping peaks with a shoulder and (c) variation in distribution for all [111] XRD
peaks

On the other hand, it was found that no XRD peak splitting was prevalent in the [211] oriented
samples. The peaks in the [211] orientation either had a single sharp peak attached to a shoulder

on one or both sides (Fig. 3.5a), or a single sharp peak with no shoulder on either side (Fig.

Intensity (a.u.)
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3.5b). A comparison of the peak shape distribution (Fig. 3.5¢) shows the distribution of peaks

in both shape and also Bragg angle.

Figure 3.5: (a) Sample M showing an example of a single peak with a shoulder, (b) Sample N

S c)
Sample M

L 1 L 1
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55 [
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showing an example of a single peak without a shoulder and (c) variation in distribution for all
[211] XRD peaks

In order to evaluate crystalline quality of the samples, the width of the XRD peak of the rocking
curve was determined for all 29 samples. A 135 arc second distribution of FWHM values was
observed between all 29 samples, [111] and [211] crystal orientations. Sample Z [111] was found
to have the largest FWHM, 160 arc seconds, and sample BB [211] the smallest FWHM, 25 arc
seconds, (Fig. 3.6a). The [111] sample distribution (Fig 3.6b) showed a 115 arc second spread
between the respective samples’ FWHM, while the [211] samples (Fig 3.6¢, scanned on the 422

reflection) had a slight more densely clustered distribution spread of 101 arc seconds.

Intensity (a.u.)
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Figure 3.6: (a) Distribution of FWHM values for all [111] and [422] reflections of all samples, (b)
only [111] reflections and (c) only [422] reflections

Samples P [111], U [111], W [111] and R [111] were omitted from Fig.3.6a and Fig. 3.6b. These
four samples had distinctly split peaks, which did not provide a meaningful numerical measure
of the XRD FWHM.

3.3.1.3 Reciprocal Space Mapping

Reciprocal space mapping (RSM), a method of gathering information about interplanar spacing
and imaging defect-related XRD peak broadening, was used to study two samples. Sample T,
oriented in the [111] direction (Fig. 3.7), was compared to Sample M, oriented in the [211]
direction (Fig. 3.8).
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Figure 3.7: Reciprocal space lattice map of Sample T [111], FWHM = 116.25 arc seconds
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Figure 3.8: Reciprocal space lattice map of Sample M [211], FWHM = 37.68 arc seconds

The RSM for Sample T showed peak broadening in the horizontal X-X direction with a clearly
defined intensity contour pattern. Sample M was found to have a narrow reciprocal space peak
with an elongated pattern in the vertical X-Y direction. The RSM results for both samples were
obtained using a w-26 scan. This type of scan rotates the x-ray source by w and the detector by
20 with an angular ratio of 2:1. In reciprocal space the length of the probing vector, S, changes

but its direction remains the same. A w-26 scan provides more comprehensive information on
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changes in interplanar spacing and strain induced by stress, than only performing a w scan,
which results in only a change of direction and not length for the probing vector, S, and traces an

arc centered on the origin. [14].
3.3.2 Transmission Electron Microscopy Results

One [111] oriented sample was studied using TEM. This method allowed for obtaining
diffraction patterns that were used to calculate the lattice constant in the material and to observe
the variation in lattice constants between several neighbouring atoms. Variations in the lattice
constants provided evidence that strain was present in the material. TEM was also used to image

the strain field in the sample and to study the arrangement of the atomic lattice.
3.3.2.1 Kikuchi Lines and Map of Crystal

The [111] oriented sample was tilted through the full TEM holder range of -13° to +13°. The tilt
was used to travel though the crystal going between three zone axes. The Kikuchi bands imaged

in the single tilt holder correspond to the angles summarized in Table 3.1.

Table 3.1: Kikuchi bands related to the angle of tilt of the specimen holder containing the sample

Kikuchi Band Tilt Angle (°)
Gl -0.3
G2 -1.2
G3 -3.7
G4 -5.2
G5 -8.5
G6 -14
G7 12.3

The tilt angles, along with Kikuchi diffraction patterns were used to create a Kikuchi map for the
[111] oriented CZT sample (Fig.3.9).
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Figure 3.9: Kikuchi map of [111] oriented CZT sample obtained by tilting the sample from -13
degrees to +13 degrees and travelling between three zone axes (ZA)
Analysis of the Kikuchi Map (Fig. 3.9) revealed the presence of three zone axes (ZA). A ZA is
the location where two or more Kikuchi bands intersect. ZA1 was found to be a major zone axis,
while ZA2 and ZA3 are minor. In real space, a zone axis represents a lattice row parallel to the

intersection of two (or more) families of lattice planes.
3.3.2.2 Lattice Constant Calculation

The local lattice constant was calculated by measuring the spacing between spots on a diffraction
pattern (DP) taken at a zone axis and then indexing the diffraction pattern. The diffraction pattern
obtained at ZA3 was analyzed by measuring the distances between the spots using the Gatan
Micrograph software. The software was calibrated for the 0.3 m camera length with the settings

given in Table 3.2,
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Table 3.2: Software calibration for a 0.3m camera length

Distance [m] Power [kV] Calibration [RLU]
1 200 -0.0103181
0.3 200 -0.0343937

The spacing between the different diffraction spots was measured, in reciprocal lattice units

(1/nm), using the calibrated camera length (Fig. 3.10).

Figure 3.10: Diffraction pattern at ZA3 showing the distances between spots in reciprocal lattice
units (1/nm)

Next, the diffraction pattern (DP) was indexed so the values for h, k and | indices of each spot are
known. The DP was first compared with other commonly tabulated patterns for FCC materials.
Out of twelve indexed patterns [28], the (123) diffraction pattern had the closest fit to the ZAl

pattern (Fig. 3.11).
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Figure 3.11: Tabulated (123) diffraction pattern for FCC crystals [28]

The theoretical plane spacing dj;; was calculated using the accepted CZT lattice constant, a =
6.444 nm. The ratio between two dj;; locations in Fig. 3.11 was calculated to be 2.5. The
experimental ratio was then compared by measuring the same two h, k and | locations on the
experimental DP (Fig. 3.10) and it was also found to be 2.5. The excellent agreement between
theoretical and experimental values indicates that the DP was indexed correctly as (123). The
lattice constant was then calculated using Equation 3.8, where R is the distance between
diffraction spots, A (1.97 pm) is the electron wavelength for the STEHM, | is the camera length
(0.3 m) and d is the atomic spacing [15].

Al
= — 38
Al R

The lattice constant a was found from Equation 3.9 [15] where each spot has the corresponding
h, k and I coordinates from the indexing.

a =/ hZ + k2 + lZ (dhkl) 3.9

The local lattice constant was calculated at four locations and the results are shown in Table 3.3.
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Table 3.3: Local lattice constants calculated from the (123) zone axis diffraction pattern

Location | Measured Lattice Constant [nm]
331 0.740
420 0.645
111 0.720
242 1.16
Average 0.82

As can be seen by the results in Table 3.3, there is a wide range of variation in the local lattice
constant. This variation can result from misalignment with the eucentric height and a

contribution from strain in the material.

3.3.2.3 Convergent Electron Diffraction (CBED) Results

The variation of the local lattice constant observed for the (123) diffraction pattern suggested that
the sample was under strain. A CBED pattern was used to observe the HOLZ lines and
qualitatively examine the strain present in the sample. Fig. 3.12a shows the splitting and bending
of HOLZ lines caused by a precipitate in the matrix. Fig. 3.12b shows another region of the
sample which is under strain due to surface contamination, seen as a black pattern in the bottom
left corner, and Fig. 3.12c that shows bending of the HOLZ lines around the shape of a

precipitate.
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Figure 3.12: (a) Splitting of HOLZ lines, noted by white arrow, due to the strain induced by the
precipitate, (b) impact of contamination on the strain in the material and (c) bending of HOLZ lines
around a precipitate causing a high strain region

The HOLZ lines physically represent the atomic planes in the crystal and can reveal how the
internal structure of the lattice is affected by the presence of precipitates. In addition, the strain in
the crystal is affected by lattice mismatch at the interface between the sample and the

contamination, caused by the re-deposited material during the FIB manufacturing stage.
3.3.2.4 Phase Contrast and Lattice Imaging

The STEHM was used for lattice imaging by setting up a two beam phase contrast imaging
condition. Fig. 3.13a shows a lattice image which captured several dislocations, shown in close
ups in Fig. 3.13b and Fig. 3.13c.



Figure 3.13: (a) Lattice image of [111] oriented CZT sample showing four regions (A, B, C and D)
with dislocations, (b) close up of a dislocation and (c) close up of an edge dislocation
The regions in Fig. 3.13a marked as B and C show examples of an edge dislocation. An edge
dislocation occurs when an extra plane of atoms is inserted into the matrix. Regions A and D, in
Fig. 3.13a, show an example of a dislocation. Edge, screw or a mix of both dislocations also

occur when slip due to shear stress is present in the crystal [29].
3.3.3 Wet Chemical Etching

Wet chemical etching is an efficient way to gauge the defect density in a material. The purpose
of the etching experiment was to calculate the etch pit density (EDP) and to identify types of

defects present in the material by studying the shapes, sizes and configurations of the pits.
3.3.3.1 Nakagawa Etch

The Nakagawa etch revealed etch pits only on the (111) Cd face. Each sample was viewed using
the Olympus U-CMAD3 microscope on the top and bottom, and only one side on each sample
was found to contain etch pits. The etch pits were visible at x10 magnification and were evenly
scattered throughout the surface. Only two sizes of triangular etch pits were observed, 0.013 mm
(small etch pits) and 0.027 mm (large etch pits). They both looked identical in shape but varied
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in size. Figure 3.14 shows an example field of view, the types of etch pits present and the size

difference between the smaller and larger pits.
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Figure 3.14: (a) Example field of view of Nakagawa pits visible at x10 magnification and (b) close
up of smaller and larger triangular etch pits observed in the material

The number of etch pits at two locations on each sample were counted and an average result was

used in the calculations. The results for the EPD are summarized in Table 3.4.

Table 3.4: Nakagawa etch pit density results for six [111] oriented samples

Counting Area Counted Counted Pits Pit Density
Sample | Orientation
[mm?] Pits Area 1 Area 2 [1/cm?]
A [111] 6.28 6 7 103
C [111] 6.28 4 7 88
Q [111] 6.28 15 10 199
S [111] 6.28 4 8 95
Y [111] 6.28 9 11 159
z [111] 6.28 8 13 167
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In addition, four [211] oriented samples were etched using the Nakagawa solution; however,

no etch pits on either the top or bottom surface were observed.

3.3.3.2 Everson Etch Results

Four samples, two in [111] and two in [211], were etched using the Everson solution. The
Everson etch produced very good results on both the [111] Cd and [211] oriented samples which
were visible with x100 magnification using the Olympus U-CAD3 microscope. The etch pits
were highly symmetrical and very easy to identify. Unlike the Nakagawa samples which had pits
that all looked the same, the Everson etch pits had several shapes. In addition to the difference in
shape, the etch pits were either evenly distributed throughout the sample (Fig. 3.15a) or clustered

in some areas (Fig. 3.15Db).

a) Evenly distributed EPD, [111] b) Clustered EPD, [111]

0.2mm

Figure 3.15: (a) X100 magnification view of evenly distributed EPD and (b) a view showing areas of
EPD clusters (right)

Six distinct types of etch pits were identified in the two [111] and two [211] etched samples.

Four of these etch pit types had asymmetric pyramidal apexes which were mis-oriented from the

normal toward different edges (Fig. 3.16a-d). One type of observed pit had a rounded shape (Fig.

3.16e) and the last type of pit observed appeared to look like several concentric pyramids (Fig.

3.16f).
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Figure 3.16: Six types of etch pits observed through the Everson etch method

The pits labeled as a), b), ¢), d) and e) appeared in approximately equal number (~60%) of
instances on both [111] and [211] grown crystals. On the other hand, the rounded pit labelled e)

was observed only in two instances on the [211] oriented crystals, and none on the [111] crystals.

The etch pit densities (EPD) for four samples were counted by analyzing two locations on each
sample, analogous to the procedure used for the Nakagawa etch. The resulting pit densities are in
the 10* — 10" cm™ range (Table 3.5) and are significantly higher than those obtained from the
Nakagawa etch (Table 3.4).

Table 3.5: Everson etch pit density count results

Counting Area Counted Counted Pits Pit Density
Sample | Orientation
[mm?] Pits Area 1 Area 2 [cm™]
B [111] 6.28 x 10™ 34 44 6.21 x 10°
\Y; [111] 6.28 x 10™ 89 63 1.21 x 10
E [211] 6.28 x 10™ 24 21 3.58 x 10°
M [211] 6.28 x 10™ 1 0 7.69 x 10*
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3.4 Discussion
3.4.1 X-ray Diffraction Results Interpretation
3.4.1.1 X-ray Diffraction

An X-ray diffraction study was conducted for 29 [111] and [211] oriented samples. The goal of
the study was to establish the quality of the samples by looking at the spread in the Zn
concentration and FWHM ranges and to examine the shape of the XRD peaks and any variation
which exists between [111] and [211] oriented samples. The variation in Zn between the 29
samples was calculated using Bragg’s law to find the lattice constant and Vegard’s law to
interpolate the percent concentration of Zn. The Zinc distribution for both [111] and [211]
samples was found to vary between 2.8% and 7.9% with an average Zn concentration of 4.3%
(Fig 3.3a). For the [111] samples, the Zn concentration varied between 3.65% and 7.90% with an
average of 5.2% (Fig 3.3b). In the [211] samples the Zn concentration was found to vary
between 2.8% and 4.7% with an average of 4.0% (Fig 3.3c). The [211] samples were found to be
within the intended 4% growth Zn concentration. The variation of the Zn within the matrix can
also be used as an indicator of crystal quality. Areas with a steep Zn concentration gradient have
lattice mismatch with neighbouring sites of a different Zn concentration. This introduces strain in
the lattice, which is relieved by dislocations resulting in a non-radiative recombination of carriers
and results in a poor quality material [4].

Plotting the XRD peaks for the [111] (Fig 3.4) and [211] (Fig 3.5), samples measured on the 422
reflection, samples showed a visible variation in the peak shapes. The [111] samples showed a
tendency to split as seen in Samples U and W (Fig 3.4a and Fig 3.4b). A.K. Garg et al (2004)
[30], showed that peak splitting in CZT has been previously attributed to areas with high
dislocation density, mosaicity or macrograins which form as a result of low critical resolved
shear stress. One reason for the development of shear stress is due to the retrograde solubility of
CZT. Retrograde solubility, also known as inverse solubility, is exhibited by materials which
become less soluble with higher temperature. As the CZT boule cools, Te becomes more soluble
and this leads to the formation of thermal gradients between areas of liquid and solid which are
at different temperatures [30]. The uniformity of the cooling is also influenced by the ampoule

material. The samples in this experiment were grown in a graphite ampoule. Ingots grown in



37
graphite ampoules have better heat dissipation due to the higher thermal conductivity of
graphite, when compared to other standard ampoule materials such as quartz. Better heat
dissipation results in smaller temperature gradients and less induced thermal stresses in the ingot
[31].

Stress is a significant contributor to the formation of dislocations as strain is relieved in the
matrix by forming dislocations. Unlike the peak splitting observed in [111] oriented samples, the
[211] samples showed a single peak (Fig. 3.5a), sometimes accompanied by a shoulder (Fig
3.5b), presumably due to regions in the sample with different Zn concentrations. One reason for
observing samples with XRD split peaks, single peaks, or peaks with shoulders is that samples
came from different parts of the parent boule. L. Xiaohua et al (2000) [31] showed that samples
taken from the middle of the parent boule showed less peak splitting when studied with XRD,
than samples which were extracted from the periphery of the boule. Additionally, the samples
which were studied have compositional variations which also contribute to a variation of the
XRD signal.

The FWHM for [111] and [211] samples was obtained (Fig 3.6) and was found to range from
20.17 arc seconds to 160.06 arc seconds with an average of 72.95 arc seconds. The average
FWHM values for the samples examined on the [111] (Fig 3.6a) and [422] (Fig 3.6b) reflections
were 75.42 arc seconds and 72.28 arc seconds, respectively. The FWHMSs of the [111] and [211]
samples were found to be higher than those published for other commercial grade material such
as work done by A.K. Garg et al (2004) [30], which had FWHM values of 20-60 arc seconds for
defect prone regions and an average of <30 arc seconds for other areas. Possible reasons for this
deviation from the literature include: (1) variation in the Zn concentration, which results in strain
and dislocations, (2) differing sample origin locations from the parent boule, which lead to peak
splitting caused by polycrystallinity and (3) different temperature solidification profiles which

can increase the shear stress in the material and lead to the formation of dislocations.
3.4.1.2 Reciprocal Space Mapping (RSM)

Reciprocal Space Mapping (RSM) shows a 2D section through reciprocal space which resembles
a topographical map. The rings of intensity are a projection of the intensity of the diffraction

onto a 2D plane. The amount and pattern of the broadening can be used to understand the type of
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defects present in the material. Vertical broadening in the reciprocal space peak is associated
with compositional fluctuations. The vertical broadening is associated with the length of the
reciprocal lattice vector. Horizontal peak broadening is observed with areas of high dislocation
density characterized by bending of the lattice planes in the crystal, attributed to lateral strain and
compositional variations in the sample. The horizontal broadening is associated with the

orientation of the reciprocal lattice vector [14].

A RSM was generated for one [111] (Sample T, Fig 3.7) and one [211] (Sample M, Fig. 3.8)
sample which were selected based on their FWHM. Sample T had a FWHM of 116.25 arc
seconds, which was on the high range of the FWHM values calculated. On the other hand,
Sample M was chosen due to its low FWHM of 37.68 arc seconds. Sample T had a high FWHM
and was found to have a more horizontally (0.05 degrees) and vertically stretched out peak
(0.831 degrees). The peak broadening was mainly prevalent in the horizontal direction which
indicates a high dislocation density [14]. On the other hand, the peak seen with Sample M is
mainly vertically broadened (0.24 degrees), which could indicate strain [14]. However, less
broadening was observed in the horizontal direction (0.04 degrees), indicating a lower density of
dislocations. This finding is in line with the low FWHM value observed, as a narrow peak is an
indicator of crystals with low point defects and dislocations [14].

3.4.2 Transmission Electron Microscopy Interpretation

The Kikuchi map of the CZT sample was used to create a “road map” to the crystal at a local
area equal to approximately the field of view. The Kikuchi map showed the presence of one
major and two minor zone axis. The Kikuchi map can be indexed which allows for orienting the
sample along a desired crystal orientation. In this case, this was not possible because none of the

images were obtained directly at a zone axis which allowed for indexing the Kikuchi lines.

The calculated lattice constant taken at four points in the diffraction pattern (Table 3.3) showed
an average value of 0.82 nm. This lattice constant was found to be higher than the accepted value
of 0.644 nm observed in 4% Zn CZT samples. This deviation could be the result of sources of
error with this type of measurement including not being able to exactly tell where the center of
each spot is when the software is used to draw the lines shown in Fig. 3.10. The distance

between the spots is very sensitive to the measurement and can introduce a large deviation. In
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addition, the resolution of the measurement is affected by the size of the diffraction spot. The
diffraction spot correlates with electron beam profiles like flatness, where a more planar beam
results in a smaller spot which can be measured more accurately. Lastly, the largest contribution
to the error in the lattice constant comes from the defocus of the diffraction plane which occurred
due to the rotation of the specimen. The images of the specimen were taken at different locations
during the tilt, instead of using the eucentric point. The eucentric point is the location in the
objective lens where the sample can be tilted around its axis and the image remains centered

across the projection screen of the TEM.

Four different points on the sample were used to measure four different lattice constants in the
material (Table 3.3). This showed that a variation of lattice parameter over small areas was
present presumably due to strain in the material. The CBED imaging allowed for a qualitative
observation of the strain in the sample. Fig 3.12 showed that precipitates, most likely caused by
Te droplets left over from the solidification process [11], cause bending in the atomic planes and
splitting of the HOLZ lines. Norouzpor et al (2016) [32] showed that the splitting of HOLZ lines
is indicative of very highly stressed regions in the sample. Fig 3.12b showed the additional strain
impact of re-deposited material, visible in black, on the sample. This strain is not indicative of
the true strained state of the crystal as it is induced and/or amplified by the presence of the re-
deposited layer due to local lattice mismatch. This attests to the importance of properly

decontaminating a sample by use of an ion milling machine and ozone cleaning prior to imaging.

Lastly, a two beam phase contrast imaging condition allowed for studying the atomic lattice of
the sample. The shaded regions in Fig. 3.13 represent areas with fewer electrons and are thought
to be coming from a change in the specimen’s thickness and/or strain. A dislocation was noted in
the zones labelled as A and D (Fig. 3.13a). Dislocations occurs when shear stress in the material
causes defect line movement perpendicular to the direction of stress in the atom displacement
and is typically visible on the surface of the material [29]. Areas B and C (Fig. 3.13b) showed
the presence of an edge dislocation which is marked by the addition of an extra atomic plane. A
edge dislocation can also occur in areas in the material where atoms are not properly arranged,
thus introducing localized regions of tension or compression. Therefore, the energy in the

material is increased and can promote the movement of dislocations. Dislocations are found to
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slip in directions which require the least amount of energy expenditure. This direction is along

the most close-packed crystal planes, which are the (111) planes for FCC materials [29].
3.4.3 Wet Chemical Etching Discussion

3.4.3.1 Average Etch Pit Density

The averages of the etch pit density counts from the Nakagawa and Everson etched samples were
compared with a few studies from the literature. Previous work showed Nakagawa EDPs to
range from 1.12 x 10* cm?[33] to 1.5 x 10" cm?[34] and the Everson etch pit density counts to
range from 0.5 x 10* [35] to 5.0 x 10* [36]. The experimental results for the Nakagawa and
Everson etch are shown to have a discrepancy with the values observed in the literature. The
literature [33, 34] showed a much higher value than the average experimental value of 88 to 199
cm? observed with the Nakagawa etch. Additionally, the Everson etch average experimental
values of 7.69 x 10* to 1.21 x 10" cm? appear to be larger than the values in previous studies [35,
36]. This discrepancy has several possible origins including: (1) operator discrimination of an
etch pit candidate, (2) method of EPD counting (manual or software based), (3) possible cut
misalignment from the desired crystallographic orientation and the location of each sample from

the parent boule and (4) samples have a higher density of dislocations [30].

Although the EPD counting is a fast way to get a relative idea of the surface defect density, one
of the principle drawbacks of this method is the subjectivity and reliance on the operator of what
is to be interpreted as an etch pit. Some of the pits, which showed up with the Nakagawa and
Everson etches, had a very crystallographic and triangular shape. However, there were many
other pits, which had slightly rounded edges and could be interpreted as a pit based on the
operator’s judgement. Due to the etchant not being isotropic, meaning it preferentially etches in
certain crystallographic directions, previously existing dust particles, scratches and dents can be
brought out by the etch making them to appear like a water droplet on the surface. Depending on
the geometry, it is up to the individual counting to accept or reject certain pits based on their
shape and surrounding morphology. In addition, the EPD count obtained in [36] was analyzed by
a software program (Image-Pro Plus v7), which is semi-automated and would have a different

discriminating algorithm and acceptance criteria than a human counting the pits.
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Burgess at al (2015) [36] also presented findings indicating that the number of etch pits’
changes depending on the mis-cut of the sample from the intended crystallographic orientation
(ie. [111] or [211]). In this experiment the samples were grown by Vertical Gradient Freeze
(VGF) (discussed in Section 2.2.1), which is a process requiring the extraction of material along
certain growth directions. It is possible that a slight mis-cut is present in the sample(s), and this
could have an impact on the pits’ number. Lastly, the samples could have been from a part of the
parent boule near the crucible wall. This area is subjected to a much higher shear stress and
thermal gradient in both the growth and solidification process that would result in a higher
density of dislocations, which in turn will increase the etch pit density count [30].

3.4.3.2 Types of Etch Pits Present in Material

The dislocation density is a representation of the crystal quality of the material and etch pits are
known to form where dislocations intersect the surface. The main dislocation formation
mechanisms in CZT are: (1) due to the presence of Te precipitates in the matrix, (2) due to
thermal stresses during cooling and (3) any mechanical damage or stress to the material during or
after the manufacturing stages [4]. The formation of dislocations in CZT is discussed in detail in
Section 2.3.1. In this experiment, ten samples from both the (111) and (211) orientations, were
etched using Nakagawa and Everson etching solutions. The Nakagawa etch showed pits which
had the same shape but came in two distinct sizes (Fig. 3.14). A hypothesis for this size variance
is that each pit is representative of two different sizes of Te precipitates in the matrix. On the
other hand, the Everson etching method showed the presence of five different types of etch pits
(Fig. 3.15). The observed difference in shape between each of the five pits can be explained by
the plastic deformation mechanism previously studied in Zn blende structures [37, 38].

According to the plastic deformation mechanism seen in Zn blende structures, the local material
deformation due to dislocations results from slip along the {111} faces with lattice propagation
directions in <110>. As stress is released into the matrix, dislocations form due to tangential and
tetrahedral glide systems which represent Burgers vectors in a surface-parallel direction and
Burgers vectors along <110> directions into the material, respectively. Figure 3.17 shows a cross
section view of (111) oriented CZT material and the dislocation orientations formed by the

tangential and tetrahedral glide systems.
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Tangential glide system Etch Pit

Figure 3.17: Model for spreading of Cd and Te dislocations throughout the material via tangential
and tetrahedral glide systems [38]
The tangential glide system, by, usually forms in six directions along the surface, radiating from
the etch pit site at an equidistant rotational spacing of 60° from one another. The tetrahedral glide
system, b, and bg, forms a three sided tetrahedral prism which extends into the material. Each
tetrahedron side is made up of a Burgers vector positioned 60° from the surface and having a
glide orientation inclined down the <110> direction and a dihedral angle of two conjoined glide
{111} planes at 70.5° [37]. Each glide system represents the formation of different types of
dislocations. The tangential slip system mainly forms dislocations half loops on the surface and
is usually activated by surface damage. On the other hand, the tetrahedral glide systems is
associated with deeply penetrating screw dislocations which sometimes slip around a local
deformation center such as a Te precipitate. The threading distances of the dislocations in this
experiment was not measured; however, Cui at al (2011) [35] showed that threading distances

into the material for all of the directions have been seen to extend up to 18 um.

No tangential glide systems, characterized by etch pits radiating in a rosette shape anywhere on
the surface, were observed in this experiment. However, five different types of pyramidal shaped
etch pits, associated with tetrahedral glide, were seen in the material. Tetrahedral glide systems
represent screw dislocation half-loops, characterized by dislocations which have segments going
both on the surface and into the material, which propagate deep into the CZT matrix. They can
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be distinguished as deeper pyramid pits with clearer etching steps [37]. This type of pit made
up about 85% of the Everson pits observed in this experiment (Fig. 3.18).
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Figure 3.18: Examples of etch pits representing tetrahedral slide systems observed during the
experiment in both (111) and (211) oriented CZT samples
Previous Everson etch pit characterization work by Y. Xu et al (2012) [37] showed that different
etch pits can be distinguished by the slant of their apex, and that the direction of the apex slant
can also be correlated to a dislocation threading along a particular crystal plane direction [37]. Y.
Xu at al (2012) [37] additionally showed that the highest density of dislocations orientations in
CZT are along the <211>, <131>, <111>, <151>, <031> and <110>, with <211>, <111>, <151>
and <031> directions. The dislocation threading direction associated with an etch pit can be
determined with the help of a pole figure (Fig. 3.19). A pole figure is a stereographic projection
of the [111] plane. The ratio between tetrahedral vertices and the apex of each etch pit can be
measured and then that can be matched to a location on the pole figure with the same ratio. The
experimentally measured apex location matched onto the pole figure determines the dislocation
threading direction. Figure 3.19 shows four etch pits from the experiment which were matched to

the (111) pole figure reinterpreted from [35].
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Figure 3.19: Dislocation direction assignment of four etch pits in [111] oriented samples (left) and
[111] pole figure used for assignment (right). Figure adapted from Ref. [35]
Additionally, triangular shaped etch pit clusters revealed by the Everson method (Fig. 3.20) have
been shown to represent tetrahedral glide prisms forming due to the intersection of multiple

tetrahedral glide systems in areas of high material strain.
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Figure 3.20: Three examples of a triangular cluster of etch pits found in the material studied in this
thesis, which has been shown to form on top of Te precipitates, which are below the surface of the
material [37]

Previous work showed that these areas of high material strain coincided with a Te precipitate
embedded in the sub-surface matrix. The Te precipitates distort the matrix, inducing stress,
which is relieved by the formation of dislocations. Therefore a link between the number of etch
pits and the density of Te precipitates has been established. Although the observed etch pit
triangle clusters were not excavated in order to confirm the presence of Te precipitates, previous
work using IR transmission microscopy images taken at etch pit sites, have shown that these

clusters correspond with Te precipitates [37].
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Chapter 4

Electronic Characterization

4.1 Theory
4.1.1 Photoluminescence

Photoluminescence (PL) in solids is the phenomenon in which the electronic states of solids are
excited by a light source of a particular energy and the excitation energy is released back in the
form of light [39]. The excitation source, typically a laser, is chosen to have a higher excitation
energy than the band gap of the material. The laser is directed at the surface of the sample where
the incident beam is partially reflected, absorbed or transmitted by the material. When the
incident beam is absorbed, the excitation photons stimulate electrons from the valance band to
the conduction band or to an energy state within the band gap, E; [40]. An oppositely charged
electron-hole pair forms and is weakly bound by an electrostatic Coulomb force interaction. This
is known as an exciton. When excitons recombine, photons are emitted from the surface of the

sample and the resulting emission spectrum is recorded as photoluminescence [41].

4.1.1.1 Bound Excitons and Variation in Spectral Emission Intensity

Since a direct conduction band-to-valence band recombination is not frequently observed,
emissions have energies smaller than the band gap of the parent material. This is due to the
presence of vacant lattice sites, impurities and defects in the material which act as traps for
charge carriers. Defects and impurities perturb the band structure locally by acting as
discontinuities in the lattice. These can be characterized by a disturbance in a discrete energy
level which lies in the band gap. Depending on the type of defect or impurity, the state will act as
a donor or acceptor of excess electrons in the crystal due to Coulomb binding. Variation in the
Coulomb binding energies exists as a result of the different effective masses of holes and

electrons [41].

PL measurements, especially bound exciton luminescence, are used to check for residual
impurities in high purity compound semiconductors because the impurities show sharp emission
lines at known energy positions [42]. When an exciton encounters a defect in the material, it can

decrease the energy of the exciton and bind it to the defect. When excitons become trapped, they
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are referred to as bound excitons, which have lower emission spectra than free excitons. The

types of bound excitons observed in CZT are summarized in Table 4.1.

Table 4.1: Bound exciton types, composition and PL emission energies present in CZT [43, 44]

Sombol . c - PL Emission
ymbo ype omposition
Energies (eV)
Exciton bound to ionized Donor ion, an electron and
(D*, X) 1.590-1.592
donor a hole
Exciton bound to neutral ~ Donor ion, two electrons
(D% X) 1.592 - 1.595
donor and a hole
@4 %) Exciton bound to ionized  Acceptor ion, an electron Not observed in
’ acceptor and a hole CZT
Exciton bound to neutral ~ Acceptor ion, an electron
(A%, X) 1.5890-1.588

acceptor

and two holes

Additionally, the binding energies required to trap a free exciton also depend on the zinc molar

concentration. They have a linear relationship described by Vegard’s law and vary between 10

meV for CdTe and 13 meV for ZnTe. The emission lines due to bound excitons tend to have a

narrower line width than those due to free excitons as a result of increased localization.

Donors and acceptors are also characterized by their energy within the bandgap. A diagram of

several recombination processes, which can be detected in 4% CZT, is shown in Fig 4.1.
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Figure 4.1: Energy level diagram for various radiative transitions in Cd;,Zn,Te (x = 4%),
reinterpreted from [45]

Sometimes, if the binding energy is too great, the electron-hole pair will not have a high enough

energy to be emitted from the crystal as a photon, so it will be released as a phonon.
4.1.1.2 Excitation Intensity and Temperature Dependence of Photoluminescence

Variation in the PL intensity as a function of excitation intensity and temperature can be used to
further characterize electronic states and bands. The excitation intensity controls the density of
photo-excited electrons and holes, which govern the behaviour of those carriers [41]. When the
carrier density is low, the spectrum is dominated by discrete defect and impurity sites. By
varying the laser power, using neutral density filters of increasing strength, the plot of log(PL

intensity) vs. log(laser power) can be analyzed to determine the nature of the PL emission.

Temperature also affects the PL emission. The PL signal is largely dependent on the temperature
due to the effects of thermal activation. As the sample temperature increases, excitons dissociate.
[41]. Increases in temperature result in a reduction in radiative recombination of carriers due to
the dissociation of excitons and increasing rates of competing nonradiative recombination

processes. When the temperatures are low, the carriers get trapped at a localized state. When
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recombination occurs, the energy is emitted as PL and the wavelength of the emission can be

used to determine the energy of the defect or impurity level.

4.2.1 Hall Effect in Semiconductors

The Hall Effect experiment is a powerful method for measuring the electrical properties of a
semiconductor. This measurement allows for information gathering regarding carrier
concentration, mobility and the sign of the carriers. The carrier concentration and mobility can be
used to calculate the conductivity of a semiconductor material. The Hall Effect is observed when
a semiconducting material is placed in a z-pointing magnetic field with applied current along the
sample’s surface (y-direction). When a magnetic field is applied perpendicular to the direction of
the flow of carriers, a potential difference appears in a direction which is normal to both the
current flow and the magnetic field (x-direction) [46]. Figure 4.2 shows the basic schematic of
the Hall Effect.
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Figure 4.2: Schematic of the Hall Effect observed in semiconductors placed in a magnetic field

The electrical field is applied by placing four contacts on the sample’s surface, one at each
corner and connecting two of them to a current source. The Lorentz Force (qv X B) exerted due
to the magnetic field acts on each electron in a direction which is normal to both the direction of

the flow of carriers and to the magnetic field. Since no current can flow in the x-direction, an
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electric field, known as the Hall field, balancing the Lorenz force is created and this can be

expressed using Equation 4.1.
= —( X B) = ! B X 4.1
&r = Van - qn ( ]) .

In this equation, the transverse Lorenz force is er, the velocity of the carriers is vg,, the
magnetic field is B, q is the charge, n is the number of carriers and J is the current density. The
potential voltage, known as the Hall VVoltage, can be measured at the sides of the sample. Once
the transverse electric field is known, the Hall coefficient can be determined. The Hall
coefficient is a measure of the density of carriers in a semiconductor. The Hall coefficient, Ry,

can be found using Equation 4.2, where J,, is the current density.

R. = ler| ___1 4.
LBl gn '

When the Hall coefficient is also combined with the conductivity (or resistivity) measurement,
the majority carrier density and mobility can be calculated. Additionally, whether the material is
p- or n-type can be determined, by the positive or negative sign of the Hall voltage, Vyai [46].

4.2 Experimental Method
4.2.1 Photoluminescence
4.2.1.1 Room Temperature Experiment Set-up

The room temperature PL experimental set up used was comprised of a 532 nm green laser
(Spectra-Physics Model 7950-L104), height adjustable stage, two optical lenses, a 590 nm long

pass filter and a fibre optic cable attachment as seen in Fig. 4.3.
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Figure 4.3: Photoluminescence set up used for room temperature experiments

The sample is excited using a pulsed laser (20 ns long pulses), consisting of a diode-pumped
frequency doubled YLF laser with an average power of SmW. The first lens (Lens 1) has a 4.5
cm focal length which is coincident with the height of the sample stage. Lens 1 collimates the
signal into Lens 2, which is positioned ~5.0 cm above it. The second lens has a focal length of
19.5 cm and is placed at this exact distance from the fibre optic cable inlet. Before the signal
reaches the fibre optic cable, a 590 nm filter is used to attenuate the laser signal. The intensity of
the laser signal must be decreased, as it results in over excitement and saturation of the InGaAs
detector array (Roper Scientific Model 7410-0003). The InGaAs detector array used has 300mm

focal length, a 600 g/mm or a 1200 g/mm setting and a near infrared wavelength spectrum.
4.2.1.2 Low Temperature Experimental Set-up

The PL laboratory experimental set up was reconfigured for use at cryogenic temperatures. The
samples were placed onto a copper holder and temporarily glued on using an Apiezon cryo-
grease product. The holder was screwed into the base of the Advanced Research Systems Inc.
cryo-column where the samples were cooled to 9 K using a Helium-based refrigerator. The low

temperature PL set up is shown in Fig. 4.4.
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Figure 4.4: Low temperature photoluminescence experimental set up

The cryogenic column is kept at a high vacuum by a two-stage pumping system. A scroll pump
(Franklin Electric Model 1201006408) is used to evacuate the majority of the air, and then a high
vacuum (~107 Torr) is achieved by using a turbo molecular pump (Seiko+Seki Model STP-30).
A high vacuum is needed to remove any residual gas species as any water vapour or air will
freeze in the column. The experimental set up allowed for mounting four samples at a time. A
532 nm green laser was used to excite each CZT sample with a 5 second integration time. The
PL emission was collected using the same two lens and 590 nm filter configuration used with the
room temperature experiment. The spectrometer was operated in the high resolution 600 g/mm
grating mode.

The first experiment was used to study the effect on the PL emission of varying the laser power
and recording the PL intensity. Six neutral density filters were used in succession to reduce the
average power of the green laser from 5 mW to 0.75 mW, and a spectrum was obtained at each
laser power. The neutral density filters used allowed the transmission of 97%, 81%, 63%, 60%,
25% and 15% of the laser power for each reading. The second experiment studied the behaviour
of the PL spectra as the temperature was raised from 9K to 300K. A PL spectrum was obtained
at 11 temperature points. The PL intensity as a function of temperature plots were used to
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determine the activation energy of each peak, which is a measure of the energy required to

delocalize a carrier particle from a trap.

4.2.2 Hall Effect in Semiconductors

The Hall coefficient for a semiconductor was measured by fastening the sample into a van der
Pauw device. Three van der Pauw devices were manufactured using two [211] oriented samples
and one [111] oriented sample. The van der Pauw devices were made by mounting each sample
on a glass slide using double sided tape. An electric contact port, used to deliver current to the
sample, was then bonded onto the slide using 50/50 mix of JB Weld (steel) and JB Weld
(hardener) bonding cement. Silver-filled electrical epoxy resin (EPO-TEK-EE129-4) was used to
make electrical contacts on the samples, which were also connected to the electrical plug-in. Fig.

4.5 shows the experimental set-up and a sample van der Pauw device.

b)j'_uca &~ Glass Slide

Metal Contact

Electronic
Plug-in

Figure 4.5: (a) van der Pauw I-V control unit and magnet and (b) van der Pauw device showing
sample mounted on glass slide with four contacts
The copper wires had to be stripped of any insulation to ensure that there was a good electrical
contact between the silver epoxy and the sample. This was done by using a gas torch to burn off
the insulation. Any remaining parts of the insulation were stripped away by using a Brillo steel
wool pad. The Hall I-V control unit (Fig. 4.5a) was connected to a programmable current source
(Keithley 220) and a volt meter (Keithley 197 Microvolt DMM). The samples were placed in a

dark box and the lights in the lab were turned off to avoid any photoconductive and photovoltaic
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effects. Two additional samples, both in the [111] orientation, were made into van der Pauw
devices using thinner copper wire, also stripped of insulation, and an Indium contact paste. These
were found to be unsuccessful in producing functional contacts and were not used in the

experiment.
4.3 Results
4.3.1 Photoluminescence

Photoluminescence was used to study the optical properties of the CZT samples. Room
temperature experiments were used to get information about the band gap of the material, which
can be used to calculate the Zn concentration. Low temperature experiments were performed in
order to study the band structure of the material and to characterize and identify the type of

defects and impurities present in the material.
4.3.1.1 Room Temperature Study

Room temperature PL emissions were collected. Each reading was fitted using an intrinsic direct
band gap luminescence model in order to calculate the band gap of the material, Eg [47]. The
band gap was used to determine the local Zn concentration and its variation in the samples. CZT
is a direct band gap semiconductor, which has a PL spectrum made up of band-to-band
transitions, I2,, and below band gap luminescence intensity, I¢,, which is proportional to the
localized density of states. Equation 4.3 models the PL intensity under ideal conditions for direct

energy band gap semiconductors with a parabolic band edge [47].

A(hw)?(ho — Ej)?e "~ Ea)/tepTe)
IIIDJL(h(U) = hw > Egy 4.3
0,hw < E,

In this expression, I5,,is the PL intensity from the band-to-band transition, hw is the photon
energy, E, is the band gap, T, is the effective temperature (298 K), kj is the Boltzmann constant

2
(1.3806 x 10723 ";2—';") and A is a proportionality parameter. This model assumes that no

emission is present below the energy gap. However, there is always some residual light emission,

which can come from the band tail states induced by disorder, localized defects and bound
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excitons [47]. This part of the emission correlates with the localized states within the energy
gap. In the case where the below the gap luminescence, I§,, is proportional to the localized

density of states, this can be expressed in Equation 4.4 [47].

0,hw > E,

g, (hw) ={N, ["*-Eg
pu(ho) E—ee[ Eo ],ha) < E, 4.4
0

In this expression, 1§, is the below-gap luminescence intensity, N, is the localized density of
states and E|, is the exponential decay fitting parameter. The combination of the two contributing

factors to intensity models the full PL spectrum as expressed in Equation 4.5 [47].
Ip, (hw) = 1§, (hw) + 1§, (hw) 45

There are four fitting parameters in this equation. The collected data from all samples was
analyzed according to Equation 4.5 to determine the values of A, E;, N,, and E,. This fit was
first tried but was found to contain a discontinuity at the band gap value, E;. A modification was

added to the model to then convolute the two signals (Equation 4.6), instead of adding them as
per Equation 4.5.

Ipy(hw) = 1B, (hw) * 1§, (hw) 46

The convoluted fit was found to better describe the experimentally obtained data and removed
the discontinuity at E;. For CZT, the values of the band gap are directly related to the Zn

concentration according to Equation 4.7 [47].

E, (eV) = (1.494 + 0.005) + (0.606 + 0.010)x + (0.139 + 0.010)x? 47

This equation is valid for band gaps at a temperature of 280 K.

4.3.1.1.1 Zinc Concentration

The Zn concentration for all 29 samples was calculated. A representative PL spectrum of sample
B is presented, in Fig. 4.6, where the curve fit by Equation 4.5 is shown and compared with the
improved curve fit from Equation 4.6.
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Figure 4.6: Example room temperature fitting analysis for calculating Eg in Sample B (black,
Equation 4.6 fit), and comparison to the improvement from Equation 4.5 (red and blue) showing
the previous fit compared with the raw data (orange)
The convolution fit (Equation 4.6) was found to be an improvement from the original fitting
method (Equation 4.5) due to the removal of the discontinuity at the band gap, Ey. Sample

convolution fits are shown for Sample L [211] (Fig. 4.7) and Sample S [111] (Fig. 4.8).
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Figure 4.7: Sample L [211] convolution fit Figure 4.8: Sample S [111] convolution fit



The corresponding values of A, E,, N,, and E, for all 29 samples are given in Table 4.2.

Table 4.2: Room temperature PL fitting parameters used in band gap calculation

56

Sample A E, N, E,

A PL signal too weak for curve fitting

AA 2.6 x 10° + 32 1.508 + 0.002 221+0.2 0.016 + 0.002
B 1.8 x 10° + 107 1.510 + 0.002 22.16 £0.8 0.016 + 0.002

BB 1.5x 10" + 94 1.511 + 0.002 16.77 £ 0.6 0.015 + 0.002
C 1.5 x 10° + 25 1.501 + 0.002 0.15+0.3 0.054 + 0.002

CcC 1.3 x10" + 65 1.509 + 0.002 1417+ 0.4 0.015 + 0.002
D 1.3x10" + 83 1.509 + 0.002 941+0.6 0.015 £ 0.002
E 1.0x10*+71 1.509 + 0.002 10.91+0.5 0.018 + 0.002
F 1.6 x 10* + 102 1.509 + 0.002 20.25+£0.7 0.017 £ 0.002
G 1.3x 10" + 82 1.506 + 0.002 15.08 + 0.6 0.013 + 0.002
H 1.9x 10* + 110 1.510 + 0.002 21.77+0.8 0.015 + 0.002
I 1.9x 10* + 114 1.510 + 0.002 23.09+0.8 0.014 + 0.002
J 1.6 x 10" + 100 1.509 + 0.002 19.04 £ 0.7 0.016 + 0.002
K 2.2 x 10% + 132 1.509 + 0.002 274109 0.015 + 0.002
L 1.5x 10 + 95 1.510 + 0.002 17.47+0.7 0.013 £ 0.002
M | 26x10°+151 1.511 +0.002 3158 +1.0 0.015+ 0.002
N 1.9x 10" + 117 1.511 + 0.002 24.01+0.8 0.015 + 0.002
O 4.1x10°+ 36 1.510 + 0.002 351+0.2 0.016 + 0.002
P 4.0x10°+ 33 1.510 + 0.002 4.43+0.2 0.015 + 0.002
Q 3.0x 10° + 35 1.508 + 0.002 2.24+0.2 0.012 + 0.002
R 3.8x 10° + 32 1.508 + 0.002 3.92+0.2 0.013 £ 0.002
S 3.6 x 10° + 36 1.508 + 0.002 3.16+0.2 0.014 + 0.002
T 35x10°+31 1.509 + 0.002 4.03+0.2 0.014 + 0.002
U 1.8 x 10" + 107 1.507 + 0.002 20.61+0.8 0.014 + 0.002
\Y 1.2x10*+ 76 1.508 + 0.002 12.13+ 0.5 0.015 £ 0.002
wW 1.3x10*+81 1.509 + 0.002 13.72+ 0.6 0.016 + 0.002
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Sample A E, N, E,
X 1.1 x 10" + 68 1.509 + 0.002 12.36 £ 0.5 0.016 + 0.002
Y PL signal too weak for fitting
Z 1.3x 10"+ 83 1.509 + 0.002 1421+ 0.6 0.015 + 0.002

The curve fittings, improved through convoluting the signals, for the room temperature PL data.

This improved fit produced good results shown by the small errors observed in the fitting

parameters A, Eg, N, and Ej. The only outliers in the fitting were for Samples A and Y, which

had a very weak PL signal which could not be fitted.

A low PL intensity is observed in cases where the sample has surface damage or the presence of

defects. The data from Table 4.2 was used to calculate the Zn concentration (%) for all samples
(Fig 4.9a) using Equation 4.7. The Zn (%) data is presented for all [111] and [211] samples in
Fig. 4.9a, and then each growth orientation is shown separately in (Fig. 4.9b) and [211] (Fig.

4.9c).
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Figure 4.9: Zinc (%, molar) concentration spread for all 29 samples (left) and this same data
repeated separating the growth directions [111] (top right) and [211] (bottom right)
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The Zn (%, molar) concentration was found to vary from 1.17% - 2.87% in the overall sample
population. The Zn concentration range for the two growth directions were 1.17% - 2.62% and
1.97% - 2.87% for the [111] and [211] samples, respectively.

4.3.1.1.2 Photoluminescence Zinc Concentration Mapping

The uniformity of the local Zn concentration was mapped for eight samples. The height
adjustable stage in the room temperature PL set up was equipped with a two-dimensional
micrometer translation stage. Each sample was examined using nine spots all located 0.3 mm
away from one another. The band gap energy of each emission was analyzed using Equation 4.4,
Equation 4.5, and the Zn (%, molar) concentration was calculated using Equation 4.7. Contour

maps of the Zn distribution for each sample are shown in Fig. 4.10 to Fig. 4.17.
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Figure 4.10: Zn (%) distribution contour map of
Sample W, [111]
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Figure 4.11: Zn (%) distribution contour map of
Sample Y, [111]
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Figure 4.14: Zn (%) distribution contour map of
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Figure 4.15: Zn (%) distribution contour map of
Sample F, [211]
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The results indicate that some of the samples showed a large variation in the zinc concentration
and some did not. Although these are bulk single crystals, sometimes micro-polycrystallinity

exists in localized areas [4].
4.3.1.2 Low Temperature Study Results

The low temperature PL spectra had six to seven emission peaks at different energies. The peaks
were resolved using a multi-peak fitting function in IGOR Pro which allowed for calculating the
FWHM. Each spectrum was loaded into the program and then each peak was resolved using a
Gaussian or Voigt distribution function. PL spectrum for sample R obtained at 9 K is shown in

Fig 4.18 as an example.
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Figure 4.18: PL spectrum of sample R obtained at 9 K. (top) Residual plot showing peak fitting
quality, (middle) PL spectra of the sample (red) overlaid on the sum of the Gaussian analysis results
(blue); and (bottom) peaks used to produce curve fitting equation
Seven peaks, shown in the bottom graph of Figure 4.18, were used to resolve the data from a
typical PL low temperature spectrum. The top graph shows the residual plot, where a better
quality of the fit results in the least amount of fluctuation. This example spectrum had a very

good quality fitting result.

In order to determine the type of emission from each PL peak (donor-acceptor pair (DAP), free
exciton or excitonic), the PL intensity was analyzed by varying the laser intensity. This
information was used to determine which fitting function, Equation 4.8 or 4.9, was to be used
when the PL intensity was studied by observing any changes while increasing the temperature.

The value of studying how the PL intensity changes with temperature is calculating the binding
energies of donors and acceptors. The temperature dependence of the integrated intensity, 1(T,),
is expressed by the excitonic Arrhenious fitting function in Equation 4.8 [48].

Iy

I(T,) = I 48
(1 + C1 * exp(— ﬁ)
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In the excitonic Arrhenius function (Equation 4.8), | is the highest point on the y-axis, C; is a
fitting parameter representing the process rate, E; is the activation energy, and T, is the
temperature the experiment was performed at. Although this function has been found to fit the
data well in higher temperature ranges, it has been shown to be poor over a large temperature
range. However, this function was suitable for fitting the data for the excitonic emissions because
of their higher recombination energies, when compared to DAP emissions. These higher
recombination energy excitonic peaks are less affected by thermal quenching and still remain
detectable at higher temperatures [48].

For DAP emissions Equation 4.9 required two modifications to produce an accurate fit: (1) DAP

emissions are detectable at lower temperatures so a second activation energy and process rate

parameter was added (¢1T%) to increase the flexibility and sensitivity of the fit at lower
temperatures and (2) the change in PL intensity as a function of electron/hole density (N,;), and
the radiative recombination probability of DAP (Cpa) Was considered into the analysis. It has
been shown that as the temperature is increased, the temperature dependence of both N,, and
Cpa is determined by the thermal velocity of free carriers and the temperature dependence of the
capture cross sections of the defects. Previous experiments have also shown that N,, and Cpa =
~T*2 have given a reasonable approximation and this results in the DAP Arrhenius fitting
function used for DAP emissions and shown in Equation 4.9 [48].
Iy

3 3 —
(1+ 177 + $,T7 » exp(79)

4.9

I(T) =

In the DAP emission fitting function shown in Equation 4.9, |y is the highest point on the y-axis,
¢, and ¢, are fitting parameters, T is the temperature the experiment was performed and E; is
the band gap. The equations for excitonic and DAP emissions used were manually added into the
IGOR software package to build the fitting functions.
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4.3.1.2.1 Low Temperature PL Emission Spectrum

The PL spectrum of Sample R was studied at 8K. The results from the power and temperature
dependence studies and literature [21, 49] were used to identify the type of emission present and

to assign each PL peak (Fig. 4.19).
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Figure 4.19: Identification of the PL emission peaks in sample Sample R at 8K

The low temperature emission spectra showed the presence of a free exciton (F,X) at the highest
range of the energy scale (1.619 eV), followed by a donor bound exciton (D,X) and acceptor
bound exciton (A,X) emissions around the 1.611-1.614 eV positions. The (A,X) emission is
more dominant with p-type material. The X-LO and (A,X)-LO peaks are attributed to
longitudinal optical phonon replicas and were determined by the incremental spacing from the
(F,X) and (A,X). The donor-acceptor peak (e,A) and (A,X)-2LO peaks were noted in the 1.567
eV range. The (A,X)-2LO photon replica peak appeared in double the eV away from the (A,X)
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peak. No signal was observed in the PL spectrum between 1.53 eV and 1.3 eV. Lastly, for the

lowest range in the eV spectrum, the 1.1 eV peak was consistent with a Te vacancy, Vre.
4.3.1.2.2 Laser Power Intensity Measurement

Sample R was used for the laser power intensity measurement. Equation 4.10 [41, 50] shows the
change in the PL spectra as the laser energy is gradually decreased from 5 mW to 0.75 mW using
neutral density filters. A neutral density filter (ND) is a glass filter placed in front of the
excitation power source which allows only a set percentage of the excitation to pass. The amount
of excitation power which passes is denoted by the ND number (i.e. ND 97 allows 97% of the

excitation power to pass).

PL Intensity o PY 4.10

In this expression, P is the laser intensity and y is an exponent which describes the rate at which
the PL intensity increases with increasing excitation power. The y exponent depends on the
nature of the radiative recombination process, and different processes can be categorized based

on the value of y. A plot of the PL spectrum as a function of laser power is shown in Fig.4.20.
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Figure 4.20: Power dependence study for Sample R showing changes in peaks with decrease in laser
power. The decrease in power is achieved with a smaller number of the ND filter
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As the excitation power was decreased, the intensity of the PL emission also decreased.
Additionally, the peaks were noted to blue shift, moving right on the energy axis, as the power
was decreased. The plots of log(PL Intensity) vs. log(Power) were linear for each peak in the
spectrum indicating that the PL Intensity is a power law function of the excitation intensity. The
exponent, », in the power law provides information on the nature of the centre or defect that is
emitting [43, 50]. For example a donor-acceptor pair (DAP) recombination is characterized by an
exponent between 0 and 1, a free exciton has a slope of 1 and an excitonic emission has a slope
between 1 and 2 [50, 51]. The fits for all the peaks are shown next in Figure 4.21 to Figure 4.27.
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Figure 4.21: Power dependence fit for 1.547 eV Figure 4.22: Power dependence fit for 1.570 eV
peak donor acceptor pair (DAP) peak
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Figure 4.27: Power dependence fit for 1.619 eV free exciton (F,X) peak

Table 4.3 summarizes the type of emission which was observed for each energy level.

Table 4.3: Summary of emission types observed at different peak energies

Peak Energy [eV] Slope Type of Emission Peak Identification
1.547 05+0.1 Donor-Acceptor Pair -
1.570 05+0.2 Donor-Acceptor Pair DAP
1.588 0.8+0.1 Donor-Acceptor Pair (A,X)-LO
1.598 11+0.2 Excitonic X-LO
1.610 1.2+0.2 Excitonic (A,X)
1.614 1.2+0.2 Excitonic (D,X)
1.619 1.0+£0.2 Excitonic Free Exciton

The results show that the 1.547 eV, 1.570 eV and 1.588 eV peaks are due to DAP recombination,
and the 1.598 eV, 1.610 eV, 1.614 eV and 1.619 eV peaks are excitonic in nature. In DAP
recombination events, the change in PL intensity due to a variation in the laser intensity is
dependent on impurity related recombination. In the excitonic emission, only a small number of
free electron-hole pairs form excitons, while most photo-excited carriers recombine with donor

or acceptor defect states [50].
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4.3.1.2.3 Temperature Dependence Curve Fit Plot

Sample R was used to study the temperature dependence on the PL emission. A spectrum was
recorded at eleven different temperatures ranging from 9K to 300K. Fig. 4.28 and Fig. 4.29 show

the change in the PL spectrum as the temperature was increased.
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Figure 4.28: Temperature dependence plot of spectrum from 9K to 300K for Sample R
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Figure 4.29: Tellurium vacancy temperature dependence spectrum plot from 9K to 220K
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Each peak was analyzed depending on the type of emission as previously shown in Table 4.3
and the data was then curve fitted using Equation 4.9. The curve fittings for all DAP emissions
are shown in Fig. 4.30 to Fig. 4.34.
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Figure 4.30: DAP Arrhenius fitting function Figure 4.31: DAP Arrhenius fitting function results for
results for Te vacancy peak at 1.11 eV the peak at 1.24 eV
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Figure 4.32: DAP Arrhenius fitting function Figure 4.33: DAP Arrhenius fitting function results for
results for the peak at 1.54 eV the donor acceptor peak (DAP) at 1.56 eV
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Figure 4.34: DAP Arrhenius fitting function results for the longitudinal optical replica (A,X)-LO peak

The fitting parameters which were used for the DAP emission fit are also summarized in Table
4.4,

Table 4.4: Fitting parameters for each energy of the DAP Arrhenius spectra (Fig. 4.30 to Fig. 4.34)

Energy [eV] lo D &, Eq[meV]
1.110 1985 + 145 0.0 +£0.002 02+0.1 9 +0.002
1.240 407 + 33 0.0 £0.002 0.3+0.2 9 +0.002
1.540 9.3+05 0.006 £+ 0.001 0.2+0.2 17+6
1.560 46+1 0.014 +0.0007 8+18 41+ 14
1.588 3+9 03+0.1 01+0.2 2%5

The curve fittings with the DAP Arrhenius function produced acceptable error margins for
almost all fitting parameters. The fittings functions for the activation energies, E4, showed larger
error values which can be attributed to software limitations in the minimization process.
Additionally, both of the fitting parameters ®; and ®, were found to be zero for the 1.110 eV
and 1.240 eV peaks. This can be interpreted to mean that there is no temperature dependence on
the band gap. The excitonic emissions were fitted with Excitonic Arrhenius (Equation 4.8) and

the curve fitting for the Excitonic emissions are presented in Fig. 4.35 to Fig. 4.38.
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Figure 4.35: Excitonic Arrhenius fit for the 1.59 eV
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The fitted parameters for each of the excitonic peaks are also summarized in Table 4.5.
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Table 4.5: Fitting parameters from the Excitonic temperature dependence fit using Equation 4.8
(Fig. 4.35 to Fig 4.38)

Energy [eV] lo Cy Ei[meV]
1.590 13+1 14+0.2 26+ 9
1.610 274 + 11 295 94 +4
1.614 50+1 173+ 72 156+ 1
1.619 53+0.3 600 + 1700 420+ 20

4.3.2 Hall Effect in Semiconductors

The Hall Effect in semiconductors was used to calculate the resistivity, density of carriers and
the mobility of carriers in three samples (J, 1 and U). Each sample was examined by being
mounted onto a van der Pauw device and connected to a current source via four electrical
contacts placed at each corner. The contacts are labeled 1 through 4 in the counter-clockwise
direction. A current is applied between contacts 1 and 2, 112, and the voltage is measured between
contacts 3 and 4, V34. This experiment is repeated four times for each sample, and each time
another two contacts are used for the current (l12, o3, l34, and l14) and for the voltage (Vi2, Va3,
Va4, and Vi4). The results were recorded using LabView 6.0. Each current vs. voltage
configuration was plotted and used to calculate the resistivity of each sample. The recorded I-V
curves of Sample J (Fig. 4.39a), Sample | (Fig. 4.39b) and Sample U (Fig. 4.39c) are presented.
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Figure 4.39: (a) 1-V curves used to calculate the sheet resistance in Samples J, (b) Sample | and (c)
Sample U

According to the van der Pauw method, two measurements of resistivity are obtained. These are
shown in Equation 4.11 [46].

_ R41,32 + R14,23 + R23,14- + R32,4-1

Ry
4
4.11
_ R3p24 + Ryz12 + Rizaz + Ry 34
5=
4

From the knowledge of the values for R, and Rz and the material thickness, d, the sheet
resistance, Ry, can be determined. The sheet resistance is a measure of the resistivity of thin films

with uniform thickness, and is determined by the solution of Equation 4.12 [46].
_T[RA _T[RB
=1
1 ( Rs ) Tq ( Rs )

For square samples with approximate R, =R Equation. 4.12 can be manipulated to solve for the

412

sheet resistance, Ry, and the resistivity, p, as presented in Equation 4.13 [46].

_ T[d (RA+RB)
Red = In2 2

4.13

p=

where f is a correction factor for the sample’s symmetry. The second part of the experiment
involves calculating the Hall voltage. The Hall voltage is calculated using two sets of
measurements: one with a magnetic field in the positive z-direction and one with a magnetic
field in the negative z-direction. The direction of the magnetic field was reversed by flipping the

sample inside the magnet. Unlike the sheet resistance measurement in which the voltage is
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measured at terminals opposite the current ones, here the current is passed diagonally across
the sample (I3, 131, 142, 124) and the voltage is measured at the opposing diagonal terminals (Vo4
V13, Va2, V31). Eight IV curves are collected: four with the positive z-direction magnetic field and
four with the negative z-direction magnetic field, and an average of all the readings is taken to
find the Hall voltage. The positive and negative magnetic field 1-V curves for Sample J, Sample |

and Sample U are presented in Fig. 4.34 to Fig 4.42.
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calculate the Hall coefficient for Sample |
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calculate the Hall coefficient for Sample J
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Figure 4.42: Negative magnetic field (left) and positive magnetic field (right) I-V curves used to
calculate the Hall coefficient for Sample U

As can be seen by the shape of the 1-V curves, not all plots (Fig. 4.40 and Fig. 4.42) showed the
expected Ohmic linear relationship. This is attributed to non-Ohmic contacts, created by the
resistance between the deposited contacts and the sample surface. This part of the experiment
was used to measure the Hall voltage,Vy, from which the Hall coefficient, Ry, can be found
using Equation 4.14 [46].

Vyd

R, = 4.14
H= Ip

where d is the thickness of the sample, I is the current and B is the magnetic field strength. This

result is used to calculate the density of carriers, n, using Equation 4.15.

4.15

where q is the elementary charge. Lastly, the Hall coefficient and resistivity are used to
determine the mobility of carriers, u, using Equation 4.16.
Ry
p

u= 4.16

The data was analyzed using a MATLAB code which calculated the carrier density, carrier

mobility and type. The results from the experiment are summarized in Table 4.6.
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Table 4.6: Hall Measurement results for Samples I, J, and U

) ) Resistivity Density of Mobility

Sample Orientation ) 3 ) Type
[2m] Carriers [cm™] [cm“/Vs]

J 211 1.69 x 10° 2.63 x 10" 82 p-type

| 211 4.79 x 10° 4.16 x 10 184 p-type

U 111 4.00 x 10° 1.48 x 10™ 62 p-type

The sign of the Hall voltage was used to determine the carrier type. The Hall voltage was

positive, indicating all samples are p-type.
4.4 Discussion

4.4.1 Photoluminescence

4.4.1.1 Room Temperature Studies

The room temperature photoluminescence was used to calculate the molar Zn (%) concentration
in the samples by curve fitting the data for the band gap value (Fig. 4.6 and Table 4.2). The bulk
Zn concentration in the 29 samples was found to vary between 1.17% and 2.87%. The Zn
concentration variation was also observed through micro-luminescence mapping and plotting the

Zn distribution on contour maps (Fig. 4.10 to Fig. 4.17).

Deviation from the 4% Zn concentration was observed in both the [111] and [211] oriented
samples. The Zn concentration depended on the location each sample was grown at in the boule.
The principle reason for the variation of the Zn concentration is that CZT is subject to the effects
of segregation. The ratio of concentration of a given atomic species in the solid phase to that in
the liquid phase is known as the segregation coefficient, K. Segregation of different atomic
species is an issue which arises during the growth process. The segregation coefficient for Zn in
CdZnTe has a reported value of 1.35. As the value of K is greater than 1, the Zn concentration in
the solid becomes higher than that in the melt leading to a depletion of Zn in the liquid. As the
boule freezes, the Zn concentration along the boule is gradually reduced, resulting in a Zn
distribution gradient. The segregation coefficient also results in an increased concentration

gradient as the final parts of the boule solidify [52]. The last part of the boule is also most prone
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to have impurities, as each impurity compound is governed by a different K and typically will
segregate into the melt. Additionally to segregation, the Zn distribution is also affected by
changes in the growth conditions such as temperature fluctuations at the growth interface due to

convection [44]. The effects of segregation were also previously discussed in Section 2.2.2.

The samples used in this experiment all came from different larger tiles of CZT. The location in
the boule that the tiles were removed from are unknown, therefore the variation between each
sample suggests that they came from different places. Samples R and F showed the least
variation of Zn on the surface, which suggest they came from the bottom of the boule. On the
other hand, samples like Sample W, Y and BB showed a large Zn variation and likely came from
the top of the boule. This level of micro-variation in the CZT atomic lattice has an impact on
strain in the crystal because regions with a higher concentration of Zn will have locally different
lattice constants. This results in a lattice mismatch between the two closely spaced regions,
causing strain. The strain in the matrix is relieved by the formation of dislocations that lower the
photoluminescence intensity by acting as non-radiative recombination sites for carriers [4]. Also
strain shifts the photoluminescence emission energy and inhomogeneous strain will broaden

photoluminescence emission lines.

4.4.1.2 Low Temperature Results

Low temperature (Temp < 20 K) PL spectroscopy carries a lot of information about the types of
defects and the material’s band structure. At the low temperatures PL is dominated by the lowest
energy levels such as excitons which are electrons and holes bound together by Coulomb
attraction, and shallow impurities such as donors and acceptors. These states are characterized by
binding energies on the order of meV. The PL spectrum at 8 K, (Fig. 4.19) shows two energy
regions from 1.50 eV to 1.60 eV and 1.60 eV to 1.70 eV. The 1.50 eV to 1.60 eV region is the
donor-acceptor region consisting of the (D,A) transition and phonon replicas. The 1.60 eV to
1.70 eV region is the near band edge region which consists of free and bound exciton peaks. The
second part of the high resolution spectrum from Sample R, near 1.1 eV, showed the presence of

a Te vacancy, Ve, defect [4].

The PL spectrum features can be divided into two categories: sharp lines and broad bands. The

broad peaks are characteristic of radiative transitions at deep levels. Deep emissions are
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attributed to states that are well separated from the band gap edges and have a low emission
energy; thus having a broader emission peak. Sharper PL lines, which are strong and narrow,
indicate a higher quality crystal, which is stress and defect free. Dislocations are known to
reduce the PL signal and stress tends to shift and broaden PL peaks. Another feature observed in
the spectrum includes peak splitting as seen at the (D,X) emission. Previous work by T.H.
Gfroerer et al (2000) [41] indicates this is a result of thermal activation of carriers out of
relatively sparse impurity-related traps, which make up the smaller quenched peak, whereas
thermal population of the higher energy intrinsic state results in the upper peak. Impurity related
traps catch carriers and act as bound donor traps [41].

Previous studies by K. Hjelt et al (1997) [51] show that the dominant peak in CdggsZnogsTe is
the acceptor bound exciton, (A% X) peak at 1.608 eV, especially in p-type material, which is
consistent with what was observed in this experiment (Fig. 4.19). This acceptor bound peak is
considered to originate from shallow neutral acceptors. The main prominence of the (A,X) peak
is thought to originate from Cu impurities due to contamination during the growth [45] . The
donor bound exciton (D,X) peak has been reported as less prominent in 4% Zn samples and is at
1.611 eV. The free exciton peak (F,X) is seen at 1.614 eV. This peak is often not resolvable from
the (D,X) peak in lower quality material, however, it can be seen clearly in Fig. 4.19.
Additionally, the binding energy difference between the (D,X) and (F,X) peaks has been reported
to be 3 meV [43]. The results for Sample R are in agreement with this observation (F,X) 1.614
eV —(D,X) 1.611 eV =3 meV.

The (e,A) peak at 1.567 eV is considered to be the luminescence from the electrons in the
conduction band and the holes in the acceptors. The X-LO and (A,X)-LO peaks are due to the
longitudinal optical (LO) phonon replicas. The reported energy difference between the (e,A),
originating from the electron-phonon interaction, and its phonon replicas is 21 meV [44]. This is
in an acceptable agreement with the data, which showed an energy difference of 28 meV. The
shift toward this lower energy is thought to be a result of the donor binding energy [53]. The
energy gap was determined from the free exciton luminescence E4 = (F,X) + 10.6 meV, which
shows an energy gap of 1.625 eV which agrees with reported values for Zn = 0.04 material. The
energy of the acceptor level was also found to be Eq — (e,A) = 0.065 eV. This value is 6 meV
higher than previously reported work by H.Y. Lee at al (2001) [43]. The band around 1.1 eV has
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been reported to result from Te vacancies. This agrees with the observed data which showed a
peak at 1.11 eV. The DAP intensity located in the region of the (e,A) peak could not be resolved.
This weak intensity emission form this region suggests that density of shallow donors is very

low.

The origin of the peaks in the low temperature spectrum can be further understood by studying
their behaviour as the intensity of the laser is varied. The rate of PL intensity variation with a
change in excitation power, vy, was calculated by applying a linear fit to the data for each peak
(Fig. 4.30 to Fig. 4.34). The value y was used to categorize each peak emission as donor-accpetor
pair, excitonic or a free excition. Previous studies by T.H. Gfroerer (2000) [41], showed that
super linear dependence between the PL signal and the excitation power result under
intermediate excitation, indicating a transition between nonradiative and radiative recombination
regimes. The data in this case did not show this transition region, which means that it had
radiative recombination dominated at all excitation-levels [41]. Additionally, the activation
energy - used to gauge how much energy is needed for a carrier to escape a bound acceptor or
donor trap - for the (A,X) peaks was found to be 4 meV which is in agreement with previously

reported values [43].

It is observed that as the temperature increases, the intensity of the exciton luminescence peaks
decrease quickly and also shift to a lower energy due to shrinkage in the energy gap [42]. As the
temperature was raised from 9K to 16K, the (D,X) peak and the first (A,X)-LO were found to
quench immediately. At the 16K temperature, a (A2, X) peak appears in its place (Fig. 4.28),
which is related to a shallow acceptor defect. Shallow levels lie near the edge of the conduction
and valence edge and are more likely to participate in recombination [41]. As the temperature
continues to rise, the two (A,X) peaks merge and loose definition due to band broadening. At this
stage, no useful features can be further interpreted from those peaks. Lastly, as the temperature is
increased the peaks all show a red-shift toward a lower energy (Fig 4.28). The red-shift in the

peaks is attributed to the reduction in the band gap [42].
4.4.2 Hall Effect in Semiconductors

The resistivity and hole mobility results from the Hall Effect experiment were compared to other

values calculated by researchers for CdogsZnoosTe and CdogsZnoioTe material. Previous work
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showed that the resistivity for CZT with 4% Zinc was found to be 2.5 x 10*° Q-cm [53] and
the resistivity for CZT with 10% Zinc was found to be between the ranges of 4.33 x 10° Q-cm —
8.50 x 10° Q-cm [54] and 10° - 10" Q-cm [55]. In this experiment, it was found that the
resistivity of the samples varied between 1.69 x 10° Q-cm to 4.79 x 10° Q-cm, which is a factor
seven lower when compared to other 4% zinc material but was in line with the bottom of the
range previously reported for 10% Zn material. The samples showed a very low resistivity for
both the [111] and [211] orientations. CZT has been shown to have low resistivity due to: (1) Te
inclusions embedded in the CZT matrix which have a much higher conductivity than the parent
material and (2) leakage current travelling through microcracks in the material [56]. Previous
studies showed that the hole mobility for 4% zinc material was found to be 30 cm?/Vs [4] and the
hole mobility in material in 10% zinc material was found to be between 50 cm?Vs and 120
cm?/Vs [4]. It can be seen that the calculated range from this experiment had values for hole
mobility, 62 cm?/Vs to 184 cm?Vs, which were found to agree with values reported in the

literature.

Another possible contributing factor to the discrepancy with literature is the curved or
asymmetric |-V plots observed with samples J and U. These have been previously observed and
attributed to blocking, or also known as Schottky, contacts which form between the epoxy and
the semiconductor [57].
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Chapter 5

Connection Between Structure and Electronic Properties

This thesis set out to study the properties of CdogsZnoosTe using five different characterization
techniques. Up until now the results of each of the characterization methods were independently
evaluated. This portion of the discussion brings all of the information from the study together
and seeks to establish correlations between the characterization methods.

5.1 Effects of Strain on the Material Quality

Crystal lattice strain has a detrimental impact on the quality of the CZT material because it leads
to dislocations. Strain is introduced into the lattice by: (1) lattice mismatch between atomic cells
due to composition variations and/or (2) the presence of defects in the lattice, which result in
distortion (3) or temperature gradients during growth. Lattice mismatch, created by a non-
uniform Zn distribution throughout the matrix, was studied by mapping the change in Zn
concentration in the samples using room temperature (RT) PL. The Zn (%) maps were then
compared to the XRD peak shapes for each sample and it was observed that samples showing a
large variation in Zn (%) concentration also had irregular XRD peaks. This was observed with
both of the [111] and [211] oriented samples. Fig. 5.1 to 5.3 show several examples to support
this.
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Figure 5.1: (a) XRD peak shape and (b) room temperature PL map for Sample W [111]
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Figure 5.2: (a) XRD peak shape and (b) room temperature PL map for Sample N [211]
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Figure 5.3: (a) XRD peak shape and (b) room temperature PL map for Sample U [111]

Splitting of the XRD peaks has been attributed to the presence of polycrystallinity in the matrix
[30], such that areas with lattice mismatch form regions of similar local Zn concentration
resulting in the formation of many small grains with different Zn concentrations. This leads to
the development of thermal gradients and distortion in the lattice, which cause strain which
becomes relieved by dislocations. Both polycrystallinity and defects formed as a mechanism of
strain relief are contributors to lowering of photoluminescence intensity and broadening of the
emission spectrum by acting as sites for non-radiative recombination. A concentration gradient

in the Zn distribution has also been previously observed by other researchers [4, 30, 58], showing
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that the Zn concentration changes along the boule due to the effects of segregation. However,
the magnitude of the Zn concentration gradient with small areas, as studied here, had a more

profound impact on the crystal quality when compared with the overall Zn gradient in the boule.

5.2 Zn Concentration Comparison Between XRD and PL Methods

The Zn concentration in all 29 samples was calculated by two methods: (1) XRD and (2) room
temperature PL. The two methods produced different ranges for the Zn (%, molar) concentration.
The PL values of Zn (%, molar) for each sample were lower than the values calculated from the
XRD method. The Zn (%, molar) concentration from each method was plotted as a function of
the other, Zn (%) from XRD vs. the Zn (%) from PL, in an effort to look for a correlation. A line
of slope = 1 is also added to the graph showing that both [111] and [211] samples had a slope
less than 1, which indicates a lack of correlation between Zn (%, molar) from XRD and the Zn
(%, molar) from PL, (Figure 5.4).
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Figure 5.4: Plot of correlation between the Zn (%) molar concentrations found by XRD and by PL
for each of the two crystal orientations
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The results indicate that a weak correlation between the Zn concentrations from each method
exist in the [111] growth orientation as the data is scattered. On the other hand, a linear trend was
found for the Zn (%) molar concentration values in the [211] samples. Moreover, the values
obtained by XRD were in close agreement with the intended 4% Zn growth concentration.
Previous work by J. Lee et al (1994) [50] showed that room temperature PL studies were not a
highly reliable method for predicting the band gap and thus the Zn molar concentration of the
material. Room temperature measurements were generally found to produce lower band gap
values due to difficulty in defining the precise band edge, and use of different curve fitting
options used for the analysis.

5.3 Relationship between Lattice Disruptions and Electronic Broadening

A study between the FWHM of the XRD peaks and the FWHM of low temperature PL peaks
was done. This aimed to see if a relationship between distortion in the lattice and the effects of
electronic band broadening was present. FWHM broadening in XRD is caused by physical
discontinuities or defects in the lattice structure. These defects result in disorder in the atomic
arrangement which impacts the value of the Bragg angle. On the other hand, FWHM broadening
in PL and the PL peak shape, are the result of fluctuations in the bandgap caused by lattice strain
or composition variations. The impurity emission lines and shape can then be used to identify the
types of states and transitions involved in the material [59]. The XRD FWHM was plotted
against the FWHM of the (A,X), (e,A) and (F,X) low temperature PL emission peaks from
Samples E, M, Q and BB (Fig 5.5).
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Figure 5.5: Plot of XRD peak FWHM and PL FWHM low temperature emission peaks from
Samples E, M, Q and BB

This result shows that disturbances in the crystal lattice are related to defect band broadening for
certain emission peaks. The (e,A) electrons in conduction band emissions shows that as the XRD
FWHM increases, the width of the PL FWHM also increases. This means that more disorder in
the atomic lattice results in a broadening of the conduction band. However, the effect of XRD
FWHM broadening is not a strong influencing factor on the PL FWHM increase for (e,A)
emission types because the value of the (e,A) emission FWHM stabilizes quickly (~1 meV) as
the XRD FWHM increases.

On the other hand, the (A,X) bound acceptor emission trend line indicates that broadening in the
XRD FWHM has a narrowing effect on the (A,X) band because the (A,X) FWHM decreased
with the increase in XRD FWHM. This suggests that (A,X) complexes are more commonly
observed in higher grade crystals, which have a narrower XRD FWHM. Lastly, the free exciton
emission (F,X) was only observed in two of the four samples (Samples M and BB). Both
samples appeared to have a similar PL FWHM with increasing XRD FWHM, suggesting that the
distortions in the lattice do not have an effect on the free exciton peak (F,X). However, only two

data points are available for (F,X), therefore this trend carries some uncertainty.
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5.4 Relationship between Etch Pit Density and XRD FWHM

Etch pit density (EPD) is considered to be an important indicator of the crystal quality as it is
thought to represent a count of the dislocation density in the material [35]. The effect of etch pit
density (EPD) on XRD FWHM was studied. The results from each of the Nakagawa (Fig. 5.6a)

and Everson (Fig. 5.6b) etches are shown.
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Figure 5.6: (a) Nakagawa etch EPD vs. XRD FWHM broadening and (b) Everson etch EPD vs.
XRD FWHM broadening

The results of both etches showed that the density of defects generally increases with an increase
in XRD FWHM. Outlier points were observed in each of the two EPD vs. XRD FWHM plots.
The Nakagawa plot showed that Sample C (XRD FWHM ~130 arc seconds) had a very low EPD
for the highest XRD FWHM and the Everson plot showed that no etch pits were observed on
Sample M. Both the Nakagawa and Everson etching methods generally showed an increasing
EPD with an increase in the XRD FWHM.

The most probable cause for the outliers is a failed etch which can occur when the surface of the
sample remains pressed against the etching basket, thus limiting the sample’s exposure to the
etching solution. Additionally, the etch pit density was averaged by choosing two arbitrary
locations on the sample and counting the number of etch pits there. The XRD and EPD
experiments were done at different spots on the crystal which contributes to the error due to local

variations in quality. The Everson EPD vs. XRD FWHM results were compared to similar work
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by L. Burgess et al (2015) [36] and the results were found to be consistent in both cases. In
both experiments, the etch pit density increased with an increase in the XRD FWHM value.
Since both of these characterization methods are used to gauge the crystal quality of the material,
an increase in one — thus meaning a lower quality material — is consistent with an expected

increase in the other.
5.5 Cdo.g6ZNnoosTe Material Properties

Knowledge and understanding of a material’s properties are paramount to choosing the correct
material for a specific application and then exploring ways to optimize its functionality. Each of
the five characterization methods used in this study provided important information about some
of the key material properties of CZT. The properties calculated from XRD, TEM and etching
provided information about the order of the atomic lattice. On the other hand, the results from the
PL and the Hall Effect grade the electronic properties. The experimental material properties
reported in this thesis are summarized in Table 5.1.

Table 5.1: Results of characterizing CZT samples

Material Property Orientation Units Experimental Value
[111] Arc seconds 45.00 - 161.28
XRD FWHM Range
[422] Arc seconds 20.17 —138.08
[111] Percent 3.65-7.90
XRD Zinc % Concentration Range
[422] Percent 2.81 -4.68
[111] Percent 1.17-2.62
PL Zn % Range
[211] Percent 1.97 -2.87
[111] Y 1.508 —1.511 (RT PL)
Band Gap 1.625 (LT PL)
[211] eV 1.506 - 1.511
Excitonic Emission Peak Energies [111] meV 159, 11%1% 1614,
Donor-Acceptor Pal_r Peak Emission [111] me\/ 1,547, 1.570. 1.588
Energies
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Material Property Orientation Units Experimental Value
[111] Ohm-cm 4.00 x 10°
Resistivity
[211] Ohm-cm | 1.69 x 10% - 4.79 x 10°
[111] cm/Vs 62
Mobility
[211] cm/Vs 82-184
Etch Pit Density (EPD) - Nakagawa [111] cm™ 8.75 x 10*- 1.67 x 10?
Etch Pit Density (EPD) - Everson | [111] & [211] cm™ 7.96 x 10*- 1.21 x 10’

All the experimentally obtained properties in Table 5.1 provided information about the 4% Zn

material used in this thesis study. The results of this thesis showed that the values of the

measured properties between [111] and [211] samples were very similar. This means that the

[111] orientation is not preferential over the [211] orientation for use in commercial applications

such as focal plane arrays.
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Chapter 6

Conclusion

This thesis project set out to study the types of defects in CdggsZnoosTe using a variety of
experimental methodologies. A batch of 29 samples, comprised of [111] and [211] oriented
crystals, were examined using five different characterization techniques. The goal was to look
for correlations between the different techniques.

Three of the methods employed in this research — XRD, TEM and wet chemical etching — looked
at the crystallinity of the samples. XRD and TEM used Bragg’s law to gauge the deviation of the
atomic arrangement due to the presence of precipitates and defects. TEM also allowed for
visualizing the strain in the material by examining the CBED and HOLZ line patterns. Strain is a
key contributor to the challenges with crystal growth of CZT because strain in the matrix is
relieved by formation of dislocations. The method of wet chemical etching revealed etch pits on
the material’s surface at locations where the threading dislocations met the surface. These three
methods allowed for characterizing atomic disturbances in the lattice, and their effects on the

optical and electronic properties.

On the other hand, the methods of PL and the Hall Effect, looked at the electronic properties of
the material. PL allowed for examining the effect of defects and alloying on the electronic
structure. Unlike XRD or TEM, which use changes in the diffraction pattern to identify defects,
PL uses the spectroscopic signature of the defects in the lattice to identify and to characterize
them. A new way to fit the shape of the room temperature photoluminescence was developed
that should be applicable to other semiconductor materials. The peak position of the PL spectrum
did not follow the expected dependence of the band gap as a function of the Zn content. The
dependence on Zn content was significantly weaker than expected. The reason for this
discrepancy is not known. The Hall Effect showed further information about the electronic
properties of the material by calculating the resistivity and the mobility of the carriers, which are

two properties also influenced by the atomic lattice disorder.

These five distinct characterization methods were then evaluated by seeking to establish

correlations between the results which were obtained. The three main findings of the thesis
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included: (1) showing that a link between the XRD FWHM broadening existed with an
increase in EPD, (2) that the shape and position of the XRD peak was affected by the variation in
Zn concentration due to lattice mismatch and (3) the type of impact (or lack of) on the PL
FWHM with an increase in XRD FWHM.

The other insight offered by researching the theory in this thesis study was the complexity of the
crystal growth process and the paramount importance of controlling and optimizing the growth
parameters. The origination of strain and defects in the lattice are the direct result of the growth
conditions such as thermal gradients, retrograde solubility and the rates of solidification. All
three of these factors result in strain in the CZT atomic lattice. Thermal gradients result in lattice
strain due to differential thermal expansion. Other issues in CZT include the formation of Te
precipitates during the growth due to a low Cd overpressure and an insufficient Cd reservoir and
the effects of segregation cause variation in Zn concentration along the length of the crystal and

introduce strain due to lattice mismatch.

It is recommended that future work on CZT focus on the growth stage of the material as well as
exploring mitigation strategies in managing the defects in the material, some of which were
discussed in this thesis. The many applications of CZT, such as early cancer detection and
homeland security, show that there is great human benefit to further developing this technology -

the future is bright!
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Appendix A
Details of TEM Sample Preparation

1. Selecting an Area for TEM Study

Due to the limited field of view in using a Transmission Electron Microscope (TEM), a suitable
area for examination had to be selected. Three [111] oriented samples, not included in the 29
samples referenced in the other thesis experiments, were etched using the Nakagawa method.
The theory and details of performing a Nakagawa etch are discussed in Section 3.1.3. The reason
for etching the three samples first was to reveal etch pits on the surface. Notten et al (1991) [20]
showed that etch pits form at dislocations sites. By choosing a location with a high etch pit
density, the probability of studying a more defect prone region was increased. The goal of the

study was to image any visible defects in the material.

The three etched [111] oriented samples were examined using an optical microscope (Olympus
U-CMAD3 model) with a camera mount to confirm the success of the etch results. The three
etched samples were then imaged using a Hitachi S-4800 scanning electron microscope (SEM)
for a higher resolution and to select a TEM study site. Each sample was individually imaged by
being placed on a small stage and secured using copper tape. The reason for using copper tape
was to increase the conductivity of the sample, which reduces the aberration introduced by the
charge up effect. If the sample is not conductive, a negative charge builds up on the specimen’s

surface and this can result in poor image quality [15].

The SEM (Hitachi S-4800) was used to image an area with several etch pits at a 150x
magnification (Fig A.1a) and a 300x magnification (Fig. A.1b).



1.0kV 8.8mm x150 SE(M) 300um 1.0kV 8.8mm x300 SE(M) 100um

Figure A.1: SEM image showing etch pits at x150 magnification (left) and a zoomed in image at
x300 magnification (right)
The large pit with white shadowing (Fig.A.1b) was selected due to its size and flat bottomed
geometry. S.J. Pearton et al (2005) [21] showed that flat bottom pits correlate to tellurium
inclusions or an intersection of dislocations. It was determined that this pit likely marked an area

with more defects.
2 Sample Preparation Using the Lift-Out Process

Once the area of interest was identified, the next step was to use a sputtering chamber (Hummer
Anatech Ltd.) to coat the sample with a mix of gold and palladium. The reason for this
preparation step was twofold: (1) to protect the surface from damage during the lift-out and (2) to
increase the conductivity of the sample lowering the charge up phenomenon. A mix of gold and
palladium was used because the addition of palladium allows for reducing the deposition droplet
size. The sputtering chamber is flushed with argon gas which is used as a medium to deposit the
gold and palladium coating mixture. The machine was operated at 10 mA and the specimen was

kept in the sputtering chamber for a total of two minutes.

Once the sample was adequately sputter coated, the focused ion beam (FIB) (Hitachi FB-2100)
was used for the main part of sample preparation and the procedure is known as creating a “lift
out”. The Hitachi FB-2100 system used for this experiment was the single beam unit. The first
stage of the lift-out process was to align several of the available FIB beams. The FIB uses

different strengths of focused Gallium beams for imaging, coating and fabrication. The viewing
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beam allows the operator to see the sample and also has a wide range of magnification
capabilities. It works by focusing gallium ions toward the surface of the specimen, these in turn
knock out secondary electrons from the sample material, which are picked up by a detector and

used to form a back scattered image.

The beam strengths are distinguished based on the operating voltage. In the case of CZT, the
material was found to be very soft and easily damaged so low voltage beams were needed. The
purpose of each beam is specified by the FB-2100 system manufacturers. The beams are indexed
by their voltage, operation of the condenser aperture and the diameter of the aperture. The beams
used for this experiment and their purpose are shown in Table A.1.

Table A.1: FIB beams used for the TEM sample preparation and their purpose

Beam Purpose
30-0-30 Viewing beam and final finishing cuts
40-0-30 Deposition and final finishing cuts
40-0-80 Deposition
40-1-80 Rough cuts
40-1-150 Rough Cuts

The first number in the beam name is the voltage, the second number determines if the aperture
is open or closed (0 = closed, 1 = open) and the last number is the diameter of the aperture. Once
a beam was selected it had to be aligned. An iterative procedure was used to align the focus,
stigmator (XX and XY) and the aligner. The focus controls the clarity of the image and can be
tuned using a course, medium or fine setting. The stigmator corrects for the difference in focus of
the beam in the XX and XY directions. Lastly, the alignment checks for the wobble in the beam,

which is a measure of the stability.

A challenge with CZT is the softness of the material and the fact that is sustains damage during
the beam alignment procedure, especially when using the higher voltage beams. Figs. A.2a and

Fig. A.2b show the damage the sample sustained during the beam alignment.
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Figure A.2: Damage from FIB beam alignment (left) and a close up between a damaged and non-
damaged area (right)

The darker contrast rectangles in Fig. A.2a are deeper trenches which were produced by the
higher voltage beams. The towel-like structure in Fig. A.2b is due to the dissolution and

recrystallization of the material which was melted by the gallium beam.

The next stage of the sample preparation was to use the 40-0-80 beam to deposit a Tungsten
coating onto the sample to protect the surface. The deposition location was chosen to coincide
with a large etch pit in Fig. A.3a and a close up in Fig. A.3b. Additionally, this is the same etch
pit shown previously in Fig. A.2 using SEM.



Figure A.3: FIB image showing an etch pit group found on Sample 3 (left) and a close up of the
large etch pit circled in red (right)

The Tungsten deposition is controlled through a graphical user interface which allowed the
operator to draw a box at the desired deposition location. The box was chosen to be 25 x 3
microns. The depth of the deposition was 5.48 microns at a stage rotation of 17 degrees and a
beam dwell time of 60 microseconds. The main challenge faced during the deposition procedure
was large instabilities in the beam. As each of the layers of Tungsten was deposited, the beam
kept on moving slightly over the 10 minute process. Instead of depositing a large amount of
Tungsten over the focused target area, the W spread thinly over a surrounding area. Fig. A.4a
shows the beam drift and Fig. A.4b shows the final Tungsten covered area.
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Figure A.4: Unwanted W deposition outside of red box (left) and final area covered with W in red
box (right)

This issue required that multiple 10 minute passes were made to ensure that the area was

adequately covered, ensuring adequate surface protection.

Once the deposition stage was finished, the sample had to be cut and lifted out from the parent
specimen. In order to cut the sample more efficiently, beams with a higher voltage were used for
the roughing cuts and beams with a lower voltage are used for the finer and finishing cuts. The
cutting procedure implemented two deep trench cuts on each side of the sample, followed by two
smaller cuts on the other two sides. A small portion remained attached to the parent sample to
hold it in place. Fig. A.5a shows an isometric view of the sample during lift out and Fig. A.5b

shows a top view of the sample and left over material holding it to the parent sample.
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Figure A.5: Isometric view of lift out sample (left) and top view (right)

The sample cuts were made iteratively over two days (~20 hours) due to the softness of the
material, which made it very challenging to work with. The heat and abrasion from the beam
caused finer cuts to remove some material depositing it elsewhere. Another additional challenge
with this process included the viewing angles which were available due to the limited 40 degree

tilt of the FIB stage. This made it difficult to tell when a cut had been completed.

Next a holding probe was inserted into the FIB and the specimen was welded to it. Since the
probe is re-usable, the tip had to be cut into the correct shape to fit the sample. The sputtering
mode of the system was used to cut part of the probe and then bring it closer to the sample. The
sample and probe were then welded to each other using Tungsten deposition. Lastly, the sample
was cut out from the parent material and the lifted-out process was complete.

While the sample probe was still inserted in the FIB, a single tilt TEM holder (Fig. A.6) was
inserted into the machine through a secondary port. The TEM holder is equipped with a copper
grid, which was welded onto the sample for increasing the conductivity and reducing charge up
phenomenon.



area

Once the copper grid was attached, the sample was welded several more times using Tungsten to
ensure that a secure connection had been made. Due to the sample’s size, dropping inside the
machine would make it impossible to be recovered and the fabrication would have to be repeated
from the start. Finishing cuts were used to make the sample smoother and thinner. Fig. A.7a
shows a side and Fig. A.7b shows a front view of the machined sample in the TEM holder.

10 pm

Figure A.7: Front view of the sample mounted in TEM holder (left) and a zoomed out view of the
sample in the TEM holder (right)

A challenge with the finishing cuts was that due to the softness of the material, machining one
area would result in material redisposition in neighbouring areas. Very small finishing cuts had
to be made to minimize this and this resulted in extra added time in the process.
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3 Finishing Clean — lon Milling and Zone Cleaning

The sample was initially used in the TEM without first cleaning it from the Tungsten
redeposition damage; however, it was found to be both too thick for lattice imaging and it also
had too much redisposition damage from the FIB to get a clean image. Consecutively the sample
had to be cleaned using a two stage process: (1) ion milling (Fischione Model 1010) and (2)
ozone cleaning (TEM Ozone Cleaner). The sample was moved from the TEM holder onto a
circular ion milling holder. The ion milling machine used Argon gas and was used in the metal
cleaning mode due to the softness of the sample material. A 2kV voltage and 5SmA current were
used on each side of the samples for duration of three minutes each. The specimen was
transferred back onto the TEM holder and the ozone cleaner was used for 10 minutes on each

side of the sample.

This sample was used for all of the TEM experiments in included in this thesis.



