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ABSTRACT

EFFECT OF DEEP-LEVEL DEFECTS ON THE PERFORMANCE OF
CDZNTESE DETECTORS

Karaman, Mehmet Can
Master of Science, Micro and Nanotechnology
Supervisor : Prof. Dr. Rasit Turan
Co-Supervisor: Assoc. Prof. Dr. Iimer Muhsine Bilge

September 2024, 78 pages

CdZnTe-based radiation detectors are highly promising due to their high density,
low leakage current, and superior gamma absorption owing to their high atomic
number. However, growing large, homogeneous, defect-free single crystals of
CdznTe remains challenging. These detectors exhibit poor hole transport properties,
affecting their overall performance. Incorporating Selenium (Se) into CdZnTe
detectors (resulting in CdZnTeSe) has been shown to reduce electrical defects and

enhance detector performance.

A key factor in improving detector performance is understanding the impact of deep
level defects. This thesis focuses on characterizing deep-level defects in CdZnTe and
CdZnTeSe detectors and evaluates their performance through mobility-lifetime
product measurements and resistivity. Defects are identified using the Photo-Induced
Current Transient Spectroscopy (PICTS) technique, while Thermally Stimulated
Current (TSC) and Thermally Stimulated Emission Spectroscopy (TEES) techniques
provide additional information on defect states. Finally, the performance of these
detectors is measured through gamma-ray performance evaluations and detailed

mobility-lifetime measurements.
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DERIN DUZEY KUSURLARIN CDZNTESE DEDEKTORUNDE
PERFORMANSA ETKISi

Karaman, Mehmet Can
Yiksek Lisans, Mikro ve Nanoteknoloji
Tez Yoneticisi: Prof. Dr. Rasit Turan
Ortak Tez Yoneticisi: Dog. Dr. imer Muhsine Bilge

Eylul 2024, 78 sayfa

CdZnTe bazli radyasyon dedektorleri, yiiksek yogunluklari, diisiik kacak akimlari ve
yiiksek atom numarasi, sahip olduklar1 istin gama sogurumu nedeniyle oldukca
umut vericidir. Ancak, CdZnTe tabanli dedektorlerin buyik, homojen ve kusursuz
tek kristallerini bliylitmek zordur. Ayrica, bu dedektorler zayif delik tagima
ozellikleri sergiler, bu da genel performanslarini etkiler. CdZnTe dedektorlerine
Selenyum (Se) eklenmesi (CdZnTeSe olusumu) elektriksel kusurlar1 azaltmis ve

dedektor performansini artirmistir.

Dedektor performansii artirmanin 6nemli bir faktorii, derin seviye kusurlarinin
etkisini anlamaktir. Bu tez, hem CdZnTe hem de CdZnTeSe dedektorlerindeki derin
seviye kusurlarmin karakterizasyonuna odaklanmakta ve bunlarin performansini
hareketlilik-yasam 6mird 6lgumleri ve direngleri araciligiyla degerlendirmektedir.
Kusurlar, Foto-Indiikli Akim Gegici Spektroskopisi (PICTS) teknigi kullanilarak
tanimlanirken, Termal Uyarimli Akim (TSC) ve Termal Uyarimli Emisyon
Spektroskopisi (TEES) teknikleri de kusur durumlart hakkinda ek bilgi

saglamaktadir. Son olarak, bu dedektorlerin performansi gama 111 performans
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degerlendirmeleri  ve  detayli  hareketlilik-yasamomurt  6élgimleri  ile

degerlendirilmektedir.

Anahtar Kelimeler: CdZnTe, CdZnTeSe, PICTS, TEES, TSC
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CHAPTER 1

INTRODUCTION

Radiation plays a crucial role in advancing our society. Nuclear materials in power
plants generate electricity, providing energy to industries and homes with minimal
pollution. Therefore, accurately measuring radiation is essential, making developing
advanced radiation detection materials critical. Radiation detectors are used to detect
and image cancerous tissues and identify unregulated nuclear materials, which is
important for nuclear arsenal development regulation. Consequently, there is an
increasing demand for next-generation radiation detectors. There are three main

types of radiation detectors: gas-filled, scintillation, and semiconductor.

The most common and cost-effective radiation detector is the gas-filled Geiger-
Miller (GM) tube, which detects ionizing radiation. This detector consists of a tube
filled with a gas, typically neon or argon, with electrical contacts at the ends of the
tube and sometimes a wire passing through the center. Under idle conditions, either
no current or a constant, minimal current passes through the contacts. When ionizing
radiation interacts with the gas, it deposits energy, resulting in an ionization
avalanche that produces a large current, which is then measured. However, the
Geiger-Miiller tube provides no information about the origin of the radiation and
cannot offer spectroscopic data. Despite this limitation, it is beneficial for

environmental monitoring.

The second type of radiation detector is the scintillation detector, which can provide
spectroscopic information about incident radiation. In these detectors, scintillation
crystals are coupled with photodetectors such as photomultiplier tubes, silicon PIN
diodes, or silicon photomultipliers (SIPM). When incident radiation enters the

scintillation crystal, it interacts with numerous atoms, causing them to become



excited due to the high energy deposition. These excited atoms then rapidly return to
their ground state, emitting photons with wavelengths ranging from visible to near-
visible. The photosensitive detector then detects these photons, which are closely
coupled with the scintillation crystal, and converts the light into an electrical signal.
In the scintillation process, light production is correlated with the incoming energy,
providing spectroscopic information about the radiation. However, due to the
secondary conversion process, this method is relatively inefficient, leading to

limitations in energy resolution.

In semiconductor radiation detectors, the incoming radiation directly converts into
electron-hole pairs. Due to their energy deposition, many electron-hole pairs are
generated, allowing these detectors to achieve very high energy resolution. Silicon
and germanium detectors are commonly used for X-ray and gamma-ray detection.
However, silicon has limited stopping power, detecting only up to high X-ray
regions. Conversely, Germanium provides exceptional gamma-ray resolution but

requires substantial cooling to achieve this performance.

To overcome these limitations, new types of semiconductor materials are being
researched. In particular, Cadmium Zinc Telluride (CdZnTe) and Cadmium Zinc
Telluride Selenide (CdZnTeSe) are being investigated [1]. These materials offer
promising alternatives due to their superior stopping power and energy resolution

without extensive cooling [2].

1.1 CZT and CZTS based Semiconductor Detectors

Cadmium Zinc Telluride and Cadmium Zinc Telluride Selenide are direct bandgap,
quaternary I1-VI compound semiconductors. CdZnTe is one of the best materials for
radiation detection because it has high stopping power due to its high atomic number,
resulting in a high probability of the photoelectric effect with direct energy
conversion. Its high bandgap and resistivity allow CdZnTe crystal detectors to



operate at room temperature. However, CdZnTe-based detectors suffer from several

inconsistencies [3].

One major issue is the non-uniform zinc segregation within the structure, which can
range from 1.0 to 1.6 and highly depends on the growth method and conditions [4].
A lack of zinc in the matrix leads to crystal defects such as grain and sub-grain
boundaries and a high concentration of tellurium inclusions or precipitates because
zinc is replaced with tellurium in the zinc blend structure. These issues result in low-
yield growth and high costs for quality CdZnTe detectors. Many researchers have
attempted to address these issues with pre- and post-annealing processes, but the

improvements from these techniques have been minimal [4] [5] [6].

Adding selenium is a highly effective technique to mitigate the complications
mentioned above. The segregation of selenium inside the CdTe matrix is nearly
uniform. Including selenium significantly improves the homogeneity of zinc
segregation, resulting in better compositional uniformity throughout the entire ingot
and a substantial decrease in tellurium precipitates and inclusions [7]. Additionally,
adding selenium increases the hole mobility limit by an order of magnitude, reducing
incomplete charge collection during hole drifting. Due to these effects, high-

performance quaternary CdZnTeSe detectors can be produced by adding selenium

8.



Figure 1.1. Zinc Blend lattice structure for CZTS crystal [9]

Table 1.1 Properties of CdZnTe and CdZnTeSe at room temperature [10] [11].

Material Resistivity (2.cm) Mobility-Lifetime for Mobility-Lifetime  Bandgap
Electrons (cm?/V)  for Holes (cm?/V) (eV)

CZTS 24.10 3x1073 2x107* 1.52
CZT 22.83 1x1072 5% 1075 1.572
CdTe 26.91 3x1073 5x107* 1.5

CdznTe (CZT) and CdZnTeSe (CZTS) are amongst the few semiconductor
materials capable of direct radiation conversion operating at room temperature. This
capability makes devices based on these materials compact, portable, and
lightweight. When radiation deposits energy into the crystal, electron-hole pairs are
generated. These pairs drift through the bulk medium, and the resulting charges are
collected by electrodes and analyzed by front-end electronics, typically a charge-

sensitive preamplifier.



Radiation

Detection
Electronics

Figure 1.2. General Radiation Detection System for CZT and CZTS [2].

Figure 1.2 illustrates the basic operating principle of CZT and CZTS detectors. When
radiation interacts with the detector material, three processes can occur; pair
production, Compton scattering, and photoelectric absorption. Photoelectric
absorption occurs when the incoming radiation deposits all its energy to an electron
in the matrix. Compton scattering happens when a fraction of the photon's energy is
transferred to outer electrons. Pair production occurs when the photon's energy
exceeds 1.03 MeV, allowing it to interact with the nucleus's Coulomb field and
produce an electron-positron pair. Of these processes, only photoelectric absorption
provides information about the energy of the incoming photon. The interaction cross-
section, which depends on the atomic number, influences the interaction probability.
Figure 1.3 shows the interaction cross-section as a function of energy.
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Figure 1.3. Mass Attenuation Coefficient for CZT and CZTS [12]

The comprehensive understanding of the interaction processes and the advantages of
CZT and CZTS materials makes them highly suitable for radiation detection
applications, ensuring high-resolution for effective radiation monitoring and

imaging.

Grown CZT or CZTS crystals often exhibit various defects that can impact the
detectors' performance. These defects can act as recombination-generation centers,
limiting the material's effectiveness. Poor hole transport properties further constrain
the performance of CZT or CZTS detectors. Point defects within the bulk can hinder
the collection of generated electrons, and tellurium inclusions can act as trapping
centers [13]. Therefore, addressing hole-trapping mechanisms is crucial for

improving detector quality.

Figure 1.4 illustrates the effects of hole trapping in the spectrum of an Am-241
radiation source. The 60 keV peak has a long tail because its low energy interacts
near the surface and drifts through the entire bulk medium. This tailing effect is due
to hole trapping caused by various point defects. Overcoming these issues is essential

for producing high-quality CZT or CZTS detectors.
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Figure 1.4. Am241 spectrum for planar CZTS detector

1.2 Crystal Defects

A crystal's solid structure consists of atoms or molecules arranged in an ordered and
repetitive pattern, forming a crystal lattice that can extend in all directions. An ideal
crystal is defined as one with no electrical or mechanical defects at a temperature of
OK. However, deviations from absolute zero introduce various defects into the
crystal structure. Every crystal has multiple surfaces that can contribute to or
introduce defects. These crystal defects, interruptions in the crystal lattice, act as
recombination centers for both hole and electron charge carriers. Such defects are
one of the critical challenges in semiconductor manufacturing. Even a defect
concentration of less than one part per million can significantly affect the carrier
properties of the semiconductor. Therefore, the suppression of defects is a major area

of ongoing research [14].

The presence of defects within a semiconductor leads to the formation of energy
states within the bandgap. These energy states are generally divided into two



categories: shallow defects and deep defects. Shallow defects are weakly localized
with energies typically on the order of thermal energy, resulting in minimal
perturbation to the lattice structure and negligible influence on the material's
properties. In contrast, deep defects have energies significantly greater than thermal
energy and cause substantial perturbation within the lattice structure. Due to this high
perturbation, the wave function can become localized at these defect sites, leading
them to act as electron-hole traps or recombination centers. The impact of these
defects depends on the energy of the trap or recombination center, their position

within the bandgap, and their capture cross-section ratio [15].

Defects also affect other semiconductor parameters, including mechanical strength,
color, and electrical conductivity. From a general perspective, crystal defects can be

categorized as follows:

e Point Defects

e Line Defects can be expressed as a dislocation of the lattice structure.

e Surface defects are generally two-dimensional defects such as grain
boundaries or stacking faults

e Bulk defects, the biggest defect formation as a size inside the crystal
structure, can even be observed with the naked eye. Such as cracks, voids,
and pores.

This work mainly studies point defects, in CZT and CZTS crystals grown by METU-
CGL. The effect of bulk surface and line defects is outside the scope of this work.

1.3 Point Defects

Point defects can occur within a single lattice structure. Although point defects
involve only a few missing or extra atoms, their absolute minimum size has not been
explicitly defined. Point defects are categorized into two types: native defects and
extrinsic defects. Native defects are atomic imperfections within the lattice,
including antisites, interstitials, and vacancies. Antisites occur when atoms within
the lattice are replaced by identical atoms from a different part of the compound [16].
For example, Cdre representation is called Cd antisites and expressed as Cd atoms



placed in the Te site, which Te atoms should normally occupy. Interstitials form
when an additional atom occupies an unoccupied position in the lattice. Vacancies
refer to the absence of an atom in a lattice site that would be occupied in an ideal
structure. For example, Vg is called Cd vacancy in the CZT or CZTS matrix; it refers
to a missing Cd atom in the lattice structure within the unit cell or displaced from its
ideal position within the matrix. A more complex native defect is the Frenkel pair, a
type of stoichiometric defect that does not alter the overall stoichiometry of the
material. A Frenkel pair occurs when an atom or ion vacates its lattice site, creating
a vacancy, and relocates to a nearby interstitial site, resulting in a local defect within
the lattice. Figure 1.5 provides a visual representation of the defects, as mentioned

earlier.

Substitutional
Impurities

Dislocation {

Vacancies

.."..... .... 008000
eesass -o.zﬂzszzl.::szz
..@......ﬂ‘.....\‘.‘..

Impurity Interstitial Self Interstitial Impurity Cluster

Figure 1.5. Representation of Defects inside the semiconductor

Extrinsic defects, conversely, are atomic impurities originating from the growth
material or intentional doping, which will be discussed in the next section. The
characterization of defects can be performed using several experimental techniques,
such as Deep Level Transient Spectroscopy (DLTS), Transient Current Technique
(TCT), Thermally Emitted Electron Spectroscopy (TEES), or Photo-Induced Current
Transient Spectroscopy (PICTS) [14]. Despite the availability of various



measurement techniques, accurately observing the energies and cross-sections of
these defects remains challenging. Moreover, numerous complexities involve
intrinsic and extrinsic defects, each exhibiting properties particularly significant for
materials like CZT and CZTS. Further details on these complexes can be found in

this reference [17].

1.4  Doping in CZT and CZTS

Doping refers to the intentional introduction of defects or impurities into a
semiconductor to modify its intrinsic properties. This technique is widely used in
semiconductor device manufacturing, such as in transistors or solar cells [16].
Dopant atoms are typically classified as donors or acceptors. When a dopant atom is
introduced into a semiconductor material and forms an n-type region, it results in
superior electron mobilities compared to the undoped (intrinsic) material; these
dopants are known as donors. Conversely, when a dopant forms a p-type region, it
enhances hole mobility and is referred to as an acceptor. In the context of CZT
(Cadmium Zinc Telluride) and CZTS (Cadmium Zinc Telluride Selenide) materials,
the primary dopants are indium (In) and chlorine (CI), which function as donors, [18]
while phosphorus is generally used for acceptor-type doping. Achieving high-quality
radiation detectors with effective performance requires materials with a high
mobility-lifetime product for both electrons and holes. Additionally, these materials
must possess high stopping power, owing to their atomic number, and exhibit low
dark current, indicating high resistivity. These desirable properties in CZT and CZTS
can be attained through the deliberate introduction of defects via doping. For CZT
and CZTS, doping with group I1-1VV compounds can also be employed to create semi-
insulating materials with very low leakage current. However, intentional doping can
introduce deep-level trap states within the bandgap, which may act as recombination
centers and negatively impact detector performance. Notably, this issue is not
prevalent with indium and chlorine doping in CZT and CZTS, which can produce
high-grade detector materials with superior charge transport properties and high
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resistivity [18] [19]. The precise mechanism by which indium and chlorine improve
the compensation defect mechanism and influence the electrical properties of these
materials is not fully understood and remains an open and challenging area of

research.

1.5 CZT-CZTS Detectors and Their Applications

The binary 11-1V compound Cadmium Telluride (CdTe) was first investigated as a
radiation detector in the late 1960s with promising results. CdTe, formed from
cadmium (Cd) with atomic number 48 and tellurium (Te) with atomic number 52,
has a volume density of 5.85 g/cm3, nearly twice that of silicon, which has a density
of 2.33 g/cm3 [20]. This higher density enables CdTe to have a larger photoelectric
cross-section for gamma rays compared to silicon. With a bandgap energy of 1.5 eV
and moderate transport properties, CdTe is attractive for radiation detectors.
However, growing large-volume, high-purity single crystals of CdTe presents
significant challenges. The properties of CdTe can be improved by adding zinc (Zn)
to form the ternary compound Cadmium Zinc Telluride (CdZnTe). In CdZnTe, zinc
atoms substitute for some of the cadmium atoms within the CdTe matrix. This
substitution helps reduce defects and dislocations during crystal growth and
increases the bandgap to 1.572 eV for a 10% zinc fraction. A higher bandgap reduces
thermal effects and leakage current, while a lower dislocation density enhances
charge transport properties. Incorporating selenium (Se) into CdZnTe creates a
quaternary material, Cadmium Zinc Telluride Selenide (CdZnTeSe). While
additional selenium slightly decreases the bandgap, which can lead to increased
leakage current, it also improves transport properties, homogeneity, and crystal
yield. More importantly, selenium reduces tellurium-related defects that can cause

incomplete charge collection.

Cadmium Zinc Telluride (CZT) and Cadmium Zinc Telluride Selenide (CZTS)
detectors are advanced semiconductor materials widely utilized in radiation

detection due to their exceptional properties. These materials combine high atomic
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numbers, wide band gaps, and excellent electron transport capabilities, making them
ideal for various applications in medical imaging, industrial inspection, security, and

scientific research.

In medical imaging, CZT and CZTS detectors are key components of gamma
cameras used in nuclear medicine. Their high energy resolution and efficiency allow
for the accurate detection of gamma rays emitted from radiopharmaceuticals within
the patient's body. This results in high-quality imaging in single-photon emission
computed tomography (SPECT), which is crucial for diagnosing and monitoring
conditions such as cancer, heart disease, and neurological disorders. Additionally,
CZT detectors are used in positron emission tomography (PET) systems, providing
superior energy resolution compared to traditional scintillator-based detectors. This
enhancement leads to clearer images and more precise localization of radioactive
tracers, significantly improving cancer detection and staging, as well as the

assessment of brain activity and cardiac perfusion [21] [22].

In industrial settings, CZT and CZTS detectors are employed for non-destructive
testing of materials and structures. Their ability to detect and quantify X-rays and
gamma rays makes them ideal for inspecting welds, detecting flaws, and ensuring
the integrity of critical components in industries such as aerospace, automotive, and
manufacturing. Furthermore, CZT and CZTS detectors are used in radiation portal
monitors at border crossings, airports, and seaports. Their high sensitivity and
resolution enable the detection of illicit radioactive materials and nuclear threats,
allowing for the differentiation between various isotopes and aiding in the
identification and interdiction of potentially harmful substances. Additionally, CZT-
based personal radiation detectors are worn by first responders, customs officers, and
security personnel to monitor radiation levels in real-time. These devices provide
immediate alerts upon detecting abnormal radiation levels, enhancing safety and

response times in emergencies [23].

In astrophysics, CZT and CZTS detectors are used in space telescopes and satellite

instruments to study cosmic phenomena. Their ability to detect high-energy X-rays
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and gamma rays contributes to our understanding of black holes, neutron stars, and
gamma-ray bursts, offering insights into some of the most energetic events in the
universe. These detectors also play a critical role in environmental monitoring
programs aimed at measuring background radiation levels and assessing the impact
of nuclear activities, providing accurate and reliable data for environmental

protection and public health [24].

1.6 Thesis Overview

Following the introduction, the thesis is structured into three comprehensive chapters
exploring various aspects of CZT, CZTS detectors, and semiconductor radiation

detector technology.

The first chapter, "Detector Physics," delves into the fundamental principles
governing semiconductor detectors. It covers the interaction of radiation with matter,
providing insight into how different types of radiation interact with semiconductor
materials. The chapter further examines the band gap analysis of semiconductors,
which is crucial for understanding the electronic properties of materials.
Additionally, it explores the generation and induced charge carriers in
semiconductors, offering a detailed view of how charge carriers are created and
behave within the material. The chapter also discusses Hect Theory, which is
essential for analyzing the behavior of charge carriers under different conditions.
Finally, it addresses the growth of Cadmium Zinc Telluride (CZT) and Cadmium
Zinc Telluride Sulfide (CZTS) crystals, along with a discussion on defects and
doping, which play a significant role in determining the performance of these

materials.

The second chapter, "Sample Preparation,” focuses on the practical aspects of
preparing semiconductor samples for testing. It includes detailed procedures for
detector harvesting, surface preparation, contact deposition, and PCB integration.
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This chapter provides a comprehensive guide to preparing samples to ensure accurate

and reliable measurements during subsequent analysis.

The third chapter, "Defects and Electrical Characterization,” presents the
methodologies and results of various electrical characterization techniques. It
includes an analysis of current-voltage characteristics, charge transport
measurements, and advanced techniques such as Thermoelectric Emission
Spectroscopy (TEES), Thermally Stimulated Conductivity (TSC) measurements,
and Photo-Induced Current Transient Spectroscopy (PICTS). This chapter
thoroughly examines the electrical properties and defect structures of the
semiconductor materials under study, providing valuable insights into their

performance and potential areas for improvement.

Each chapter builds upon the previous one, offering a detailed exploration of both
theoretical and practical aspects of semiconductor detector technology, culminating

in a comprehensive understanding of the subject.
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CHAPTER 2

DETECTOR PHYSICS

Radiation interacts with semiconductor materials through various processes,
depositing energy into the material and generating electron-hole pairs. Applying a
strong electric field across the semiconductor device separates these electrons and
holes and drifts toward opposite electrodes. The amount of charge the device
generates is directly proportional to the energy deposited by the radiation, creating a
detectable signal. To effectively utilize CZT-based radiation detectors, it is essential
to understand the interactions between radiation and matter, the processes involved
in charge generation, and their effects within the bulk material. This chapter will
cover the fundamentals of radiation-matter interactions, the formation and transport
of induced charge, and their implications for detector performance. Additionally, it
will briefly summarize the crystal growth techniques employed in this work and
discuss how defects impact detector performance by influencing charge transport

properties.

2.1 Radiation Interaction with Matter

Radiation interacts with matter through three primary mechanisms: photoelectric
absorption, Compton scattering, and pair production. The probabilities of these
interactions depend on both the energy of the incoming radiation and the atomic

number of the material it encounters.

e Photoelectric Absorption: In this process, an incoming photon transfers all
its energy to an atomic electron within the lattice structure of the CZT
material. As a result, the inner electron gains sufficient energy to be ejected
from its orbit. As shown in Figure 2.1, photoelectric absorption is the
dominant interaction mechanism at lower energy levels (typically less than
100 keV) in CZT materials.
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Figure 2.1. Attenuation Coefficients for CZT detectors [25]

The energy of the ejected electron due to photoelectric absorption can be
expressed as the difference between the energy of the incoming photon and
the binding energy of the electron in the material.

E,=hv—E, (2.1)

where h is Planck's constant, v is the frequency of the incoming radiation,

and Ey is the electron's binding energy in the material.

Compton Scattering: Compton scattering occurs when an electron in the
absorbing material scatters the incoming photon. Typically, outer shell
electrons, which have lower binding energies, are more likely to participate
in scattering interactions. During this process, the incoming photon is
deflected by an angle, transferring a portion of its energy to the outer shell
electron, as illustrated in Figure 2.2. Assuming the electron is initially
stationary, the energy of the photon after the Compton scattering event can

be calculated using the principles of conservation of energy and momentum.
E
E' = (2.2)
1+ E(1 — cos0)

myc?

16



Recoil
Electron Ee

E,Y ¢

Incident 0
Photon

Scattered !
Photon Ey

Figure 2.2. Campton Scattering Process [25]

e Pair Production: When the energy of the incoming photon exceeds twice the
rest mass of an electron (1.022 MeV), an electron-positron pair is created,
and the photon is annihilated in the process. If the incoming photon’s energy
is greater than 1.022 MeV, the excess energy is carried away by a secondary
photon. After the positron is created and deposits its energy within the
material, it eventually annihilates with an electron in the bulk medium. This
annihilation results in the emission of two photons, each with an energy of
511 keV, traveling in opposite directions.

2.2  The Band Gap Analysis of Semiconductor

The bandgap in any semiconductor is defined as the energy difference between the
valence band and the conduction band. The crystal structure of the semiconductor
material determines the value of the bandgap. For example, the lattice structure of
CZT and CZTS can be described as two interpenetrating face-centered cubic (FCC)
structures: one composed of Cd atoms and the other of Te atoms. This arrangement,
known as the zinc blende structure, is also observed in other semiconductor materials
like GaAs and InSb. The zinc blende configuration increases the bandgap value of
the semiconductor material [26].
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The bandgap is a critical parameter for semiconductors. A larger bandgap results in
an insulating material, typically defined by a bandgap energy greater than 5 eV. If
the bandgap energy is lower than this threshold, the material behaves as a
semiconductor. The bandgap value also influences the thermally generated electron-
hole pairs; a lower bandgap energy can lead to a higher thermal generation rate,
resulting in increased leakage current. This can degrade the performance of a
detector at room temperature, necessitating extensive cooling during operation to
maintain optimal performance. One significant advantage of compound
semiconductor materials such as CZT and CZTS is that specific alterations in
stoichiometry and composition can modify the bandgap value, enabling these
materials to be tailored for particular applications. For instance, CdTe has a bandgap
energy of approximately 1.5 eV at room temperature, which is determined by the
atomic spacing within the lattice and the electromagnetic properties of the individual
Cd and Te atoms. When a small fraction of Te atoms is replaced with Cd atoms, the
average nearest-neighbor distance between atoms in the lattice increases, resulting
in a decrease in bandgap energy.
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Figure 2.3. Band Gap of the I11-VI semiconductors as a function of lattice constant
[27]

18



Figure 2.3 illustrates the changes in lattice constants for various 11-VI compounds,
such as ZnS and CdTe. It also shows how the bandgap value of CZT varies with the
zinc fraction, ranging from 0.1 to 0.7. This compositional variation leads to a
bandgap energy that can be adjusted between approximately 1.5 eV and 2.0 eV.

2.3  Generation of Charge Carriers

When a detector interacts with radiation, it causes ionization within the material,
promoting electrons to the conduction band and creating corresponding holes in the
valence band. The number of generated electron-hole pairs depends on the intrinsic
properties of the semiconductor, quantified by a parameter known as the W-value.
The W-value represents the minimum energy required to create an electron-hole pair,

independent of the type of excitation source.

The relationship between the bandgap energy and the W-value is significant, as it
influences the efficiency of electron-hole pair generation. Figure 2.4 illustrates the
bandgap energies of various semiconductor materials and their corresponding W-
values, showing that a higher bandgap energy typically leads to a higher minimum

energy requirement for electron-hole pair creation.
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When a bias voltage is applied to the detector, an electric field is established across
the bulk material, creating opposite electrodes. In the presence of this electric field,
any generated electron-hole pairs will begin to move toward the opposite electrodes.
This movement of electrons and holes induces a current in the electrodes. When
integrated over time, the magnitude of this current is directly proportional to the
energy of the ionizing radiation, which corresponds to the number of electron-hole

pairs generated in relation to the W-value [2].

The generation of electron-hole pairs follows Poisson statistics, which describe the
charge transport within the semiconductor medium, considering space charge

effects. The amount of charge created due to energy deposition can be expressed as

Eq
AQ = W (2.3)

2.4 Induced Charge in Semi-Conductor

Semiconductor detectors operate by detecting signals formed through the creation of
induced charge, which arises from the interaction of ionizing radiation within the
detector medium. The Shockley-Ramo theorem explains that electric current is
induced by a change in electrostatic flux, which, in turn, is caused by the creation of
charge due to energy deposition and the W-value. This theorem, developed
independently by Shockley and Ramo in the 1930s, provides a straightforward
method for calculating the induced charge based on the contact geometry of the
detector. Applied initially to tube-type detector geometries, this theory has since

been adapted for use in semiconductor detectors [28] [29].

In the most straightforward application of this theory, consider a scenario where
electrons move parallel to the direction of the electric field over a distance Ax
between two parallel plates or electrodes. The induced charge, AQ, in this case, can

be expressed as:
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AX
AQ = e— (2.4)
L
Where, e is the charge of the electrons, L is the distance of electrodes. Total induced
current I(t) can be calculated by the time derivative of the equation above and its sum
over all the drifting carriers inside the medium.

QM)v(t)

7 (2.5)

I(t) =

Where, Q is the drifting charge and v is its velocity. This equation is the most
straightforward case calculation for more complex contact geometries, which can be

found here. In the general 1D configuration, the induced current on the collecting

electrode can be calculated using:

I(V) = QO v(DE,,(t) (2.6)
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Figure 2.5. a) A schematic diagram of a planar detector and b) the weighting

potential of the anode [30]
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Ew is the weighting potential, representing the electrostatic interaction between the
moving charges and the induced charges at the electrodes. Figure 2.5 illustrates the

1D weighting potential.

It is important to note that the weighting potential is not related to the electrostatic
potential. Instead, it depends solely on the motion of charge carriers within the

medium and the electrode geometry of the detector.

Radiation interaction that causes ionization happens in a depth of x. This depth can
be expressed as the position of the charge cloud, which contains electrons and holes,
and they drift into opposite electrodes. The total induced charge can be explained as

d b
Q=%<Lne dx+J;)nh dx) (2.7)

Where, ne and ny are the number of electrons and holes. In the realistic case, not all

follows:

the generated charges are collected due to the trapping of the carrier, causing
incomplete charge collection. To account for this, a new term called Charge

Collection Efficiency (CCE) is introduced, which can be expressed as follows:

ccE =2 (2.8)

Qo

Qo is the number of carriers created by interaction, which can be calculated using the
Shockley-Ramo theorem, and Q is the number of collected charges, which can be

measured as a quantity using Hect Theory.

2.5  Hect Theory

In ideal detectors, the drift length of charge carriers is greater than the detector's
thickness, minimizing carrier trapping within the detector medium. However, in
materials like CZT and CZTS, poor hole mobilities result in drift lengths for holes

that are shorter than the thickness of the detector. This leads to incomplete charge
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collection and a tailing effect in gamma spectroscopy, reducing the charge collection
efficiency (CCE). The Hecht theory provides a framework for understanding the
relationship between CCE, drift lengths, and carrier mobilities [31].

The drift lengths of both electrons (4,) and holes (4;) can be defined as:
Ae = VpT, (2.9)
/1h = UpTp (210)

Here, 7, and 1, represent the lifetimes of electrons and holes which is defined as the
average time these carriers move freely within the material before becoming trapped.
The drift velocities v, and v, of the carriers are related to the electric field E applied
to the detector and the carrier mobilities (u, for electrons and ;, for holes) and can

be defined as follows:
UV, = UE (2.11)
vy = pnE (2.12)

Finally, drift length can be defined with carrier's mobilities and carrier lifetimes by

combining the equations above:
Ao = U T E (2.13)
Ah = ‘LlhThE (214‘)

Semiconductors’ mobilities and lifetimes primarily determine the drift length of
charge carriers. Poor carrier lifetime or mobility results in a shorter drift length. If
the drift length is shorter than the thickness of the detector medium, incomplete

charge collection occurs, leading to a decrease in charge collection efficiency (CCE).

In the 1930s, Hecht developed a series of equations that describe the CCE in terms
of the mobility-lifetime products for both carriers and the interaction depth of the
radiation within the material. His equations are based on several fundamental

assumptions, including the homogeneous distribution of traps within the bulk
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detector medium. Under these assumptions, the number of carriers can be defined as
follows:

X
N = N, exp (— H) (2.15)

Here, x represents the interaction depth within the detector. As electrons move a
distance x inside the detector, the holes must move the remaining distance,
corresponding to the difference between the detector thickness and the electron's

travel length.
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Figure 2.6. The detector scheme generates a charge at position xo by incident
radiation [32]

Figure 2.6 provides a schematic representation of this process. By combining these

considerations, the number of electrons and holes can be defined as follows:

(d—x)
= — 2.16
e = npexp| -~ (2.16)
_ [ ad (2.17)
N, = Ny exp T E :

Using the carrier concentration information for both electrons and holes, along with
the integral expressions provided in the Shockley-Ramo theorem, the charge

collection efficiency (CCE) can be calculated as follows:
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E d— E
CCE = p—e:le ll — exp (_ ( x))l n HnTh [1 — exp (_

U TE d - E)] (2.18)

UaTh

A special case arises from this equation when the interaction depth is much smaller
than the carrier drift length. For instance, in a CZT or CZTS detector irradiated with
alpha or gamma particles—such as those emitted by Am-241—the interaction depth
becomes approximately 20 um. In such cases, the equations can be simplified, as
shown below, making it easier to calculate the mobility-lifetime product.

CCE = hek [1 ( d )] (2.19)
= exp iE .

2.6  The Growth of CZT and CZTS Crystals

Various techniques have been developed over many years of research to grow CZT
and CZTS-based radiation detectors. Each technique aims to produce these materials
with high yield, nearly uniform single crystals, and optimal properties such as high
mobility-lifetime products and resistivity. However, despite these efforts, none of
the growth techniques are perfect. Each method introduces its own variations, and
the resulting crystals often contain multiple defects, including grain boundaries,

inclusions, twins, and precipitates [33].

Growing CZT and CZTS crystals is challenging due to the complexities of their
phase diagrams, as illustrated in Figure 2.7, which shows the phase diagram of
CdTe—a compound closely related to CZT and CZTS due to the small amounts of
zinc and selenium incorporated into the lattice. The asymmetry in the phase diagram
is a significant cause of crystallization problems. The shaded regions in the graph
indicate areas where the crystal structure of CdTe can be affected by the solid line's

shape deformation, leading to various defects during the solidification process [34].
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Figure 2.7. The T-x phase diagram of CdTe [34]

Lines 1 and 2 on the diagram indicate that cadmium and tellurium droplets can
become trapped in the melt due to temperature fluctuations, introducing significant
defects such as inclusions within the crystal matrix. Another critical issue arises from
the differing partial pressures of Cd and Te. Cd tends to evaporate during the growth
process, which can lead to stoichiometric imbalances. These imbalances can directly

impact the bandgap and contribute to defect formation in the crystal.

CZT and CZTS crystals are grown using the Vertical Gradient Freeze (VGF)
technique at the Middle East Technical University in Ankara. The VGF method is a
modified version of the Bridgman technique. In this system, both the furnace and
crucible typically remain stationary, although in some cases, the accelerated crucible
rotation technique (ACRT) is used to control and stabilize melt flows. Hence, in the
VGF system, both the furnace and crucible maintain their positions along the vertical
axis, reducing the mechanical stress during crystal growth. Crystal growth is
achieved through the translation of the applied temperature gradient created by
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electronically controlled heating zones. Figure 2.8 shows the schematics of the

working principle of the VGF system.
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Figure 2.8. Schematics Diagram of VGF growth Method

Each heater zone in the VGF system is equipped with independently operated
Proportional-Integral-Derivative (PID) controllers to maintain the desired
temperatures, which are established by creating hot and cold zones with proper
insulation between them. One of the main advantages of the VGF technique is the
elimination of vertical axis movements, which helps maintain a uniform temperature

profile and reduces unwanted mechanical vibrations.

Our furnace system at METU-CGL includes 7 to 30 isolated zones, with a bore
opening of 3 inches in diameter. The gap between adjacent zones is approximately 1
inch. The heating elements are made of an iron-chromium-aluminum (FeCrAl) alloy,
known for its superior resistivity and excellent oxidation properties. These elements
can reach temperatures up to 1250°C, and each independent zone is equipped with
two thermocouple openings for high-accuracy thermal control. Figure 2.9 shows our

furnace system.
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Figure 2.9. Middle East Technical University VGF furnace

In the initial step of CZT and CZTS crystal growth, high-purity starting materials
(6N-7N) are loaded into a quartz ampoule with 57 mm diameter and inner walls
coated in graphite to prevent sticking of ingot. For CZT growth, polycrystalline CZT
pieces (produced by 5N Plus, CANADA) and the doping element indium are added.
To mitigate the effects of cadmium vapor pressure, excess cadmium is also included
in the crucible. For CZTS growth, CdSe and CZT pieces (also produced by 5N Plus)
are placed in the ampoule along with the doping element and excess cadmium.
Additionally, by weight, 10% zinc and 2% selenium concentration are obtained for

the grown CZTS ingot.
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The quartz crucible is then evacuated to a pressure of approximately 5 x 10~mbar

and sealed using a blowtorch. Figure 2.10 illustrates the sealing process.

Figure 2.10. Sealing Process

For both CZTS and CZT growth, the initial process involves superheating the
material to achieve homogenization. First, the crucible is placed in our furnace, and
the materials are heated according to a specific temperature profile gradient of
5°C/cm applied, and the subsequent crystal growth process is conducted with a
growth rate of 2mm/h. The applied temperature profile is translated electronically,
starting from the tip of the crucible. The growth phase is concluded when the
temperature profile is translated by approximately 4 growth zones, resulting in CZT
and CZTS ingots having 100 mm in length. A controlled cooling scheme of
10°C/hour is applied to the ingot, bringing it to room temperature. A summary of the

crystal growth profile is given in Figure 2.11.
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Figure 2.11. Temperature Profiling Data for all growth segments

The growth temperature is managed through five distinct profile segments:

1.

2.

2.7

Heating Phase: The temperature is initially increased to 1000°C,
approaching CdZnTe (CZT) and CdZnSnTe (CZTS) melting point.
Superheating Phase: The crystal is then superheated to achieve further
homogenization.

Homogenization Phase: The temperature is maintained at 1150°C to
continue the homogenization process.

Growth Phase: During this segment, crystal growth occurs as the
temperature profile is electronically controlled to facilitate growth.

Cooling Phase: Finally, the temperature is gradually decreased to complete
the cooling down stage

Defects and Doping

As explained in the introduction, semiconductor defects and impurities can be

categorized into acceptors and donors. Donor-type defects typically increase the

electron concentration within the material, while acceptor-type defects increase the

hole concentration. Donors tend to replace intrinsic atoms within the lattice, creating

excess electrons that can bond with other atoms in the lattice. In contrast, acceptor

impurities are introduced into the lattice and capture photo-generated electrons or

electrons from neighboring atoms, allowing free holes to move through the crystal

without creating additional electrons.
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In CZT and CZTS, cadmium (Cd) can be substituted in the lattice by group II
elements such as lithium (Li), sodium (Na), and gallium (Ga), which act as acceptors.
Similarly, tellurium (Te) can be replaced in the lattice by group 111 elements such as
aluminum (Al), gallium (Ga), and indium (In), leading to the formation of donor-
type defects. Table 2.1 summarizes these defective elements and their corresponding

energy levels within the bandgap.

Table 2.1 Common impurities in CZT and CZTS

Element Group Energy(eV) Type Reference
Na I 0.02, 0.06 Acceptor  [35] [36]
Cu Transition 0.15,0.22 Acceptor  [36] [37]
Au Transition 0.20, 0.26 Acceptor  [36] [37]
\Y Transition 0.80 Acceptor [38]
Al i 0.01, 0.02 Donor [35] [39]
In i 0.02, 0.04 Donor [35] [39]
Bi \ 0.30 Acceptor [35]
Cl VIl 0.02 Donor [39]

Crystal defects have significant effects on the performance of radiation detectors.
Intrinsic defects, such as vacancies, interstitials, and antisites, are particularly
influential in this context. Vacancies refer to missing atoms within the crystal matrix
of CZT and CZTS, interstitials involve extra atoms positioned between regular lattice
sites, and antisites occur when atoms are incorrectly placed within the lattice

structure. Figure 2.11 illustrates some of these intrinsic defects in CdTe-related
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Figure 2.12. Intrinsic point defects in CdTe Matrix [40]

crystals. These defects introduce energy levels within the bandgap, which can trap

electrons and holes as they drift through the detector medium, potentially impacting

detector performance. Table 2.2 provides a summary of some common defects found
in CZT and CZTS crystals.

Table 2.2 Common Deep Defects for CdTe and Their Energies

Defect Energy (eV) Type Reference
Ved 0.21,0.43,0.46,0.47,0.76  Acceptor  [35] [41] [42]
Vie 0.71,1.10 Donor [35] [43] [44]
Cdte 0.10 Donor [35]
Tecd 0.59, 0.74, 0.77 Donor  [35] [41] [42]
Cd; 0.45, 0.64 Donor [35] [43]
Tei 0.57 Acceptor [35]

The impact of intrinsic and extrinsic defects on radiation detectors depends on their

energy levels within the bandgap and their cross-section, which represents the

probability of capturing electrons or holes. These defects can be categorized into two

types: shallow and deep. Shallow defects are typically located near the valence or
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conduction band edges within the bandgap, while deep defects are situated closer to

the mid-bandgap region.

At room temperature, shallow defects can be ionized by thermal energy. If the
concentration of shallow defects is high in the detector material, it can significantly
reduce resistivity, leading to excessive leakage current, making the material
unsuitable for radiation detection. In contrast, deep defects in materials like CZT and
CZTS, with their respective bandgap values, cannot be ionized by thermal energy at
room temperature. Instead, deep defects act as trap centers for carriers or
recombination centers. When carriers are trapped at these deep levels, they cannot
contribute to charge collection. An increase in deep-level traps can eventually limit
the mobility-lifetime product of the carriers [45].

When CZT or CZTS materials are used for radiation detectors, they must exhibit
superior properties, including high resistivity and favorable mobility-lifetime
products for both charge carriers. High resistivity can be achieved by intentionally
introducing defects through doping. These dopants act as impurities, creating trap
states within the bandgap. The resistivity of CZT and CZTS is closely related to deep
and shallow defects within the detector medium.

High resistivity in CZT and CZTS can be achieved when the concentration of deep-
level defects is lower than that of shallow defects. However, controlling the
concentration of deep-level defects with precision is challenging. While deep-level
defects can increase resistivity, they also have the drawback of reducing the
mobility-lifetime product of the detector material. For example, adding elements like
titanium or vanadium introduces deep-level defects that significantly increase
resistivity but substantially lower the mobility-lifetime product of CdTe crystals.

On the other hand, controlling shallow defects, which may involve adding additional
materials to the detector, can also modify the material's resistivity. Resistivity
compensation in CZT and CZTS detectors can be achieved by adding shallow defects
located near the intrinsic Fermi level. Figure 2.13 illustrates some of the deep and

shallow defects and the compensation mechanisms that can alter resistivity.
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Figure 2.13. The proposed compensation scheme of CdTe [46]

Undoped intrinsic CZT and CZTS materials typically exhibit poor transport
properties due to unoccupied cadmium vacancies within the crystal matrix. The
mobility-lifetime product can be improved by introducing shallow defects. The most
used doping mechanisms for CZT and CZTS-based radiation detectors involve
indium (In) or chlorine (CI) [46]. These dopants form complexes with cadmium
vacancies, known as A-centers, with an energy level close to 0.15 eV. This process
reduces the concentration of deep trap levels, thereby enhancing the transport

properties of the material.
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CHAPTER 3

SAMPLE PREPARATION

After the CZTS and CZT ingots are grown, several processes are performed to
prepare the crystals for detector performance analysis. These steps include wafer
cutting and dicing, polishing, electrode deposition, and crystal PCB integration for
further measurements. Over the years, these processes have been optimized at the
Middle East Technical University Crystal Growth Laboratory. Each step,
particularly the passivation and electrode deposition processes, is crucial, as

incorrect application can adversely affect detector performance.

3.1  Detector Harvesting

The first step in detector preparation is the grain-revealing process, which proceeds
as follows: after the growth process, the ingot is removed from the carbon-coated
quartz crucible. At this stage, macroscopic 2D or 3D defects, such as grain
boundaries and twins, are invisible to the naked eye. To enhance visibility for
subsequent processes, the entire ingot is first ground with sandpaper.

<)

Figure 3.1. After grain revealing CZTS ingot a) heal and b) tip surface of the ingot
and c) the red line shows the first cut direction.
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Afterward, chemical etching using Saucedo solution reveals the grain structure.
Figure 3.1 shows an example of a grain-revealed ingot. Once this process is
completed, the locations of single crystals become visible, allowing for precise
cutting.

After identifying the single crystal regions, the ingot is cut using a Logitech AWS1
wire saw. The saw uses a diamond-coated wire with a thickness of 300 um. A
lubricant made with mono-ethylene glycol is used throughout the process to
minimize surface damage to the crystal during cutting. The ingot is cut vertically to
produce wafers along the single crystal direction with the desired thickness. Once
the wafer is removed, the single crystal location within the wafer is identified again,
and detectors are harvested from this region. Figures 3.2, 3.3, and 3.4 illustrate these

processes.

ol
e

Figure 3.2. CZTS slices
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MTSE1RY1

Figure 3.4. Slicing for Desired Detector Size
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3.2  Surface Preparation

After the cutting process, the wire saw typically damages the crystal surface, and the
surface roughness is not suitable for subsequent processes. Therefore, the crystal is
brought into a clean room environment for lapping and polishing. Both lapping and
polishing are performed using the Logitech PM5 system. While lapping and
polishing are similar processes, they differ primarily in the plates used: lapping is

done on a glass plate, whereas polishing is performed on a special cloth surface.

Both processes utilize alumina solutions but with different concentrations and
alumina particle sizes. For the lapping process, a glass plate is used with alumina
powder solutions containing 15 pm, 9 pum, and 3 pm particles at a 10%
concentration, all of which were purchased from Logitech. For polishing, alumina
powder solutions with particle sizes ranging from 1 pum to 0.3 um are used, with a

20% concentration of the powder, also sourced from Logitech.

For the lapping and polishing processes, samples are glued with wax onto glass
carriers and then mounted into a jig mechanism. This jig uses a vacuum system to
securely hold the samples over the rotating glass or cloth-covered plate. The table
rotates at approximately 20 rpm during lapping, while the polishing process is
conducted at 40 rpm. The lapping and polishing continue until the desired surface

roughness is achieved.

Once polishing is complete, the samples undergo a cleaning process. After detaching
the glass plate, the samples are placed in acetone to remove the wax and alumina
residues. They are then sequentially rinsed in isopropanol and deionized water, with
each step typically lasting a few minutes. To further ensure cleanliness, the crystals
are submerged in an ultrasonic cleaner to remove any remaining residues. These
cleaning steps may be repeated multiple times until no observable residues or

contaminations remain.

After these procedures, chemical etching is applied to reduce further surface damage

caused by mechanical steps like lapping and polishing. The concentration of the
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etching solution typically ranges from 1% to 2%. According to the literature, a
Br:MeOH (bromine-methanol) solution can significantly decrease surface
roughness. However, this solution increases the surface's ionic character, making the
crystal more conductive surface, which can alter the properties of the metal-
semiconductor interface. As will be discussed in the next section, an aqueous
solution containing potassium hydroxide (KOH) is used during electroless contact
deposition to mitigate this effect. This solution helps passivate the excess ions on the
surface, preserving the detector's desired properties [47].

3.3  Contact Deposition

Several deposition techniques have been developed for CZT and CZTS detectors,
with the main ones being electroless deposition, sputtering, and evaporation. Various
materials, such as gold (Au), platinum (Pt), aluminum (Al), and indium (In), are
commonly used for electrode deposition. The primary advantage of these techniques
is their efficiency; they allow for optimal contact formation without the need for
expensive vacuum equipment. Additionally, these methods result in a more stable
metal-semiconductor interface due to the chemical bonding that occurs on the
detector surface [47] [48] [49].

Moreover, these deposition methods can be applied directly after the passivation
process, minimizing further surface oxidation. For example, gold chloride (AuCls)
solution, used for electroless deposition, was prepared in the METU Crystal Growth
Laboratory. This preparation involves creating aqua regia by dissolving high-purity
gold pellets in a mixture of nitric and hydrochloric acids. Details on the preparation
of this solution can be found in various sources. Figure 3.2 illustrates the solution

and the contact deposition technique.
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Figure 3.5. Solution For Electroless Gold Deposition

The metal-semiconductor junction mechanism is closely related to changes in CZT
and CZTS band diagrams before and after contact deposition. The interface's
characteristics depend on the carrier type and the contact formed, which can be

categorized as either ohmic or Schottky.

Figure 3.6. The surface of the CZTS crystal a) after lapping, b) after polishing, and

c) after electroless gold deposition

Ohmic contacts allow the current to flow freely across the detector without
significant barriers, facilitating charge collection at the surface but limiting charge
accumulation near the metal-semiconductor interface. In contrast, Schottky contacts
introduce a potential barrier that restricts current flow within the detector medium.
This barrier typically results in rectifying behavior, characterized by asymmetry in
the current-voltage (I-V) characteristics. On the other hand, ohmic contacts generally
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exhibit symmetric 1-V characteristics across both negative and positive voltage

ranges.

The effectiveness of the contact, whether ohmic or Schottky, is influenced by surface
properties such as oxidation and homogeneity, making lapping, polishing, and
chemical etching critical steps in the preparation process. The type of contact formed
is directly related to the work function of the metal, which is the minimum energy
required to extract electrons from the metal. Table 3.1 lists most common metals

used for CZT and CZTS contact deposition and their corresponding work functions.

Table 3.1 The work function of different metals [50]

Element du(eV)
Au 5.1-5.47
Ni 5.04-5.35
Pt 5.12-5.93
Cr 4.5
Mn 4.1
Cu 4.53-5.1
Ti 4.33

Generally, the work function of the metal-semiconductor interface cannot be directly
defined due to the position of the Fermi level within the bandgap. Instead, it is
typically related to the electron affinity (X), the energy difference between the
conduction band and the vacuum level. Additionally, the semiconductor's work
function, such as the 5.1 eV work function of CZT, plays a crucial role in determining

the type of contact formed at the metal-semiconductor interface.

For CZT and CZTS detectors, contacts are deposited on both sides in a planar
configuration. Due to the significantly slower hole mobility-lifetime product
compared to that of electrons—by nearly two orders of magnitude—the contact

formation primarily focuses on enhancing electron transport. When the metal-
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semiconductor interface is formed, the energy bands of the semiconductor near the
interface bend to achieve thermodynamic equilibrium. The resulting barrier heights

at the interface can be calculated using Equations 3.1 and 3.2.

Ebgap
2

(I)p = Ebgap - ¢y (3.2)

bn=by —X=Iy —bs + (3.1)

Where, ¢ is the semi-conductor work function, ¢, is the metal’s work function,

Epgap is the energy bandgap. In figure 3.2 shows that the equilibrium where ¢, >

b, and ¢, < P cases.

-_E'-'j-_L__

without thermodynamic
equilibrium

o N—

at thermodynamic
equilibrium

Figure 3.7. Bands diagram before (top) and after (bottom) thermodynamic

equilibrium [50]

3.4 PCB Integration

After electrode deposition using the electroless contact formation process described
above, the CZT and CZTS detectors (Figure 3.7) are integrated into a PCB board for
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IV characterization and mobility-lifetime measurements. Two types of PCB boards
are used for this integration: a bare PCB and an in-house developed charge-sensitive

preamplifier.

Figure 3.8. Fabricated CZT and CZTS detectors

Epotek E4110-PFC silver paste was used for PCB integration. This paste consists of
two parts, and the mixture has been optimized for our integration process. The epoxy
is applied to the bottom side of the PCB, and the crystal is then attached by
connecting a wire from the crystal's contact, soldered onto the PCB, to the crystal
itself using silver paste. After the epoxy application, the crystal is placed in a furnace

at 70°C for two hours to cure.

Figures 3.9 and 3.10 show the resulting detector systems, with both the charge-
sensitive preamplifier and the bare PCB. After the initial epoxy curing process,

Epotek U-300 filling epoxy was applied to the crystal regions on the PCB to provide

Figure 3.9. Resulting Detectors with bare PCB

mechanical protection for the epoxy contacts.
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Figure 3.10. Resulting Detectors with charge sensitive preamplifier
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CHAPTER 4

DEFECTS AND ELECTRICAL CHARACTERIZATION

In this chapter, we discuss the current-voltage characteristics, charge transport
properties, and defect characterization of CZT and CZTS detectors. This includes an
examination using Thermoelectric Emission Spectroscopy (TEES) and Thermally
Stimulated Conductivity (TSC). Additionally, the results of Photo-Induced Current
Transient Spectroscopy (PICTS) for the CZTS detector are presented.

4.1  Current-Voltage Characteristics

Current-voltage (I-V) characteristics is a key electrical measurement used to examine
the relationship between the current passing through the detector and the applied bias
voltage. Typically, measurements in the range of £1V are conducted to determine
the detector's resistivity. The asymmetry or shape of the I-V curve at higher voltages
provides insights into the metal-semiconductor interface and the charge transport
properties. The sample size used during these measurements is crucial for accurately
determining resistivity and other transport properties. This study utilized two
samples: a CZT crystal labeled MT21 and a CZTS sample labeled MTSEL. Their
physical properties are summarized in the accompanying table. Planar electrodes
were employed to characterize the electrode configuration. The I-V graph was
recorded over a £1V range during the initial measurement to assess the detector's

resistivity.

45



Table 4.1 Mechanical Properties of Samples

Sample Name X(mm) Y(mm) Z(mm)
MT21 9.72 10.2 2.7
MTSE1 9.6 9.82 2.8
MTSE1 Current Voltage Graph
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Figure 4.1. MTSEL Current VVoltage Graph +1 Range
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Figure 4.2. MT21 Current Voltage Graph +1 Range
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A Keithley 6517B electrometer was used for the measurements. The fluctuations
observed in the I-V graph for the MTSE1 sample are due to the electrometer's
minimum current detection limit. All measurements were conducted inside a
shielded box to eliminate ground loop interference, and a single-point ground
configuration was employed. The measurements were controlled using LabVIEW
software, which allowed precise setting of both the voltage step size and the time
interval between each step to ensure the sample reached a steady state before each
reading. For further investigation of contact formation, additional I-V graphs were

recorded over a £200V range.

MTSE1 Current Voltage Grap
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Figure 4.3. MTSE1 Current Voltage Graph +200 Range
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Figure 4.4. MT21 Current Voltage Graph +200 Range

The measurements revealed that adding selenium to the CZTS matrix, without
altering any other growth parameters, nearly reduced the leakage current by a factor
of twenty at 200V. The surface preparation was consistent across all samples,
ensuring comparability. For the CZT sample (MT21), a potential barrier-rectifying
behavior was observed. This finding and other key observations are summarized in
Table 4.2 for further characterization.

Table 4.2 Detector information from Current-Voltage Characterization

Resistivity ~ Leakage Current

Sample Name (Q.cm) @200V (nA)
MT21 1.76 x 1010 20
MTSE1 9.92 x 1010 1
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For the CZT sample, the current level at 200V is nearly 20 times worse than that of
the CZTS sample. As a resistivity-wise comparison, they are close to an order of

ten to power ten-ohm centimeter value.

4.2 Charge Transport Measurements

Pulse height spectroscopy was employed to determine the mobility-lifetime product
of electrons for charge transport measurements. This technique leverages the concept
of ionizing radiation interacting with the material and traveling only a short distance,
approximately 10 um, within the crystal. As discussed in the Hecht Theory section,
when the interaction depth is significantly smaller than the detector thickness, the
electrons drift across nearly the entire bulk of the detector. The peak charge
collection efficiency can be determined by collecting pulse height spectra as a
function of varying bias voltage. Using the Hecht equation, the mobility-lifetime

product can be calculated from this data.

The measurement was done using an Am241 source incident on top of the contact of
the biased detector. The bias voltage is applied through bias three, which consists of
a capacitor and resistor network to minimize the bias-related noise. The detector
signal AC is coupled to the charge-sensitive preamplifier shown in Figure 4.5, the
first-stage charge integrator with a resistor-type reset developed in our laboratory for

this measurement.

g e
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Figure 4.5. Charge-Sensitive Preamplifier developed in METU-CGL
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After the first preamplifier stage, the signal is fed into a digital pulse processor,

which is also built in our laboratory. Pole-zero cancelation is done from the digital

pulse processor analog section, and the selectable gain range from 1-20 can be
applied depending on the incoming signal. Then, the FPGA logic selectable filter

reference makes the signal trapezoidal as shown in Figure 4.6. It restores all the peak

information inside the RAM block and connects the PC via USB.

2022-08-15
10:29:12
T

[

I 300 iy

=100 myv

b -200 miv-

b -300 v

Figure 4.6 The blue signal is the Charge-Sensitive Preamplifier output, and the
pink signal is the Trapezoidal-Shaped Signal for the Pulse Height Spectrum.

The Altera Terasic ADC SoC board was used for the digital pulse processor, which

already includes an Analog-to-Digital Converter (ADC) capable of digitizing signals

at up to 150 mega samples per second. However, our system operates at 100 mega

samples per second to digitize the output from the charge-sensitive preamplifier. A

custom cape board was also developed for the analog section in our laboratory. This

board includes a pole-zero correction network, a selectable gain section, and an anti-

jitter filter. Figure 4.7 shows the developed digital pulse processor.
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Figure 4.7. Digital Pulse Processor Developed in METU-CGL

After all the hardware was tested and validated, the experimental setup chain for

mobility-lifetime measurement is illustrated in Figure 4.8.

Bias Voltage

=l

Detectr |

Coupling Capacitor

Charge Sensitive Preamplifer

Figure 4.8. Experimental Setup for mobility-lifetime product measurement

The pulse height spectra of Am-241 for the samples MTSE1 and MT21, taken at

different voltages using our system, are shown in Figures 4.9 and 4.10.
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MTSE1 Am241 Graphs Under Different Bias Voltages
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Figure 4.9. MTSEL Pulse Height Spectrum under different bias voltages

MT21 Am241 Graphs Under Different Bias Voltages
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Figure 4.10. MT21 Pulse Height Spectrum under different bias voltages
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From the pulse height spectrum, one of the main peaks was selected for charge
collection efficiency analysis under varying bias voltages. As the bias voltage
changes, the peak positions shift through the ADC channel numbers due to variations
in the electric field inside the detector. This shift allows for the calculation of the
mobility-lifetime product. By fitting the Hecht Equation (as shown below in equation
4.1) to the data obtained with positive polarity bias voltage, the mobility-lifetime
product for electrons can be extracted.

CCE =¥[1—exp (—H;LE)] (4.1)
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Figure 4.11. Hect Equation Fitting for MT21
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MTSE1 Hect Equation Fittig
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Figure 4.12. Hect Equation Fitting for MTSE1

For mobility-lifetime measurements, the MT21 CZT sample, grown under identical
conditions, performs poorly compared to the MTSEL sample. This difference in
performance is attributed to defect formations at various energy levels, particularly
those related to Te defects. The impact of these defects on performance will be
discussed in the following sections.

4.3 Low Temperature Measurements

In this section, we cover the modifications made to the closed-cycle cryostat, along
with the measurements conducted using Thermoelectric Emission Spectroscopy
(TEES), Thermally Stimulated Conductivity (TSC), and Photo-Induced Current
Transient Spectroscopy (PICTS). The results obtained from these measurements for
both CZT and CZTS detectors are discussed in detail.
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4.3.1 Modification of The Close Cycle Cryostat

A closed-cycle cryostat setup, consisting of two main components: the cold head and
the compressor, was used for low-temperature measurements. The compressor
repeatedly compresses and releases helium inside small tubes. As the helium's
velocity changes within these tubes, it transitions from the gas phase to the liquid
phase. This phase change generates cooling power directed to the cold head. The

cold head contains the sample holder, which applies the cooling effect to the sample.

Our sample holder consists of a tungsten needle system with a retention mechanism
that uses a spring to hold the sample in place by applying slight pressure. For the
back contact, indium foil is used to ensure good thermal conductivity and a secure
connection. Figure 4.13 shows our sample holder.

Tungsten Needle

Indium Foil

Figure 4.13. Sample Holder for Cold Head

Triax cables were installed to isolate the electrical contacts between the top and
bottom. The entire instrument, including the case ground, is connected to the
Keithley 6517B instrument, ensuring that all ground points are properly connected
into a single point. Figure 4.14 Shows the installed triax cables.
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Figure 4.14. Triax Cable Installation

The Lakeshore Model 332 temperature controller manages temperature control for
these installations. In the cold head section, a resistive heater element regulates the
temperature in conjunction with the closed-cycle cryostat. The Lakeshore Model 332
controls the heater using PID values that have been specifically calibrated for this

measurement. The entire modified low temperature system is shown in Figure 4.15.

Figure 4.15. Low-Temperature Measurement Systems at METU-CGL
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By establishing low-temperature measurement capabilities, METU-CGL is now
equipped to conduct various defect characterization experiments, particularly for
semi-insulating detectors. These experimental setups enable detailed investigations
into the intrinsic properties of materials such as CZT and CZTS. The following
sections provide a comprehensive overview of the experiments performed, including
the methodologies used and the significant findings obtained through Thermoelectric
Emission Spectroscopy (TEES), Thermally Stimulated Conductivity (TSC), and
Photo-Induced Current Transient Spectroscopy (PICTS).

4.3.2 Thermoelectric Emission Spectroscopy (TEES) and Thermally
Stimulated Conductivity (TSC) Measurements

Thermoelectric Emission Spectroscopy (TEES) and Thermally Stimulated
Conductivity (TSC) measurements are employed to study deep levels in
semiconductor materials. In our case, the TSC measurement involves cooling the
sample to a low temperature of 50K. At this temperature, trap centers for electrons
and holes are filled using a halogen lamp, whose spectrum distribution effectively
fills traps within the bandgap at 50K. The traps are typically filled with about 5
minutes of illumination. Once the trap levels are filled, the energy stored in these
traps is released by heating the sample at a rate of 10K/min. A bias voltage of 10V
is applied to drift the released carriers associated with these trap levels as the sample
is heated. To account for thermal-related currents that could affect the measurements,
a separate procedure is followed: after cooling the sample to 50K, it is allowed to
stabilize for about 5 minutes without illumination. The sample is then heated at the
same rate of 10K/min to collect thermal excitation data, which is subsequently
subtracted from the illumination spectra to isolate the effects related solely to trap
levels [51].

In Thermoelectric Emission Spectroscopy (TEES), traps are filled using a halogen
lamp, and the sample is then heated without applying a bias voltage. As the sample

heats up, the trapped carriers naturally drift based on their type, providing general
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information about whether the trap states are acceptor or donor types and whether
they contribute to holes or electrons. During TEES measurements, no bias voltage is
applied; instead, thermal gradients across the sample cause the trapped electrons or
holes to be released. Due to the thermal gradient, electrons and holes tend to move
toward the colder side of the sample, which is typically the electrode connected to
the cryostat head. Figure 4.16 shows the illustrated version of the TEES and TSC

measurements [52] [53].

a) b)
Negative

Cold

av
dx

daT
dx

Hot

Positive

Figure 4.16. a) Schematics of the Thermoelectric Emission Spectroscopy b)
Schematics of the the Thermally Stimulated Conductivity (TSC)

Equation 4.2 can be used to calculate trap states from the peak temperature and
heating rate using Bube’s Equation.
T ‘

E
In <?> = m + In(N.ovk/E;) (4.2)

density of states, o is the trap capture cross-section, and k is the Boltzmann Constant.
Due to the logarithmic relationship involved, changing the rate may only slightly
change the formation of trap peaks. The relationship between peak positions can be

explained primarily by the peak temperature.
4

E, = kT, lln (%) +1In (%)l (4.3)
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By omitting the second term from Equation 4.3, which has a minimal contribution,
and given that the peak positions are well separated in our case, the peak positions

and the corresponding deep-level defect energies can be explained as follows:

E, = kT, In <%> (4.4)

The results of the TSC measurements for the CZT sample MT21 are shown in Figure
4.17. The dark current was modeled using an exponential growth function and
subtracted from the TSC current, resulting in a value representing the TSC current
without thermal effects. The data in the graph can be represented as the sum of
different Gaussian functions, a process known as Gaussian peak deconvolution.

After deconvolution, the peak positions can be extracted from the fit results [54].

MT21 TSC Graph with Dark Current
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Figure 4.17. MT21 TSC Current and The Dark Current
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MT21 TSC Spectrum and Peak Deconvolution
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Figure 4.18. MT21 TSC Current Dark Current Subtracted

The peak positions and their corresponding defect energies, obtained from the peak
deconvolutions, are summarized in Table 4.3. The heating rate for this measurement

was 12K/min.

Table 4.3 Peak Values and Associated Defects for MT21

Peak
Defects Temperature(K) Energy(eV) Origin of Defects
Peak 1 51.9 0.077 Ved
Peak 2 100.6 0.173 A-Center
Peak 3 124 0.223 A-Center
Peak 4 180.4 0.348 Zn Related Defect
Peak 5 239.6 0.485 Tecd
Peak 6 276.5 0.574 Surface Vd
Peak 7 287.8 0.601 Tecs +Vid
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TSC analysis of the CZT sample reveals the presence of several deep-level defects.
Notably, the A-center peak, which is associated with indium doping, consistently
appears. Other defects, such as cadmium vacancies and tellurium interstitials, are
also observed. As the temperature increases, defects closer to the band edges,
particularly those involving tellurium and cadmium complexes, remain visible. The
TEES graph, shown in Figure 4.19, provides information about hole and electron
defects. The D1 peak corresponds to hole defects, specifically donor-type defects
near the A-center peak energy, which are associated with indium doping. The D2
and D3 peaks correspond to electron defects in the CZT detector. Based on the TSC
graph, these electron defects are attributed to tellurium interstitials and cadmium

vacancies.
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Figure 4.19. TEES Spectrum for MT21 sample

For the CZTS sample MTSE1, the TSC data is shown in Figure 4.20. Both the dark

current and the corresponding TSC current are represented in the graph.

61



MTSEL1 TSC Graph with Dark Current

1.0
—— Dark Current
—— TSC Current
0.8
ié/ 0.6
IS
o
5 0.4+
O
0.2
0.0
T T T T T T T T T T T
50 100 150 200 250 300
Temperature(K)

Figure 4.20. MTSE1 TSC Current and The Dark Current

After the dark current is subtracted from the TSC current, the resulting spectra are
shown in Figure 4.21.

MTSE1 TSC Spectrum and Peak Deconvolution
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Figure 4.21. MTSE1 TSC Current Dark Current Subtracted
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After peak deconvolution, the corresponding peak positions and energies are
summarized in Table 5.2. TSC data for the CZTS sample was taken from the 9
K/min ramp rate because the TSC current is significantly small due to low defect
densities; otherwise, only an A-Centered peak was revealed. Therefore, these two

graphs are not comparable to the eye, but the resulting tables are comparable.

Table 4.4 Peak Values and Associated Defects for MT21

Peak
Defects Temperature(K) Energy(eV) Origin of Defects
Peak 1 88.9 0.178 A-Center
Peak 2 110.7 0.252 A-Center
Peak 3 279.2 0.571 Surface Vd
Peak 4 292.1 0.598 Tecl + Vit

TEES data could not be obtained for the CZTS sample because the TEES current
was too small to be distinguished from the baseline noise of the detector. However,
a comparison of the TSC data for the CZTS sample shows that zinc-related defects
and tellurium interstitial defects were not observed. The addition of selenium appears
to suppress these defects, thereby enhancing the overall performance of the CZTS

detector.

4.3.3 Photo-Induced Current Transient Spectroscopy (PICTS)

Photo-Induced Current Transient Spectroscopy (PICTS) is a critical method for
studying defect structures in high-resistivity materials such as CZTS. A schematic
diagram of the PICTS system can be seen in Figure 4.22. The CZTS sample is loaded
into a sample holder and placed inside a closed-cycle helium cryostat. The
temperature is controlled within the range of 50K to 320K, with an accuracy of 0.1K.
The temperature is changed in 2K steps, with a 5-minute wait at each step to allow

stabilization. The detector is biased with approximately 10V using a Keithley 6517B
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to produce the signal. An 850nm laser, controlled by a Keysight 33510B waveform
generator, is used to switch the light on and off. Selecting the correct repetition rate
is crucial for the system to reach a steady state under illumination; in this setup, a
1Hz repetition rate is used. The induced current due to the pulsed laser is amplified
using a Stanford Research SR570 current amplifier, with a gain of 107 V/A. The
current transient pulse is then recorded using a Rohde & Schwarz RTE2001 digital
oscilloscope, which digitizes the signal over 1 second with a 10 ps resolution. To
produce the signal, 10 waveforms are generated and averaged. The entire
measurement setup is controlled by LabVIEW code specifically developed for this

purpose.

Osciloscope

Cold Head

Figure 4.22. PICTS Measurement Setup

The analysis of PICTS can be explained as follows. Figure 4.23 represents the PICTS
pulse, which has several key sections. At point D, the laser is turned off, and at point
E, a rapid drop in the photocurrent is observed. This drop is due to the charge carrier
recombination process. Between points E and F, a slow tail is observed, which
corresponds to the lifetime of defect states at this temperature. This tail represents

the thermal emission of charges that were trapped by defects located within the
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bandgap. This region, between points E and F, is the area of interest for PICTS

measurements.
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Figure 4.23. Ideal PICTS current transient Signal

The current generated due to thermal relaxation of the states can be calculated as

follow:

Ai = % = [exp (— %) — exp (— ‘tt—2>] (4.5)

When the di/dt is zero, local maxima can be given in equation 4.6.

t— 1t
Tt =
tl)
In (tz

To analyze PICTS data, the CZTS detector characteristics can be extracted from the

(4.6)

condition where to/ti=4 which defines the relevant time interval. The trap energy and

time constant can be determined using the Arrhenius plot and equation 4.7:

1 , E,
T_ = O'tT exp (— kB—T) (47)

t
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Figure 4.24. An illustration of the PICTS technique applied to the capacitance
transient signal is similar to the current transient. The left-hand side shows the

transient signal; the right-hand side shows the corresponding signal [55].

After obtaining PICTS spectra for different time constant values, the maximum
variations are measured by applying an exponential fit to these regions. Using the

corresponding equation 4.7, a plot of 1/T versus In (t,T?) for each peak can be
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created. This plot provides the trap energy and trap cross-section for the defects

observed. The current transients for different temperatures are given in Figure 4.25.
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Figure 4.25. Current Transients For the different temperatures

The PICTS spectra for the CZTS sample, displayed in Figure 4.26, reveal three
distinct peaks corresponding to defect states. The energies and cross-sections of these
defects were calculated by analyzing the peak position shifts observed due to
variations in the time interval. The Arrhenius plot used for this analysis is shown in
Figure 4.27.
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Figure 4.27. Arrhenius Plot for the CZTS detector
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Defect energies and cross-sections can be calculated from the Arrhenius plot. Table
4.5 lists these defects from the PICTS spectrum.

Table 4.5 Defects Energies and their Cross sections for CZTS Detector

Trap Energies(eV) o(cm?) Reference
D1 0.18 6x 10716 [56] [57]
D2 0.22 3 x 10711 [56]
D3 0.29 6 x 10~ [56]

The analysis of the PICTS spectra reveals the following defects: D1 corresponds to
A-Center defects, which are linked to the indium doping introduced during the
growth process. D2 represents tellurium-related defects with a notably low cross-
section, indicating minimal contribution to charge collection. D3 is associated with
cadmium vacancies, and its cross-section details are presented in Table 4.5. These
findings offer valuable insights into the nature of the defects present in the material

and their influence on the detector's performance.
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CHAPTER 5

CONCLUSION AND FUTURE WORKS

This thesis has presented a comprehensive study of the electrical and structural
properties of CZT (Cadmium Zinc Telluride) and CZTS (Cadmium Zinc Telluride
Selenide) detectors, focusing on their performance in radiation detection
applications. The primary aim was to explore the impact of different growth
parameters and material compositions on detector efficiency and to develop methods
for accurate defect characterization. The investigation into CZT and CZTS detectors
highlighted the significant effects of doping and material composition on detector
performance. Introducing zinc into the CdTe matrix to form CdZnTe improved
crystal quality by reducing dislocations and defects, enhancing charge transport
properties, and reducing leakage currents. The addition of selenium in the CdZnTeSe
quaternary material decreased the bandgap slightly, which increased leakage
currents but improved transport properties and reduced tellurium-related defects.
These findings underscore the importance of precise material composition control in
optimizing detector performance. Current-voltage (I-V) characteristics and mobility-
lifetime product measurements revealed differences in performance between CZT
and CZTS detectors. The analysis demonstrated that selenium addition in CZTS
reduced leakage current significantly and improved overall detector performance.
The IV measurements, performed with Keithley 6517B electrometers and controlled
through LabVIEW software, provided insights into resistivity and charge transport
properties. In contrast, TSC and TEES measurements further elucidated the nature
of deep-level defects. Thermoelectric Emission Spectroscopy (TEES), Thermally
Stimulated Conductivity (TSC), and Photo-Induced Current Transient Spectroscopy
(PICTS) were employed to explore defect structures in CZT and CZTS. TEES
measurements identified hole and electron-related defects, with indium doping
associated with A-Center defects. TSC analysis for CZT highlighted various deep-

71



level defects, such as cadmium vacancies and tellurium interstitials, while CZTS
showed reduced defect densities due to selenium addition. PICTS spectra analysis
revealed distinct defect peaks, with D1 linked to A-Center defects, D2 to tellurium-
related defects, and D3 to cadmium vacancies, with their respective energies and
cross-sections detailed. Modifying the closed-cycle cryostat and developing
experimental setups for TEES, TSC, and PICTS measurements were crucial for
obtaining accurate and reliable data. The detailed setup allowed for precise control
of temperature and environmental conditions, ensuring robust measurements and
high-quality results. The findings of this thesis provide a solid foundation for further
research into improving detector materials and understanding defect mechanisms.
Future work could focus on optimizing the growth processes for even higher-purity
crystals, exploring additional dopants and additives, and refining defect
characterization techniques. The insights gained from this research have significant
implications for enhancing radiation detection technologies and advancing the field
of semiconductor materials. In summary, this thesis contributes valuable knowledge
to understanding CZT and CZTS detectors, providing a detailed analysis of their
properties and defects. The combination of advanced characterization techniques and
material optimization strategies presents a pathway for developing more efficient

and reliable radiation detectors.
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