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ABSTRACT

Cadmium Zinc Telluride (CZT) has been one of the most promising semiconductor
materials for many years. Due to its high atomic number, suitable band-gap energy and
ability to function at room temperature, CdZnTe has become the material of choice to be
used as a room temperature radiation detector for many applications in the fields of medical
imaging, process monitoring and national security, where demands and specifications set
by those applications require that these detectors can operate well at the extreme conditions
while maintaining good resolution, high detection efficiency, good reliability and high
throughput.

In most applications, detectors are exposed to high flux of X-ray radiation. One of the
most common issues is the degradation of these detectors due to the presence of extended
and point defects, which can act as traps for the charge carriers. This charge trapping causes
the build-up of space charge and disturbing the electric field, resulting incomplete charge
collection and signal formation of the detectors.

This thesis investigates the associated failure modes by identifying the types of defects

that exist in the CZT crystal and studies their roles in the performance of X-ray radiation
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detectors using in-house diagnostic tools. The results from different screening methods are
compared and studied in order to find meaningful relationships and correlations that will

help researchers to better understand the underlying physics and provide information and

means for corrections and improvements of the crystal quality.
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1 Introduction

1.1 Semiconductor radiation detectors.

X-rays consist of high-energy photons that have a wide range of applications in

medical radiography and airport security. [1-3] X-ray is not visible but it can be detected

through their interaction with other materials. [4] X-ray detectors are designed to deliver

information about the energy deposited by the incident radiation, its position or the

radiation time. [5] There are three kinds of detectors commonly used for this purpose: Gas

filled detectors, Scintillation detectors and semiconductor detectors, which is described

below. [4]

Gas filled detectors: Gas filled detectors consist of a metal chamber and a positively
biased anode wire in between it. [4] X-ray beam interacts with the gas molecules
inside the chamber and generates free electrons and positively ionized atoms. The
free electrons are then absorbed to the anode and create signal.[6] These detectors
occupy a large volume due to the low density, thus not practical in mobile
applications.

Scintillators: X-ray interacting with scintillators generates a pulse of light, which
can be converted to an electric pulse and read through the proper electronic devices.
[5] These detectors have a much smaller volume due to their higher density than
the gas-filled detectors. However, in scintillators, a series of steps are needed take
place to convert incident radiation into light and then the light into an electric signal.
These multiple conversions can be very inefficient and so it requires high energy

(in the order of hundred eVs) [5] to create electron-hole pairs. Consequently, the
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number of information carriers per interaction is small, leading to large statistical

fluctuations and low energy resolutions.

e Semiconductors: Similarly, X-ray interacting with semiconductor materials also
results in the generation of electron-hole pairs. [4] These carriers can be guided
through the material to the metal contacts under an electric field applied on the
detector, generating an electric signal. [4] These detectors have similar feature size
to scintillator detectors but produce a much larger number of information carriers
per event because the energy required per information carrier is typically only a
few eV rather than hundreds eV produced by the scintillator detectors [5].
Consequently, they do not have the same statistical limits as and can have much
higher resolution than scintillator detectors.

Conventionally, silicon and germanium are the semiconductor materials used to fabricate
radiation detectors due to their high density of atoms and high resolution. [5] Operational
conditions of some of commonly used semiconductors are presented in Table 1. The
growing needs for a detector applicable of working in room temperature and under high
input X-ray irradiation lead researchers to use Cadmium Zinc Telluride (CZT) as the next

generation of semiconductor materials for X-ray detector fabrication. [1-3, 7]

1.2 Advantages of CZT over other solid state materials

CZT has been the main semiconductor material for the fabrication of radiation detectors
over the past two decades. The advantages of using CZT over other materials are evident

from Table 1, where a brief comparison among different materials is illustrated. [8]
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Table 1 - Comparison between different semiconductor materials used for radiation detection. [8]

Si Ge Hgl: CdTe CdZnTe
Atomic Number 14 32 80,53 | 48,52 |48, 30,52
Density (g/cm?) 2.33 5.32 6.4 6.06 6.06
Band gap (at | 1.115 (300K) | 0.665 (300K) | 213 | 1.44 16-1.7
Temperature, eV) 1.165 (0K) 0.746 [0K)
Ave. Energy/e-h pair | 3.61 2.98 4.2 4.43 4.7
(eV)
Electron Mability | 1350 3900 100 1100 1100
(cm?/Vs)
Hole Mobility (cm?/Vs) | 480 1800 4 100 100
Electron pt  Product | 2.7 x 102 0.72 104 103 103
(cm? V)
Hole pt Product (cm?/V) | 9.6 x 103 0.84 10-% 5x10% | 3x 105
Operating Temp. (K] 300 77 300 300 300

According to Table 1, CZT has a much higher atomic number than Si, which increases
the effective interaction cross section between the atoms and incident photons, resulting a
higher efficiency of generation of electron-hole pairs over the incident photons. A detailed
discussion on light-matter interaction will be presented in chapter 2.

The higher operating temperature of CZT in comparison to Ge is also one of its other
advantages. CZT detectors can operate in room temperature, while Ge detectors operate at
a temperature below 77 K and require additional bulky cryogenic cooling apparatus. [8]
This makes Ge detectors very expensive and not portable in contrast to the CZT
counterpart. Among other properties that makes CZT an ideal choice for radiation detection

in room temperature include, but not limited to [9]:
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e Suitable band gap (about 1.55eV) that is large enough to provide high surface

resistivity and low leakage currents (>10° Q.cm) [9], but not too large to have a
low absorption coefficient for the incident X-ray photons. [9] In addition, CZT is
a direct band gap material. Therefore, there is no change in the momentum of
electrons when transiting from the valance band to the conduction or vice versa,
[4] leading to a better absorption of input photons due to the fact that input X-ray
photon has almost zero momentum that could otherwise insufficient to conserve
the momentum in in-direct band gap materials during the e-h pair generation. [6].
e Relatively high pt product for electrons (<1200 cm?/Vs), where 1 is the mobility
of the carriers and 1 is the carrier lifetimes and their product is an indicator of
transport properties of material. This results in high charge collection efficiency
by the electrons in the conduction band. [6] It is worth mentioning that holes in
the valence band have low charge collection efficiency (=100 cm?/Vs) [2],
causing incomplete hole collection, widening of photopeak and low spectrometer
energy resolution. Some CZT sensor designs, such as Co-Planar Grid detectors
(CPG) [10], were proposed to overcome this problem by eliminating the effect

of holes in signal formation.

1.3 Current limitations of CZT as commercialized X-ray detector

To fabricate high flux, high resolution and room temperature CZT radiation detectors, high
purity, defect-free material is desirable. This makes the corresponding crystal growth and
fabrication processes challenging [11-13]. Typically, defects are introduced to the material
during both the growth process and post processing such as annealing or during fabrication.

Such defects can be classified in two major categories: extended defects and point defects.
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[4] Extended defects are formed during the growth process. In general, extended defects

can have the size as small as some micrometers to tens of milimiters [9] and their location
and severity can be inspected using visual microscopy methods. [64] On the other hand,
point defects are caused by impurities introduced to the material during the same process;
acting as trapping centers for free carriers. [14] As point defects typically have a feature
size of a single or multiple atoms [4, 9], they cannot be inspected visually. Therefore,
analytical methods are commonly used to quantitatively and qualitatively identify them.
Overall, both extended and point defects degrade the performance of the detectors and
decrease the yield of material dramatically. [15] In particular, under high fluxes condition
when high incoming irradiation and high density of carriers flowing through the detector,
any impurity can distort the drift and collection of the carriers, resulting in severe field
distortions and performance degradation. [9] Therefore, reducing the crystal defects is the

major challenge in producing large volumes of commercial ready CZT detectors.

1.4 The goal of this thesis

In this work we study both extended and point defects in the CZT crystals. Different
methods for screening these defects were used and the results were compared to detectors’
performance in order to determine the impact of these defects on the yield of the CZT
detectors.

The results in this thesis can be an important feedback to crystal growers and fabrication
technicians in order to eliminate the defects to improve the quality of material, which will

result in higher number of better performing detectors.

1.5 Thesis outline

The thesis structure is as follows:
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Chapter 2 introduces the CZT material and its growth process, its working principles as

a radiation detector, different types of defects in CZT crystal and their sources and finally
the problems associated with these defects.

Chapter 3 provides the methods used for screening and evaluating the quality and
performance of the detectors used in this study.

Chapter 4 includes the results of all the experiments using different spectroscopy
methods followed by a discussion section, which relates and concludes the effect of
different type of defects and operational conditions on the performance of detectors.

Chapter 5 provides a short summary and conclusion of the thesis.



2 Background

In this chapter, properties of CZT as a semiconductor material are investigated. This
can help in understanding the mechanisms of CZT radiation detectors. Different growth
methods of CZT and modifications to solve the major drawback of this material, which is
defects present in the material, are introduced. After introducing the material, interaction
of X-ray photons with the CZT atoms followed by signal formation and electronics needed
to read this signal are studied. At the end of this chapter different types of defects present
in the material and associated issues with them are introduced, which are the most

important concern of this work.

2.1 CZT semiconductor material

2.1.1 CadmiumZincTelluride structure

CZT was first proposed as a suitable semiconductor material for radiation detection
in late 1980s [14]. It is formed by alloying CadmiumTelluride (CdTe) and ZincTelluride
(ZnTe) both have Zincblende structures. Consequently, CZT has a structure of a pair of
interpenetrating face centered cubic (fcc) sub-lattices, which have an offset of a quarter of
a unit cell body diagonal with a Cd or Zn atom being the center of one of the sub-lattices
and Te atom the center of the other. [16] In general, the compound is expressed as Cd;.-
xZnxTe which implies that this alloy is basically made of CdTe, where Zn atoms have
replaced Cd randomly for a mole fraction of x.
CdTe and ZnTe are both direct-bandgap material with a band-gap of around 1.4 eV and
2.2eV in room temperature, respectively. [17] Their compound, CZT, also has a direct-
band gap of around 1.5eV-1.55eV depending on the Zn concentration. Figure 1 illustrates

the schematic of a direct bandgap material. As the light-matter interaction follows the law



8
of momentum conservation, the transition of electrons from valance band to conduction

band through photon absorption does not require excessive momentum change beyond that
carries by the photon. This makes a direct bandgap material ideal for optical and radiation
detection applications. In contrast, an indirect bandgap material generally requires the

assist of third party particles for the electron-hole generation to occur. [18-21].

Conduction
band

Energy

A 4

/ Valence \

band

Momentum

Figure 1 - Bandgap structure of a direct bandgap material.

2.1.2 Crystal growth process

As discussed earlier, despite the advantages of CZT over other semiconductor materials
in fabrication of radiation detectors, low crystal quality and defects present in it are still
barriers in commercializing large volume CZT radiation detectors. There are ongoing
researches to improve the current crystal growth processes. [5, 22-31] Consequently,
different methods for growing CZT crystals with continuing improvements are reported,
which include Bridgman method [32-34], high-pressure Bridgman method [23-25],
physical vapour transport method [35] and travelling heater method. [22] Despite of the
advances, growing a perfect, defect and crack free crystal is still a goal yet to be achieved.

As an illustration, some of the commonly used methods for CZT growth include:
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Bridgman method: In this method the crucible with a seed consisted of the same

desired crystal, goes through a furnace with temperature above the crystal
melting point. [36] The furnace can be vertical or horizontal. The crucible, the
furnace or both can be moving. As the crucible exits the furnace very slowly, the
melted crystal starts to solidify from the seed side and follow the structure of the
seed resulting in a single crystal boule.

High pressure Bridgman (HPB) method: In this method a pressure of 10-150
atm of an inert gas is present over the melt to reduce the loss of volatile
components. [6] Despite the use of this inert gas, there is still problems such as
cadmium loss (the component with highest vapour pressure component), which
yields Te rich material. This will later result in having many Te inclusions and
Te precipitate in the crystal and as the band-gap of Te is comparatively low (about
0.33eV), leading to a higher leakage current of the crystal.

Physical vapour transport (PVT): This method is usually used for smaller
boule sizes, but has a comparatively better quality in terms of extended defects.
In this method CdTe and ZnTe poly-crystals are placed in a quartz growth
chamber and by reaction between their vapours the CZT crystal is formed.
Because of less contact with the containment and slightly lower temperature, the
resulting crystal will be less contaminated and under less heat stress. This method
can be used for both seeded and unseeded growth. An important factor of PVT is
undercooling which is the temperature difference between the growing crystal
and source materials. The higher the temperature difference, the faster the crystal
will grow, but be less uniform. [27-29] Depending on the application and the

quality requirement one can optimize the temperature.
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Traveling heater method: In this method, a Tellurium solution with Indium

doping to compensate Cadmium loss during the growth and containing precise
amount of Zinc, is used to grow high quality, high resistivity CZT single crystal.
A narrow moving heater zone is present between the molten solution and solid
crystal and the slower this heater area moves, the better quality crystal we will
get. [31] A simple schematic of the process is shown in Figure 2. This method
has proved to be a reliable method for high quality, defect-free CZT crystal

growth and is the method currently used in Redlen Technologies.
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Figure 2 - Schematic of a travelling heater method system for CZT crystal growth. The heater

moves along the crystal to create perfect crystal structure.

After resolving the growth issues and obtaining an acceptable crystal quality, the wafers
go through the fabrication process. Details of the fabrication process of detectors are
described below: metal contacts are deposited on the anode and cathode sides and surface
is passivated to decrease the leakage current. The detectors are then tested under X-ray
irradiation for their performance to be evaluated. In the following sections, the process of
light interaction with material, generation of charge carriers, signal formation and methods

to read the generated signal are discussed.
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2.2 Interaction of radiation with matter

After the detectors are irradiated by the X-ray photons, the atoms go through an

interaction with the photons. This interaction mainly consists of three major mechanisms:

photoelectric absorption, Compton Scattering and pair production. [37] All these processes

involve photon energy transfer, partially or completely, and with the photon being either

disappeared or scattered with a significant angle. A brief description of each interaction

comes below:

Photoelectric absorption: In this process a photon goes through an interaction
with an absorber atom. As a result the photon disappears completely and a
high-energy photoelectron is ejected from one of the bound shells of the atom.
Thus the energy of the photoelectron will be equal to the energy of the incident
photon minus the binding energy of the electron. It should be noted that this
interaction only happens with absorber atoms not free electrons. Equation (2.1)
[5] gives an approximation of the probability of occurrence of photoelectric
absorption:

Z4-
Prg~ =5 (2.1)

£35
Where Z is the atomic number of the material and E is the energy of the incident
beam. [4-5] Based on this equation we can see that the higher atomic number
of CZT is in favour of photoelectric absorption process for comparatively low
photon energies, which makes it ideal for X-ray detection applications.

Compton Scattering: This process occurs between X-ray photons and an
electron in an absorbing material. In this case, the incident photon is deflected

at an angle with respect to its original direction and transfers a portion of its
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energy to the electron, [4] which is known as “recoil electron” after incident.

This portion of energy can be between zero to a large fraction of the original
photon’s energy.

e Pair production: If the incident photon’s energy is twice the rest-mass energy
of an electron (1.02 MeV), it is possible that pair generation occurs. [4] This
interaction occurs in the coulomb field of a nucleus and the gamma or X-ray
transfers all its energy, making an electron-positron pair instead. The energy
exceeding the 1.02 MeV energy of the rest-mass energy will be divided
between the electron and positron. As the positron transforms its energy to
radiant energy, two lower energy photons are usually produced as the
secondary products of this interaction.

Figure 3 illustrates the probability of each of the above three interactions for absorber
atoms with different atomic numbers and for different energies of the incident radiation. ,
o and « represent the probability of photoelectric absorption, Compton scattering and pair
production interaction occurrence, respectively. [4]

It can be observed that, photons with lower energy interact with material via the
photoelectric absorption or Compton scattering mechanisms with an equal probability. In
higher photon energies, Compton scattering and pair production are the dominant
mechanisms. In all of the above interactions, the probability of the interactions increases

with the atomic number of the material.
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Figure 3 - Different types of light interaction with matter with respect to atomic number of the
material and the incident photon energy. 1, ¢ and « represent the probability of photoelectric

absorption, Compton scattering and pair production interaction occurrence, respectively. [4]

2.3 Signal formation in CZT radiation detectors

2.3.1 Radiation detection mechanism in CZT detectors

The major light-matter interactions in the case of radiation sensing are photoelectric
absorption and Compton scattering. [4, 37] After the incident photons interact with the
CZT atoms with either of the mechanisms, relatively high-energy electrons are produced
as a result of the interaction. The effect of these electrons is what needs to be sensed. In
order to do so, a bias voltage is applied over the detectors to create an electric field between
anode and cathode. [4-5] This electric field over the detector plays one of the main roles in
charge transfer and hence sensing the incident light. [9] The high energy electrons
generated by the X-ray photons travel a path along the electric field and on their way they

generate phonons and electron-hole pairs before they come to rest. This process can create



15
relatively large clouds of low energy electrons and holes. For example for a 100keV

electron the size of this cloud is approximately 20um in diameter.[4-5]

These clouds of charge carriers then move towards either anode or cathode. Their drift
velocity is dependant on the amplitude of the electric field. By having a stronger electric
field we can have a faster and stronger charge collection. [5] A schematic of the charge

created in the CZT material and its traveling direction are presented in Figure 4.

Anode
Cathode h+ "
V+

— Semiconductor

Figure 4 - Charge created by the incident gamma rays and the direction of electrons and holes
transfer due to the electric field applied between anode and cathode. [38]

In more details, based on Ramo’s theorem [39], a single charge g moving a distance dx
in the direction of the electric field E, induces a charge dQ on either of the terminals of the
detector.

V-dQ =E-q-dx (2.3)

Where V is the potential difference between the terminals and E=V/D and D is the

detector’s depth. By substituting them in the above equation we will have:

dQ = = (2.4)
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By writing the above equation for both electrons and holes and adding them to obtain the

whole induced charge will equal to:

_ q-dxe + q-dxp _

dQ = 1=+ % - (dx, + dxp) (2.5)

So the total charge can be obtained by integrate along the path:

Q=52 (L, +Ly) (2.6)

Where No is the total number of carriers and L, and L, are the minimum of drift lengths
of electron or hole clouds and detector’s depth, respectively. Drift lengths are defined as
the distance that carriers travel before they are recombined. In an ideal case these drift
lengths of electron and hole clouds should be much larger than the thickness of the detector,
D, so that all the created charge will be sensed. [14]

In reality, due to trapping and other defects only a portion of the excess carrier generated
reach the electrodes. This can be simply defined as the charge finally collected at the

contacts divided by the charge created after the interaction with incident photons, known

as charge collection efficiency (CCE) [5]:
CCE = Qi 100% (2.7)
0

Subsequently, the collected charge needs to be read through electronic circuits to make

an analyzable data for the user.

2.3.2 Modes of operation

There are different methods of reading the output of the radiation detectors with different
levels of complexity and each has their own advantages and disadvantages. Most of them
use an application specific integrated circuit (ASIC) for the read out circuit with different

designs. [40] The whole circuit is bump-bonded to the external pixel of the detectors by
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indium balls or epoxy. [40] A picture of the ASIC circuit used for this study is displayed

Figure 5.

Figure 5 - The ASIC and bump-bonded connector. Detectors are aligned and secured in place on

top of the connector and then will be placed in the X-ray tester.

Here we introduce two most important and common methods for radiation detectors
read-out:

e Charge integration mode: In this mode the charge sensed by the radiation

detector is integrated on an in-pixel capacitor to be read later. [40] The average

charge is then calculated by the average event rate multiplied by charge produced

by event. A sample of the read-out charge versus time is shown in Figure 6.
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Figure 6 - Calculating the average charge read-out with charge integration mode. Final record will
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detailed information about position and size of the peaks. [40]

Simple circuits used for this method and low levels of noise make it a cost effective,
available mode for signal detection. [40-41] On the other hand, this does not store
any information about energy and the timing of the incident irradiation. [41] It also
does not have the enough sensitivity for low charges as it is stated as the average
charges over a period of time that might be much greater than the actual minimum
charge. [41] For all these reasons, this mode of operation is not the main mode of
interest for high flux detectors.
Photon counting mode: This mode of operation is the most interesting and also
the most challenging mode for the researchers working especially with high flux
detectors. [42] It has higher accuracy than charge integration mode but needs
more complicated electronic circuits in order to operate. [40] In this method each
individual quanta of radiation is counted, so it has very high sensitivity. [40] It
also has a much lower limit for the minimum charge detected [40] and as the
currents of the CZT detectors are very low, it is an important advantage over the
charge integration mode. It is a faster mode of operation [40-41] and thus is more
suitable to handle the fast response of the CZT detectors. More importantly, for

being able to sense the correct peaks at correct energy thresholds of the X-ray
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spectrum (also known as bins) we need information about each pulse heights and

their timings that only photon counting method can provide. [40-41, 43] Figure
7 shows a schematic of a photon counting pixel read-out circuit. [43] The
analogue voltage sensed turns into digital with respect to different thresholds
specified with red and blue in the figure. The final counting is a result of
summation of individual counts recorded and is what we see as the output count-

rate of the detectors.
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Figure 7 - The photon counting pixel circuit. Different thresholds for reading the output count-rate

are noted by red and blue colors. [43]

We had an overview of the working principal of the CZT radiation detectors so far. In
the next section we study different types of defects present in the CZT material and their

impact on performance of the detectors.

2.4 Point defects

Point defects are referred to the defects in the size of single atoms caused during the

process of crystal growth. They can be impurity atoms or vacancy of some atoms. These
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defects are considered to be responsible for charge trapping and polarization phenomenon,

leading to performance degradation of CZT detectors. [44-49] Carriers generated by X-ray
illumination can be trapped by these defects, resulting in build-up of carriers and distortion
in field distribution and causing performance degradation of the detectors. [42] These
defects are in the size of single atoms and they cannot be inspected by visual microscopy
methods. Therefore, analytical methods are needed to identify them. Some of the common
point defects present in CZT crystals are introduced below, where there are still some that
their sources are unidentified and under debate.

One of the common sources of point defects in CZT crystal is the impurity introduced to
the material during the crystal growth process. [9] In order for the detectors to achieve high
resistivity, some materials like Ge, can be highly depleted of electrically active dopants
and reach the resistivity as high as 10*° Q.cm [50], but for most materials it is unrealistic.
Other materials use other methods such as introducing dopants or defects during the crystal
growth process to the melting components of the crystal to compensate their existing
impurities. [50-51] These dopants and defects can be added during the crystal growth
process.

To reach high resistivity by adding dopants to the material, one should be able to balance
between donors and acceptors delicately to maintain the Fermi level close to the mid band
gap area and achieve a high resistivity. [9] In most materials including CZT, it is very
difficult to achieve a precise balance between shallow (low energy level) acceptors and
donors. Instead, deep or high energy level defects for compensation are used. [44-45, 51-
52] The energy level of these defects is between the Fermi level and valance band of the
material and are close enough to the Fermi level that with a small variation in the energy

of the Fermi level, a great number of deep levels get ionized and can neutralize the excess
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free carriers of the shallow levels. [9] This way the Fermi level never changes dramatically

and that is why this technique is called “Fermi level pinning”. [9] At the same time, these
deep levels act as carrier trapping centers which contribute to incomplete charge collection
and lowering the energy resolution and efficiency. [50-52] Currently most of the CZT
crystals grown for radiation detection are grown in Te rich conditions [52] and n-type
impurities such as Cl, In and Al are introduced to the material during growth for achieving
high resistivity. [44-49] In the material used for this study, Indium was used as principal
donor to compensate Cd vacancies as the dominant acceptors.

Other important sources of the point defects are Cadmium or Tellurium vacancies in the
material. [9] Based on the Cd pressure during the crystal growth process we can have either
singly ionized native donors (Te vacancy) and electrons as the main charged species at high
Cd pressures, an intrinsic range with electron and holes as the major charged species in
medium Cd pressures or singly ionized native acceptors (Cd vacancy) in low Cd pressure.
[53] In Tables 2 and 3 some of the common point defects are presented along with their
type (acceptor or donor) and energy levels, respectively. [9]

The detailed mechanism and impacts of defects interacting with carriers is described in

the polarization section.



Table 2 - Common traps from groups I, I, IV, V and V with their energy level. [9]
Element Photoionization, Thermal ionization, Method
E (meV) E (meV)
Li Acceptor: 58.0 PL
Na Acceptor: 58.7 PL
N Acceptor: 56.0 PL
P Acceptor: 68.2 PL
As Acceptor: 92.0 PL
Cl Donor: 14
Cl Donor: 1448 PL
Cl-Vy4 Acceptor: 120 PL, ODMR
Cl DX1 Donor: 220 Theory
Cl DX2 Donor: 470 Theory
Cl DX3 Donor: 210 Theory
Al Donor: 14.05 PL
F Donor: 13.71 PL
Ga Donor: 13.83 PL
In Donor: 14.08 PL
In DX Donor: 300 Theory for Cdy3Zny,Te
Ge Donor: 950 Acceptor: 730 Photo-EPR
Sn Donor: 850 Photo-EPR
Sn Donor: 900 DLTS
Sn Donor: 890, 430 QTS
Pb Donor: 1280 Photo-EPR

Table 3 - Common traps introduced during growth and their energy levels. [9]

Defect Thermal ionization, Photoionization, Method

E (eV) E (eV)
Ved Acceptor: <0.47 Photo-EPR
Ved Acceptor: 0.78 PICTS
Vea Acceptor: 0.2, 0.8 Theory
Ved Acceptor: 0.1, 04, 0.76 DLTS, PICT
Ve Acceptor: 0.1 Theory
Ved Acceptor: 0.43 TEES
Ved Acceptor: 0.21; Donor: 0.73 TEES
Teca Donor: 0, 0.4 Theory
Te; Donor Theory
Teca—Veu Neutral Theory
Ve Donor: 1.4 Photo-EPR
Ve Donor: 1.1 DLTS, PICT
Ve Donor: 0.4, 0.5 Theory
Cd, Donor: 0.64 DLTS, PICT
Cd, Donor: 0.54 PICT
Cdy Donor: 0.5 Theory
Cdy Donor: 0, 0.2 Theory

2.5 Extended defects

22

Extended defects are imperfect structures in crystal, such as dislocations or tilting

between two differently oriented crystals. [4] They can also be the assembly of one type of

atoms in large amounts. [4] Due to the size of the extended defects being orders of
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magnitude greater than point defects (between tens of nanometers to milimeters depending

on type of defect in comparison to the point defects with size in range of hundreds of
picometers), extended defects are detectable with optical microscopes and chemical
methods. [14] Similar to point defects, these defects are causing one of the major
drawbacks in CZT radiation detectors that reduce the availability and cost of especially
large detectors and are present in even highest quality materials. [14] They cause
disturbance in charge collection and limit the production of detectors to small thicknesses
and areas. [5] There are several common types of extended defects in commercial detector-
grade CZT material that consists of twins, sub-grain boundaries, Te inclusions and
dislocations. [9] A brief explanation of each of these defects and their origin comes in the
following:
e Twin and sub-grain boundaries: These boundaries between different
orientations of crystals affect the transport characteristics of charge carriers in
severe and different ways. [54] Dangling bonds at these boundaries form a charge
barrier for drifting carriers. [54] The electrical conduction along these boundaries
also affects the electrical field properties and drift lengths of the carriers. [9] One
of the methods used to identify twin and sub-grain boundaries is to etch the
surface of the crystal roughly and then shine light on it. In this stage light will be
scattered from the surface with different directions due to different
crystallographic orientations of the defects and material and the boundaries will
be distinguishable with bare eyes [9, 55] While with finely polished samples with
electrical contacts it is practically almost impossible to track the boundaries with
bare eyes. [14] In these cases that destructive methods like etching is not

desirable, methods such as X-ray topography is a suitable choice. [14, 55-56]
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e Mosaics: Mosaics are in fact slightly tilted sub-grain boundaries. [57] It is

believed that dislocations inside the sub-grains are elementary sources of rotation
of crystal lattice, resulting in mosaic structures. [57]

e Teinclusions: Te inclusions are an important type of extended defects that are
responsible for charge distribution distortion in thick detectors. This type of
defects have a much smaller bandgap (0.33eV) resulting in highly conductive
crystal compared to bulk CZT crystal surrounding it. [9] Typical Te inclusions
that are formed during the crystal growth are about 1-30 um in diameter. [14, 58]

e Star shaped defects: These defects are formed during the post-growth annealing
process with Cd vapour. It is believed that they are a product of the in-diffused
Cd atoms and the molten Te inclusions [59] and appear as star-shaped, highly
conductive defects within the crystal. [9]

e Dislocations: Dislocations in the CZT crystals are formed during the
thermoplastic relaxation in the solid-melt interface during the growth. [56] In
high concentrations, these dislocations form dislocation walls that despite having
different sources, but act similarly to twin and sub-grain boundaries. They also
cause severe non-uniformity in the charge transport, which indicates distortion
of the electric field inside the detector. [55-56, 60-61] Methods of detecting them
are also similar to those of twins and sub-grain boundaries (Rough

etching/polishing). [14, 55-56, 62]

2.6 Polarization

As briefly mentioned in the previous chapters, polarization is a result of point defects

introduced to the material during growth [5] and are one of the most challenging barriers
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in obtaining high yields in fabrication of CZT radiation detectors. [63-65] This causes the

output count-rate and peak position of detectors to move noticeably. [63-66]

Free carriers travelling in the electric field induced by the bias voltage across the
detectors can be trapped in the point defects present in the crystal. This results in the build-
up of charge carriers and non-uniform distribution of electric field over the detector shown
in Figure 8. [5] This affects the drift velocity of the carriers, which is eventually decreased

and causes even more carriers to be trapped. [5]
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Figure 8 - Polarization in radiation detectors. By producing more carriers they have been trapped
in the trapping centers present in the material. This charge accumulation has resulted in reduced
electric field. [5]

There is a de-trapping time (te and t for electrons and holes respectively) [67-68]
associated with the time a charge spends in a trap, which is mainly controlled by
temperature and energy of the trap. [42] The lower the temperature, the less energy carriers
have to spent to overcome the energy barrier of the traps to set themselves free. In the
extreme case, the lifetime of the carriers is much smaller than their de-trapping time and

they are called “frozen”. [69]
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There are two types of traps resulting in polarization of detectors. One is the hole trap,

trapping slower travelling holes and causing build-up of positively charged carriers and
affecting the electric field, [63-66] the other type is the electron trap, mainly in deep energy
levels that are inactive in the normal conditions. [70-71] First type is believed to be
responsible for polarization of detectors when X-ray is illuminated [28, 66] and the second
type is responsible for bias induced polarization and instability of the detectors. [70-71]
Both types of polarization mechanisms will be discussed in more details in the following

chapters.

2.6.1 X-ray induced polarization

One of the most frequently observed cases in which polarization affects the performance
of the detectors is when they are under X-ray illumination. [5] It causes a great number of
excess carriers to be generated [63] and start travelling towards anode (for electrons) and
cathode (for holes). Hole trapping centers mostly caused by impurities introduced to
material during growth process are believed to have energies greater than Fermi level and
close to the conduction band, which are usually referred to as shallow energy traps, and
thus are empty and active in the bulk of the material in the equilibrium condition and slow-
moving holes get trapped in those centers. [63-65] This causes the disturbance of the
electric field in a way that most of the electric field and voltage drop will occur in the
region closer to cathode, where carriers were generated in the first place and only a small
portion of the electric field will remain for the rest part of the detector. [5, 63-66] This
results in a lower drift velocity of the electrons in the area [5] with low electric field and
as a result more holes will get trapped and the performance of the detector degrade

dramatically. [64] This phenomenon is illustrated in Figure 9. In part four, a comparison
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between electric field distribution under dark condition and under X-ray illumination is

shown. In the latter case most of the field drops within the first small portion of the detector
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Figure 9 - Polarization of carriers induced by X-ray illumination. Faster electrons are collected by
anode where holes are trapped in the trapping centers and caused distortion of electric field. In part
4 you see the effect of this trapping on the distribution of the electric field under X-ray illumination.

2.6.2 Bias induced polarization

Another case in which polarization may occur, even before illumination of X-ray is when
the bias over anode and cathode is applied in order for the electric field in the detector to
be generated. [70] In this case the electron traps which are normally filled in the bulk of
the material come to play. In the bulk of the material, Fermi level is well above these traps
[70] and they are occupied by an electron and are neutral but if the Fermi level moves
below the trap level, it will be empty and positively charged. [70] As discussed before
Fermi level in CZT material used for detector fabrication is usually pinned to near mid-gap
energy in order to increase the resistivity of the bulk material. [9] The materials used for
this study are slightly n-type, so the Fermi level is slightly higher than the mid-gap energy

band. Figure 10 shows a schematic of a donor trap in both de-active and active modes. [70]
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Figure 10 - Energy level of donor traps in both filled and empty cases. It has neutral charge in the

empty case and it is active and positively charged when empty.

The behaviour of the energy bands near the metal-semiconductor contacts of the anode
and cathode after applying bias voltage can be of interest in terms of traps occupancy.
Based on Schottky-Math theory, metals with high work functions like Gold or Platinum
(with work functions 5.1eV and 6.35eV, respectively) tend to have blocking contacts with
n-type material and ohmic with p-type. [71] In semi-insulating materials like CZT, high
work function metals form blocking contacts with electrons and ohmic with holes. [71]

In the detectors used for this study, Platinum is used as the anode and cathode metal.
When negative voltage is applied in cathode and positive voltage to anode, presented in
Figure 11, the energy bands bend due to the Schottky contact generated at the metal-
semiconductor interface. [70] As the position of the Fermi level in a certain material is
constant, band bending causes the deep energy level traps to go above the Fermi level on
the cathode side. These traps are then empty and active and can contribute to trapping of

electron carriers. [70-71] If the number of these traps is high enough, they cause noticeable
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trapping even before the X-ray illumination. Equation 2.7 shows the relationship between

ionized deep donor traps and time after applying bias voltage.
AN*(t) = Nr[1 = exp(— )] (2.7)

Where N* is the concentration of ionized traps, Nt is the number of traps at t=0 and . is

the de-trapping time given by:

1

T, = exp (%) (2.8)

- Ncov

Where N¢ is the effective density of states at the conduction band, v is the thermal
velocity of the electrons, Er is the trap ionization energy relatively to the bottom of the
conduction band and o is the electronic capture cross section.

As you can see number of activated traps increases with time, which causes instability

of detectors over the time.
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Figure 11 — Energy band diagram showing the band bending close to the metal-semiconductor
surface, a) under no bias and b) under reverse bias. @m, s, Esm and Ess represent the work functions
and Fermi levels of the metal and semiconductor, Vyi is the built-in potential of the barrier and Lq
is the depletion region’s width. Under the reverse bias more of the donor traps have an energy level

higher of the Fermi level and get activated. [70]
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2.7 Charge steering and charge channelling

Charge steering and charge channelling are other examples of detector performance

degradation due to extended and point defects present in the CZT crystal. These

phenomena cause distortion in the carrier collection mechanism and signal formation of

the detectors.

Charge steering: Charge steering or lateral polarization refers to the lateral
movement of the carriers with respect to the electric field in the detector, instead of
the expected direction from the cathode to the anode. This is caused by extended
defects affecting the transfer of carriers along the detector. [72] Typically, there
exist two types of charge steering, dynamic and static. [4, 72]

Dynamic charge steering is caused by the slower hole carriers. [72] Due to their
slower speed, they could be trapped in the hole traps present in the material and
create accumulated charge. The traps can act as a barrier for the carriers to pass
and result in a dark, lower output count area in the output. [14, 72]

Static charge steering is related to charged structural defects [72] that guide the
carriers away from them and result in a low output count area corresponding to the
shape of the defect. [14, 72]

Charge channelling: Charge channelling occurs when extended defects such as
twin boundaries are present. [73] These boundaries are usually decorated with Te
inclusions, which are highly conductive. [30] Consequently lots of the carriers will
be attracted towards these boundaries and will form lines with high output count-

rates called “hot lines” in lower output count-rate or “cold” surrounding. [30]
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3 Materials and methods

In this chapter methods and materials used to study the CZT material and radiation
detectors are introduced. These methods can be divided into four main categories: optical
techniques, electrical methods, chemical methods and operational methods. Each category

will be described in more details in the following sections.

3.1 Optical techniques

Optical techniques use light as to study the characteristics of the CZT crystal. In this
project IR imaging was used as a tool to inspect the CZT crystal quality and extended
defects present in it. Pockels effect was used to measure the electric field distribution inside
the detectors, which can give us valuable information on defects and charge distribution.
Deep level transient spectroscopy was also used as a method combining optical and
electrical means to study the presence of point defects specifically. The working principals

of each of these methods are explained in the following sections:

3.1.1 IR imaging

Infrared (IR) transmission microscopy and its deviations (such as Fourier transform
infrared microscopy) are well known methods of material characterization. [9, 74] CZT
crystal is opaque to visible light but transparent to IR light. Extended defects however,
have different optical properties and are opaque to IR light. Consequently, they form dark
spots in the IR image. [14]

As illustrated in Figure 12, the IR imaging system used in this study consists of an IR
source illuminating from the bottom of the sample, some mirrors to focus the light on the

sample, the aperture to condense the light and IR detector to sense the output.
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Figure 12 — a) A simple schematic of IR microscopy. IR light is illuminated on the sample from
the bottom and is detected by the IR detector on top of the system. b) IR Microscopy used in this
study at Redlen Technologies.

This method of spectroscopy is useful in recognizing extended defects such as Te
inclusions and twin or sub-grain boundaries, but cannot help in studying the point defects

inside the crystal.

3.1.2 Pockels electric field measurement

In materials with Zinc-blende structure, the refractive index can be modified
anisotropically so that the crystal becomes birefringent under applied bias voltages. This
effect is called the Pockels effect. [14] Birefringence is defined as the double refraction of
light in a transparent, molecularly ordered material, which is explained by the existence of
orientation-dependent differences in refractive index. [62, 75]

After applying the Pockels effect in the material, the electromagnetic vector of the light

rotates with the intensity of the electric field inside the detector. [14] Then by inspecting
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the light intensity inside the material, one can measure the electric field distribution.

Quantitatively, the light intensity inside the material follows: [14]
I =1,-Sin(d) (3.1)
Where lo is the maximum transmitted light through the detector, | is the difference
between light intensities with and without the presence of bias voltage. d is the holdup

angle of the light inside the crystal, expressed as: [14]

9 = gl rd
T2

E (3.2)
Where no is the field-free refractive index, r is the linear electro-optic coefficient, d is the
path length of light which in our case is the thickness of the crystal, A is the light wavelength
and E is the electric field intensity.
By having the electric field distribution inside the detectors we can gain valuable
information about the effect of crystal defects on the performance of the detectors. In

Figure 13, the Pockels set-up used for this study, belonging to Redlen Technologies, is

presented.



34

Figure 13 - Pockels system set-up used in this study, belonging to Redlen Technologies. Light is
illuminated by a source on the right side of the box and after passing through two polarizers enters
the sample. The light detector is placed on the left hand-side of the box and the output signals goes
to the computer and translated into electric field using the aforementioned relationships.

3.1.3 Deep level transient spectroscopy (DLTS)

The basic working principle of DLTS is shown in Figure 14. It works by changing bias
voltage of a p-n or Schottky junction, which in our case is the metal-semiconductor junction
between the cathode and the slightly n-type CZT crystal, in different temperatures and
measuring the time constant the system needs to reach the steady state condition. [76-77]
Because of the gradient in charge carriers’ distribution, majority carriers of each material
diffuse to the other side of the junction, leaving oppositely charged ions behind. These ions
form an electric field opposing the direction of diffusion current, so at a point the drift

current caused by this electric field opposes the diffusion current and the material reaches
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equilibrium. [4] (Seen in part a of Figure 14). The area that is almost empty of free carriers

is called depletion region and it mostly penetrates through the material with lower
concentration of dopants. (For the metal-semiconductor junction it only penetrates into the
semiconductor as metal has much greater number of free carriers in comparison to
semiconductor) [4, 14]

In the DLTS method, in each temperature step, a pulse of bias voltage (in this case
forward bias) is applied on the junction, which causes the depletion region to narrow down
because of the opposing external electric field and the majority carriers to go back and fill
some of the depleted area of their side of the junction and so the traps in the depletion
region that were empty of free carriers also get filled [78] (part b of Figure 14). After the
pulse period is finished, depletion area width tends to go back to what it used to be, [76] so
the carriers have to immigrate back. This process happens much fast for the conduction
band electrons rather than the trapped carriers as they have to overcome the trap energy
barrier first.[76, 78] The higher the temperature is the easier it gets for carriers to overcome
the low energy traps, so in higher temperatures we can sense traps with deeper energy
levels. By measuring the capacitance of the junction we can monitor the time
corresponding to the system to reach the steady state in each temperature. [74, 78] This
transient time is an exponential function with the constant equal to the thermal emission
rate of the traps. [79] Also, the peak of the capacitor amplitude after the pulse is removed
is proportional to the density of traps present in the material. [79] Therefore, this method

can give us valuable information about the traps present in the material.
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Figure 14 - On the left hand-side the sudden pulse and change in the junction capacitor is shown.
On the right hand-side the traps occupancy before, during and after the pulse is shown. By
measuring the time constant of the junction capacitor change and repeating this measurement in

different temperatures we can find the density, cross section and energy level of the traps. [77]

3.2 Electrical techniques

These methods rely on the electrical properties of the CZT material to monitor their
resistivity or capacitance. DLTS was earlier discussed in the optical techniques section as
a method using both optical and electrical properties of the material to identify the point
defects. Here the contactless resistivity mapping method and how it can help us recognize

either extended or point defects are explained.
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3.2.1 Contactless Resistivity Mapping (CoReMa)

This method can give us a full map of material resistivity in wafer or detector size level
without having an ohmic contact with the material. [80] It is a rapid, non-destructive tool
that has a resistivity detection range of 1 - 10° to 1 - 102 ohm-cm. [80] The probe size
and therefore each scanning step can vary between 100 pum to 1 mm in diameter which can
be adjusted based on the desired resolution. [77, 80]

The principle of this technique is based on the self-discharge of the free carriers in a
semiconductor after applying a charge pulse. [80] The schematic of the CoReMa system

as well as its hardware representation is illustrated in Figure 15.
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Figure 15 - a) Schematic of the CoReMa system, b) Equivalent circuit of the system. By applying

—
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¥

voltage over the system and measuring the current we can find the equivalent resistivity and

capacitance of the CZT crystal. [80]

There is the Cs and Rs representing the equivalent resistance and capacitance of the
semiconductor and C, stands for the air gap capacitance. When the charge pulse is applied
to the system both C, and Cs capacitors are charged. Without removing the charge pulse
Cawill remain charged but charge stored in Cs will start being discharged in its parallel

resistor, Rs. So we can say the charge in the moment t=0 equals to:
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0t =0) = (%) v (3.3)

Where V is the applied voltage and the charge after Cs is discharged equals:

Qt=0)=CuV (34)
So by comparing the charge in the beginning and after it reached its stable value, we can
calculate Cs. [80] The time constant of the charge decay can also give us the value of the
parallel resistor Rs in which Cs was discharged. By repeating this process over the whole
wafer we can have a resistivity map of the wafer, which can be very helpful in inspection

of defects in crystal due to different resistivity of the bulk of CZT and different types of

defects. [77, 80] A sample of the charge-time variations is shown in Figure 16.

0 time

Figure 16 - An example of charge-time output signal of the CoReMa system.

3.3 Chemical methods
These methods use chemical solutions to distinguish between different crystalline
structures in the CZT material. Etch pit density mapping was used in this study to study

the extended defects present inside the CZT crystals.
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3.3.1 Etch Pit Density (EPD) mapping

EPD mapping is a commonly used method for extended defect recognition. [9, 14, 81]
In this method, the CZT substrate is treated with Nakagawa etchant solution (HF:H202:H20
3:2:2). [81] Due to different crystal orientations and different structural properties, the etch
rate of the defects and the bulk CZT are different, [81] so after the etching process one can
count the etch pits caused by impurities in the crystal in some random sub-fields from
different parts of the wafer under microscope. This number can be an indicator of crystal
quality. The shortcoming of this method is that it is a destructive method for the surface of

the crystal and the chemicals used in the process are extremely dangerous. [9]

3.4 Operational measurements

This type of measurement, which we called it operational measurement, evaluates the
performance of the detectors, real time, under application-specific working conditions

using the in-house high flux tester instrument in Redlen Technologies.

3.4.1 High flux tester
High flux tester is a commercial tool that is the proof of concept for medical
applications that require high input fluxes of X-ray. This method of characterization
can give us a very good picture of both extended and point defects within the CZT
detector and their role. In this method an X-ray beam is used to monitor the
performance of the detectors. This beam is generated in an X-ray tube, where electrons
are accelerated under very high voltages and hit a Tungsten metal target, creating
accelerated, high-energy photons. [74] In Figure 17 the X-ray spectra of energy before

and after filtration with Imm Cu and 1.5m Al is presented.
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Figure 17 - X-ray spectrum of energy before and after filtration with 1mm Cu and 1.5mm Al. The

output peak has shifted from lower energies to higher energies, which make it more distinguishable
from noise.

In Figure 18 a picture of the in-house X-ray machine at Redlen Technologies, used in
this study, is shown. The sample is placed at the bottom of the machine and the X-ray is
illuminated on the cathode side of the detectors from the top after passing through 1mm
Cu and 1.5mm Al filters. Sample is mounted on top of the application-specific integration
circuit (ASIC) and the proper connections to anode and cathode are made through the
rubber balls on the ASIC that can be precisely aligned with the anode pixels and conductive
rubber between cathode and the metal to ensure proper electrical connection between the

high-voltage supply and the cathode, respectively.
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Figure 18 - In-house X-ray test system provided by Redlen Technologies for this study. The X-ray
illuminates on the sample from the top and signal is read by ASIC circuit on the anode of the
detector.

One of the important outcomes of this measurement is Output Count-rate (OCR) map.
In this map the number of detected photons in each pixel is counted and can be translated
into colors for each of the corresponding pixels. The result is a full pixelated map of the
detector, showing its overall performance in terms of photon sensing. Another important
data that can be extracted from this test is the linearity of output count-rate versus input

count-rate, which indicates the ability of the detector to work under high input X-ray fluxes.
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Extended defects are easily traceable using the OCR map of the high flux tester. They

either cause charge steering which appears as darker areas (cold areas) with lower number
of output counts or charge channelling that creates high number of output counts also
known as hot areas. Point defects on the other hand, do not appear directly in the OCR map
but by comparing the results of the detector’s behaviour with different applied biases and
without or with X-ray illumination or even in different temperatures, one can obtain
information about the effect of point defects in the material.

Because of the advantages mentioned above in tracing both extended and point defects
inside the CZT crystals and the ability to examine the performance of the detectors under
different operational conditions, this method is the main method of interest for

characterization of the CZT detectors in this study.
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4 Results and Discussion

In this chapter the results of the experiments and measurements on samples with different
qualities using different measurement systems, followed by discussions on those results
and relationship between them are presented. They are divided in two parts, X-ray maps
with extended defects, and with point defects. As discussed earlier, extended defects are
visible so it is easier to track them and specify their types, point defects on the other hand

cannot be seen visually, but there are methods that they can be sensed through them.

4.1 X-ray maps with extended defects

In this section a number of detectors with extended defects were recognized by the X-
ray tester. These detectors were later studied using other characterization methods in order
to find a meaningful relationship between the results. The effects of operational condition
on the extended defects in the crystal and in general on the performance of the detectors

were also examined.

4.1.1 X-ray tester versus EPD mapping

Using the X-ray measurement system introduced before we can obtain the output count-
rate maps of samples under different intensities of X-ray illumination, with different biases
on the samples and even in different temperatures. In Figure 19 the output count-rate map
of sample number one under high input X-ray flux is shown. All the samples used in this
study are fabricated using Redlen’s standard radiation detection fabrication process and
have a pixelated area of 22 x 32 pixels of 500um X 500um resolution. The counting
maps are measured with the X-ray high flux tester shown in Figure 18 and the circuit used

for read-out of the signal is the ASIC with photon counting mode described earlier. In this
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measurement the X-ray tube current was 25 mA and a bias of 700V was applied over the

sample. Dark regions represent poor charge collection and limited signal.

Counting map under high flux

Figure 19 - Output Count-rate map of sample number one under high flux of X-ray. Darker regions
marked by yellow circles represent lower output counts.

Non-uniformity in the output count-rate map of sample number one motivated us to test
it with EPD method too. As the EPD mapping requires working with dangerous chemicals,
this part was done by trained technicians in Redlen Technologies under supervisory of my
colleague Pramodha Marthandam. The results of this EPD mapping are presented in Figure

20.
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Figure 20 - EPD maps of a) detector number one on the surface, b) after polishing of 1mm and
threating with EPD again and ¢) the fused image. The resulted patterns of the fused image show

high compatibility with the result of high flux tester.

First picture on the left shows the EPD map of the surface of the detector. Several star-
shaped defects can be seen on the surface of the material and have been marked with blue
circles. To investigate if these defects are extended in depth of the detectors too, 1mm of
the detector thickness was polished off and the sample went through the EPD mapping
process again. The result is shown in the middle picture of Figure 20. As the figures suggest
only one of the star-shaped defects present on the surface of the material extended in depth
of the material. Red circles present defects that did not exist on the surface of the material.
The picture on the right hand-side of Figure 20 is the fused image of the two surface and
1mm depth EPD images of sample number one. The yellow circles, showing the location
of star-shaped defects through the detector show very good agreement with the yellow

circles representing the lower count-rate areas of the X-ray map in Figure 19.
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In another similar test with sample number two, the high flux test and EPD mapping

were performed on the sample, under two different bias voltages and the results can be

seen in Figures 21 and 22, respectively.
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Figure 21 - Output count-rate maps of sample number two under low bias (300V) and high bias
voltage (900V) and 120kVp, 1mm Cu and 1.5mm Al filtered differential spectra for three different
selected pixels. Red dashed line shows where the hotlines under 900V bias are present. Blue circles
represent the low output count-rate areas. The spectra show that for hotlines there is an extreme
peak of X-ray whereas for the low output count-rate area shown by bly=ue color, the X-ray peak is

very weak and in low energies.
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Figure 22 - EPD map of detector number two. sub-grain boundaries and mosaics found with this
method match well with the hotlines and low output count-rate areas of the high flux tester result.

In this experiment, there are a number of interesting observations. By investigating to the
EPD image of the surface of the detector, we observed that there were two types of
extended defects present. One is the sub-grain boundaries, numbered one to four on the
detector map, which is usually decorated with low resistivity Te inclusions and the other
one is the mosaics marked with blue circles on the corners of the detector.

As the figures suggest the sub-grain boundaries resulted in a high output count-rate in
the X-ray map whereas the mosaics resulted in dark, low output count-rate areas.

The X-ray spectrum for three selected pixels, one in low counting are, one in the good
area and one on the hot line areas of the detector are also shown in Figure 21. The difference
between the spectra in the three areas is noticeable. The spectrum of the pixel in the good

area shows a distinguishable peak, where the peak of the spectrum in the low output count-
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rate area is shifted and weakened and almost merged with the noise. The hotline area shows

an extremely high peak.

It is also interesting to notice how the bias voltage affects the output count-rate map of
the detector. As discussed in the theory section, the bias between the cathode and anode
forms the electric field, which helps the carriers travel in the detector and also controls their
drift velocity. The lower the bias voltage is, fewer carriers can make it to the contacts and
we have a weaker output count-rate, where we cannot distinguish between different areas

of the detector very clearly.

4.1.2 Effect of input X-ray flux and biasing voltage on the detectors’ performance
To clarify the effect of different X-ray input photon fluxes and bias voltages more, we
designed an experiment in which in one case the bias was kept constant (900V) and the X-

ray tube current (flux) was changing from 1mA to 25mA and in the second scenario the
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tube current was constant and set to 25mA and the bias voltage was changing from 100V

to 1000V. The results of these tests are shown in Figures 23 and 24 respectively.

1mA/120kVp 25mA/120kVp

Figure 23 - Evolution of detector number three performance under constant bias (900V) and
different X-ray tube currents varying between 1mA to 25mA. Pattern of the dead areas and hotlines

have not changed with increasing the input X-ray flux.

Figure 24 - Performance of detector number three under constant X-ray flux (25mA) and varying

bias voltages from 100V to 1000V. By increasing the bias voltage the dead area comes back to life.
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Interestingly, in the first test with the constant bias and varying photon flux, you can

notice that the regions with extended defects, which are consisted of a circular low-count
(cold) area plus numerous hot lines, are distinguishable from the very low fluxes and their
shape does not change with increasing the flux. Only the number of the output counts
increase, which is simply because of increase in the input photon counts. Conversely, in
the second experiment with constant flux and increasing bias voltage, we can clearly see
that the shape and size of the cold area is changing and when applying high voltages

(around 1000V) this area is completely restored again.

4.1.3 High flux tester versus IR microscopy
During the high flux testing of detector number four, severe hot lines and extended
defects were observed. The output count-rate map of this detector is presented in Figure

25.
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Figure 25 - Output count-rate map of detector number four with 900V bias and 25mA X-ray tube
current. Severe extended defects can be observed.

To investigate the source of the problem, the detector was imaged using IR microscopy.
As the contacts were already fabricated and we didn’t want to remove them, the images
were taken from the side of the detector, showing extension of defects through the depth
of the detector. In Figure 26, the IR images of areas corresponding to hot lines in the

detector are shown.
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Figure 26 - Output count-rate map of detector number four on the left and IR microscopy images
of different spots of it on the right. It should be noted that IR images are taken from the sidewall,
so there are along the depth of the detector. Frame size of IR images are 0.89mm x 0.67mm.

The figures confirm that the hotlines in the output count-rate map correspond to twins

decorated with Te inclusions in the IR images.

4.1.4 CoReMa mapping versus EPD mapping
By being able to screen the quality of the CZT crystal even before fabrication, in the
wafer level, we can reduce the fabrication costs and efforts by eliminating the parts of the
material with visible defects that are proved to have degrading effects on the performance
of detectors. Contactless resistivity mapping (CoReMa) as introduced before, is one of the

methods that can screen the material in the wafer size level without leaving any harm to



4.2

53
the material. EPD mapping can also be used for identifying the extended defects inside the

material but has the disadvantage of damaging the surface of the crystal and thus affecting
the conductivity of the surface and semiconductor-metal interface quality. Figure 27 shows
the wafer level screening of CZT crystal grown by THM method in Redlen Technologies

using CoReMa and EPD mapping for wafer number one.
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Figure 27 - High resolution CoReMa image (left) and EPD map (right) of CZT wafer one grown
by THM method in Redlen Technologies. Twin line running through the wafer is traceable in

images taken using both methods.

As the CoReMa map suggests wafer number one has uniform resistivity, but you can
clearly see the high conductive line in it, which matches with the twin boundary seen in

the EPD map.

X-ray maps with point defects

This section is dedicated to studying the presence and effects of the point defects in the
CZT crystals. Major types of point defects or traps present in the crystal are studied using

various characterization methods. Similar to the last section, effects of operational
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conditions on these defects and general performance of the detectors were also

investigated.

4.2.1 Polarization in different generations of Redlen’s detectors

In this section, three different detectors, from three generations of Redlen’s detectors,
numbered five, six and seven, respectively, were tested using the X-ray high-flux tester.
Generation 1 detectors needed high electric fields to operate (600 VV/mm) and also high
temperature (>40°C), the second generation still needed the same high electric field and
high temperature but could operate to a higher input count-rate point, whereas the third
generation works with electric field as low as 150 V/mm and in room temperature. The
higher electric field in the earlier generations would help the detectors to have higher
carriers drift velocity, which would result in lowering the number of carriers trapped and
the higher temperature would allow the carriers to have higher energy to overcome the
traps’ energy and become free. The output count-rate of these detectors versus their input

count-rate is plotted in Figure 28.
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Figure 28 - Output count-rate vs. input count-rate for three different generations of Redlen
detectors. The red plots show the output count-rate for all of the 704 pixels of samples 5, 6 and 7.

The point where 100% of the detectors’ pixels are non-responsive is defined as the critical
flux. Figure 28 suggests that this critical flux has improved from around 1MCps.mm-
(Mega count per second per mm?2) in first generation detectors to <10 MCps.mm2 in second
generation and >>10s of MCps.mm in third generation, which indicates the ability of the
later generations to work under the higher input X-ray fluxes.

In Figure 29 the effect of bias voltage on critical fluxes of detectors from different
generations are shown. As it is expected, with the increase of the bias voltage, the drift
velocity of carriers increases. This makes them less probable of being trapped in the
trapping centers, enabling the detectors to work in higher input fluxes. This behaviour is

consistent in all three generations of detectors but the value of the critical input flux they
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could operate with in a certain bias voltage was greater in third generation detectors, rather

than the two other generations.

Generation 3

Generation 2

Generation 1

Figure 29 - Critical flux vs. bias voltage for different generations of Redlen radiation detectors.
Critical flux of the later generations is noticeably higher and also it can be noted that by increasing
the bias voltage, critical flux for detectors of one generation increase.

4.2.2 Pockels measurements on three generations of Redlen detectors

The electric field distribution in detectors five and seven from first and third generations
was also investigated. These measurements were done by the help of my colleague
Georgios Prekas in Redlen Technologies. Figure 30 shows the field distribution in these

two detectors in dark condition and under X-ray illumination under 600V of bias voltage.
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The horizontal axis represents the depth of detectors with x=0 representing the anode and

x=2mm indicating the cathode.

600V Dark
600V ICR ~1Mcps.mm-1

600V Dark
600V ICR ~100Mcps.mm-1

Figure 30 - Electric field distribution in the detector number five from the first generation detectors
(above) and detector number seven from the third (bottom). Zero on the horizontal axis represents
the anode and x=2mm is the cathode position. In first generation detectors electric field would lose
its” uniformity under X-ray illumination and most of the field will drop within the first quarter of
the detector thickness. Electric field in the new generation detectors on the other hand, remains
uniform even after the illumination of X-ray.

As the figures suggest in the first generation detector the electric field after illumination

is distorted in a way that most of the field is across the limited area close to cathode because
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of polarization and almost no field is remained for the rest of the detector, resulting in

problems in carriers’ transfer and therefore getting no output signal. In the third generation
detector, this problem is solved by precise control of the dopants in the crystal growth step
and also modifying the crystal growth process to have a more uniform distribution of heat
and dopants over the wafers. The Pockels measurements show a uniform electric field

distribution after radiation across the whole detector thickness just as before radiation.

4.2.3 Effect of input X-ray flux and biasing voltage on the detectors’ performance

Similar to the experiment performed with detectors with extended defects, effect of
bias voltage and input X-ray flux were tested on polarizing detectors too. In order to do so,
we used the same detectors from the first and third generations of Redlen detectors
(detectors number five and seven) and measured them in a range of bias voltages and input

X-ray fluxes. The results are summarized in Figures 31 and 32, respectively.
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Figure 31 - Performance of detector number 5 from first generation of Redlen detectors under
different X-ray fluxes (0.6-70 MCps/mm?) and bias voltages (100-800V). It can be noticed that by
increasing the flux in a constant voltage the surface of the dead area increases. It shows in a constant
voltage by introducing more photons to a material with active traps, more of them will be trapped
and hence we get more of the dead areas. On the other hand by having a constant input flux and
increasing the bias voltage carriers’ velocity increases and they will get less trapped in the trapping

centers and the dead areas will restore.
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Figure 32 - Performance of detector number 7 from third generation of Redlen detectors under
different X-ray fluxes and bias voltages. The detector shows a uniform result even with low bias

voltages and under high input X-ray fluxes.

As the figures clearly suggests, the dead region of the detector number five with poor
performance increased by increasing the input flux under a constant voltage, which
happens due to higher number of photons getting trapped in the present trap centers in the
material, but moving in a column towards higher bias voltages leads it to restore its good
performance. The second detector, detector number seven, has a uniform performance even
in low bias voltages and with high input fluxes. This detector suggests a promising good,

non-polarizing performance even under high input fluxes of X-ray radiation.
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4.2.5 Instability of third generation detectors

In this experiment, high bias voltage of 700V was applied to detector number eleven
from third generation of Redlen detectors over a long period of time (six hours) with no X-
ray irradiation. After every two hours the X-ray was applied and the performance of the
detector was evaluated. In Figure 33, performance of the detector over this period of the

time is shown.

Countrate at 25[mA] Th=150 Countrate at 25[mA] Th=150 Countrate at 25[mA] Th=150 Countrate at 25[mA] Th=150

5 10 15 20 5 10 15 20 5 10 15 20 5 10 15 20
Columns Columns Columns Columns

Figure 33 - Detector number eleven after being kept under 700V bias without X-ray radiation,
measured in t=0, 2h, 4h and 6h. Performance degradation of the detector with time is noticeable.

Degradation of the detector’s performance can be clearly seen. This instability over time
is believed to happen because of point defects present in the material.

To investigate this phenomenon in more details, behaviour of three pixels from areas
with good, medium and bad performance of the same detector were monitored. In Figures
34, 35 and 36, the behaviour of the pixels after staying under bias and without X-ray
radiation is shown in every two hours and then applying the X-ray to evaluate the

performance over a total time course of six hours.
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Figure 34 - Output spectra of a good pixel of detector number eleven after staying under constant
bias and no irradiation for 2h periods and then applying the X-ray to examine the OCR map and
spectrum over a total time course of 6h.
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Figure 35 - Output spectra of a medium pixel of detector number eleven after staying under constant
bias and no irradiation for 2h periods and then applying the X-ray to examine the OCR map and
spectrum over a total time course of 6h.
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Figure 36 - Output spectra of a bad pixel of detector number eleven after staying under constant
bias and no irradiation for 2h periods and then applying the X-ray to examine the OCR map and
spectrum over a total time course of 6h.

As it is suggested by the figures, the spectrum of the pixel from the area with good

performance shows stability over time and the performance doesn’t degrade severely. For
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the medium pixel the spectra has shifted to the left very slightly, but it is still stable over

time, whereas in the case of the bad pixel, with increasing the time the peak in spectra
moves noticeably to the left and after six hours it can be seen that polarization is strong and

the pixel has almost failed to detect the X-ray.

4.2.6 DLTS measurements for third generation of Redlen detectors

In this step, three samples with different performance qualities from the third generation
of Redlen detectors were measured with DLTS. In Figure 37 the results of these
measurements are presented. Sample number eight showed uniform performance under
different voltages, some polarization effect was observed for sample number nine and

sample number ten was completely polarized for low bias voltages.

3o0v 900V 300V

Detector 8 Detector 9 Detector 10

Figure 37 - X-ray count-rate maps of detectors number eight, nine and ten on the top and their
DLTS plots on the bottom. Each peak represents the energy level of a trap center in the material.
As the figures suggest trap level 1.1 eV has direct relationship with the polarization of the third

generation detectors.
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It is shown in the results that these samples also have some shallow energy defects at

18meV, 0.15eV and 0.37eV, but the defect that seems to be directly related to the
performance of these detectors is 1.1eV energy level trap.

Here we can use Tables 2 and 3 from the theory section to understand the source of these
point defects. Shallow defects in these detectors can be related to the Indium impurities
(15-25meV) introduced to the material during growth to achieve higher resistivity and Cd
vacancies (0.14-0.18eV and 0.32-0.38eV) occurred also during the crystal growth.
Unfortunately the source for 1.1eV traps, which seems to be the variable directly related to
the performance of the unstable detectors, is still a matter of debate. Different claims have
been made regarding the source of this energy level trap. Te vacancies occurring during
the growth process is one of the possible sources this trap introduced by a number of
studies. [77,79,81] Dislocations of the crystal have also been introduced as another possible
source. [80] Ongoing research about this deep level defect is being conducted to identify
the reasons of its occurrence and eliminate it to improve the stability of the detectors. [76-

81]

4.2.7 CoReMa mapping versus EPD mapping

The same experiment performed in section 4.1.4 was done on wafer number two.
CoReMa and EPD maps of the wafer was recorded and the results were very interesting,
due to the fact that this time not only they were recognizing extended defects in the wafer,
but also showing the effects of point defects on the resistivity. In Figure 38 you can see the

CoReMa map of wafer number two versus its EPD map.
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Figure 38 - CoReMa map of wafer number two versus its EPD map. Edges in CoReMa map show
high resistivity area, which is explained by the presence of deep energy level traps. The twin and
sub-grain boundaries shown in EPD map are covered by the low resistivity area in CoReMa map.

As suggested by the figures, the second wafer does not show uniform resistivity in the
CoReMa mapping. The results suggest that the high resistivity donut shape of the wafer
can be explained by the presence of point defects with an energy level lower than the Fermi
level, increasing the resistivity in those areas and altering the performance of the material.
This deep level trap is suggested to be the same 1.1eV energy level trap proved to cause
the instability in the detectors. Also a twin boundary on the EPD map of the wafer is
traceable, which cannot be distinguished in the CoReMa map as it is masked by the low

resistivity area.

4.3 Discussion

4.3.1 Performance of detectors with extended defects
As we saw in the experiments performed in section 4.1 extended defects can degrade the
performance of the CZT detectors severely. Two main problems caused by these defects

are charge steering and charge channelling.
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e Charge steering: As shown in Figures 19, 21 and 24, the star shaped defects and

mosaics have caused dark (cold) regions in the output of the OCR maps, which
represents the charge steering in the detectors. These defects act as blocks on the
way of travelling carriers, causing lateral polarization and steering of the carriers
and leaving the area as a low output count-rate area in the final map.

e Charge channelling: Another important problem caused by extended defects is
charge channelling seen in Figures 21, 23, 25 and 26. The twins, sub-grain
boundaries and dislocation lines present in these Figures are usually decorated with
low resistivity Te inclusions, which attract charge carriers toward them causing
higher number of output counts in the OCR maps, which are referred as hotlines.
These areas could also be easily seen in the CoReMa maps due to their low
resistivity.

e Effect of input X-ray flux and bias voltage: We also studied the effect of input
X-ray flux and voltage on the disturbed areas of the output due to the extended
defects. (Figures 23 and 24) It was demonstrated that increasing the input X-ray
flux doesn’t help the effect of extended defects on the OCR map, but increasing the
bias voltage can improve the performance of the detectors with extended defects
and the detectors are restored after a certain voltage. This can be explained by the
increasing electric field over the detector, help carriers have higher drift velocity

and thus better transport of them.

4.3.2 Performance of detectors with point defects

Performance of detectors with point defects was examined in section 4.2. Two major

phenomena happen in detectors with high number of point defects. One of them is X-ray
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induced polarization and the other one is bias induced polarization. Both types were

observed and will be discussed in the following sections.

e  X-ray induced polarization: Three generations of Redlen detectors in
terms of polarization and critical flux were compared. The output count-rate
versus input count-rate graph (Figure 28) of detectors from different generations
was showing the degradation of detectors’ performance after exposing to higher
input X-ray fluxes in earlier generations of Redlen detectors. This was explained
by polarization in the early generation detectors. Due to high number of hole traps
in those detectors, after generating a high number of excess carriers by X-ray
radiation the slower holes were trapped, causing non-uniform distribution of
electric field. This would affect the drift velocity of the carriers and make the
sensing process sensitive to the position of electron-hole pair generated. The
electron-hole pairs generated further than the limited area close to cathode, which
had the greatest portion of electric field, could not travel far and be sensed
through the contacts. The electric field distribution in those detectors before and
after X-ray radiation is shown in Figure 30.

On the next step the effects of input X-ray flux and bias voltage on the
performance of the first generation detectors with hole traps causing polarization
and third generation with no hole traps were investigated. The results are shown
in Figures 31 and 32. As expected, by increasing the input flux polarization effect
in first generation detectors increases, as more excess carriers are injected into
the material. Increasing biasing voltage on the other hand, increases the electric
field intensity and therefore the carriers drift velocity, helping them to be less

trapped. In high bias voltages, around 900V, the polarizing detectors are
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completely restored. Third generation detectors on the other hand, show a

uniform performance over different range of biasing voltages and input fluxes.
As it can be concluded from the above results, the problem of hole traps is solved
in the new generations of radiation detectors with modifying the growth process
and carefully adding the dopants during this process and is no longer a major
problem in Redlen detectors.

Bias induced polarization: Although the problem of hole traps has been solved
for the newer generations of Redlen detectors, they still suffer from another type
of polarization, which occurs even before applying the X-ray radiation. As
discussed in the theory chapter, deep donor traps, which are normally occupied
in the bulk of CZT material, might get empty and activated due to the band
bending close to the metal-semiconductor interface. As the depletion region of
this interface changes by time, the number of activated trapping centers also
change and cause the instability of the detectors over time. In Figure 33 this time-
dependant behaviour is shown. The detector was under bias without any X-ray
illumination for six hours and after every two hours the performance of it was
examined. Figures 34, 35 and 36 show the behaviour of three pixels of the same
detector from regions with different qualities over time. The pixel from the good
quality area shows a stable output over time, where the pixel from the area with
low output count-rate shows a very unstable behaviour over time, almost failing
after six hours under bias.

To prove the existence of deep energy level traps, DLTS measurements were
performed again. The results in Figure 37 show the presence of a donor trap with

1.1eV energy level. The source of this trap is still under debate. Te vacancies
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occurring during growth process or dislocations within the crystal have been

suggested as the possible sources of this trap in different studies. [82-85] Results
of CoReMa mapping, showing high resistivity of the donut shaped edge of the
unstable wafers, also agree with presence of deep level traps proved to be

effective on instability of the detectors.
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5 Conclusion

We studied the presence of the extended and point defects and their effect on the
degradation of X-ray detectors’ performance using in-house measurement instruments
such as high flux tester as well as other methods like IR imaging, EPD mapping, Pockels
measurements, DLTS and CoReMa. Comparison between the results of these techniques
and the performance of the detectors confirmed the direct relationship between the
presence of the extended defects and degradation in detectors’ performance.

Detectors with point defects would suggest two types of polarization. The results from
first group of detectors, which belonged to older generations of Redlen detectors, suggested
that by applying high fluxes of input X-ray the holes would get trapped very close to where
they were generated (on the cathode side) and the output count-rate would lose its linearity
with respect to input count-rate. The results of Pockels measurements also approved the
non-uniform distribution of electric field close to the cathode. The problem of hole trapping
was later solved by modifying the growth process and accurate control of dopants during
the growth.

The other case in which polarization phenomenon was observed was when the
detectors were under high bias voltages over long periods of time. The results were
showing the expansion of dead regions in the output over time and under bias, without any
input X-ray flux. The DLTS measurements for these samples suggested the presence of
deep level electron traps being activated by applying bias voltage over the metal-
semiconductor contacts. The source of these traps measured to have an energy of 1.1 eV

are still a matter of debate.
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All of these findings can be used as an important feedback to improve the crystal

growth and detector fabrication process to achieve higher quality materials and better
performing detectors.

In future research, more investigation on the source of 1.1eV electron traps and their
behaviour under different operational conditions is suggested to improve the functionality
and stability of the detectors. Also more samples from other providers can be compared to
study different types of defects present in different samples. In this study only samples

provided by Redlen Technologies were studied.
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