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    The demand for wide bandgap semiconductors for radiation detector applications has 

significantly increased in recent years due to an ever-growing need for safeguard measures 

and medical imaging systems amongst other applications. The need for these devices to be 

portable and efficient, and to operate at room temperature is important for practical 

applications. For radiation detectors, the semiconductor materials are mainly required to 

have an optimal energy gap, high average atomic number, good electrical resistivity and 

charge transport properties as well as purity and homogeneity. 

    Cadmium zinc telluride (CZT) distinctly stands out among the other choices of 

semiconductor materials for radiation detector applications, due to its attractive material 

properties and the room temperature operation possibility. 

    A tremendous amount of research is being conducted to improve CZT technology and 

its implementation into more commercial systems. Applications of CZT detector 

technology in national security, high energy physics, nuclear spectroscopy, and medical 

imaging systems are of special interests. However, CZT devices still face challenges that 

need to be understood and overcome in order to have more efficient radiation detector 

systems. One such challenge lies in the understanding of the surfaces of CZT detectors and 

surface recombination effects on charge transport, charge collection efficiency, and 

detector performance. Another common issue is the degradation of CZT detectors due to 

the presence of defects which can act as traps for the charge carriers and cause incomplete 
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charge collection from the detectors. Thus, a major challenge is that, the commercial CZT 

crystals have large concentrations of defects and impurities that need to be characterized, 

and their effects on the detector performance should be studied. 

    Photoluminescence (PL) spectroscopy is a sensitive, non-contact and non-destructive 

method, suitable to characterize lower concentrations of point defects, such as 

substitutional impurities (donors, acceptors) and native defects in CZT crystals. A PL 

spectrum provides information regarding the defect nature of the crystal by determining 

the presence and the type of vacancies, interstitials, and impurities in the lattice. 

  The main objective of this thesis is to address the presence of the defects in CZT 

crystals, identify their types, and study their roles in the performance of x-ray radiation 

detectors using PL spectroscopy. Additionally, using PL method and different excitation 

sources including UV excitation, this thesis studies the surface of CZT samples and 

investigates the PL signature of the surface oxide of the samples, in an effort to optimize 

the surface processing and thereby improve CZT detector performance. 
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1 Introduction 

1.1 Semiconductor radiation detectors. 
     
    A variety of materials including germanium, silicon, mercuric iodide, cadmium telluride, 

and cadmium zinc telluride can be used to fabricate solid state radiation detectors. For a 

given application, the best detector depends on several parameters. Ge detectors have 

excellent resolution due to the large number of charge carriers per absorbed x-ray photon 

as a result of the narrow bandgap of less than 1 eV [1]. 

    However, the narrow bandgap factor creates a high potential for thermally generated 

noise which can only be decreased by operating the detector at low temperatures. 

Consequently, Ge detectors need cryogenic cooling, which makes them bulky, expensive, 

and impractical for portable applications [2]. Additionally, silicon has a low stopping 

power for high-energy photons that limits its application for hard x-ray and gamma-ray 

detection [81-82]. 

    In the last few years detectors fabricated from high atomic number semiconductor 

materials have obtained attention due to their ability to operate at room temperature and 

their high stopping power. Therefore, cadmium telluride, and cadmium zinc telluride 

detectors are commonly used [3].  

   For the realization of high performance, good spectral resolution, and high counting 

efficiency, there are certain key properties that x-ray and gamma ray detector materials 

should possess. Some of these requirements are as follows [4]: 

• High atomic number (Z) for efficient radiation-atomic interactions. The 

photoelectric interaction is the prominent interaction in the operation of radiation 
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detector devices. The cross-section for photoelectric absorption in a material of 

atomic number Z varies as Zn, where 4 < n < 5. 

• Large enough bandgap for room temperature operation with low noise level. 

Low leakage current is critical for low noise operation. By using larger bandgap 

materials with low intrinsic carrier concentrations and by controlling the extrinsic 

and intrinsic defects to pin the Fermi-level near midgap, the necessary high 

resistivity (>109W cm) can be achieved. 

• Small enough bandgap so that the electron-hole ionization energy is small. This 

ensures that the number of electron-hole pairs created is reasonably large. 

• High intrinsic µt product. The carrier drift length is given by µtE, where µ is the 

carrier mobility, t the carrier lifetime, and E the applied electric field. Ideally, the 

carrier drift length would be greater than the detector thickness to ensure complete 

charge collection. 

• High-purity, homogeneous, defect-free materials. Trapping of carriers due to 

discrete levels in the bandgap introduced by defects affects the average carrier 

lifetime and mobility. Homogeneity and low defect density is to ensure good charge 

transport properties, low leakage currents, and no conductive short circuits between 

the detector contacts. It is worth mentioning that, a thickness of 2 mm of CZT stops 

85% of x-rays at 100 keV [85]. The absorption length of CdTe at 80 keV is 382µm. 

• Surfaces with low surface recombination and generation current. To prevent 

surface recombination and surface leakage current over the lifetime of the detector, 

the surfaces should be stable and passivated. 
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1.2 Motivation for CZT research 
 
   The advantages of using CZT over other semiconductor materials are evident from Table 

1, where some properties of the major semiconductors used for radiation detection are 

listed.  

Table 1 - Properties of the major semiconductors used for radiation detection at 300K [5, 83].  

Material Si Ge HgI2 CdTe Cd0.9Zn0.1Te 
Atomic 
number 

14 32 80, 53 48, 52 48, 30, 52 

Density 
(g/cm3) 

2.33 5.33 6.4 6.2 5.78 

Bandgap 
(eV) 

1.12 0.67 2.13 1.44 1.57 

Pair creation 
energy (eV) 

3.62 2.96 4.2 4.43 4.6 

Electron 
mobility 
(cm2/Vs) 

 
1350 

 
3900 

 
100 

 
1000-1100 

 
1100 

Hole 
mobility 
(cm2/Vs) 

 
480 

 
1800 

 
4 

 
80 

 
50 

Electron µt 
product 
(cm2/V) 

 
2.7 ´ 10-2 

 
0.72 

 
10-4 

 
10-3 

 
10-3 - 10-2 

Hole µt 
product 
(cm2/V) 

 
9.6 ´ 10-3 

 
0.84 

 
10-5 

 
5 ´ 10-5 

 
3 ´ 10-5 

 
     

    Considering the requirements listed above and the properties illustrated in Table 1, CZT 

has come to the forefront among other semiconductor materials for x-ray and gamma-ray 

detection. Substituting 10% of Cd atoms with Zn atoms increases the bandgap to about 

1.57 eV. The increased bandgap gives an immediate solution to the problem of noise due 

to leakage current, and the bulk resistivity also becomes higher. The addition of Zn, which 

has a lower vapor pressure than Cd, into the melt of Cd and Te during crystal growth helps 
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to reduce the dislocation density [6]. Additionally, CZT has much higher atomic number 

than Si, which increases the effective interaction cross section between the atoms and 

incident photons, and results in a higher efficiency of electron-hole pair generation over 

the incident photons. Also, the higher operating temperature of CZT in comparison to Ge 

is an important advantage. The relatively high electron mobility of CZT (1100 cm2/Vs) is 

another advantage, as it results in a high charge collection efficiency of the electrons in the 

conduction band [7]. 

1.3 Current challenges of CZT for commercial x-ray detector 
 
    A pure defect-free material is desirable for fabricating high resolution CZT radiation 

detectors that function at room temperature. The corresponding crystal growth and 

fabrication processes are challenges. The material is usually grown using the Vertical-

Bridgman-Method (VGF) or the Travelling-Heater-Method (THM) [8]. Typically, various 

defects and impurities are introduced in the material during growth, post growth annealing, 

and during fabrication processes. These defects and impurities introduce shallow and deep 

levels and thereby hinder the higher resistivity and lower dark current desired. A defect or 

impurity causing a deep level in the middle of the bandgap can also be induced. The mostly 

used n-type dopants for the compensation process are chlorine or indium [9]. Some of the 

point defects act as trapping centers for free carriers and distort the drift and collection of 

the carriers, and the space charge can result in severe field distortions, and degradation in 

detector performance. As these point defects typically have a feature size of a single or 

multiple atoms, they cannot be inspected visually. 
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    Low temperature measurements are useful in semiconductor defect investigations. At 

low temperature, the thermal excitations are diminished in a lattice, and the non-radiative 

recombination processes are reduced. The carriers concentrated at the band edges and in 

the defect states can participate further in optical and electrical transitions, and thus we can 

get important information about their density and energy in the semiconductor. Peak 

intensities, and energy positions in the low-temperature PL spectra of CZT give a great 

deal of information concerning the defects and impurities near the surface and inside the 

bulk of the material [10]. 

   One of the typical problems associated with detector fabrication is surface recombination, 

which greatly influences detector performance by the dark current which is a source of 

noise in the detector. To reduce the surface leakage current and consequently improve 

energy resolution of CZT detectors, much work has been done using chemical etching. 

These efforts were aimed at restoring surface stoichiometry and removing damaged surface 

layers resulted from mechanical polishing. However, detector performance is still limited 

by the surface component of the dark current. Recent studies have indicated that this current 

can be further decreased by intentional surface oxidation [11]. 

1.4 The goal of this thesis 
 
    In this work, we use PL spectroscopy to examine the quality of different CZT crystals, 

and study the defects and impurities and their signatures in the PL emission spectra. We 

also investigate the correlations between these defects and compare the spectra of different 

CZT samples, in order to determine the impact of these defects on the yield of the CZT 

detectors. 
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     Additionally, we use the PL technique and different excitation sources with different 

photon energies including UV excitation, to investigate the initial bromine-in-methanol 

(Br-MeOH) etching treatment. We also examine the surface oxide layer formed through 

the use of different surface passivation treatments, attempting to optimize the surface 

processing and thereby enhance detector performance. 

   We believe that the work in our thesis can be considered as feedback to the CZT crystal 

growth and detector fabrication industry in order to improve the quality of the material and 

the performance of the detector. 

1.5 Thesis outline 
 
    This thesis structure is as follows: 

    Chapter 2 is an overview of CZT Properties, CZT crystal growth, CZT detector 

fabrication, the operational characteristics of the detector, radiation interactions with the 

detector, CZT device operation, and the theory behind photoluminescence 

    Chapter 3 introduces photoluminescence spectroscopy as the experimental method 

employed in this project, and provides information about the CZT samples used in this 

study. 

    Chapter 4 Presents the results of all the experiments performed throughout the project, 

followed by discussions and comparisons that investigate the presence and the origin of 

the defects near the surface and in the bulk of the CZT samples that were studied.  

  Chapter 5 provides a summary of the work in this thesis, and suggests further 

investigations for the future. 
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   During this work, a collaboration was developed with Redlen Technologies Inc. as the 

industrial partner of the project. Different CZT samples with nominal zinc molar 

concentration of 10% have been provided by Redlen. 

 
 

 



 

 

8 
2 Background 

This chapter provides an overview of CZT Properties, CZT crystal growth, CZT detector 

fabrication, the operational characteristics of the detector, radiation interactions with the 

detector, CZT device operation, and the theory behind photoluminescence. 

2.1 CZT Properties 

2.1.1 Crystal Structure 
 
   The Cd1-xZnxTe alloy is a CdTe crystal, in which a fraction x of the Cd atoms are 

randomly substituted with Zn atoms. CdZnTe crystals have a zinc blende structure with 

two interpenetrating face centre cubic (FCC) sub-lattices, one for the Te atoms and the 

other for Cd (or Zn), which are separated by one-quarter of a unit-cell body diagonal. The 

CdZnTe atoms exhibit covalent bonding, hence valence band electrons are shared. Figure 

1 shows a schematic diagram of the zinc blende crystal structure of CdZnTe [13]. 

      The crystals used for our studies are cut perpendicular to the <111> orientation defined 

by the Miller indices on the plane. This arrangement leaves one surface of the crystal (top) 

occupied by the anion atoms and the other (bottom) occupied by the cation atoms [12]. 
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Figure 1 - Schematic diagram of the zinc blende crystal structure of CdZnTe; a) 3D model 
and b) 2D projection along (100) [13]. 
 

2.1.2 Resistivity 
 
   For good performance of the detector, high resistivity and long lifetime of charge carriers 

are desired attributes of the material. The increase in the resistivity translates to a decrease 

in leakage current. Alloying CdTe with Zn increases the bandgap and thereby increases the 

intrinsic resistivity of CZT. The bandgap of CZT depends on the Zn fraction x and at room 

temperature the bandgap varies between 1.5 eV (CdTe) and 2.2 eV (ZnTe). It has been 

previously observed that an increase in zinc fraction x from 0 to 0.2 results in an increase 

in the resistivity from 3 x 109 to 2.5 x 1011  W cm [14]. Moreover, material resistivity can 

be typically controlled in CZT by a compensation mechanism involving both deep and 

shallow level defects in the material [13-14]. Compensation is the process of adding donors 

to p-type material or acceptors to n-type material to reduce the carrier density. 
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2.1.3 Charge Transport Properties 
 
    Ideally the charge carrier mean free path should be larger than the detector thickness. 

This allows all photo-generated carriers to be collected at the electrodes and avoids 

incomplete charge collection. Carrier mean free path is the product of mobility, lifetime, 

and electric field. Mobility-lifetime product is a fundamental attribute of the detector’s 

performance. It is worth mentioning that, impurity levels can affect the values of charge 

mobility. The carrier lifetime can be improved by enhancing the purity and crystallinity of 

the CZT material. The reported values of mobility-lifetime products vary between 2 x 10-2 

- 5 x 10-3 cm2/V for electrons and 3 x 10-5 - 8 x 10-4 cm2/V for holes [81]. Holes have low 

charge collection efficiency which results in incomplete hole collection, widening of 

photopeak, and low energy resolution. Co-planar grid is one of the CZT detector designs 

that were reported to eliminate the effect of holes in signal formation [15]. 

    Deep impurities present energy levels near the middle of the bandgap. They can behave 

as traps for charge carriers by restraining a hole or electron. Also, they can act as 

recombination centers by alternately capturing electrons and holes. Trapping and 

recombination result in a loss of charge carriers and a decrease of the average lifetime of 

carriers. Structural defects such as anti-sites, interstitials, and dislocations can also cause 

trapping and charge carrier loss [16]. 

   Microstructural defects, such as precipitates, inclusions, bubbles, and pipes may provide 

pathways for electrical conductivity, increase leakage current, reduce carrier lifetime, and 

thus, deteriorate the detector electrical transport properties [17].  
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Figure 2 - Created carriers under the influence of an electric field [18]. 

 

2.2 CZT crystal growth 
 
    Commercializing large volume CZT radiation detectors is still facing some challenges 

regarding the defects and crystal quality. Most of the defects affecting CZT detectors are 

introduced during the crystal growth process. Thus, the crystal growth of CZT is still under 

ongoing research efforts to obtain large volume, defect and crack free, homogeneous, and 

stoichiometric with high resistivity ingots. Crystal growth techniques include the Bridgman 

method, the high-pressure Bridgman, the low-pressure Bridgman, the physical vapor 

transport method, and the travelling heater method (THM) [19]. The samples studied in 

this project are grown by the travelling heater method, which is the method currently used 

in Redlen Technologies.  
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   The travelling heater method (THM) is a seeded growth technique that functions by 

precipitation of solid material from a melt. A CZT seed crystal is placed in the bottom of a 

quartz ampoule, then Te-rich CZT alloy is added as solvent while the polycrystalline CZT 

is added on top as feed material. The heater is adjusted in front of the ampoule such that it 

first melts the Te-rich CZT compound and moves up to melt the polycrystalline CZT. The 

polycrystalline CZT dissolves into molten tellurium. As the travelling heater is moved, 

CZT crystal precipitates from the tellurium solvent and grows on the CZT seed to form 

homogenous single grains of CZT crystal [20]. 

2.3 CZT detector fabrication 
 
    After growing the crystals then slicing, polishing, and etching the device wafers, CZT 

radiation detector devices are fabricated by applying metallic contacts on the surfaces, then 

bonding the device to the external circuitry and final packaging. The contacts function as 

the electrodes that collect charges under an internal electric field from the applied bias [22]. 

As shown schematically in Figure 3, the three generic device configurations for room 

temperature semiconductor radiation detectors are simple planar, co-planar grid and 

pixelated array [22]. Each of these configurations may be used for purposes where certain 

performance factors are to be optimized. Simple planar and co-planar grid configurations 

are employed for large-volume single element detectors. Regarding the coupled 

electronics, planar devices are simpler, but co-planar configurations can operate as 

electron-only devices to offer better spectral resolution. Pixelated detectors are preferred 

in imaging systems where position information is obtained from individual pixels. 

Photolithography is employed to design the geometry of the electrodes [21]. 
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Figure 3 - Schematic diagram of three basic radiation detector geometries: (a) planar detector; (b) 

co-planar grid detector; (c) pixelated detector. 

 

2.4 Operational characteristics of semiconductors 

2.4.1 Band structure 
 
    The periodicity of the lattice in crystalline materials forms electron energy bands. In 

crystalline solids, electrons are restricted to energy bands. There are two important bands. 

The valence band is the lower band which is filled with electrons. Electrons in the valence 

band are bound to certain lattice sites within the crystal. Next higher band is the conduction 

band which is normally empty. Electrons excited into the conduction bands determine the 

electrical conductivity of the material, as they are free to move through the crystal. The 

two bands are separated by an area of prohibited energies known as the bandgap [23].  

   Without thermal excitation, insulators and semiconductors have entirely full valence 

band and completely empty conduction band, and there is no conductivity. For electrons in 

the valence band to reach the conduction band, they must first cross the bandgap. At higher 

temperatures where there is sufficient thermal energy, a number of electrons can make this 

transition leaving behind a number of vacancies known as holes. On the other hand, the 

highest occupied energy band in metals is not filled, so electrons can move throughout the 
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material even at zero temperature, as slight incremental energy is required for the electron 

to migrate above occupied states [24]. 

 

 
Figure 4 - Band structure for electron energies in materials [81]. 

 
    CdTe is a II-VI compound semiconductor with a bandgap energy of 1.5eV at room 

temperature. If a certain fraction x of Cd atoms is replaced by Zn, then the bandgap will be 

raised, see Figure 5 [27]. Thus, Cd1-xZnxTe has the advantage of non-fixed and wider 

bandgap energy. Cd1-xZnxTe bandgap ranges from 1.5eV to 2.2eV [28]. Cd0.9Zn0.1Te has a 

bandgap of 1.57 eV [5, 83]. Additionally, CdZnTe is a direct bandgap semiconductor 

material. Thus, there is no momentum change following the transition from one band to 

the other [25]. Figure 6 schematically shows the inter-band transition for a direct band-gap 

semiconductor [26]. 
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Figure 5 - The bandgap energy of II-VI compounds as a function of lattice constant [27].  
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Figure 6 - A schematic diagram showing the inter-band optical transition for a direct bandgap 

semiconductor [26]. 

 

2.4.2 Charge carriers 

 
    At non-zero temperature, valence electrons can get enough thermal energy to move 

across the band gap to the conduction band leaving behind a hole. Electrons and holes are 

the charge carriers and their mobility contributes to the conductivity of a material. 

   The density of thermally generated electrons and holes is given by 

	 𝑛 𝑇 = 𝐴𝑇
0
1 exp −

𝐸6
2𝑘𝑇

	
(2.1) 

where T is the absolute temperature, Eg is the bandgap energy, k is the Boltzmann constant, 

and A is a proportionality constant characteristic of the material. The larger the Eg the lower 

the n(T). 
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   Electrons and holes experience a net migration caused by an applied electric field. 

Electrons drift in the opposite direction of the electric field, whereas holes move in the 

same direction as the electric field [29]. 

2.4.3 Impurities and dopants 
 
   For intrinsic semiconductors, the numbers of electrons in the conduction band and holes 

in the valence band are the same. On the other hand, extrinsic semiconductors have 

impurities or dopants. Extrinsic semiconductors are either n-type or p-type semiconductors. 

    In n-type semiconductors, impurities are donors, as they donate electrons to conduction 

band. The extra electrons may have energies near the top of the gap, and thus can occupy 

a position within the prohibited gap. With the extra electrons added, the equilibrium 

between electrons and holes shifts. Oppositely, p-type semiconductors form an unsaturated 

covalent bond acting as a hole in the lattice. The acceptor sites lie near the bottom of energy 

band. Both donors and acceptors are shallow impurities [30]. 

2.4.4 Trapping and recombination 

   Deep impurities create energy levels near the middle of the band gap. They behave as 

traps for charge carriers by immobilizing a hole or electron. Also, they can act as centers 

of recombination by trapping electrons and holes sequentially. Both trapping and 

recombination result in losses of charge carriers, and hence reduce the efficiency of carrier 

collection in the detector. Additionally, point defects within the crystal lattice can cause 

trapping and loss of charge carriers [31]. 
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2.4.5 Leakage current 

   Leakage current comes from recombination currents in the bulk and surface of the 

detector. Minority carriers transferred throughout the junction, and the thermally generated 

electron-hole pairs within the depletion region can generate leakage currents in the 

detector. The rate of thermal generation of electron hole pairs within the depletion region 

can be decreased by cooling. The higher the semiconductor bandgap, the lower the rate of 

thermal generation of electron-hole pairs. Additionally, surface recombination centres can 

create leakage paths. Surface passivation has been reported to reduce surface leakage 

current [32].  

2.4.6 Reverse biasing 

   An unbiased p-n junction has a narrow depletion region. Thus, an external voltage is 

applied in a reverse biased direction. When a reverse bias is applied to the junction, the 

thickness of the depletion region increases, which enlarges the volume for collecting charge 

carriers produced from radiation. Applying the largest possible voltage leads to a better 

energy resolution. However, maximum operating voltage must be maintained less than the 

breakdown voltage to prevent destruction of the detector. Reverse biased p-n junction 

collects the charge carriers created within the depletion region faster and more efficiently 

[33]. 

2.5 Radiation interaction with detector 
 
     Radiation is the release of energy either in the form of waves or sub-atomic particles. 

Radiation can be classified as charged or uncharged. Charged radiation includes beta 

particles (electrons and positrons), protons, and alpha particles. Uncharged radiation 
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includes gamma rays, x-rays and neutrons. Most of the radiation types are directly ionizing, 

as after collision with matter it ionizes a number of atoms. Gamma rays are produced by 

radioactive decay of an excited nucleus. X-rays are produced when an electron in a higher 

energy orbital falls to a lower energy orbital during the relaxation of an excited atom. X-

rays have energies between 1 KeV – 100 KeV. Gamma ray energies are above 100 KeV 

[34]. 

    For radiation to be detected, it must first undergo interaction with the medium. Gamma 

rays and x-rays interact with matter by photoelectric absorption, Compton scattering, and 

pair production. The main concept revolves around the ejection of an orbital electron by an 

incident photon through an ionization process. The ejected electron then moves typically 

in a different direction from the incident photon, producing more ion pairs, in secondary 

ion processes [35]. 

2.5.1 Photoelectric absorption 

   The photoelectric effect is typically an ideal process for a radiation detector as all of the 

energy of the incident photon is absorbed by a tightly bound inner electron usually in the 

K-shell. This photoelectron has a kinetic energy equal to the incident photon energy minus 

the atomic binding energy of the electron. The photoelectron then loses its kinetic energy 

by Coulomb interactions with the semiconductor lattice creating many electron-hole pairs. 

The number of electron-hole pairs created depends on the energy of the incident photon. 

Besides, some x-ray photons may be generated and reabsorbed by photoelectric absorption 

with less tightly-bound shell. Equation 2.2 gives an approximation of the probability, t, of 

the photoelectron absorption to occur, 
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t	~
𝑍<

𝐸=0.?
	

(2.2) 

where the exponent n varies between 4 and 5 over the energy region of interest, Z is the 

atomic number of the material, and Eg is the gamma ray energy. It is clearly obvious that 

the photoelectric absorption is enhanced for materials with high atomic number and for 

relatively low photon energies. Accordingly, photoelectric absorption is the predominant 

mode of interaction at low photon energies (10eV-100KeV) [36]. 

2.5.2 Compton scattering 

   In Compton scattering, an incoming photon collides with a loosely bound outermost 

orbital electron. The direction and energy of the incident photon is altered. The incident 

photon transfers some of its energy to the orbital electron. The emitted electron then loses 

its energy through creation of electron-hole pairs. The photon of reduced energy is 

scattered from its original direction after this collision and may further involve 

photoelectric absorption or Compton scattering. Energy transfers are determined from the 

conservation of energy and momentum during the collision [37-38]. 

      The interaction probability of x- and gamma rays depends on the atomic number Z of 

the material. For Compton scattering, it is directly proportional to Z, for pair production it 

is Z2, and for photoelectric effect, it is related to Zn (4 < n < 5). This shows that heavier 

elements are more capable of detecting X- and gamma rays than lighter elements [39]. 

2.6 CZT device operation 
 
    In a CZT detector, the radiation is incident on the CZT crystal, which forms a sandwich 

between two metal electrodes. The radiation energy is transferred to an orbiting electron in 

the form of kinetic energy, which is then responsible for creating more electron-hole pairs 
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in the crystal. When a reverse bias is applied to the detector, a depletion region is created 

which enables moving of electrons and holes to the respective electrodes due to the applied 

electric field. The electrodes are connected to the external circuitry that amplifies and 

shapes the pulse current which can be seen on a display screen or oscilloscope. The 

magnitude of the pulse is proportional to the energy lost by the incident ionizing radiation. 

A schematic diagram of the detector is shown in Figure 7 [13]. The time taken to collect 

the charges reflects the mobility and average distance traveled by charge carriers to reach 

the collection electrodes [40]. 

    

Figure 7 - Schematics of the operation of CZT radiation detector. 

2.7 Photoluminescence 

   When the material is irradiated with photons which have higher energy than the band gap 

of the semiconductor, the incident photon beam is partially reflected, absorbed, and 

transmitted by the material. Absorption of these photons results in excitation of electrons 

from the valence band to the conduction band creating an electron-hole pair. Further, 

electrons can lose a portion of their energy and move down from the conduction band to 

energy levels within the gap, through a non-radiative transition. Luminescence occurs 
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when the excited electrons and holes in the semiconductor recombine and emit photons 

with energy equal to or lower than the band gap. The resulting emission spectrum is the PL 

emission spectrum. The variety of emitted photon energies reflects the existence of various 

energy states within the bandgap of the semiconductor. Different energy states are formed 

by different defects and impurities in the lattice. Thus, the PL emission spectra offer 

information about the nature and density of defects and impurities in the lattice.  

    It is rare to observe direct conduction band to valence band recombination in PL spectra. 

Even if the recombination occurs, the crystal can reabsorb the emitted photons. 

Consequently, the observed recombinations in PL spectra are predominantly those with 

emission energies less than the bandgap, which include excitonic recombinations and 

recombinations involving the carriers trapped by impurities [41]. 

2.7.1 Low Temperature PL 

   Low temperature PL is significantly useful for semiconductor defect investigations. At 

low temperature, the thermal excitations are reduced, and the non-radiative recombination 

processes decrease. The carriers are trapped at localized states, and the defect states can 

contribute further in optical and electrical transitions, and thus we can obtain important 

information about their density and energy in the semiconductor. Also, as a semiconductor 

is cooled, the bandgap shifts to a higher energy. The shift in the bandgap results from a 

combination of a temperature-dependent contraction of the lattice and a temperature 

dependent electron-lattice interaction. As the sample temperature increases, excitons 

dissociate, radiative recombination of carriers reduce, and rates of competing non-radiative 

recombination processes increase [42]. 
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2.7.2 Energetic levels inside the bandgap 

   Energy bands result from a periodic potential of atoms in a crystal lattice. In reality, there 

are structural imperfections in the crystalline materials, formed during the growth process. 

Foreign atoms of different elements can also be inserted into the structure, which can act 

as impurity centers and disrupting the periodicity of the crystal. To illustrate the influence 

of impurities in a semiconductor lattice, Figure 8 shows the silicon lattice disrupted by 

phosphorous atom (donor) and boron atom (acceptor) impurities [44]. After forming 

covalent bonds with neighboring atoms, the phosphorus atom still has one remaining 

electron and thus it is considered as a donor. The electron can then be excited, and the 

excitation energy required depends on the nature of the impurity atom. The energy of the 

donor electron is lower than the conduction band and represents a new allowed energy state 

in the bandgap. 

   On the other hand, the boron atom has less valence electrons than silicon atoms, so it 

takes an extra electron to form the covalent lattice bond. As a result, a vacancy is created 

and the defect is named acceptor. A deep level could be formed for example by a Au 

impurity on a silicon site. The non-bonding d-orbitals from Au create bound states near the 

centre of the band gap. The deep levels have a larger influence on electron–hole 

recombination than shallow levels, and thus they affect the detector yield and performance 

[43]. 
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Figure 8 - Phosphorous and boron impurities in a silicon crystal. 

 
    Several research studies have been conducted to investigate the deep levels in CdZnTe 

and match them to certain defects or impurities in the crystal lattice of the material, aiming 

at adjusting the growth process and enhancing the detector performance. Various deep 

levels exist inside the bandgap of CdZnTe, and the levels with a higher trapping cross-

section have larger effects on the detectors. A PL broad band in the spectral region around 

1.1 eV is observed and investigated in chapter 4 of this thesis. The 1.1 eV PL peak results 

from recombination in deep donor–deep acceptor pairs [45-46]. 

2.7.3 Electronic point defects 

    Since CZT is a II-VI compound, all groups I, III, IV, V, and VII elements can in principle 

act as dopants. Further, transition metal elements tend to give deep levels. The ionization 

energies of groups I, III, IV, V, and VII elements are listed in Table 2. Substitutional group 
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V elements on anion (Te) sites act as acceptors. Additionally, group III elements on the 

cation (Cd) sites and VII elements on the anion (Te) sites are donor states. Further, Group 

I elements act as acceptors on cation (Cd) substitutional sites, on the other hand, they act 

as donors on interstitial sites; Li is an acceptor at Zn or Cd sites with a ground state energy 

of 58 meV but it is a donor at interstitial sites with a ground state energy of 14 meV. 

Table 2 - Ionization energies of groups I, III, IV, V, and VII elements in CZT [22]. 

 

2.7.4 Native defects: 
   Native defects are the defects caused by local elements, whereas, non-native defects are 

the defects caused by impurities. A native defect can be a vacancy, an interstitial, or an 

anti-site. The native defects in CZT can be donors or acceptors. Their ionization energies 

are listed in Table 3. Both Cd and Te vacancies are identified in CdZnTe. The 𝑉$%)* position 
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is less than 0.47 eV above the valence band. Under Te rich conditions, CdZnTe at high 

temperatures is p-type with VCd as the dominant acceptor and TeCd as the compensating 

donor. 

 

Table 3 - Ionization energies of native defects [22]. 

 

2.7.5 Free excitons 

    A free hole in the valence band and a free electron in the conduction band experience a 

Coulomb force as a pair of opposite charges and create a composite particle known as an 

exciton. The electron and the hole are feebly bound to each other by their attractive 

electrostatic interaction. If the exciton is not bound to a defect or impurity, it is named as a 

free exciton. The energy of the free exciton can be described by the hydrogen model as: 

	
EA = EB −

2π)mE
∗q1

h)ε)
	

(2.3) 
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where Eg is the band gap energy, h is the Plank’s constant, e is the dielectric constant, and 

mE
∗ is the reduced effective mass of the electron-hole pair. The reduced effective mass is 

defined as: 

	 1
mE
∗ =

1
mK
∗ +

1
mM
∗ 	

(2.4) 

 

where mK
∗  is the electron effective mass and mM

∗ 	is the hole effective mass. 

    In Cd1-xZnxTe, the bandgap and free exciton binding energies are variable with the zinc 

concentration x. Thus, the binding energy of the free exciton ranges from about 10 meV 

for CdTe to 13 meV for ZnTe [47]. 

2.7.6 Bound Excitons 

   In reality, semiconductor materials contain impurities and defects. A defect may increase 

the binding energy of the exciton. If the total energy of the exciton reduces, then the exciton 

is bound to the defect, and it is called a bound exciton. Bound excitons are normally 

observed in PL emission spectra at energies slightly lower than the bandgap, and 

investigating them offers significant information about the impurities and defects inside 

the semiconductor. Donors and acceptors can trap excitons and produce bound excitons. 

(D, X) is an exciton bound to a donor, and (A, X) is an exciton bound to an acceptor [48]. 

2.7.7 Band to Impurity/Defect Level Recombinations 

    Recombination that involves electron transitions from donor levels to valence band is 

denoted as (D, h). Further, if the electron transitions are from the conduction band to 

acceptor levels then they are expressed as (e, A). Donor to valence band recombination can 

be described by: 
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	 𝐸NO = 𝐸6 − 𝐸P	 (2.5) 

 

where EPL is the PL peak energy of (D, h) emission, Eg is the bandgap energy, and ED is 

the ionization energy of the donor impurity. Additionally, the ionization energy of the 

acceptors of (e, A) peak can be determined according to: 

	 𝐸NO = 𝐸6 − 𝐸Q	 (2.6) 

 where EPL is the PL peak energy of (e, A) emission, Eg is the band gap energy, EA is the 

ionization energy of the acceptor [42]. 

2.7.8 Shallow Donor-Acceptor Pair Recombination 

    In CZT, a recombination may occur between shallow donor and shallow acceptor levels, 

and a peak denoted as DAP can be observed in CZT PL spectra which can be described as 

follows: 

	 𝐸NO = 𝐸6 − (𝐸Q + 𝐸P) + 𝑒)/𝜀𝑅	 (2.7) 

 

where EPL is the PL peak energy of the DAP emission, Eg is the energy of the bandgap, EA 

is the acceptor ionization energy, ED is the donor ionization energy, e is the electron charge, 

e is the dielectric constant, and R is the distance between donor and acceptor atoms [47]. 

2.7.9 Phonon Replicas  

   Phonons are vibrational modes of the atoms in the crystal. Beside the recombinations 

occurring between electrons and holes, electron-phonon interactions may happen and result 

in emission of one or more phonon replicas of the main recombination peak, these phonon 

replicas appear in the PL emission spectra. Strong coupling between the localized carriers 
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and the lattice can lead to the observation of multiple orders of phonon replicas. Optical 

phonons have two types of modes; longitudinal modes (LO) and transverse modes (TO). 

In CZT, electron-phonon interactions are dominated by the longitudinal optical mode (LO) 

[49]. The phonon replica of DAP is often observed in our work and centered at 1.58 eV. 

The LO phonon energy is roughly 21 meV in CZT [42]. 

2.7.10 Self-compensation effects and A-centers 

    CZT PL spectra typically consist of three regions; near band edge region, donor acceptor 

region, and defect related region. The near band edge region contains exciton peaks. The 

donor acceptor region has a shallow donor acceptor peak (DAP) and its LO phonon 

replicas. Further, the defect related region contains a wide peak called Dcomplex, and the 

deep level 1.1ev peak. Dcomplex peak is attributed to A-center complex defects and 

dislocations. A-center is a complex of a Cd vacancy and a donor [InCd
 + - VCd 

2-]-. 

    Compensation effect is the process of forming neutral complexes. Cd vacancies exist in 

CZT crystals due to the high partial pressure of Cd in the growth process. Cd vacancies 

[𝑉$%)*]	act as shallow acceptors in CZT. A compensation between the intrinsic deep donor 

Te antisites [TeCd
4+] and the shallow acceptor Cd vacancies [VCd]2- may occur and produce 

the neutral defect complex [TeCd
 4+ - 2VCd 

2-]0 as illustrated by equation 2.8 and figure 9 

[50]. In figure 9, Cd vacancies and Te antisite defects drawn with red color form the neutral 

defect complex [TeCd
 4+ - 2VCd 

2-]0: 

	 [𝑇𝑒$%]1& + 	2[𝑉$%])* ⇆ 	 [𝑇𝑒$%1& − 2𝑉$%)*],	 (2.8) 
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                         Figure 9 - A model of the neutral defect complex [TeCd
 4+ - 2VCd 

2-]0. 

    

    Additionally, a group-III donor impurity, typically indium (In), is usually introduced to 

the CZT crystals during the crystal growth process. The doped indium atoms act as 

hydrogenic shallow donors [InCd]+ by substituting for Cd. In donors with surrounding Cd 

vacancies create the singly negative donor-vacancy complex (A center) [InCd
 + - VCd 

2-]-. 

     According to compensation effects, the A-centers complex and an extra indium donor 

may further form a neutral defect complex [InCd
+ - [InCd

 + - VCd 
2-]-]0 as illustrated by 

equation 2.9 and figure 10 [50]. In figure 10, indium donors and cadmium vacancy defects 

drawn with red color form the neutral defect complex [InCd
+ - [InCd

 + - VCd 
2-]-]0.               

	 [𝐼𝑛$%]& +	[𝐼𝑛$%& − 𝑉$%)*]* ⇆ 	 [𝐼𝑛$%& − [𝐼𝑛$%& − 𝑉$%)*]*],	 (2.9) 
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                   Figure 10 - A model of the neutral defect complex [InCd
+ - [InCd

 + - VCd 
2-]-]0. 

 

     Cd vacancy compensation by ionized donors increases the electrical resistivity and 

reduces the leakage current of CZT detectors. 

    In the near band edge region of CZT PL spectra, donor bound exciton (D, X) and 

acceptor bound exciton (A, X) peaks are usually observed. Part of the doped indium acts 

as hydrogenic shallow donors by substituting Cd sites, and thus, the intensity of (D, X) 

peak may increase with intentional indium doping. Moreover, Cl is employed in CdZnTe 

to produce high resistivity material. Cl on a Te site is a shallow donor with a binding energy 

of 14 meV, and the chlorine related A-center has a binding energy of 120 meV [50]. 

2.7.11 Level positions of the vacancies, A-centers and residual impurities 

    The singly positively charged 𝑉YZ&  level is at EVB + 200 meV. The cation vacancy 𝑉$%)* is 

obtained at E < EVB + 470 meV. The A-centers (cation-vacancy donor complexes) act as 

single acceptors with binding energies approximately 125-170 meV above the valence 
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band. The donor is either a group-III donor located on the Cd sublattice (such as In) or a 

group-VII donor located on Te sublattice (such as Cl). These defects contribute to the 

Dcomplex band in CZT. Donor- and acceptor-level positions are shown in Figure 11 [51]. 

 

Figure 11 - Level positions of the vacancies, A-centers and residual impurities in CdTe:Cl at 

4.2K. 
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3 Materials and Methods 

This chapter introduces photoluminescence spectroscopy as the experimental method 

employed in this project, and provides information about the CZT samples used in this 

study. 

3.1 Photoluminescence setup 

    In photoluminescence spectroscopy, photons with energy greater than the bandgap of 

the material are directed onto the surface of the semiconductor material. A variety of 

sources are used to excite the samples. A 532nm frequency-doubled diode-pumped YLF 

laser with 0.2 mW average power, 20 ns long pulses, 2 KHz repetition rate, 2.33 eV photon 

energy, and about 128nm penetration depth inside CZT material is used as the green 

excitation source (green laser). Additionally, a 488 nm Ar-ion CW laser with 2.54 eV 

photon energy, and about 74 nm penetration depth inside CZT material is employed with 

a line filter (blue laser). Further, a 365 nm UV LED with 3.4 eV photon energy, 9.5 mW 

power, and about 17 nm penetration depth near the surface of CZT material is used with a 

bandpass filter, to investigate the surface of the studied CZT samples. Each excitation 

source provides certain information about the samples. Because the absorption coefficient 

of the semiconductor is wavelength dependent, longer wavelength light penetrates deeper 

into the sample. Figure 12 plots the penetration depth in CdTe as a function of the excitation 

photon energy in the region of our measurements. It is worth noting that the penetration 

depth depends on the zinc fraction x, and the CZT penetration will be bigger. The 

penetration depth is inversely proportional to the photon energy in the region of our 

measurements. 
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Figure 12 - The penetration depth in CdTe as a function of the excitation photon energy in the 

region of our measurements. 

 

     The electron-hole pair recombine after a certain lifetime and emit photons with different 

energies. The emission spectrum of the sample is collected by an optical setup. As shown 

in Figures 13 and 14, the optical setup consists of a parabolic mirror, a lens, and an optical 

filter. For the UV LED setup, a bandpass filter is used in front of the LED, as shown in 

Figure 15. The parabolic mirror reflects and collimates the PL emission towards the 

focusing lens. The focusing lens focuses the PL light on the entrance slit of a SpectraPro 

300i monochromator. The widths of the entrance and exit slits of the monochromator are 

500 µm, and 100 µm respectively. The optical filter blocks the laser stray light and the 

harmonics, to ensure that only CZT PL is analyzed. The monochromator disperses the PL 

onto a liquid nitrogen-cooled InGaAs array detector of 256 pixels. Each pixel has a width 
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of 100 µm. The detector operates at -100o C. Gratings of 150 lines/mm with a resolution 

of 22.5 meV, and 600 lines/mm with a resolution of 5.6 meV are used in the 

monochromator. The detected light spectrum is displayed on a computer screen. 

Additionally, the background is measured separately with the excitation source off and then 

subtracted from the sample emission spectrum. 

 
 
 

 
Figure 13 - A schematic diagram of the low temperature photoluminescence set up. 
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Figure 14 - Low temperature photoluminescence experimental set up using green laser as the 

excitation source. 
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Figure 15 - Photoluminescence experimental set up used for oxide surface investigation using UV 

LED as the excitation source. 
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    As Figure 16 shows, the monochromator grating disperses different wavelengths into 

different special positions based on the Bragg’s law: nl = 2dsin (q). All the nl wavelengths 

come out of the monochromator with the same grating angle. A long pass optical filter is 

used to block the harmonics of the stray lights and prevent them from interfering with the 

sample PL emission. In our PL setup, a 610nm cut off filter is used for a harmonic free 

wavelength range, from 600nm to 1200nm. 

 
    
Figure 16 - A schematic diagram of the diffraction grating monochromator. 

 
 
    The components of the optical system have wavelength dependencies which affect the 

shape of the emission spectrum. Thus, the optical setup was calibrated and the transfer 

function of the optical setup was calculated as a function of wavelength. The calibration 

was done by using a tungsten-halogen lamp as a reference, the bulb can be considered as 

an ideal blackbody at 3200 K. In order to get the final PL spectrum of a sample, we divide 
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the measured spectrum by the optical system transfer function. Figure 17 shows the transfer 

function of the optical system used in our experiments. In this figure, the 150 grooves/mm 

grating is used. Each line of the six overlapping lines in the figure corresponds to a different 

grating position, which in turn corresponds to a different measured wavelength interval. 

 

Figure 17 - The transfer function of the optical system used in our experiments. 

 

       Low temperature PL has a great significance in semiconductor defect investigations. 

A cryostat is a device to cool samples down to less than 9K, and it is useful for optical and 

electrical measurements. Figure 18 shows a schematic diagram of a closed cycle helium 

cooled cryostat. A refrigerator connected to a helium compressor cools a copper pillar. The 

copper pillar has a heater and a temperature sensor inside. The sample holder is screwed to 
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the end of the pillar and covered with a cap. The cap has 4 quartz windows for optical 

measurements and a pumping line to evacuate the space around the sample. The 

temperature sensor detects the pillar temperature, and the temperature is set by a controller. 

A 9-300 K temperature range is accessible with our cryostat. 

 

Figure 18 - A closed cycle helium cryostat system used for low temperature PL [54]. 
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3.2 CZT samples 

    Different CZT samples with nominal zinc molar concentration of 10% were provided by 

Redlen. The samples surface was mechanically polished in order to remove the damaged 

surface layer, then they were etched and passivated with H2O2 aqueous solution. Besides 

the values of the resistivity and stability of the samples, no further information about the 

samples was provided by Redlen due to confidentiality reasons. Stability is the change of 

the average output counts when the detector is exposed to a constant x-ray flux for one 

second. The samples have different resistivity and stability and further investigations on 

the differences among them were needed. No correlations between resistivity, stability, and 

PL peaks intensity have been found. Nevertheless, PL is used to further study the samples 

and understand the features of their defects and impurities. In addition to that, PL is used 

to optimize the surface oxidation processing of these CZT samples. Table 4 shows the 

resistivity and stability differences among the samples. 

 
Table 4 - CZT samples investigated in our work. 

Sample Resistivity [W.cm] Stability % 
5083-98-3 5.55 ´ 109 -0.76 
4912-84-2 5.74 ´ 109 0.22 
4762-85-1 5.85 ´ 109 -0.91 
4392-98-2 7.52 ´ 109 -1.93 
4392-94-4 9.09 ´ 109 -1.66 
4272-98-1 1.17 ´ 1010 ¾ 
4746-84-1 1.38 ´ 1010 -2.16 
4746-73-3 1.52 ´ 1010 -2.02 
4272-98-6 1.86 ´ 1010 ¾  
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3.3 Surface Processing 
 
    There is a significant correlation between surface properties and charge generation, 

charge collection, and detector performance, thus, it is important to optimize the surface 

processing in device fabrication. Non-stoichiometric surface, and dangling bonds lead to 

higher surface leakage currents and lower the radiation detector performance [13]. 

Mechanical polishing of the crystal surface is performed to reduce crystal damage, 

scratches and roughness induced from cutting of the ingot. Further, the roughness is 

decreased by chemical etching, as the surface layer of material is etched away and a flat 

and smooth surface is left behind. Etching gives a Te-rich surface. Bromine in methanol 

(Br-MeOH) is a common acidic etchant for CZT surface treatment. Te has a relatively 

smaller band gap (~0.3 eV), thus, Te enrichment changes the stoichiometry of the surface 

[13].  

    Oxidizing the Te rich surface develops surface passivation layer, and hence minimizes 

the surface leakage current. H2O2 passivating agent has been used to passivate CZT 

surfaces. The thickness and composition of the oxide layer formed depend on the bromine 

in methanol concentration employed, and the concentration, and exposure duration of the 

H2O2 passivating agent [53]. 

    In photoluminescence, the semiconductor PL is affected by non-radiative recombination 

at the semiconductor surface. The more surface recombination the weaker the PL. Surface 

recombination also increases leakage currents. Passivating the surface suppresses surface 

recombination, and thus increases the PL intensity. Consequently, the semiconductor PL 

intensity is a proxy for leakage current. 
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4 Results and Discussion 

 
    In this chapter, the results of the experiments and measurements on different CZT 

samples, followed by discussions on those results are presented. First, we present a typical 

low temperature photoluminescence spectrum of a CZT crystal obtained from our work. 

Next, the low temperature (9K) PL spectra of two samples are presented. Then, several 

comparisons among nine different samples are performed. Also, excitation power 

dependence and temperature dependence are investigated. Additionally, the uniformity of 

a CZT sample is examined. Further, the PL spectra of Cd0.9Zn0.1Te and Cd0.96Zn0.04Te are 

compared. Moreover, the defects and impurities near the surfaces of the two faces (B and 

A) of sample (4272-98-1) are investigated. We also use different excitation wavelengths to 

investigate a Cd0.96Zn0.04Te sample at different depths from its surface. 

 

4.1 Typical low temperature PL spectrum 

    A typical low temperature photoluminescence spectrum of a CZT crystal obtained from 

our work is shown in Figures 19 and 20. 
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Figure 19 - Typical PL spectrum of CZT crystal of sample (4272-98-1) excited by a blue laser 

with photon energy of 2.54 eV at 9K temperature using a resolution of 23 meV. 
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Figure 20 - Typical PL near band edge region spectrum of CZT crystal of sample (4272-98-1) 

excited by a blue laser with photon energy of 2.54 eV at 10K using a resolution of 5.4 meV. 

 
    It is evident from the figures that CZT PL spectra typically consist of three regions; near 

band edge region, donor acceptor region, and defect related region. The near band edge 

region contains exciton peaks. The exciton peaks are usually donor bound exciton (D, X) 

and acceptor bound exciton (A, X). Indium dopants act as hydrogenic shallow donors by 

substituting Cd sites, and thus, they can bind free excitons to form bound excitons. The (D, 

X) peak lies 13.0 meV below the bandgap energy Eg. This peak can therefore be used as a 

reliable indicator of the bandgap Eg. Figure 20 shows that (D, X) is located at 1.65 eV, thus 

the bandgap of sample (4272-98-1) CZT crystal is 1.663 eV. Acceptor bound excitons (A, 
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X) may be attributed to excitons bound to Cd vacancies (𝑉$%)*)	that act as shallow acceptors 

in CZT. (A, X) may also be ascribed to Cu impurities in the material.  

    The donor acceptor region has a shallow donor acceptor peak (DAP) and its LO phonon 

replicas. DAP is attributed to a recombination between shallow donor levels and shallow 

acceptor levels. Further, the defect related region contains a wide peak called Dcomplex, and 

the deep level 1.1eV peak. The identification of the defect related emission is crucial for 

understanding the effects of crystal defects and impurities. The Dcomplex peak is very broad 

and it might be related to multiple overlapping emissions with different energies. A-center 

is likely to contribute to this defect related emission. A-centers originate from a complex 

of a Cd vacancy and an In donor [InCd
 + - VCd 

2-]-. The doped indium atoms act as hydrogenic 

shallow donors [InCd]+ by substituting for Cd sites. Indium donors with surrounding Cd 

vacancies create the singly negative donor-vacancy complex (A center) [InCd
 + - VCd 

2-]- as 

described in equation 4.1. 

	 [𝐼𝑛$%]& +	[𝑉$%])* ⇆ 	 [𝐼𝑛$%& − 𝑉$%)*]*	 (4.1) 

    The wide 1.1 eV PL peak results from recombinations of deep donor–deep acceptor pairs 

[44-55]. Table 5 lists common impurities in CZT. These impurities were determined using 

glow discharge mass spectroscopy performed on CZT samples grown at Charles 

University. Indium, Li, Na, P, and Al are shallow impurities. Copper, Ag, Fe, Sn, and Sb 

are deep impurities [44, 55]. 
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Table 5 - Common impurities in CZT samples grown at Charles University [44]. 

 

 
       

 

 

 

      

 

  

        Figure 21 is a simple energy level model of CZT:In crystal [60]. The figure shows the 

energy levels introduced by In donors [InCd]+, Te antisites [TeCd]4+, Cd vacancies [VCd]2-, 

and A-centers [InCd
 + - VCd 

2-]-. 
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Figure 21 - Energy level model of CZT:In crystal. 

 

   Since the absorption coefficient of the semiconductor is wavelength dependent, each 

excitation source used in our work has a specific penetration depth in CZT [56]. Aiming at 

obtaining as much information about the characterized CZT crystals as possible, we use 

three different excitation sources; green laser, blue laser, and UV LED. The spectra of each 

sample are shown below. Afterwards, we analyze the results and try to further understand 

the correlations between the peaks and the differences among the samples, in order to learn 

more about the samples, and their defects and impurities, and to give feedback to crystal 

growers and fabrication technicians so as to improve the quality of CZT detectors. 
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4.2 Sample 5083-98-3 

4.2.1 Green Excitation 

Figure 22 - PL spectrum of sample (5083-98-3) excited by a green laser with photon energy of 2.33 
eV at 9K temperature using a resolution of 23 meV. 
  

 

Figure 23 - Typical PL near band edge region spectrum of sample (5083-98-3) excited by a green 

laser with photon energy of 2.33 eV at 9K using a resolution of 5.6 meV. 
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4.2.2 Blue Excitation 

 
Figure 24 - PL spectrum of sample (5083-98-3) excited by a blue laser with photon energy of 

2.54 eV at 9K temperature using a resolution of 23 meV.  

 

Figure 25 - Typical PL near band edge region spectrum of sample (5083-98-3) excited by a blue 

laser with photon energy of 2.54 eV at 10K using a resolution of 5.6 meV. 
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   When sample (5083-98-3) is excited with the 2.33eV photon energy green laser, its PL 

spectrum shows a donor bound exciton (D, X) peak is situated at 1.651 eV. The acceptor 

bound exciton (A, X) is located at the shoulder of the lower energy side at 1.639 eV. The 

shallow donor acceptor pair DAP emission and its longitudinal optical phonon replica LO 

peak also exist. Additionally, the frequently found Dcomplex wide peak is present at 1.467 

eV. I(D, X)/I(Dcomplex) is 0.513, I(A, X)/I(Dcomplex) is 0.84, and I(D, X)/I(A, X) is 0.61. 

    When exciting the sample with the 2.54eV photon energy blue laser, the PL spectrum 

reveals a donor bound exciton (D, X) peak located at 1.649 eV. The acceptor bound exciton 

(A, X) is situated at 1.636 eV. The shallow donor acceptor pair DAP emission at 1.604 eV 

and its longitudinal optical phonon replica LO peak at 1.58 eV, are also present. 

Additionally, the Dcomplex wide peak exists at 1.467 eV. Meanwhile, the 1.1eV deep level 

defect peak is detected. I(D, X)/I(Dcomplex) is 0.057, I(A, X)/I(Dcomplex) is 0.053, I(D, X)/I(A, 

X) is 1.087, I(DAP)/I(Dcomplex) is 0.12, and I(1.1eV)/I(Dcomplex) is 0.00486. 
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4.3 Sample 4746-73-3 

4.3.1 Green Excitation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 26 - PL spectrum of sample (4746-73-3) excited by a green laser at 9K temperature using 

a resolution of 23 meV. 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 27 - Typical PL near band edge region spectrum of sample (4746-73-3) excited by a green 

laser at 9K using a resolution of 5.6 meV.  
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4.3.2 Blue Excitation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
  
 
 
 
 
Figure 28 - PL spectrum of Sample (4746-73-3) excited by a blue laser at 9K temperature using a 

resolution of 23 meV. 

  

 
Figure 29 - Typical PL near band edge region spectrum of sample (4746-73-3) excited by a blue 

laser at 10K using a resolution of 5.6 meV.  
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   When sample (4746-73-3) is excited with the green laser, its PL spectrum shows a donor 

bound exciton (D, X) peak is situated at 1.657 eV. The acceptor bound exciton (A, X) is 

located at the shoulder of the lower energy side at 1.644 eV. Additionally, the frequently 

found Dcomplex wide peak is present at 1.465 eV. I(D, X)/I(Dcomplex) is 0.526, I(A, 

X)/I(Dcomplex) is 0.98, I(D, X)/I(A, X) is 0.538. 

 
    When exciting the sample with the blue laser, the PL spectrum reveals a donor bound 

exciton (D, X) peak located at 1.656 eV. The acceptor bound exciton (A, X) is situated at 

1.644 eV. The shallow donor acceptor pair DAP emission at 1.61 eV and its longitudinal 

optical phonon replica LO peak at 1.585 eV, are also present. Additionally, the Dcomplex 

wide peak exists at 1.473 eV. Meanwhile, the 1.1eV deep level defect peak is detected. 

I(D, X)/I(Dcomplex) is 0.193, I(A, X)/I(Dcomplex) is 0.293, I(D, X)/I(A, X) is 0.658, 

I(DAP)/I(Dcomplex) is 0.11, and I(1.1eV)/I(Dcomplex) is 0.00324. 

4.4 (D, X) peak position and the bandgap energy Eg 

    The (D, X) peak lies 13.0 meV below the bandgap energy Eg. This peak can therefore 

be used as a reliable indicator of the bandgap Eg. Provided that a reliable relationship 

between the bandgap and the zinc fraction is available, the position of the (D, X) peak gives 

a convenient means of tracking Zn fraction inside the CZT samples [72]. Figure 30 plots 

the PL spectra of samples (4746-73-3) and (5038-98-3). (D, X) peak is located at 1.656 eV 

for sample (4746-73-3), however the peak is centered at 1.649 eV for sample (5038-98-3). 

Using the relation given below, the fractions of zinc deduced for sample (4746-73-3), and 

sample (5038-98-3) are 0.115, 0.103 respectively. 

	 Eg = 1.606 + 0.52x + 0.254x2, (4.2) 
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where x is the fraction of Zn concentration in CZT samples, and Eg is the bandgap energy 
of CZT materials [73]. 
  
 
 

 

Figure 30 - Low temperature (9K) PL near band edge region spectra of samples (4746-73-3 and 

5038-98-3) excited by a blue laser using a resolution of 5.6 meV. 

 

4.5 Cd0.9Zn0.1Te and Cd0.96Zn0.04Te 
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HgCdTe, an infrared detecting material, in order to be used as a growth substrate. These 

substrates are used for military applications such as night vision googles and IR tracking 

cameras in drones [75]. 

    (D, X) peak position can be used as a reliable indicator of the bandgap as mentioned 

above. CZT with 4% zinc concentration is predicted to have a lower bandgap than that of 

Cd0.9Zn0.1Te. Thus, the (D, X) peak of the Cd0.96Zn0.04Te sample is expected to be at a 

lower energy compared to the Cd0.9Zn0.1Te sample [76]. Figure 31 plots the PL near band 
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edge region spectra of Cd0.96Zn0.04Te and Cd0.9Zn0.1Te samples. (D, X) peak is located at 

1.614 eV for Cd0.96Zn0.04Te, however the peak is centered at 1.657 eV for Cd0.9Zn0.1Te. It 

is clear from the figure that Cd0.96Zn0.04Te possesses a lower bandgap energy evidenced by 

the (D, X) peak position. Applying equation 4.2, the fractions of zinc deduced for 

Cd0.96Zn0.04Te and Cd0.9Zn0.1Te are 0.0396, 0.116 respectively. 

Figure 31 - Low temperature (9K) PL near band edge region spectra of samples (Cd0.9Zn0.1Te and 
Cd0.96Zn0.04Te) samples excited by a blue laser using a resolution of 5.6 meV. 
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spot size is approximately 1mm, and the spacing between spots is roughly equal. The 

accuracy of measuring zinc concentration in our experiment is 0.3%. Figure 32 plots the 

low temperature PL near band edge region spectrum of each position. From the PL data, it 

is revealed that the studied sample has good uniformity evidenced by the (D, X) peak that 

has the same energy of 1.656 for all positions. Also, the relative peak heights are the same. 

 

Figure 32 - Low temperature (9K) PL near band edge region spectra of sample (4746-84-1) 

scanned across the middle of its height by a blue laser of 1 mm spot using a resolution of 5.6 

meV. 

4.7 Dcomplex and Bound exciton peaks 

    The defect related emission band located at 1.465 eV is designated as the Dcomplex peak. 

The identification of the deep energy Dcomplex is crucial for understanding the effects of 

crystal defects and impurities. Such a band may include two components, one of which 
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may be associated with the complexes involving Cd vacancies with donors, such as 

[In]^& − V]^)*]* complex (A-centers), while the other may be ascribed to a luminescence 

yielded by the recombination of excitons bound to dislocations [57]. The core of 

dislocations can easily trap impurities such as indium atoms. At higher dislocation density, 

VCd defects can be trapped into the dislocations, and thus, the dislocations may play the 

role of acceptor centers [58]. 

    Dcomplex band is broad which may be caused by multiple overlapping emissions with 

different energies, it can also be due to variable spacing of the A-centers. The binding 

energy of a cation vacancy-donor complex in CZT is distributed in a domain from about 

120 to about 160 meV. Accordingly, the A-center might be the [𝐼𝑛$%& − 𝑉$%)*]* complex 

with the binding energy of approximately about 132 meV. Additionally, substitutional 

impurities like Cu and Ag can give transitions in the same energy range. The Ag ion located 

at a Cd site could act as an acceptor. The binding energy of the acceptor impurity Ag is 

about 107 meV, so Ag may partially contribute to the Dcomplex peak [59]. During the growth 

of CZT, due to the high partial pressure of the Cd component, a large number of Cd atoms 

evaporate during growth. Hence, a lot of Cd vacancies are formed in the as-grown crystals. 

This may result in formation of the large number of so-called A-centers complexes 

comprising a cadmium vacancy and shallow donor. Such complexes have a negative effect 

on the detector performance, because A-centers can act as effective charge carrier traps. 

Also, dislocation defects may diminish charge collection in radiation detectors. Carriers 

can be trapped into the core of a dislocation. In fact, the A-center [VCd – InCd]- might greatly 

contribute to the Dcomplex band. The creation of [VCd – InCd]- complex is seen as the evidence 

of self-compensation. These defect complexes act as acceptors and are responsible for the 
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self-compensation through the balance between the doped indium donors and the defect 

complex acceptors. In this case, the Dcomplex recombination is between the shallow donors 

(e.g., InCd) and the A-center acceptor level. On the other hand, it has been reported before 

that Dcomplex emission peak might be attributed to complexes [VCd-TeCd]. It has also been 

thought that, Dcomplex peak could be ascribed to the transition of a donor to cadmium 

vacancies [60]. 

    Excitonic signatures in the low temperature PL spectra of semiconductor of high optical 

quality usually appear as the intense lines caused by the excitons bound to donor and 

acceptor centers. In this case the energy levels of the bound excitons move down from the 

free exciton level by the amount equal to their energy binding. This energy depends on the 

nature of the impurities or intrinsic defects. General speaking, the PL spectra for a high-

quality sample is dominated by the excitonic luminescence, while that of a poor-quality 

sample is dominated by defect-related luminescence. Thus, the intensity of the exciton 

related luminescence relative to the impurity and defect band can be used as an indicator 

of the overall crystal quality. It is generally accepted that a larger intensity ratio I(bound 

exciton)/I(Dcomplex) indicates a lower defect concentration, a lower density of detrimental 

carrier traps, less surface damage, better crystal quality, and good detector performance 

[61]. Dcomplex is the defect region associated with crystal imperfection and deeper impurity 

levels. A lower PL intensity of Dcomplex indicates that the crystals have fewer impurities and 

defects. For quantitative comparison in terms of material quality, Figure 33 compares PL 

spectra for samples (4746-73-3) and (4272-98-6). I(bound exciton)/I(Dcomplex) is 0.98 for 

sample (4746-73-3), however the intensity ratio is 0.42 for sample (4272-98-6). 

Accordingly, it is evident that sample (4746-73-3) possesses a higher crystal quality.  
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Figure 33 - Low temperature (9K) PL spectra of samples (4746-73-3) and (4272-98-6) excited by 

a green laser using a resolution of 23 meV.  

 
    Several methods can be suggested in order to decrease the intensity of the Dcomplex peak, 

and hence increase the crystal quality and detector performance. The crystal quality may 

improve by annealing the sample under CdZn atmosphere due to the reduction of Te 

precipitates/inclusions and Cd vacancies [67]. Annealing under CdZn atmosphere provides 

a CdZn rich environment around the sample. In this condition, excess Te may migrate from 

the inner portion of the sample, and the amount of Te precipitates/inclusions in the inner 

CZT bulk crystal may be decreased, at the same time Cd atoms may diffuse into the sample 

and fill Cd vacancies, also the dislocation density may be reduced. Additionally, the defect-

related Dcomplex band may further be decreased with annealing in CdZn melt alloy [62]. The 

liquid environment annealing may remove Ag and other impurities from the CZT wafers, 

and therefore, partially lower the intensity of the Dcomplex peak. It was previously reported 

that, aging treatment (the sample was held in dry-air for 72 h at 60 oC) may decrease the 

intensity of Dcomplex, and reduce the surface trap state and the surface leakage current [48]. 
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It also was stated that adding excess Cd into stoichiometric raw materials may be beneficial 

for reducing the dislocations in CZT [63]. Cd vacancy acceptors can be compensated by 

the indium donors [64]. In view of the majority of Cd vacancies compensated by indium 

shallow donors [InCd]+, the residual Cd vacancies can also be compensated by another 

donor [TeCd]4+. A simple form of the neutral complex is [𝑇𝑒$%1& − 2𝑉$%)*],, which is a 

complex obtained by one Te antisite and two Cd vacancies [60].  

    In fact, not all indium dopant locates at the position of Cd atom and form [InCd]+. some 

of the In atoms exist in the form of In interstitial atom and does not take part in Cd vacancy 

compensation. Therefore, Cd vacancy acceptors are compensated dominantly by indium 

[InCd]+ donor and residual by Te antisite [TeCd]4+ donor. Moreover, the high resistivity of 

CZT crystal is obtained by recombination of acceptor caused by Cd vacancies and indium 

donors [50, 60]. Cd vacancies make the material conductive (p-type). This can be fixed by 

adding In which forms complexes with Cd vacancies. 

 

4.8 DAP and (D, X) peaks 

    The donor acceptor pair DAP peak is associated with transitions from shallow donors to 

shallow acceptors. The shallow donors may be due to indium. Indium can occupy a Cd 

vacancy to form InCd, a shallow donor state. The DAP peak centered at 1.606 eV is deduced 

to lie at about 60 meV below the conduction band, Eg – 60 meV, which is close to the 

values for Li (Ea=58) and Na (Ea=58.7) in CZT. Therefore, the DAP transition is probably 

due to shallow acceptors related to the impurities of Li and Na from the raw materials [65]. 

It is worth noting that the binding energy of In donor is 14.08 meV [22]. It is evident from 

Figure 34 that DAP structure has a relatively higher emission intensity for sample (4392-
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98-2). However, the peak is not detected in sample (4746-73-3). Thus, we can reasonably 

consider that sample (4392-98-2) may have a higher concentration of donors and/or 

acceptors. 

 
Figure 34 - Low temperature (9K) PL spectra of samples (4392-98-2) and (4746-73-3) excited by 

a green laser using a resolution of 23 meV.  

 
    Since the DAP is broad, we may assume that several shallow acceptors and donors 

participate in the emission. DAP may be partially attributed to the singly negative complex 

[𝐼𝑛$%& − 𝑉$%)*]* as the acceptor [66]. Further, the intensity ratio of the DAP emission to the 

(D, X), I(DAP)/I(D, X), can be related to the density of acceptor levels. Figure 35 plots the 

PL spectra of samples (4272-98-6) and (4746-73-3). The intensity ratio is 2.82 for sample 

(4272-98-6), and 0.57 for sample (4746-73-3). Thus, it can be concluded that sample 

(4272-98-6) has more shallow donors and/or acceptors. In Figure 35, the energy spacing 

between DAP and 1LO, as well as 1LO and 2LO is about 21.6 meV. This is close to the 

LO phonon energy of 21.3 meV in CdTe [67]. 
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Figure 35 - Low temperature (9K) PL near band edge region spectra of samples (4272-98-6) and 

(4746-73-3) excited by a blue laser using a resolution of 5.6 meV.  

 
    It has been experimentally proved in the literature that, the intensity of the DAP peak 

decreases with CdZn or Te atmosphere annealing [67-68]. Thus, annealing the samples in 

CdZn or Te atmosphere may remove part of the impurities. The impurities of Li and Na 

may migrate from CZT samples to the annealing medium, and the reduction of Li and Na 

may cause a reduction in the DAP emission [68]. Also, the Cd-saturated annealing may 

result in the dissociation of the defect complexes [𝐼𝑛$%& − 𝑉$%)*]*.  

4.9 Free Exciton Peak 

    Typically, free excitons can migrate in the crystals. During this process, some defects in 

the crystals can bind free excitons and form bound excitons [63]. The excitation energy of 

free excitons is slightly less than the bandgap energy Eg of the semiconductor. The 

detection of the free exciton line is an indication of the good crystal quality of the sample. 

A good CZT material quality is required to enhance the free-carrier transport properties. 
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Because of the greater degree of alloy broadening for x = 0.1, the free exciton peak is barely 

resolvable from the donor-bound exciton [69]. Figure 36 illustrates that the free exciton 

might be resolvable in the spectrum of sample (4746-84-1), accordingly, sample (4746-84-

1) might have a better crystal quality. However, in sample (4392-94-4), the free exciton 

peak is not resolvable, indicating that the crystal of sample possesses a lower quality.   

Figure 36 - Low temperature (9K) PL spectra of samples (4746-84-1) and (4392-94-4) excited by 
a green laser using a resolution of 22.5 meV. 
 

4.10 (D, X) and (A, X) peaks 

    The excitonic PL lines are very sensitive to various defects in semiconductors. Excitonic 

signatures in the low temperature PL spectra of semiconductors of high optical quality 

usually appear as the intense lines caused by the excitons bound to donor and acceptor 
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nature of the impurities or intrinsic defects. Therefore, the energy position of the bound 

excitons may let us determine the nature of defects participating in the formation of the 

excitonic complexes. Determination of the type of a CZT material, whether it is n-type or 

p-type, depends on the type of the dominant electrical carrier (electrons for n-type or holes 

for p-type) and thus, it depends on the impurity content and stoichiometry of the CZT 

material. Further, the material can be defined as n- or p-type according to the excess of 

either Cd + Zn or Te, respectively. Thus, we may define p-type CZT as material whose 

atomic ratio r=Te/(Cd+Zn) is >1. P-type CZT is also defined by the prominence of the 

acceptor bound exciton recombination over the donor bound exciton photoluminescence 

spectrum. However, when r < 1 and the donor bound exciton is significantly larger than 

the acceptor bound exciton, we may refer to the CZT material as n-type [70]. Redlen 

samples are p-type. 

    In semiconductors, free excitons can migrate in the crystals. Accordingly, some defects 

in the crystals can bind free excitons and form bound excitons. For CdZnTe, a higher (D, 

X) intensity may imply that a larger portion of the doped indium acts as hydrogenic shallow 

donors by substituting Cd sites. A broadening of (D, X) peak might be caused by 

macroscopic differences in composition, microscopic alloy fluctuations, and defects. 

Additionally, Cl on a Te site is a shallow donor with a binding energy of 14 meV, and they 

might contribute in the donor bound exciton peak (D, X) in the PL [22]. Further, (D, X) 

peak intensity might be partially attributed to Te antisites (TeCd) defects [84]. On the other 

side, Cu is known to be one of the common residual impurities in CdZnTe, and (A, X) may 

be assigned to Cu residuals in CZT [63, 67].  
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    A broadening in (A, X) peak indicates that, (A, X) is a complex consisting of the 

overlapping emission of several acceptor bound exciton complexes. Excitons might be 

bound to different acceptors. (A, X) peak may be attributed to Cd vacancies and shallow 

acceptors such as NaCd [60]. Thus, a lower (A, X) peak intensity may be attributed to the 

compensation between indium donors and the Cd vacancy acceptors that forms A-centers. 

    The relative emission between (A, X) and (D, X) peaks depends on the defects in the 

crystal. I(D, X)/I(A, X) ratio may be beneficial as it relates to the prevalence of the 

concentration of shallow donors over that of shallow acceptors throughout a cross-section 

of the sample, and it can be an indicator to the density of acceptor levels. Figure 37 shows 

that in sample (4746-73-3), the intensity of (A, X) outweighs (D, X), which signifies a 

growth of the shallow acceptors compared to the shallow donors. However, in sample 

(4272-98-6) the donor-bound exciton (D, X) luminescence is stronger, indicating a smaller 

proportion of shallow acceptor states in the sample [71].  

Figure 37 - Low temperature (9K) PL near band edge region spectra of samples (4272-98-6) and 

(4746-73-3) excited by a blue laser using a resolution of 5.6 meV. 
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4.11 A, B Faces of CZT 
 
    In this experiment, faces A and B of CZT sample (4272-98-1) are investigated and 

compared. Face B is the cathode of the detector and its surface is occupied by Te atoms. 

Face A is the anode of the detector and its surface is occupied by Cd atoms [12]. Both 

surfaces are illuminated by a 60-mW excitation power using the blue laser. The illuminated 

spots are opposite to each other. Figure 38 plots the PL near band edge region spectra of 

both faces. It is evident from the figure that DAP peak has a higher emission intensity in 

the spectrum of face A. Therefore, there might be a higher concentration of impurities and 

defects such as Li and Na near surface A. Additionally, the figure illustrates that, in face B 

spectrum the intensity of (A, X) outweighs (D, X), which signifies a growth of the shallow 

acceptors (Cu residuals and Cd vacancies) compared to the shallow donors. However, in 

face A spectrum the donor-bound exciton (D, X) luminescence is significantly stronger. 

Therefore, there might be a larger quantity of In donors near surface A. Figure 39 compares 

the PL spectra of faces B and A. The figure is plotted in log scale to show the weak 1.1eV 

deep level peak. The 1.1eV peak is stronger in the spectrum of face A. The 1.1eV broad 

luminescence band is believed to be attributed to Te vacancies [43, 61]. Thus, there might 

be a larger proportion of Te vacancies near surface A. Moreover, it is worth noting that the 

as received surfaces could have different oxides and the surface states might be different, 

which might result in variations in the relative intensity between the PL peaks of the two 

surfaces. A summary of intensity ratios between the peaks in the spectra of both faces is 

listed in Table 6. 
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Table 6 - Summary of the intensity ratios between the peaks in the spectra of both faces. 

 

 
 
 
 
 

 

 
Figure 38 - Low temperature (9K) PL near band edge region spectra for faces (B and A) of 

sample (4272-98-1) excited by a blue laser using a resolution of 5.6 meV.  
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Figure 39 - Low temperature (9K) PL spectra for faces (B and A) of sample (4272-98-1) excited 

by a blue laser using a resolution of 23 meV.  

     

4.12 PL study of etched and passivated surfaces of CZT sample 

    Photoluminescence is a useful technique for studying surface recombination in 

semiconductor materials. Te enrichment introduced by etching with Br-MeOH results in 

high surface leakage current. Surface passivation treatment can be used in CZT detectors 

production to create tellurium oxide TeO2 on the detector surface and to mitigate the 

negative effect of the surface non-bound Te atoms on the performance of a device. We use 

low temperature PL to investigate the effect of surface oxidation on sample (1527-121-9) 

by hydrogen peroxide solution passivation. The sample was first etched in 1% Br-MeOH 

followed by methanol rinsing. Then, PL measurements were performed on the etched 

surface. The sample was then oxidized in H202 aqueous solution with a 15% concentration 

for 8 minutes. PL measurements were carried out on the passivated surface [74]. 
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    PL spectra at a low temperature of 9K for the Br-MeOH etched and the H2O2 passivated 

surfaces of sample (1527-121-9) illuminated with green, and UV light, are shown in 

Figures 40, 41, and 42, respectively. Dcomplex is the peak associated with crystal 

imperfection and impurity levels. I(bound exciton)/I(Dcomplex) intensity ratio is 0.38 for the 

passivated surface, and 0.19 for the etched surface. The surface passivation effect of CZT 

detector can be seen clearly in Figures 40 and 41, where the passivated surface shows a 

lower level of traps in the near surface region evidenced by the larger I(bound 

exciton)/I(Dcomplex) intensity ratio compared to the etched surface. For UV excitation, 

Figure 42 shows that, a peak centered at 1.75 eV appeared in the passivated surface PL 

spectrum, however it was barely detectable in the etched surface PL spectrum. This 1.75 

eV peak is possibly due to the surface layer on the passivated sample, and may further be 

used as an indicator of the surface oxide thickness on the CZT samples. The oxide species 

on the CZT surface were previously identified as mainly TeO2 [74]. Other possibilities are 

CdTeO3 and ZnTeO3 [74]. 
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Figure 40 - Low temperature (9K) PL spectra for the Br-MeOH etched and the H2O2 passivated 

surfaces of sample (1527-121-9) excited by a green laser using a resolution of 23 meV.  

 

 
 

 

Figure 41 - Low temperature (9K) PL spectra for the Br-MeOH etched and the H2O2 passivated 

surfaces of sample (1527-121-9) excited by a UV LED using a resolution of 23 meV. 
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Figure 42 - X20 zoomed 9K PL spectra for the Br-MeOH etched and the H2O2 passivated 

surfaces of sample (1527-121-9) excited by a UV LED using a resolution of 23 meV. 

  

4.13 Excitation wavelength dependence 
 
    From the photoluminescence spectra, we can obtain information about the defects’ 

origin and their related concentration in the studied crystal. Using different excitation 

wavelengths, we can obtain the information about the material quality at different depths 

from the sample surface. In this experiment, we excite sample Cd0.96Zn0.04Te using three 

different sources: a UV LED with a penetration depth of 17nm, a blue laser with a 

penetration depth of 74nm, and a green laser with a penetration depth of 128nm. Each 

source provides certain information about the sample because of their varied characteristics 

[77]. It is worth noting that the penetration depth is computed for CdTe, and since the 

penetration depth depends on the zinc fraction x, the CZT penetration will be bigger. 
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Figure 43 - Low temperature (9K) PL spectra, using a resolution of 23 meV, of sample 

Cd0.96Zn0.04Te excited by: (a) a UV LED with a penetration depth of 17nm, (b) a blue laser with a 

penetration depth of 74nm, (c) a green laser with a penetration depth of 128nm.  
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    Figure 43 compares the PL spectra of sample Cd0.96Zn0.04Te excited by the three different 

sources, and provides information about the defects existing at three different depths and 

excitation power inside the sample. A peak centered at 1.75 eV appears only in UV 

excitation spectrum, and it may be attributed to the oxide layer on the CZT surface. The 

bound exciton peak does not exist in the UV excitation spectrum. However, it appears with 

the blue excitation, and it further dominates the green illumination spectrum. There might 

be a high concentration of the defects related to the bound excitons near a 128nm depth. 

The DAP peak is relatively strong in all excitation cases, and it dominates the blue 

excitation spectrum. Impurities related to DAP recombinations, such as Li and Na, 

probably exist near the surface and in the bulk of the sample. We use the I(Dcomplex)/I(DAP) 

and I(1.1eV peak)/I(DAP) intensity ratios as indicators of the A-center related defects 

concentration, and the Te vacancies concentration, respectively, near the three different 

depths in the sample. I(Dcomplex)/I(DAP) ratio increases from 0.20 near the surface to 0.27 

near a 74nm depth, and it slightly reduces to 0.26 near a 128nm depth inside the sample. 

On the other hand, I(1.1eV peak)/I(DAP) ratio slightly decreases from 0.075 near the 

surface to 0.072 at a 74nm depth, and it noticeably rises to 0.22 near a 128nm depth inside 

the sample. The intensity ration of I(Dcomplex)/I(1.1eV peak) can also be used to relate the 

intensity change of Dcomplex peak and 1.1eV peak at different depths inside the sample. The 

ratio is 2.7 near the surface, and it increases to 3.7 near the 74nm depth, however it 

decreases to 1.2 near the 128nm depth. A summary of intensity ratios between the defect 

related peaks at all depths is listed in Table 7. Moreover, it is worth noting that the three 

excitation sources have different instantaneous powers, thus the variations in the relative 

intensity among the peaks might be due to the instantaneous power differences. 
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Table 7 - Summary of intensity ratios between the defect related peaks at different depths inside 

the Cd0.96Zn0.04Te sample. 

Excitation Photon 
Energy 

(eV) 

Penetration 
Depth 
(nm) 

I(Dcomplex)/ 
I(DAP) 

I(1.1eV Peak)/ 
I(DAP) 

I(Dcomplex)/ 
I(1.1eV Peak) 

UV LED 
 

3.4 17 0.20 0.075 2.7 

Blue 
Laser 

2.54 74 0.27 0.072 3.7 

Green 
Laser 

2.33 128 0.26 0.22 1.2 

 

4.14 Excitation power dependence and Temperature dependence  

    It is stated in the literature that the PL spectra is dependent on the incident light power 

[78-79]. In order to investigate the dependence of the CZT PL on the excitation power, we 

study the behavior of the PL spectra of sample (4746-84-1) as the excitation power is varied 

from 15mW to 150 mW with a step of 15mW. Figure 45 gives a typical plot of the PL 

intensity of (D, X) and (A, X), DAP, Dcomplex peaks vs. excitation power. It is evident from 

the plot that, the intensity of the peaks increases with increasing excitation power, and the 

(D, X) peak eventually saturates at high excitation power. The drop that occurs to the 

intensity of both (A, X) and DAP peaks at higher excitation powers is possibly because at 

high illumination power the sample heats up, and thus the temperature of the sample 

increases [80]. This temperature increase also results in a shift of the (D, X) peak towards 

lower energy, as shown in Figure 44 that plots the low temperature PL near band edge 

region spectra of sample (4746-84-1). Figure 46 plots (D, X) peak position as a function of 

excitation power. 
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Figure 44 - Power dependent PL spectra of sample (4746-84-1) excited by a blue laser using a 

resolution of 5.6 meV.  
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Figure 45 - Power dependence of the intensity for (D, X), (A, X), DAP, and Dcomplex peaks in 

sample (4746-84-1) excited by a blue laser. 

 

Figure 46 - (D, X) peak position as a function of excitation power. 
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     To understand the phenomena better, and further illustrate the temperature dependence 

of the CZT sample, we study the transitions of PL spectra in the temperature range from 9 

to 100 K. Figure 47 shows temperature dependence of the PL spectra of sample (4746-84-

1). As shown in the figure, the intensity of (D, X) peak reduces gradually when the 

temperature is raised up from 9 to 100 K, however, (A, X) peak disappears rapidly. Figure 

48 plots the PL intensity of (D, X) as a function of temperature. The behavior can be 

explained by thermal quenching phenomenon which is due to thermal excited non-radiative 

transitions and thermal dissociation of bound exciton states. In addition, it is also noticed 

that (D, X) peak tends to shift towards lower energy with increasing temperature. The shift 

of (D, X) peak is due to the shrinkage of the bandgap energy with increasing temperature 

[80]. Using figure 46 and 47, we estimated the temperature of the sample when exposed to 

a 150-mW power of the blue laser to be 40 K. Figure 49 plots the intensity of (D, X) peak 

in log scale versus inverse temperature. To calculate the activation energy, equation 4.3 

gives the standard fitting formula. 

	 𝐼 𝑇 = 𝐴/[1 + B exp(−
𝑈
𝐾𝑇
)]	 (4.3)	

where I(T) represents the PL intensity, A is the intensity at absolute zero temperature, B is 

a constant, T is the temperature, k is Boltzmann constant, and U is the activation energy. 

Using this expression and figure 49, the activation energy is calculated to be roughly 25 

meV.  
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Figure 47 - Temperature dependent PL spectra of sample (4746-84-1) excited by a blue laser 

using a resolution of 5.6 meV. 
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    Figure 48 - PL intensity of (D, X) as a function of temperature. 

 
Figure 49 - Temperature dependence of (D, X) peak. 
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5 Conclusion 

 
    In this work, photoluminescence spectroscopy has been applied to study a number of 

different CZT samples provided by Redlen. Besides the values of the resistivity and 

stability of the samples, no further information about the samples was provided by Redlen 

due to confidentiality reasons. The samples had different resistivity and stability and further 

investigations on the differences among them were needed. No correlations between 

resistivity, stability, and PL peaks intensity have been found. Nevertheless, PL has been 

used to further study the samples and understand the features of their defects and 

impurities. We have analyzed the PL emission peaks to understand their origin. We have 

addressed the presence, and identified the type of the defects and impurities in the CZT 

samples, and studied their signatures in the PL spectra. Further, we have compared the PL 

spectra of different CZT samples, and investigated the differences among them. We hope 

that our findings from this project could provide useful feedback to improve the crystal 

growth and detector fabrication processes for higher performance of CZT radiation 

detectors. 

    The low temperature (9K) PL spectra of different samples have been analyzed. The 

uniformity of a CZT sample has been examined. Additionally, the PL spectra of 

Cd0.9Zn0.1Te and Cd0.96Zn0.04Te have been analyzed and compared. Comparisons among 

the samples in terms of: the zinc molar concentration, the intensity ratio between the deep 

level defect and the bound exciton peaks, the existence of DAP peak, the intensity ratio 

between the DAP and the donor bound exciton peaks, the presence of the free exciton peak, 

and the intensity ratio between the donor and acceptor bound excitons peaks have been 

done. Further, excitation power dependence and temperature dependence have been 
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investigated. Moreover, the defects and impurities near the surfaces of the two faces (B 

and A) of sample (4272-98-1) have been investigated and compared. We have also used 

different excitation wavelengths to obtain more information about the defects existing at 

different depths from the surface of Cd0.96Zn0.04Te sample. 

 
    In addition, PL technique has been used to explore the role of the surface passivation 

treatment in improving the spectrometric performance of the CZT detectors. The surface 

of sample (1527-121-9) has been etched with Br-MeOH, and then chemically oxidized in 

H202 aqueous solution. PL measurements have been carried out on the Br-MeOH etched 

and the H2O2 passivated surfaces of the sample, and the PL spectra of the etched and 

passivated surfaces have been compared. A peak at 1.75 eV has appeared in the PL 

spectrum of the oxidized surface when excited by UV light. This peak has been attributed 

to the oxide layer on the passivated surface. 
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6 Suggestions for future work 

 

   Applications of CZT detectors, such as early cancer detection and homeland security, 

reveal that, improving this technology will have great benefits to humanity. The 

performance of CZT x-ray and gamma-ray spectrometers is often limited by their surface 

leakage currents. Thus, reducing surface leakage currents by surface passivation is very 

important for the fabrication of CZT detectors. Therefore, further investigations could be 

done on the surface oxide layer using PL method, in an effort to optimize the surface 

processing and thereby improve CZT detector performance. Interesting experiments that 

could be done in the future are: Wet and dry ozone surface passivation, XPS measurements 

of the surface oxide composition and thickness. Additionally, the PL 1.75 eV emission can 

be further used as an indicator of the surface oxide layer thickness on CZT samples. 

Further, other surface passivation including wide bandgap II-VI semiconductors such as 

ZnSe could be investigated.  
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Appendix A 
Details of 9K PL spectra of seven Cd0.9Zn0.1Te samples 

 

A.1 Sample 4912-84-2 

A.1.1 Green Excitation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 50 - PL spectrum of sample (4912-84-2) excited by a green at 9K temperature using a 

resolution of 23 meV.  

 
Figure 51 - Typical PL near band edge region spectrum of sample (4912-84-2) excited by a green 

laser at 9K using a resolution of 5.6 meV. 
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   When sample (4912-84-2) is excited with the green laser, its PL spectrum shows a donor 

bound exciton (D, X) peak is situated at 1.651 eV. The acceptor bound exciton (A, X) is 

located at the shoulder of the lower energy side at 1.638 eV. The shallow donor acceptor 

pair DAP emission and its longitudinal optical phonon replica LO peak also exist. 

Additionally, the frequently found Dcomplex wide peak is present at 1.46 eV. I(D, 

X)/I(Dcomplex) is 0.319, I(A, X)/I(Dcomplex) is 0.588, I(D, X)/I(A, X) is 0.543. 

A.2 Sample 4762-85-1 

A.2.1 Green Excitation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 52 - PL spectrum of sample (4762-85-1) excited by a green laser at 9K temperature using 

a resolution of 23 meV. 
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Figure 53 - Typical PL near band edge region spectrum of sample (4762-85-1) excited by a green 

laser at 9K using a resolution of 5.6 meV.  

 
    When Sample (4762-85-1) is excited with the green laser, its PL spectrum shows a donor 

bound exciton (D, X) peak is situated at 1.653 eV. The acceptor bound exciton (A, X) is 

located at the shoulder of the lower energy side at 1.642 eV. Additionally, the frequently 

found Dcomplex wide peak is present at 1.465 eV. I(D, X)/I(Dcomplex) is 0.662, I(A, 

X)/I(Dcomplex) is 0.833, I(D, X)/I(A, X) is 0.794. 
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A.3 Sample 4392-98-2 

A.3.1 Green Excitation 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

Figure 54 - PL spectrum of sample (4392-98-2) excited by a green laser at 9K temperature using 

a resolution of 23 meV.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 55 - PL near band edge region spectrum of sample (4392-98-2) excited by a green laser at 

9K using a resolution of 5.6 meV. 
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    When sample (4392-98-2) is excited with the green laser, its PL spectrum shows a donor 

bound exciton (D, X) peak is situated at 1.652 eV. The acceptor bound exciton (A, X) is 

located at the shoulder of the lower energy side at 1.639 eV. The shallow donor acceptor 

pair DAP emission at 1.61 eV and its longitudinal optical phonon replica LO peak, also 

exist. Additionally, the frequently found Dcomplex wide peak is present at 1.46 eV. I(D, 

X)/I(Dcomplex) is 0.625, I(A, X)/I(Dcomplex) is 0.98, I(D, X)/I(A, X) is 0.641. 

A.4 Sample 4392-94-4 

A.4.1 Green Excitation 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 56 - PL spectrum of sample (4392-94-4) excited by a green laser at 9K temperature using 

a resolution of 23 meV. 
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Figure 57 - Typical PL near band edge region spectrum of sample (4392-94-4) excited by a green 

laser at 9K using a resolution of 5.6 meV.  

 

    When sample (4392-94-4) is excited with green laser, its PL spectrum shows a donor 

bound exciton (D, X) peak is situated at 1.651 eV. The acceptor bound exciton (A, X) is 

located at the shoulder of the lower energy side at 1.641 eV. The shallow donor acceptor 

pair DAP emission and its longitudinal optical phonon replica LO peak, also exist. 

Additionally, the frequently found Dcomplex wide peak is present at 1.462 eV. I(D, 

X)/I(Dcomplex) is 0.429, I(A, X)/I(Dcomplex) is 0.8, I(D, X)/I(A, X) is 0.538. 
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A.5 Sample 4272-98-1 

A.5.1 Green Excitation 

 
Figure 58 - PL spectrum of sample (4272-98-1) excited by a green laser at 9K temperature using 

a resolution of 23 meV.  
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A.5.2 Blue Excitation 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 59 - PL spectrum of Sample (4272-98-1) excited by a blue laser at 9K temperature, using a 

resolution of 23 meV.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 60 - Typical PL near band edge region spectrum of sample (4272-98-1) excited by a blue 

laser at 9K using a resolution of 5.6 meV. 
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   When sample (4272-98-1) is excited with the green laser, its PL spectra show a donor 

bound exciton (D, X) peak is situated at 1.65 eV. The acceptor bound exciton (A, X) is 

located at the shoulder of the lower energy side at 1.639 eV. The shallow donor acceptor 

pair DAP emission and its longitudinal optical phonon replica LO peak. Additionally, the 

frequently found Dcomplex wide peak is present at 1.463 eV. I(D, X)/I(Dcomplex) is 0.356, I(A, 

X)/I(Dcomplex) is 0.629, I(D, X)/I(A, X) is 0.565. 

    When exciting the sample with the blue laser, the PL spectra reveal a donor bound 

exciton (D, X) peak located at 1.651 eV. The acceptor bound exciton (A, X) is situated at 

1.64 eV. The shallow donor acceptor pair DAP emission at 1.607 eV, and their longitudinal 

optical phonon replicas LO peaks at 1.582 eV are also present. Additionally, the Dcomplex 

wide peak exists at 1.469 eV. The 1.1eV deep level defect peak is detected. I(D, 

X)/I(Dcomplex) is 0.163, I(A, X)/I(Dcomplex) is 0.229, I(D, X)/I(A, X) is 0.714, 

I(DAP)/I(Dcomplex) is 0.24, and I(1.1eV)/I(Dcomplex) is 0.01008. 
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A.6 Sample 4746-84-1 

A.6.1 Green Excitation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 61 - PL spectrum of sample (4746-84-1) excited by a green laser at 9K temperature using 

a resolution of 23 meV.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 62 - Typical PL near band edge region spectrum of sample (4746-84-1) excited by a green 

laser at 9K using a resolution of 5.6 meV. 
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When sample (4746-84-1) is excited with the green laser, its PL spectrum shows a donor 

bound exciton (D, X) peak is situated at 1.656eV. The acceptor bound exciton (A, X) is 

located at the shoulder of the lower energy side at 1.644 eV. The free exciton peak (FE) is 

observed from the neutral donor bound exciton, indicating that the CZT crystal possesses 

high quality. Additionally, the frequently found Dcomplex wide peak is present at 1.463 eV. 

I(D, X)/I(Dcomplex) is 0.302, I(A, X)/I(Dcomplex) is 0.549, I(D, X)/I(A, X) is 0.55. 

A.7 Sample 4272-98-6 

A.7.1 Green Excitation 
 

 

Figure 63 - PL spectrum of sample (4272-98-6) excited by a green laser at 9K temperature using 

a resolution of 23 meV. 
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Figure 64 - Typical PL near band edge region spectrum of sample (4272-98-6) excited by a green 

laser at 9K using a resolution of 5.6 meV.  

A.7.2 Blue Excitation 

 

Figure 65 - PL spectrum of Sample (4272-98-6) excited by a blue at 9K temperature using a 

resolution of 23 meV. 
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Figure 66 - Typical PL near band edge region spectrum of sample (4272-98-6) excited by a blue 

laser at 10K using a resolution of 5.6 meV.  

 
   When sample (4272-98-6) is excited with the green laser, its PL spectrum shows a donor 

bound exciton (D, X) peak is situated at 1.653 eV. The acceptor bound exciton (A, X) is 

located at the shoulder of the lower energy side at 1.639 eV. The free exciton peak is 

observed from the neutral donor bound exciton, indicating that the CZT crystal possesses 

high quality. The shallow donor acceptor pair DAP emission and its longitudinal optical 

phonon replica LO peak, also exist. Additionally, the frequently found Dcomplex wide peak 

is present at 1.462 eV. I(D, X)/I(Dcomplex) is 0.246, I(A, X)/I(Dcomplex) is 0.42, I(D, X)/I(A, 

X) is 0.585. 
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     When exciting the sample with the blue laser, the PL spectrum reveals a donor bound 

exciton (D, X) peak located at 1.651 eV. The acceptor bound exciton (A, X) is situated at 

1.639 eV. The shallow donor acceptor pair DAP emission at 1.606 eV and its longitudinal 

optical phonon replica LO peak at 1.581 eV, are also present. Additionally, the Dcomplex 

wide peak exists at 1.473 eV. Meanwhile, the 1.1eV deep level defect peak is detected. 

I(D, X)/I(Dcomplex) is 0.069, I(A, X)/I(Dcomplex) is 0.052, I(D, X)/I(A, X) is 1.33, 

I(DAP)/I(Dcomplex) is 0.2, and I(1.1eV)/I(Dcomplex) is 0.0142. 

 

 


