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ABSTRACT

Nuclear Radiation Detectors are used for detecting, tracking, and identifying radioactive 

materials which emit high-energy gamma and X-rays. The use of Cadmium Zinc Telluride 

(CdZnTe) detectors is particularly attractive because of the detector’s ability to operate at room 

temperature and measure the energy spectra of gamma-ray sources with a high resolution, 

typically less than 1% at 662 keV. While CdZnTe detectors are acceptable imperfections in the 

crystals limit their full market potential. One of the major imperfections are Tellurium inclusions 

generated during the crystal growth process by the retrograde solubility of Tellurium and 

Tellurium-rich melt trapped at the growth interface. Tellurium inclusions trap charge carriers 

generated by gamma and X-ray photons and thus reduce the portion of generated charge carriers 

that reach the electrodes for collection and conversion into a readable signal which is 

representative of the ionizing radiation’s energy and intensity. One approach in resolving this 

problem is post-growth annealing which has the potential of removing the Tellurium inclusions 

and associated impurities. 

The goal of this project is to use experimental techniques to study the thermodynamics of 

Tellurium inclusion migration in post-growth annealing of CdZnTe nuclear detectors with the 

temperature gradient zone migration (TGZM) technique. Systematic experiments will be carried 

out to provide adequate thermodynamic data that will inform the engineering community of the 

optimum annealing parameters. Additionally, multivariable correlations that involve the 

Tellurium diffusion coefficient, annealing parameters, and CdZnTe properties will be analyzed.    
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The experimental approach will involve systematic annealing experiments (in Cd vapor 

overpressure) on different sizes of CdZnTe crystals at varying temperature gradients ranging 

from 0 to 60 
o
C/mm (used to migrate the Tellurium inclusion to one side of the crystal), and at 

annealing temperatures ranging from 500 to 800 
o
C. The characterization techniques that will be 

used to quantify the effects of the post-growth annealing experiments include: 1) 3D infrared 

transmission microscopy to measure the size, distribution, and concentration of Tellurium 

inclusions; 2) current-voltage measurements to determine the effect of post-growth annealing on 

the resistivity of CdZnTe crystals; and 3) X-ray diffraction topography, available at the National 

Synchrotron Light Source (NSLS) facilities at Brookhaven National Laboratory (BNL), to 

measure the correlation between device performance and annealing conditions.  
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CHAPTER ONE 

HISTORY AND MOTIVATION

 

Overview 

In this chapter, a brief history of radiation detectors is discussed, starting with the first 

radiation detector through the evolution of today’s modern detector fabrication. Some specific 

radiation detection systems are calorimeters, color dosimeters, ionization chambers, Geiger 

Mueller counters, barium platinocyanide scintillation counters, and semiconductor detectors. 

Given the broad scope of detection systems, this review is limited to a few key events in their 

various stages of development. This chapter ends with the introduction of the current 

semiconductor Cadmium Zinc Telluride (CdZnTe), as it possesses the ideal characteristics for 

room temperature nuclear radiation detection applications. 

History of Radiation 

 

Radiation detection grew out of the parallel discovery of both X-rays and radioactivity at 

the close of the nineteenth century. In 1895, Wilhelm Roentgen discovered “X-rays”  after 

performing careful experiments on radiation . H. Poincare Becquerel undertook a systematic 

study of the connection between the emission of visible light and X-rays in 1896, marking the 

discovery of radioactivity (Flakus, 1982). After Becquerel’s discovery, scientists started the 

search for further elements to measure radiation-emitting properties. Madame Sklodowska Curie 

realized that the ionization method of measuring the intensity of X-rays would be well suited for
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detecting the radiation discovered by Becquerel in 1899. Curie proved a satisfactory method of 

measurement when she attached an electrometer inside her husband’s ionization chamber, 

repeating the same experiments as Becquerel. Radioactive elements, polonium and radium, were 

discovered as a result of Curie’s experimentation. In 1901, Roentgen was awarded the first Nobel 

Prize in Physics for his discovery of ‘X-rays.’ In 1903, the second Nobel Prize for Physics was 

awarded to Pierre, Curie, and Becquerel for their joint research and discovery of the new 

phenomenon in detecting radioactivity (Friedlander, Kennedy, Macias, & Miller, 1981). After 

these discoveries, better methods for detecting and measuring radiation were developed.  

Early Radiation Detection Methods 

 

A radiation detector is a device for converting radiant energy to a form more suitable for 

observation and recording (Frame, 2005). The first attempt to measure radiation was made by 

Louis Benoist in 1902. He developed the “penetrometer,” which was designed to measure the 

intensity of the “energy” in X-rays. The device was made of a thin silver disk surrounded by 

aluminum sectors of varying thicknesses. From Roentgen’s earlier experiments with the 

darkening of the emulsion under irradiation, photographic emulsions were developed for use in 

X-ray in later years. The first film dosimeter was made in 1907 by Rome Wagner, but the results 

of the measurements were often faint and lacked clarity (Frame, 2005). By 1943, Ernest Wollan 

perfected what Wagner attempted by adding a cadmium filter into the dosimeter; this filter 

reduced the variations in the film’s response due to different radiation energies (Posey, 1963). 

The calorimeter is another instrument that was developed to measure radiation by providing an 

absolute measurement of the fundamental energy emission rate (decay rate). This is 

accomplished by one of four techniques: measuring the rate of temperature increase, using a 

material with a known heat capacity; measuring the temperature gradient across a heat path 
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under steady state conditions; measuring the rate of temperature increase, using a cooling fluid; 

and measuring liquid evaporation rates. Figure 1.1 is a depiction of the colorimeter dosimeter, 

which was used by the United States Army in the 1950s. The calorimeter’s durability and ease of 

operation were some of its attractive characteristics; however, its method of measuring was not 

suited for continuous experimentation (Posey, 1963).  

 
Figure 1.1. A colorimeter is shown here (picture excerpt from powerhousemuseum.com). 

 

Developed in 1902 by Guido Holzknecht, the “chromoradiometer” (color dosimeter) 

employed a yellow-colored disk of barium platinocyanide (pastilles) which turned dark upon the 

exposure to X-rays (Yu, Jie, & Wang, 2011). The corresponding disk colors were compared to 

the standard scale of shades of yellow. Each shade represented an incremental increase of X-ray 

exposure of “1 Holzknecht” which is roughly equivalent to one-third of the exposure that would 

result in erythema, when the skin turns temporarily red (Yu et al., 2011).  

Development of ionization chambers began around 1896, when J.J. Thomson and Ernest 

Rutherford demonstrated that X-rays could make some gases, such as air, conductive. The 

majority of these chambers are based on sensing the direct ionization created by the radiation 

source (Frisch, 1944). Herb Parker was instrumental in the development of the free-air ionization 

chamber and developed the concept of absorbed dose and its unit of measure, rem. Figure 1.2 

shows a free-air ionization chamber that is primarily used for measuring exposure rates in an X-

ray beam. It is constructed by placing two conducting plates with opposite charges at opposing 
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ends of the chamber. The intensity of radiation exposure can be determined by measuring the 

chamber’s electrical current (Frisch, 1944). This new way of detection was developed by 

stripping electrons from the molecules of insulated gas.  

 
Figure 1.2. This is a free air ionization chamber with cover removed (left), top and side covers 

removed to reveal the guard wires (center), and fully assembled chamber displaying the opening 

in the front (right). 

 

Otto Frisch advanced the technology of ionization chambers by inventing the gridded 

ionization chamber in 1940. Figure 1.3 is an example of the Frisch Grid Ionization Chamber 

developed at Oak Ridge Associate Universities. Frisch’s chamber is an alpha particle 

spectrometer that has better resolution than the previous chamber designs (Rossi & Staub, 1949). 

Although still in use today for alpha spectroscopy, semiconductors have replaced the ionization 

chamber in most applications.  
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Figure 1.3. A Frisch grid ionization chamber (Wilksonson, 1950; photo excerpts from orau.org). 
 

In 1913, Hanz Geiger devised the ‘point’ on what would later become recognized as the 

‘Geiger’ counter. Fifteen years later, Geiger partnered with Walter Muller and created the 

modern day Geiger-Muller detector (GM counter) (Wilkinson, 1950). In Figure 1.4, an early 

version of a hand-built GM detector tube is shown. The GM detector’s simplicity, low cost, and 

ease of operation made this new detector remarkable compared to those that were used prior. 

Like ionization chambers, the GM counter detects the emission of radiation through conductive 

gases. The detector consists of a cylindrical tube with the external wall serving as a cathode with 

a fine wire is stretched along the axis of the tube serving as the anode (Boag, 1955). Shown in 

Figure 1.5 is a Cold War era handheld civil defense GM counter. These were distributed to 

citizens in preparation for a nuclear attack. 

 

 
Figure 1.4. A hand-built GM tube (photo excerpt from orau.org). 
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Figure 1.5. A handheld low-range Civil Defense GM counter (photo excerpt from 

radmeters4u.com). 
 

The fluoroscope was a portable radiation detector that allowed an immediate 

visualization of the X-ray reflector screen. Wilhelm Roentgen used barium platinocyanide as a 

primary source to show an X-ray image on the reflector screen of the fluoroscope; however, 

there were limitations due to the reflector screen’s dark image quality. Thomas Edison later 

corrected this flaw by replacing the reflector screen within the fluoroscope with calcium 

tungstate. This provided brighter reflector screen imaging and made the fluoroscope 

commercially available (Mahesh, 2001). 

Semiconductors 
 

Regardless of which semiconductor material is employed, certain material properties are 

required for high performance spectrometers that provide both good spectral resolution and high 

counting efficiency (Schlesinger et al., 2001). For nuclear radiation device applications, some of 

the key properties are a high atomic number (Z), a large bandgap, and surfaces with sufficiently 

high electrical resistivity. Solid state detectors are fabricated from a variety of materials 

including, Germanium, Silicon, Cadmium Telluride, Mercuric Iodide, and Cadmium Zinc 

Telluride.  
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As early as 1932, it was recognized that the use of solid detection media instead of gas 

media had great advantages in radiation detection applications. It is well known that solids are 

typically three orders of magnitude denser than gases; because of that physical advantage, the 

dimensions of solid detectors could be much smaller than those of equivalent gas-filled detectors. 

In the early 1950s, Bell Laboratories scientist Kenneth McKay (McKay, 1951) developed a 

reverse-biased P-N junction detector built using Silicon to detect alpha particles (Tavendale & 

Ewan, 1963). In 1963, at Chalk River Laboratories, the first Lithium drifted Germanium (Ge) 

detector was developed by Alister Tavendale and George Ewan. It was very effective for high-

resolution gamma spectroscopy. Due to the limitations of the P-N junction Silicon detectors, by 

the 1950s, the development of Thallium-activated Sodium Iodide as a scintillation material was 

explored. The progression of this research resulted in NaI(TI) being used for most gamma ray 

spectroscopy. With its introduction, this material now proved high efficient for the detection of 

gamma rays and was capable of good energy resolution, which is useful in separating the 

contributions of gamma ray sources. Ge (Li) detectors had replaced NaI scintillation crystals in 

most gamma ray studies by 1964 (Murray, 2008). While more efficient than Ge detectors, 

NaI(TI) detectors could not resolve gamma-ray energies nearly as well as Ge(Li) detectors could. 

The impurities in Germanium required lithium doping to increase the spectral resolution 

(Shirley, 1965).  

Research conducted at Oak Ridge National Laboratory introduced techniques that 

eliminated impurities in Germanium to levels of at least 10
10

 atoms/cm
3
 (Shirley, 1965). This 

removed the need for Lithium compensation, leading to the production of bulk commercial high 

purity Germanium (HPGe). Since the 1970s, HPGe gamma-ray detectors have been used widely 

in nuclear and other industrial-applications (Moss, Dowdy, & Lucas, 1986). Since impurity 
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levels were progressively reduced, HPGe advantages in terms of efficiency, sensitivity, energy-

resolution, and ease of reading the energy spectrum made this material ideal for use in the 

semiconductor industry. The small bandgap (0.7 eV) makes room-temperature operation of 

HPGe impossible because of the large, thermally induced leakage current (Koehler, Wender, & 

Kapustinsky, 1986). Thus, the HPGe crystal detector is housed in a vacuum-tight cryostat to 

prevent thermal conductivity between the crystal and the surrounding atmosphere. To eliminate 

the thermally induced leakage current, the HPGe must be cryogenically cooled to temperatures 

of 90-120 K. Figure 1.6 depicts a schematic representation of a typical insulated Dewar 

containing liquid nitrogen. Because of the cooling requirements, HPGe detectors are expensive, 

bulky, and inconvenient for portable application. Figure 1.7 shows an actual HPGe radiation 

detector made by Canberra Industries. 

 
Figure 1.6. A diagram showing the design of a HPGe Detector. 
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Figure 1.7. A HPGe detector made by Canberra Industries (photo excerpt from mne.ksu.edu). 

 

Silicon, on the other hand, needs no cooling, but is inefficient in detecting photons with 

energies greater than a few tens of kilo electron volts (keV). In recent years, detectors made from 

semiconductor materials such as Cadmium Telluride, Mercuric Iodide, and Cadmium Zinc 

Telluride have attracted considerable attention. The attractive properties of detectors fabricated 

with CdTe, HgI2, and CdZnTe are their high atomic numbers that provide high stopping power 

and a large bandgap which produces a small amount of thermal leakage current. This permits 

operation at room temperature and provides high efficiency response (Cramer, Chasman, & 

Jones, 1968).  

Considering all of the requirements listed above, CdZnTe has surfaced as a material that 

is well-suited for radiation detection. In the 1990s, CdZnTe came to the forefront among other 

materials, because it successfully dealt with the drawbacks of prior semiconductor devices. 

Particularly, large-volume CdZnTe detectors offer the combined potential for high detection 

efficiency, good energy resolution, ambient-temperature operation, and highly integrated 

electronics. CdZnTe crystals eliminated the added burden of cooling that is required in HPGe 

detectors (Cramer et al., 1968; Knoll, 2010).  
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Motivation for CdZnTe Research 

 

For the past twenty years, extensive research has been conducted to investigate the 

suitability, development, and improvement of CdZnTe crystals as material for room-temperature 

nuclear radiation detectors. An advantage of solid state detectors is their small and controllable 

size relative to equivalent gas-filled detectors. The solids typically have a density 1000 times 

greater than gas-filled detectors. They also possess advantages over scintillators in the solid state 

detector class. Both are compact in size, but scintillators yield low energy resolution and the 

process of converting radiation into an electrical signal involves many inefficient steps. To 

produce one photoelectron, at least 100 eV of excitation energy is required, causing a small 

number of information charge carriers which are free to move particles carrying an electric 

charge, thus limiting the energy resolution. To increase the resolution, information carriers must 

be increased, which is achieved by using semiconductor materials as radiation detectors. 

Semiconductors also offer unique advantages, including variable effective thickness, ruggedness 

for field applications, and fast timing characteristics. For the detection of gamma and X-rays, the 

semiconductor materials must possess the following:  

1. A high atomic number (Z) for efficient radiation–atomic interactions. By increasing the 

atomic number to levels of Z
4 

– Z
5
, the rate of photoelectric interaction increases. This 

interaction is the dominant factor in the operation of nuclear detector devices 

(Schlesinger & James, 1995). 

2. A large bandgap for low leakage current, which is critical for low noise operation and 

allowing room temperature operation (Schlesinger & James, 1995). 
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3. A high intrinsic µτ product. The carrier drift length is given by µτE, where µ is the carrier 

mobility, τ the carrier lifetime, and E the applied electric field (Schlesinger & James, 

1995). 

4. High-purity, homogeneous, defect-free materials with acceptable cross-sectional areas 

and thickness. For high-sensitivity and efficiency, large detector volumes are required to 

ensure that as many incident photons as possible have the opportunity to interact in the 

detector volume (Szeles & Eissler, 1998b). 

5. Resistivity: Semiconductors must have absolute values of net electrical active impurity 

concentration (Na - Nd) less than 10
11

 free carriers per cm
3
 at room temperature, which is 

equivalent to a resistivity of 10
8
 – 10

9
 Ω/cm (Szeles & Eissler, 1998b). 

6. Minimal transit time of the charge carriers across the crystal volume to reduce trapping 

probabilities. Charge carriers trapped due to discrete levels in the bandgap affect average 

carrier lifetime mobility and electron-hole pair creation (Szeles& Eissler, 1998b). 

 
Figure 1.8. This graph shows radiation absorption vs. energy for typical detector materials 

(Knoll, 2010). 

 

 In Figure 1.8, the excitation of different radiation detector materials as a function of 

photon energies is shown. Cadmium Telluride (CdTe) and Mercuric Iodide (HgI2) are the best 

semiconductor materials that fulfill the previous six characteristics. Although HgI2 has larger 
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energy absorption than any other material, it has the disadvantages of being highly toxic and 

requiring encapsulation to prevent crystal surface deterioration when exposed to air. CdTe has 

advantages over HgI2 because it is stable in air, requiring no encapsulation, and Cadmium is less 

toxic than Mercury. For room-temperature operation, CdTe has a large bandgap energy (1.47 eV) 

and a high atomic number (48 and 52) for good stopping power for energetic photons. CdTe has 

a higher probability of photoelectric absorption per unit path-length in comparison to Ge and Si 

for typical gamma ray energies. The probability of photoelectric absorption is 5 times higher 

than Ge and is 100 times higher than Si. However, the shortcomings of CdTe consist of poor 

collection efficiency, which limits energy resolution, its considerable expense to grow in large 

volumes, and size limitations, which make instruments using CdTe less sensitive to gamma 

emitting sources (Arlt, Ivanov, & Parnham, 2000). 

 
Figure 1.9. This graph shows detection efficiency for 100KeV gamma-ray photon in various 

thicknesses of CdTe, Si, and Ge (Takahashi & Watanabe, 2011). 

 

 By alloying CdTe with ZnTe, a new material, Cadmium Zinc Telluride (CdZnTe), was 

formed. The alloy CdZnTe can be grown to larger volumes at a reduced cost compared to CdTe 

crystals and provides better spectroscopy than CdTe. It also increases the bandgap from 1.4 eV 

to approximately 1.7 eV, delivering an immediate resolution for the problem of signal noise due 

to leakage current in CdTe. These CdZnTe advantages allow for production of durable, portable 
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devices for industrial applications, making CdZnTe detectors more desirable than CdTe for 

nuclear detector fabrication. 

Table 1.1   

Properties of Major Semiconductors Used for Nuclear Detection (Eisen, 1996; Sakai, 1982) 

  Si Ge HgI2 CdTe CdZnTe 

Atomic Number (Z) 14 32 80, 53 48, 52 48, 30, 52 

Density (g/cm
3
) 2.33 5.33 6.4 6.06 6.0 

Bandgap (at Temperature, eV) 1.12 (300 K) 0.68 (77 K) 2.13 (300 K) 1.52 (300 K) 1.60 (300 K) 

Average Energy/e-h pair (cm
2
/Vs) 3.61 2.98 4.3 4.43 5.0 

Electron Mobility (cm
2
/Vs) 1500 3900 100 1050 1350 

Hole Mobility (cm
2
/Vs) 480 1900 4 100 120 

Electron µτ Product (cm
2
/Vs) 2.7 x 10

-2
 0.72 1 x 10

-4
 1 x 10

-3
 1 x 10

-3
 

Hole µτ Product (cm
2
/Vs) 9.6 x 10

-3
 0.84 4 x 10

-5
 5 x 10

-5
 1 x 10

-5
 

Operating Temperature (K) 300 77 300 300 300 

 

Present Status and Limitations of CdZnTe 

 

The development of the CdZnTe material is largely driven in fields such as space 

research, medical imaging, and industrial applications (Parnham, Grosholz, Davies, Vydrin, & 

Cupec, 2001). Through collaboration between Anzai Medical Co. Ltd and eV Products, a hand-

held small field of view (SFOV) gamma camera (Cui et al., 2011) was developed using CdZnTe 

crystals. Driven by (CdZnTe) detectors, Figure 1.10 is a medical imaging tool called 

ProxiScan™, a compact gamma camera suited for high-resolution imaging of prostate cancer. 

Developed by Brookhaven National Laboratory and Hybridyne Imaging Technologies, Inc., it 

combines the best aspects of conventional nuclear imaging detectors while minimizing their 

weaknesses. ProxiScan™ is small enough for a rectal prostate cancer diagnosis. Using this new 

technology, the working distance between the imaging system and the prostate gland is 

minimized, yielding better images with a smaller amount of injected radioactive tracer (Suzuki et 

al., 2005). 
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Figure 1.10. The ProxiScan™ consists of a prostate probe, an external surge box, and a computer 

(Suzuki et al., 2005; photo excerpt from bnl.gov). 

 

The Burst Alert Telescope (BAT) was launched by NASA in 2004 onboard the SWIFT 

Gamma-Ray Burst (GRB) Explorer, shown in Figure 1.11. One critical component of this 

telescope is the detector array. The BAT detector array shown in Figure 1.12 consists of 32,768 

CdZnTe (Cd0.9Zn0.1Te1) detectors of 4x4x2 mm
3
 to form a 5,243 cm

2
 detector plane. The 

CdZnTe crystals are manufactured by eV Products Inc, and have an energy range of  15 to 150 

KeV with an energy resolution of ~6 KeV full width half maximum (FWHM) at 122 

KeV(Markwardt et al., 2007; Parson et al., 2003; Sato et al., 2004; Suzui et al., 2005). 
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Figure 1.11. Swift’s Burst Alert Telescope (BAT) which was made by NASA (Parsons et al., 

2003; photo excerpt from heasarc.gsfc.nasa.gov). 

 

 
Figure 1.12. Swift’s Burst Alert Detector Array is shown (Markwardt et al., 2007; photo excerpt 

from heasarc.gsfc.nasa.gov). 

 

Recently, significant progress has been made in growing large, single crystals for detector 

fabrication. The major limiting factor for widespread industrial use of large-volume (up to 

hundreds of cubic centimeters) CdZnTe detectors is the high concentrations of extended defects 

in modern CdZnTe crystals. Large crystals are usually not perfect single crystals due to several 

structural defects present in the ingot, such as voids, pipes, impurities from source materials, 

Tellurium inclusions, Tellurium precipitates, vacancies, and vacancy-impurity complexes, all 
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produced during crystal growth (Szeles, 2004). Other extended defects include grain boundaries, 

micro twins, and dislocation walls. Both identification and control of these defects and charge 

compensators in the bulk material are currently important issues affecting detector yield. 
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Figure 1.13. A development timeline for radiation and detection is depicted. 

 

Scope of Dissertation 

 
Brookhaven National Laboratory, Alabama A & M University, and the University of 

Alabama have been jointly investigating post-growth thermal annealing of CdZnTe crystals in order 

to improve their performances as gamma-ray and X-ray detectors. The focus of this dissertation is 

twofold: (a) The investigation of the Tellurium inclusion migration under temperature-gradient 

annealing; and (b) The Tellurium inclusion size reduction in both temperature gradient annealing, 
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ionization chamber. 

1943: 
Ernest Wollan perfected the 

color dosimeter by adding a 

Cadmium filter into the 
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Kenneth McKay developed a 

reverse-biased p-n junction 

detector using Silicon. 

 

Using NaI(TI) as a scintillation 

material in detectors is developed. 

 

1963: 
The first lithium drifted 

Germanium (Ge) detector 

is developed by Alister 

Tavendale and George 

Ewan. 1964:  

Ge (Li) detectors replaced NaI 

scintillation crystals in most 

gamma ray studies. 
1970s: 
High Purity Germanium 

(HPGe) removed the need 

for lithium compensation 

in gamma ray 

spectroscopy.  

1990s:  

Cadmium Zinc Telluride surfaced as 

the ideal semiconductor for gamma 

ray detection. 
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and constant temperature annealing in Cd vapor. The remainder of the dissertation is organized in the 

following five chapters to meet the objectives of the present research work. 

Chapter 2 presents an in-depth description of the properties, fabrication, and operation of 

CdZnTe as a nuclear radiation detection material. The primary goal is to demonstrate why CdZnTe is 

an ideal alternative when compared to other semiconductors for nuclear radiation detection material. 

It explains CdZnTe characteristics and details the growth process and the inherited Tellurium 

inclusions present after the completed crystal growth. It also specifies how CdZnTe is fabricated into 

a nuclear radiation detector device and how the device performs when exposed to X-ray and gamma 

radiation. 

In Chapters 3-5, different techniques in post-growth thermal annealing are used to eliminate 

Tellurium inclusions in CdZnTe. Chapter 3 introduces an experimental study of annealing conducted 

using constant temperature and explains constant time. Chapter 4 addresses the Tellurium inclusions 

present in the as-grown CdZnTe crystals by employing temperature gradient annealing. Chapter 5 

presents the results of post-growth annealing of CdZnTe detectors which show both reduction in 

the sizes of Tellurium inclusions and migration of the inclusions towards the high-temperature 

side of the crystal. Appendices A – H contain detailed instructions and processes used in the 

experimental setup and analysis of results for all research presented throughout the dissertation. 
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CHAPTER TWO 

 

CdZnTe PROPERTIES, FABRICATION, AND OPERATION

 

Overview 

 

To completely understand the importance of removing or minimizing the defects in 

CdZnTe crystals, the material properties and detector fabrication processes need to be 

considered. Defects are introduced when there is a disturbance of the atomic surfaces. These 

defects are introduced when residues are left on the surface from the chemical polishing and 

etching processes. When improperly handled, stress can be induced within the bulk of the 

crystal, or existing defects can increase, both of which adversely affect the performance of the 

crystal. This chapter begins by first discussing the material properties that make CdZnTe crystals 

attractive as X-ray and gamma ray detectors. Also discussed will be the interaction between 

nuclear radiation, CdZnTe atoms, the energy spectrum generated as a result of the interaction, 

and the general process of CdZnTe detector fabrication. CdZnTe crystals are used in a variety of 

industrial and research applications, but this chapter is limited to its function in nuclear detection 

applications. 

Crystal Structure of CdZnTe 

 

The foundation of the CdZnTe crystal consists of two interpenetrating face center cubic 

(FCC) sub-lattices which are separated by one-quarter of a unit cell body diagonal. Cd or Zn 

nuclei occupy one sub-lattice, while Tellurium occupies the remaining sub-lattice. The 

configuration of these lattice nuclei arrangements results in a Zinc blende structure or Zinc 

sulfide crystal structure (Zanio et al., 1978). Covalent bonds are the primary connection for 
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atoms of Zinc blende structured semiconductors, such as Cadmium Zinc Telluride, hence 

valence band electrons are shared.  

 
Figure 2.1. The CdZnTe crystal structure and atomic arrangement in the lattice structure: (a) 

Representation of a Cd or Zn atomic structure; (b) Representation of the Tellurium atomic 

structure. 

 

As shown in Figure 2.1, the CdZnTe structure can be described as a face center cube 

(FCC) Bravais lattice with a two-point basis, in which the basis can be taken as: 

   (     )       (1) 

   (
 

 
  
 

 
  
 

 
 ).     (2) 

The geometric structure factor is given as: 

 ( )  ∑ (   
 (    ))

 

   
,     (3) 

where q is the scattering vector and f1 and f2 are the atomic form factors for Cd (or Zn) and 

Tellurium, respectively. The Bragg peak q equals the reciprocal lattice vector K hence structure 

factor becomes: 

 ( )  ∑ (      
 (    ))

 

   
.     (4) 

The alloy Cd1-xZnxTe can then be described as a  CdTe crystal with Zn atoms 

randomly substituting for a fraction x of the Cd atoms. In Zinc blende structures. f1 and f2 are 

different, and the difference prevents the structure factor from equaling zero. The crystal thus 
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has the same set of diffraction peaks as FCC crystals with different relative amplitudes 

(Schlesinger et al., 2001). The lattice constants of CdTe and ZnTe are 6.482 nm and 6.104 

nm, respectively. Vegard’s Law shows the simple relationship between the lattice constant and 

the alloy composition and is given by: 

 (  )       (     )        ,     (5) 

where a1 and a2 are lattice constants of CdTe and ZnTe, respectively. The CdZnTe lattice 

constant can therefore be estimated using X-ray diffraction and Bragg’s law (Vegard, 1921), 

given by: 

           ( ),      (6) 

where λ is the wavelength of the X-ray beam, d is the length between crystal planes in the lattice 

structure, (θ) is the angle of incident X-ray, and n is any positive integer. The length between 

planes, d, is directly proportional to a and is dependent on crystal orientation. 

Resistivity 

One of the most critical material characteristics required of an exceptional room-

temperature nuclear radiation detector is high resistivity and extended lifetime of the charge 

carriers. The resistivity of the semiconductor material should be as high as possible to give the 

largest depletion width possible for an applied voltage. CdZnTe resistivity is limited by the 

purity of the host material and the chemical composition of Zinc. An attractive feature of Zinc 

Telluride (ZnTe) is that it has a larger bandgap than Cadmium Telluride (CdTe), which is 2.25 

eV for ZnTe and 1.49 eV for CdTe. Alloying CdTe with Zn increases the bandgap, which 

consequently increases the intrinsic resistivity of CdZnTe from 10
10 

 Ω/cm to over 10
16

 Ω/cm. 

Butler, Apotovsky, Niemela, and Sipila (1993) observed that as the fraction of Zinc is increased, 

the resistivity of CdZnTe increases by about two orders of magnitude, as shown in Table 2.1. 
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This increase in resistivity translates to a decrease in leakage current, which increases the 

performance of the CdZnTe crystal. For this reason, CdZnTe crystals should be fabricated from 

the highest purity materials possible (Butler et al., 1993). 

Table 2.1.                                                                                                                            

Resistivity of Cd1-xZnxTe Crystals as a Function of x, Which Were Grown by the High Pressure 

Bridgman Technique 

Composition  Resistivity (Ω-cm)
 

CdTe 3.0 x 10
9 

Cd0.96Zn0.4Te 2.5 x 10
10

 

Cd0.8Zn0.2Te 2.5 x 10
11

 

 
Charge Transport Properties 

 

Another key characteristic is the ability to collect electron charge carriers. The mean free 

path should be larger than the detector thickness (Knoll & McGregor, 1993) in order for all 

photo-generated carriers to be collected at the electrode, thereby avoiding incomplete charge 

collection. The carrier mean free path is defined as the product of mobility, lifetime, and electric 

field. Carrier lifetime is measured by transient charge techniques (Johnson et al., 1993), and 

charge carrier mobility is measured by time of flight measurements(Burshtein et al., 1993; 

Hage-Ali & Siffert, 1992). The impurity levels of the alloying elements CdZn and CdTe affect 

the charge mobility values. The mobility-lifetime product is a key measurement for the 

performance of semiconductor x-ray and gamma ray detectors. This is usually measured by 

fitting the photopeak shift as a function of applied bias in the Hecht equation (Burshtein et al., 

1993).  

The carrier lifetime is increased by improving the purity of the CdZnTe crystal and its 

crystallinity. However, hole lifetimes still need to be increased. One method of increasing hole 

lifetimes is electronic compensation. This will further enhance the detection ability of CdZnTe 
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detectors. Impurities occupy lattice structure positions, and they can act either as traps for 

charge carriers by immobilizing a hole or electron, or as recombination centers by 

capturing electrons and holes and causing them to annihilate each other. As a result of 

trapping and recombination, there is a loss of charge carriers, which reduces the average 

carrier lifetime. Structural defects such as voids, twins, and dislocations produced in stressed 

crystals are also factors that lead to trapping and charge carrier loss(Entine, Waer, Tiernan, & 

Squillante, 1989; Ghislotti et al., 1999; Iwase, Takamura, Urata, & Ohmori, 1992; Whited & 

Schieber, 1979).  

CdZnTe Crystal Growth 

 

The phase diagram of CdTe-ZnTe is shown in Figure 2.2. The diagram consists of an 

upper liquidus curve (red, solid) and a lower solidus curve (green, dashed) that defines the solid 

solution. The two end points of the curves are determined by the melting points of the two pure 

components. Throughout the alloy range, the CdTe and ZnTe elements form a homogenous 

solid solution. The first solids formed from CdZnTe crystals grown from the melt will contain 

more Zinc than the average CdZnTe crystal, according to the phase diagram. The variation of Zn 

composition in the first solids formed is due to the segregation coefficient of Zinc being 1.3 

(Schlesinger et al., 2001). Materials are commonly available with a purity of 6N, but nuclear 

detector materials with a purity level greater than 6N are desired. Due to the difference in vapor 

pressure, Cadmium and Tellurium are separately pre-synthesized. The ideal CdZnTe crystal is 

produced as the homogenous mixture of the elements solidifies; however, thermal dissociation 

pressure at the melting point causes Cadmium to evaporate at a higher rate than Tellurium. This 

results in non-stoichiometry and precipitation of Tellurium inclusions throughout the crystal 

(Chern & Kroger, 1975; Schlesinger et al., 2001). 
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Figure 2.2. Calculated solidus (red) and liquidus (green) lines in CdTe-ZnTe pseudo-binary 

system. Dots represent experimental points (Schlesinger et al., 2001). 

 

There are three major methods of growing CdZnTe: (a) the Bridgman method (Bruder, 

Schwarz, Schmitt, & Maier, 1990; Cheuvart, El-Hanani, Schneider, & Triboulet, 1990; Glass, 

Socha, Parfeniunk, & Bakken, 1998), shown in Figure 2.3a and Figure 2.4 with variations of 

horizontal/vertical (Butler, Doty, Lingren, & Apotovsky, 1993; Doty, Butler, Schetzina, & 

Bowers, 1992; Raiskin & Butler, 1988; Szeles & Eissler, 1998a) and high/low pressure (Burger 

et al., 2000; Li et al., 2004; Lynn, Weber, Glass, Flint, & Szeles, 1998); (b) the Physical Vapor 

Transport (PVT) method shown in Figure 2.5 (Ben-Dor, 1985; Palosz, Grasza, & Gilles, 1996; 

Szczerbakow et al., 1998); and (c) the Traveling Heater method (THM) shown in Figures 2.3b 

and 2.6 (Chibani, Hage-Ali, Stoquert, Koebel, & Siffert, 1993).  
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Figure 2.3. Schematic diagram of (a) Bridgman and (b) THM processes for the growth of a 

compound semiconductor. (c) Phase diagram for CdTe is reproduced (Greenberg, 2003). 

 

 
Figure 2.4. The Bridgman growth showing different zones and horizontal and vertical 

configurations with the temperature profile (Greenberg, 2003). 

 

Major defects exhibited within CdZnTe crystals grown from these three methods that 

consistently prevent their large-scale development for industrial applications are as follows: 

polycrystallinity; poor electrical transport properties; inhomogeneity; structural defects; and low 
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yield/high cost as a direct consequence of the previously stated defects (Chen et al., 2007). Each 

of the three growth methods has its own advantages; however, no single method addresses all 

major defects within the CdZnTe crystal. The current practice is to compromise between each of 

these methods, and for this reason, a short evaluation of the growth techniques will be discussed. 

 Bridgman growth is a controlled solidification technique that occurs at the liquid-solid 

equilibrium condition. Growth occurs under a temperature gradient with the aim of producing a 

single ingot that will propagate toward the cold zone. The elemental materials are combined 

within a sealed ampoule, and the contents melted and cooled to solidify into a crystalline form. 

This is accomplished by allowing the solid-liquid region to move slowly until the whole molten 

charge is solidified. As mentioned previously, different variations of the Bridgman method 

include low (LPB) and high pressure (HPB). In LPB, which can be performed horizontally or 

vertically, the CdZnTe crystal is grown without the use of a high pressure inert gas. The HPB 

can also be implemented horizontally or vertically, with an overpressure of 10-150 atm of inert 

gas. Usually Argon is used to reduce the loss of cadmium from the molten mixture. 

Unfortunately, some Cadmium is lost, which causes the melt to become enriched in Tellurium 

during growth. 

The Physical Vapor Transport (PVT) method [Figure 2.5] has advantages over the 

Bridgman growth methods because of a lower growth temperature and smaller contact areas 

with ampoule walls, providing reduced impurity levels and stress-related imperfections. Roy et 

al. (2004) showed the possibility of achieving better control of the stoichiometry, which 

effectively controls the segregation uniformity. 
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Figure 2.5. Schematic diagram of a physical vapor growth apparatus (Schlesinger et al., 2001). 

 

The traveling heater method (THM) operates by precipitation of grown material from a 

solution. This seeded growth process places a CdZnTe seed in the growth crucible and adds 

molten Tellurium as a solvent. Polycrystalline CdZnTe is added to the molten mixture as feed 

material, allowing the polycrystalline CdZnTe to dissolve within the molten Tellurium. The 

CdZnTe crystal precipitates from the Tellurium solvent and grows on the CdZnTe seed to form 

homogenous single grains of CdZnTe crystal, as shown in Figure 2.6 below. 
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Figure 2.6. Traveling heater method of crystal growth (diagram extracted from 

www.cgl.uvic.ca). 

 

CdZnTe Detector Fabrication 

 

The fabrication of a CdZnTe nuclear detector is accomplished by applying metallic 

contacts on parallel surfaces, on which the contacts serve as the electrodes. Charges created by 

the internal electric field are mobilized by an applied bias and are collected by the cathode and 

anode. There are three major device configurations for room-temperature semiconductor nuclear 

detector applications. They are simple planar, co-planar grid, and pixilated configurations, as 

shown in Figure 2.7. 

http://www.cgl.uvic.ca/
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Figure 2.7. Schematic of three major nuclear detector geometries: (a) planar detector; (b) co-

planar grid detector; and (c) pixelated detector (Roy et al., 2004). 

 

Single element large-volume detectors are usually arranged using either simple planar 

and co-planar grids, whereas co-planar configuration grids can be used as electron-only devices, 

providing the ability for higher spectral resolution, especially for higher energy gamma rays 

above 50 KeV. Pixelated detectors are used where position information is obtained in signals 

from individual pixels, such as in imaging systems. Photolithography is used to create complex 

electrode structures, such as co-planar and pixelated electrodes. Other common configurations 

include the capacitive Frisch-grid and the small-pixel-effect.  

CdZnTe Device Operation 

 

CdZnTe nuclear radiation detector operation is based on the interaction between the 

detector and gamma or X-ray radiation, in which an incident photon interacts with the detector 

material and produces electron-hole pairs. Applying a reverse bias to the detector creates a 

depletion region, enabling the sweeping of electrons and holes to the electrodes due to the 

applied electric field. By measuring the time and distance traveled by the charge carriers, the 

mobility and average distance taken to collect the charge is reflected. A CdZnTe detector is 

fabricated with external circuitry that observes the resultant pulse from the electron-hole pair 

separation. The magnitude of the pulse is proportional to the energy lost by the incident 
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ionizing-radiation. In Figure 2.8 below, a schematic depicts the operation process of a nuclear 

detector. 

 
Figure 2.8. Schematic of the operation of a nuclear detector.  

 

Nuclear Radiation 

 

The Merriam-Webster dictionary defines radiation as the process of emitting radiant 

energy in the form of waves or particles (“Ionizing Radiation”). Radiation comes in two forms, 

charged and uncharged. Charged radiation, also known as ionizing radiation, transfers energy to 

orbital electrons during its interaction with matter. Uncharged radiation, known as nonionizing 

radiation, is any type of electromagnetic radiation that does not carry enough energy to ionize 

atoms or molecules.  

The three common processes of radiation production are listed below:  

http://en.wikipedia.org/wiki/Electromagnetic_radiation
http://en.wikipedia.org/wiki/Energy
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1. An excited atom is relaxed to its ground state by ionization or emission of an orbital 

electron. 

2. Spontaneous decay of heavy nucleus produces neutrons, fission fragments, or alpha 

particles. 

3. An excited nucleus is relaxed to a lower energy state emitting gamma rays. Gamma rays 

are at the upper end of the electromagnetic spectrum of radiation. Gamma rays can also 

be emitted by annihilation of electrons or positrons.   

Radiation Detection 

 

As previously stated in Chapter 1, a radiation detector is defined as a device for 

converting radiant energy to a form more suitable for observation and recording (Frame, 2005). 

In order for radiation to be detected, an interaction with a medium must be experienced. 

Methods for detecting X- ray and gamma ray are photoelectric absorption, Compton scattering, 

and pair production. 

 In photoelectric absorption interactions (Figure 2.9), an incoming gamma ray transfers 

virtually all of its energy to an atomic electron, usually the most tightly bound (K-shell) electron 

of a detector material atom. The atomic electron, now termed a photoelectron, is ejected from 

the atom with a kinetic energy equal to that of the initial gamma ray minus the binding energy 

for the atomic electron. The photoelectron then loses its kinetic energy through Coulomb 

interactions with the semiconductor lattice, thereby creating many electron-hole pairs. The 

number of electron-hole pairs created is a simple function of the energy of the incident photon.  

Ee- = Eg – Eb [number],      (7) 

where, Ee- is the energy of the photoelectron,  Eg is the incident photon energy, and Eb is the 

binding energy of the electron in the original shell. 
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Figure 2.9. A schematic of photoelectric absorption. 

 

For materials such as CdZnTe that have a high atomic number Z, the photoelectron 

process is enhanced. The probability (τ) of photoelectric absorption per atom over all ranges of 

energy € and atomic number (Z) is roughly approximated as: 

           
  

    
,      (8) 

where the exponent n varies between 4 and 5 over the energy region of interest. Equation 8 

shows the dependence of the probability of photoelectric absorption on the atomic number of the 

absorbing material. 

 In Compton scattering, shown in Figure 2.10, an incoming photon collides with an 

orbital electron, which is the most significant interaction mechanism for gamma ray energies 

produced by radioisotope sources. This collision alters the direction and energy of the incident 

photon, which transfers part of its energy to the orbital electron. After this transfer, the electron 

loses energy through creation of electron-hole pairs. The amount of energy transferred is 

determined by the conservation of energy and momentum. 
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Figure 2.10. A schematic of Compton Scattering. 

 

Pair production occurs when an incident photon with energy above 1.02 MeV creates an 

electron-positron pair. Due to the very short lifetime of the positron within CdZnTe, an electron 

will annihilate to produce two annihilation photons of energy equaling 0.511 MeV. The two 

annihilation photons then interact with the atoms of the detector material to create electron-hole 

pairs. 

Bandgap Structure 

 

The bandgap is a major factor determining the electrical conductivity of a solid. The 

bandgap is defined as the energy between the valance band and the conduction band of a solid 

material, which consists of a range of energy values within a solid material where no electrons 

can exist. The valence and conduction bands are separated by a gap, or distance, that is referred 

to as the bandgap. The size of the bandgap determines whether the material is a semiconductor, 

an insulator, or a metal. The valence band is the lower band corresponding to electrons bound 

specifically to the crystal. The conduction band electrons are free to move throughout the crystal 

and contribute to the electrical conductivity within the material (Knoll, 2010). In Figure 2.11, an 

illustration of the electronic band structure of solids illustrates the energy difference between the 

top of the valence band and the bottom of the conduction band in insulators and semiconductors. 

Materials with large bandgaps are generally insulators, those with smaller bandgaps are 
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semiconductors, and conductors or metals have very small bandgaps, where the valence and 

conduction bands overlap. 

 
Figure 2.11. Comparison of the electronic band structure of metals, semiconductors and 

insulators (Knoll, 2010). 

 

Charge Carriers 

 

At non-zero temperatures, the valence band electrons can gain sufficient thermal energy 

to move across the bandgap to the conduction band, leaving behind a vacancy called a hole in 

the otherwise full valence band. The combination of the two is called an “electron–hole” pair, 

which is the charge carrier for the solid. Electron–hole mobility contributes to the observed 

conductivity of a material. The probability of a thermally generated electron–hole pair being 

generated is given by: 

 ( )    
 

    ( 
  

   
),     (9) 

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

a proportionality constant characteristic of material. Materials with very large Eg will have a low 

p(T) and show low electrical conductivity as insulators. Materials with large bandgaps will 

exhibit a low probability of thermal excitation and, therefore, show electrical conductivity 

characteristic of insulators. If the bandgap of the material is low, there is a high probability of 
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thermal excitation that will affect the electrical conductivity of a semiconductor. Electrons and 

holes undergo a net migration due to an applied electric field, in which the electrons are 

attracted in the opposite direction of the electron field vector and holes are moved in the 

direction of the electron field. The drift velocity for both electrons and holes is given by: 

                  (10) 

       ,      (11) 

where µ is the mobility, υ is the drift velocity (cm/s), and ξ is the magnitude of the electric field. 

It takes approximately 10 ns to collect the charge carriers for a material with a thickness of 0.1 

cm when a saturated drift velocity is approximately 10
7
 cm/s. This makes radiation detectors 

using semiconductor materials one of the fastest responding detectors.  

Trapping and Recombination 

 

Trapping of electrons and holes can be caused due to impurities in the materials. These 

impurities are defined as “shallow” and “deep” impurities. Deep impurities occur when 

materials occupy substitution lattice positions that introduce energy levels near the middle of the 

bandgap, whereas shallow impurities have energy levels that lie near the edges of the bandgap. 

The deep impurities can act as traps for charge carriers in the sense that if a hole or electron is 

captured, it will be immobilized for a long period of time. Other types of deep impurities can act 

as recombination centers, which may cause them to annihilate. Trapping and recombination 

contribute to loss of charge carriers, which reduces the average lifetime of the CdZnTe detector 

material. Structural defects within the crystal lattice can lead to trapping and charge carrier loss. 

These defects include both point and line defects and dislocations produced in stressed crystals.  

Ionization energy (ϵ) is independent energy of the incident radiation used to produce one 

electron-hole pair. When radiation interacts in a semiconductor material, the energy deposition 
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always leads to the creation of equal numbers of holes and electrons. When comparing ϵ for 

CdZnTe, which is 4.64 eV, to gas-filled detectors, which have an average ϵ of 30 eV, 

approximately nine times more charge carries are produced. Due to the high number of charge 

carriers produced, a better signal-to-noise ratio is generated.  

Electrical Contacts and Leakage Current 

 

In order to collect the electrical charges created by the incident radiation, an electrical 

contact must be placed on both boundaries of the CdZnTe crystal. Non-injecting, or blocking, 

electrodes are used due to their ability to produce low leakage current. A low leakage current 

allows for the detection of the added current pulse created by the electron-hole pair. The most 

appropriate type of blocking contact is the two sides of a p-n semiconductor junction. The 

leakage current originates from the bulk volume and defects located on the surface of the 

CdZnTe crystal. Other sources of leakage current are minority charge carriers that are 

transferred through the p-n junction and thermal generation of electron-hole pairs within the 

depletion region. Generally, leakage current for semiconductors must not exceed 10
-9

 amps in 

high energy applications and 10
-10

 amps for low energy applications, such as a soft X-ray. It was 

reported by Iwanczyk (1989) that a leakage current of 10
-11 

to 10
-10

 amps permits room-

temperature energy resolution as high as 350 eV for CdZnTe crystals with dimensions of 

approximately 0.5 mm x 3 mm x 3 mm. Careful processing in the fabrication of CdZnTe 

detectors is important to eliminate the possibility of contamination on the surface of the CdZnTe 

crystal, which will provide a path for leakage current. Some typical configurations introduced 

into detector fabrication are grooves placed in the surface of the crystal, a narrow guard ring 

electrode, and surface passivation to help suppress leakage current (Iwanczyk, 1989; Jaklevic & 

Goulding, 1972). 
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Reverse Biasing 

 

 The electrical contact potential of approximately 1 V that is formed across the junction is 

not sufficient to produce a large enough electric field for rapid migration of charge carriers. 

Charges can be easily lost due to carrier trapping and recombination. An unbiased junction has a 

high capacitance and a very small depletion region, which causes a poor signal-to-noise ratio 

preventing it from being an effective radiation detector. To address this issue, a voltage is 

applied in reverse direction for a semiconductor diode to become reverse biased. On the P side 

of a P-N junction, the majority charge carriers are electrons, and on the N-side, they are holes. 

This increases the conductivity through the P-N junction. When the P side of the junction 

polarity is reversed, positive to negative with respect to N-side, the junction becomes reverse 

biased. This potential difference from one side of the junction to the other is enhanced when the 

bias is reversed. By applying a reverse bias to the junction, the resistivity of the depletion region 

is higher than that of normal P-N type materials. By increasing the width of the depletion zone, 

the volume for collection of charged carriers is also increased. If the reverse bias is very large, a 

breakdown of the diode will occur and the reverse current will unexpectedly increase, often with 

negative effects.  
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Figure 2.12. Assumed concentration profiles for the n-p junction show effects of carrier 

diffusion across the junction give rise to the illustrated profiles for space charge p(x), electric 

potential ϕ(x), and electric field E(x) (Knoll, 2010). 

 

To obtain the best energy resolution, the largest possible voltage must be applied. The 

maximum electric field occurs at the point of transition between n- and p-type material, making 

the reverse biased P-N junction an attractive radiation detector, because charge carriers created 

within the depletion region are quickly and efficiently collected. 
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CHAPTER THREE 

 

THERMAL ANNEALING: A TECHNIQUE TO IMPROVE THE PERFORMANCE OF 

CADMIUM ZINC TELLURIDE (CdZnTe) MATERIAL FOR SEMICONDUCTOR 

RADIATION DETECTOR APPLICATIONS 
 

The material in this chapter is published by ASME INTERNATIONAL MECHANICAL ENGINEERING CONGRESS & EXPOSITION, 
“Journal volume, page, and reference will be available October 2013”

 

Abstract 

 

Extensive research was undertaken over the past 20 years to investigate the suitability of 

Cadmium Zinc Telluride (CdZnTe) crystals as a material for room-temperature nuclear radiation 

detectors. Large-volume CdZnTe crystals, with thicknesses up to 2 cm and large effective areas 

of roughly 5-10 cm
2
, are needed to fabricate efficient detectors that meet the working 

requirements of federal agencies, such as the DOE/NNSA (Department of Energy National 

Nuclear Security Administration), Department of Homeland Security (DHS), and the Department 

of Defense (DOD). However, because of the current imperfect methods for growing crystals, the 

resulting large-volume crystals most often are not perfect, single ones and contain structural 

defects such as voids, pipes, impurities from source materials, Tellurium inclusions and 

precipitates, vacancies, and vacancy-impurity complexes generated during the production 

process. Other extended defects that may be present include grain boundaries, micro twins, and 

walls of dislocations (sub-grain boundaries). Identifying these defects, controlling their 

occurrence, and eliminating them from the bulk CdZnTe material are currently important tasks 

that will improve the yield of detector-grade crystals from ingots and ultimately improve their 

performance. In this study, a post-growth thermal annealing technique was used to remove the 
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performance-limiting defects caused by Tellurium inclusions and associated impurities in the 

CdZnTe crystals.  

Introduction 

 

Since the 1970’s, high-purity Germanium (HPGe) gamma ray detectors have been used 

widely in nuclear detection and other industrial applications. Their advantages, in terms of 

efficiency, sensitivity, energy-resolution, and ease of reading the energy spectrum, made this 

material ideal for detecting gamma rays. However, their drawback is that they cannot be used in 

a spectroscopy mode at room temperature; liquid nitrogen is needed to cool the system to 

operational temperatures of 90-120 K, making the detector system very bulky, among other 

operational constraints.  

Large-volume, single crystals (up to hundreds of cubic centimeters) of the wide bandgap 

semiconductor material CdZnTe can be generated and are excellent candidates for the next 

generation of ionizing-radiation detectors operating at room temperature (Bolotnikov, Cook, 

Boggs, Harrison, & Schindler, 2001; Egarievwe, Chen, Burger, James, & Lisse, 1996); in 1991, 

CdZnTe rose to the top as an effective contestant for semiconductor radiation detectors due to 

this feature. Significantly, large-volume CdZnTe detectors also offer the combined potential of 

displaying high detection efficiency, good energy resolution, and highly integrated electronics, 

along with the distinct advantage of ambient-temperature operation. CdZnTe crystals eliminate 

the burden of cooling which HPGe detectors require. Eliminating this need in turn decreases 

their maintenance requirement, which is critical to devices intended for use in stand-alone remote 

applications, where data collected are transmitted to a monitoring base/station in real-time 

(Schlesinger & James, 1995). The easier portability of CdZnTe detectors potentially expands 

their value compared to HPGe detectors.  
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CdZnTe is a high atomic number (Z), wide bandgap semiconductor. The latter feature 

supports its operation as a radiation detector at room temperature with low leakage currents. In 

addition, the average Z number of CdZnTe is considerably higher than that of Ge, potentially 

assuring higher photopeak efficiency. These features make CdZnTe extremely attractive as a 

gamma and X-ray detector material (Babalola et al., 2009; Bolotnikov et al., 2005b). Recently, 

significant progress was made in growing large single-crystal CdZnTe for fabricating detectors. 

However, the structural defects of large CdZnTe crystals continue to pose a serious problem 

(Bolotnikov et al., 2005a). They encompass voids, pipes, impurities from source materials, and 

Tellurium inclusions and precipitates, along with vacancies and vacancy-impurity complexes 

produced during crystal growth (Bolotnikov et al., 2010). One of the most typical defects of 

CdZnTe crystals are Tellurium inclusions. Identifying and controlling these defects in bulk 

CdZnTe material could effectively improve the detectors’ performance and the yield of suitable 

ingots. Infrared (IR) images reflect Tellurium inclusions on the surface and those in the crystal’s 

interior. Under IR light, the CdZnTe matrix is transparent, while the Tellurium inclusions are 

opaque. Consequently, the IR transmission microscope was used to assess the numbers, 

distribution, and size of Tellurium inclusions within the CdZnTe bulk crystals. 

Recently, it was shown that post-growth annealing of CdZnTe crystals at 650°C for 24 

hours eliminates small Tellurium inclusions (less than a few microns in diameter), whereas larger 

inclusions (greater than 20-micron diameter) persisted in the material, although their size was 

reduced (Bolotnikov et al., 2010). This project focused on modifying and expanding this method 

of removing these performance-limiting Tellurium inclusions, both small and large. This study 

gives information on the effective annealing parameters and offers an understanding of the 

science and dynamic properties of the post-growth annealing processes. Systematic experiments 
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were carried out to provide adequate thermodynamic data for establishing the optimal parameters 

for the annealing process. 

The long-term impact of this work for nuclear radiation detection is improving the ability 

to realize detectors with high energy resolutions, increased efficiencies, and a better directional 

sensitivity, all of which are critical properties of CdZnTe detector material for usages in 

maritime and port security, border and transportation security, and for nonproliferation and 

domestic nuclear security.  

Experimental Setup and Process 

 

CdZnTe is grown in the form of large ingots which must be cut down to useable sizes. 

The following processes were adopted to complete post-growth thermal annealing experiments 

on samples 12A and 6C (Appendix D). 

Pre-Annealing of As-Grown CdZnTe Crystals 
 

1. The CdZnTe crystals were mechanically polished first using 1000-grit paper, and 

afterwards, a series of Al2O3 polishing powders, decreasing in size from 0.9 microns to 

0.1 microns. Thereafter, infrared transmission images were acquired of areas highly 

populated with inclusions. For this, areas containing large densities of small-sized 

Tellurium inclusions (< 5 m diameter), or large-sized Tellurium inclusions (> 5 m 

diameter), were cut out and then labeled as “before annealing” samples. 

2. After taking the IR images (Appendix A, F, and H) of the polished crystals, the sample of 

crystallized CdZnTe was sealed with a small piece of Cd in a quartz ampoule while under 

a vacuum. This procedure created a suitable pressure environment over CdZnTe during 

annealing.   
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High-Temperature Annealing of CdZnTe Crystals 
 

3. The quartz ampoule was placed in a computer-controlled high-temperature furnace (OTF-

1200X2-A split-dual zone Tube Furnace, Appendix B), where the temperatures generated 

are up to 1000 ºC. The furnace utilized resistive-heating wires wrapped around the 

outside of the ceramic work tube, making it an integral part of the tube furnace’s heating 

element. A thermocouple located outside the work tube and heating element allowed the 

full diameter of the work tube to be used and protected the thermocouple from 

mechanical damage. This thermocouple monitored the temperature of the ampoule during 

annealing. An ampoule holder with an attached thermocouple easily slid into the ceramic 

work tube in the computer-controlled furnace. The computer automatically controlled the 

time and temperature profile chosen for the sample by +/- 1.0 ºC. The annealing 

conditions for these samples were 670 ºC for three hours, based on results found in a 

previous study (Bolotnikov et al., 2010). 
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Figure 3.1. A schematic of the annealing furnace and ampoule. 

 

Post-Annealing Processing and Characterization 
 

4. After annealing, the surface of the sample was rough, so it was polished again in the same 

sequential way to remove only the surface layer and prepare it for imaging. 

5. An IR transmission microscope was used to take “after annealing” images of the sample.   

6. I-V measurements also were taken after annealing. 

7. The IR images and I-V measurements were then compared with the data collected before 

annealing. 

Results 

 

The parameters for the constant-temperature annealing for both samples were a 

temperature of 670 ˚C for three hours. Figures 3.2 and 3.3, respectively, are the infrared 

transmission images depicting the experimental results obtained at BNL for sample 12A 

(Appendix E), before and after annealing. Correspondingly, Figures 3.4 and 3.5 are those from 
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sample 6C (Appendix E), before and after annealing. Figures 3.6 through 3.9 illustrate the 

corresponding infrared 3D intensity distribution plots of samples 12A and 6C before and after 

annealing. A decrease in the size of the inclusions was apparent in both the 3D intensity plots 

and the infrared images (Appendix C). The 3D intensity plots revealed that the intensity (i.e., 

inclusion size) decreased considerably. Additionally, there was an overall elimination of 

inclusions. The detailed comparisons of the findings, shown in Figures 3.2 with 3.3 and 3.4 with 

3.5, demonstrated that constant temperature annealing lowered the size and the concentration of 

the Tellurium inclusions by an average of 64% ± 14%.  

 
Figure 3.2. The infrared transmission image of CdZnTe sample 12A before annealing. 
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Figure 3.3. The infrared transmission image of CdZnTe sample 12A after annealing. 

 

Table 3.1.                                                                                                                                     

CdZnTe Sample # 12A Tellurium Inclusion Sizes Before and After Annealing and Percentage 

Reduction  
Inclusion 

number 

NNumber 

Before annealing 
(µm) 

After annealing 

 (µm) 
Percentage Reduction 

1 34.2 18.2 46.8 % 

2 28.9 12.1 58.1 % 

3 30.6 12.1 60.5 % 

4 25.5 4.2 83.5 % 

5 21.0 10.8 48.6 % 

6 22.4 6.4 71.4 % 

7 19.6 7.2 63.3 % 

8 16.8 8.1 51.8 % 

9 18.2 4.2 76.9 % 

10 14.4 3.6 75.0 % 

11 18.0 3.0 83.3 % 

12 13.2 2.5 81.1 % 

13 15.6 1.0 93.6 % 

    

Average 21.4 7.1 68.7% 
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Figure 3.4. The infrared transmission image of CdZnTe sample 6C before annealing. 

 

 
Figure 3.5. The infrared transmission image of CdZnTe sample  6C after annealing. 
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Table 3.2.                                                                                                                                     

CdZnTe Sample # 6C Tellurium Inclusion Sizes Before and After Annealing and Percentage 

Reduction 
Inclusion 

number 

NNumber 

Before annealing 
(µm) 

After annealing 

 (µm) 
Percentage Reduction 

1 18.2 9.0 50.5% 
2 13.0 5.6 56.9% 
3 28.8 9.9 65.6% 
4 12.0 2.8 76.7% 
5 9.0 5.6 37.8% 
6 8.0 3.0 62.5% 
7 9.9 3.5 64.6% 
8 16.9 6.4 62.1% 
9 8.0 2.5 68.8% 
10 6.4 3.0 53.1% 
11 4.2 2.0 52.4% 
12 9.0 3.0 66.7% 
13 13.2 3.0 77.3% 
14 11.7 6.3 46.2% 
15 6.4 2.4 62.5% 
16 

 
8.1 2.4 70.4% 

17 7.2 4.8 33.3% 
18 5.6 1.2 78.6% 
    

Average 10.8 4.2 61.1% 

 

 
Figure 3.14. A 3D intensity distribution plot of sample 12A before annealing. 
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Figure 3.7. A 3D intensity of distribution plot of sample 12A after annealing. 

 

 
Figure 3.8. A 3D intensity of distribution plot of sample 6C before annealing. 
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Figure 3.9. A 3D intensity distribution plot of sample 6C after annealing. 

 

Conclusion 

 

These experimental results offer a better understanding of the annealing parameters and 

the dynamic properties of post-growth annealing processes in Cadmium vapor at a temperature 

of 670°C for three hours. Overall, there was a 64% ± 14% reduction in the size of the inclusions. 

Longer annealing times and or higher annealing temperatures would lead to further reduction in 

Tellurium inclusions; however, this could lead to a reduction in crystal resistivity and 

degradation of detector performance. The upper and lower limits of the annealing temperature 

were defined by the melting temperature of CdZnTe (1100°C) and 500°C, which is required to 

produce the appropriate Cadmium overpressure, respectively. Further experiments are needed to 

determine the correlation between the size of the inclusions, annealing time, and annealing 

temperature, to allow for more precise determination of the optimum values for post-growth 
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annealing parameters. In Chapters 4 and 5, additional experiments were carried out to quantify 

the migration of Tellurium inclusions under temperature-gradient post-growth annealing and 

inclusion size reduction in annealing at a constant temperature in Cadmium vapor. 
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CHAPTER FOUR 

 

THERMAL ANNEALING IMPROVES THE PERFORMANCE OF CADMIUM ZINC 

TELLURIDE (CdZnTe) SEMICONDUCTOR MATERIAL USED FOR NUCLEAR 

RADIATION DETECTORS 
 

The material in this chapter is published in ASME EARLY CAREER TECHNICAL JOURNAL, volume 11, number 1, November 2012, pages 

47-51

 

Abstract 
 

For the past 20 years, extensive research has been conducted to investigate the suitability 

of Cadmium Zinc Telluride (CdZnTe) crystals as a room-temperature nuclear detector material. 

Large-volume CdZnTe crystals with extended thicknesses and large effective-areas are needed 

for nuclear-radiation detection in homeland-security applications. However, due to the defects 

present in the as-grown ingot, rarely are perfect, single crystals obtained; most include structural 

defects, such as voids, pipes, impurities from source materials, Tellurium inclusions and 

precipitates, vacancies, and vacancy-impurity complexes produced during crystal growth. Other 

extended defects include grain boundaries, micro twins, and walls of dislocations (sub-grain 

boundaries). Identifying and controlling these defects in the bulk CdZnTe material remain 

important issues which must be resolved to increase the yield of material suitable for detectors. 

In this study, a novel post-growth thermal annealing technique is employed to remove one of the 

performance-limiting defects, i.e., Tellurium inclusions, in CdZnTe room-temperature material. 

This method employed state-of-the-art instruments at Brookhaven National Laboratory (BNL), 

including 3D-infrared transmission spectroscopy and X-ray diffraction topography to probe and 

collect data before and after the post-growth annealing process. It is believed that the 
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experimental results offer a good understanding of the critical parameters and the dynamic 

properties of post-growth annealing processes. 

Introduction 
 

It was earlier demonstrated that both point defects and Tellurium inclusions in CdZnTe 

trap the charge carriers generated by nuclear radiation (Camarda et al., 2008). The amount of 

charge trapped by point defects is proportional to the carriers’ drift time and can be corrected 

electronically (Bolotnikov et al., 2010). For Tellurium inclusions, the charge loss depends on the 

randomness of their locations with respect to the electron cloud. As a result, the inclusions 

introduce fluctuations in the charge signals which cannot be electronically corrected. Sub-grain 

boundaries are a common defect in CdZnTe crystals, among others. However, they cannot be 

revealed with infrared microscopy unless they are decorated by Tellurium inclusions. 

Consequently, using a White-Beam X-ray Diffraction Topography (WBXDT) measurement, this 

measurement is obtained by projecting the distribution of diffracted intensity, produced by an 

area-filling white x-ray beam ranging from 5 keV to 54 keV, onto a sample, which was then 

imaged onto an x-ray film. The sample was exposed for 4 seconds, which allowed the diffraction 

of images along multiple directions directly reflecting the small lattice distortion of the crystal. 

These were used to evaluate the crystal perfection (Ivanov, 1996). 

There is always a thermodynamic driving force for the formation of secondary phase 

particles during the growth of CdZnTe. Larger particles are believed to arise from liquid 

inclusions at the growth interface, while smaller particles are thought to precipitate and grow into 

the solid upon cooling. There is still a significant lack of understanding of their dominant 

formation mechanism and changes during cool-down. While different growth conditions may be 

exploited to reduce their size and/or concentration, these particles will likely always be present. 
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There are two common practical methods of treating such crystals: 1) assuring the migration of 

Tellurium inclusions via a temperature gradient; and 2) annealing in Cadmium vapor to reduce 

Tellurium inclusions, followed by annealing in Tellurium vapor to recover their high resistivity. 

Using the first method causes the secondary phase particles to migrate away from part of the 

sample and accumulate elsewhere, leaving high-quality regions in the crystal that contain far 

fewer particles than the rest of it. This can be achieved by heating part of the sample to a certain 

temperature and so establishing a temperature gradient across it. Under such conditions, the now-

liquid particle dissolves on the hot side and re-solidifies on the cool side, with the net effect of a 

migration toward the hotter region. This process is termed “temperature gradient zone melting,” 

or TGZM. Tiller (1963) presented the first theoretical analysis of this phenomenon, and there are 

many general reviews (Anthony & Cline, 1971; Cline & Anthony, 1997; Nguyen et al., 2008; 

Wilcox, 1968). TGZM reportedly caused the movement of Tellurium inclusions under thermal 

gradients during the growth of CdTe and CdZnTe crystals (Rudolph, Engel, Schentke, & 

Grochocki, 1995; Schwarz & Benz, 1994). Lee et al. (1995) employed thermal gradients in a 

post-growth strategy to reduce the number of Tellurium particles in CdZnTe crystals, reporting 

migration velocities as fast as 50 µm/h. More recently, this idea was revisited by Meier, 

Harrison, Spalsbury, and McGregor (2009), also for CdZnTe crystals. The migration exhibited 

rates of 40 to 50 µm/h. The second method comprises two steps: (a) annealing in Cadmium 

vapor to reduce the number and size of Tellurium inclusions; and (b) annealing in Tellurium 

vapor to recover the high resistivity of the crystal. There are two possible mechanisms operating 

during annealing. One is the diffusion mechanism where Cadmium atoms diffuse into the 

CdZnTe crystals and react with excess Tellurium to form CdTe. The other mechanism is a type 

of migration mechanism where liquid-phase Tellurium droplets move to the crystal’s surface in a 
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thermal-gradient field and react with the Cadmium vapor. It is unclear which mechanism is the 

dominant one. In the second annealing method, the Cadmium vapor in the ampoule is saturated, 

and the vapor pressure of Cadmium annealing source is always higher than the Cadmium partial 

pressure of a crystal at the same temperature. Recently, it has been shown that small Tellurium 

inclusions are eliminated from CdZnTe crystals after annealing at 650 °C for 24 hours, but the 

larger inclusions persisted (Yang et al., 2011). Also, inclusions lying on grain boundaries were 

removed faster during annealing under this condition than through annealing in Cadmium vapor. 

High resistivity is required for nuclear radiation detectors, as it helps reduce leakage currents and 

thus reduces the noise of the detector. Resistivity measurements are therefore a good metric for 

the determining the performance of the crystals before and after annealing. Unfortunately, 

annealing in Cadmium overpressure results in a decrease of resistivity due to the addition of 

Cadmium interstitials. It has been proposed that the most effective method of retrieving the high 

resistivity of CdZnTe crystals is through annealing with Tellurium overpressure following 

annealing with Cadmium overpressure. The Tellurium overpressure is proposed to reduce the 

Cadmium interstitials introduced during the first Cadmium overpressure annealing step. 

Recently, research has shown that the recovery of resistivity due to Tellurium overpressure 

annealing is a feasible and effective method (Yu et al., 2011). 

Experimental Setup and Process 

 

In this study, large ingots (10-15 cm long and roughly 3 cm in radius) were grown before 

preparing the CdZnTe crystals via the Bridgman or Travelling growth method. Then, the ingots 

were cut to a usable sample size, i.e., 5×5×5 mm
3
. The samples were mechanically polished to 

diminish cutting damage by using an 800-grit paper and a series of Al2O3 polishing powders; the 

grits declined in size from 5- to 0.1-microns. Any remaining surface damage was removed 
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through chemical etching with a Bromine-Methanol (B-M) solution. After final polishing of the 

crystal, an infrared transmission microscopy was employed to capture images of areas where 

Tellurium inclusions were highly concentrated (Appendix A, F, and H). After mapping areas 

with large concentrations of small-sized Tellurium inclusions (< 5 m diameter) or large-sized 

Tellurium inclusions (> 5 m), the coordinates of their locations were recorded. Data collected 

from the images of the samples were labeled as “before annealing.” After IR microscopy images 

were taken from the polished crystal, individual samples of crystallized CdZnTe were sealed in a 

quartz tube under a vacuum (10
-5

 torr) along with a small piece of Cadmium. This single element 

created the overpressure during the annealing process. Then, the prepared ampoule quartz tube 

was inserted into a high-temperature computer-controlled furnace, capable of generating 

temperatures up to 1000 ºC (Appendix B). The furnace attained these temperatures by using 

resistive-wire heating elements, wrapped around the outside of the ceramic work tube, so making 

them an integral part of the tube furnace’s heating element. Outside the ceramic work tube and 

the heating element, a thermocouple was located in a protected position, allowing the diameter of 

the ceramic work-tube to be used at its full potential and preventing mechanical damage to the 

thermocouple. The computer-controlled furnace can hold a set temperature with a tolerance of 

+/- 1.0 ºC. This furnace design also supports the easy insertion and placement of an ampoule 

holder, with an attached thermocouple, into the ceramic work tube. During the annealing 

process, this thermocouple allowed the monitoring of temperatures in the ampoule. Once the 

furnace was closed and sealed, the computer automatically controlled the chosen time and 

temperature profile. In this study, the annealing conditions for the CdZnTe samples were set to 

510 
o
C for 60 hours with a temperature gradient of 30 

o
C/cm. 
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After the CdZnTe sample was annealed, the surface of the crystal became rough. At this 

point, the sample was polished again and prepared for another IR microscopy study. Images of 

the sample were taken “after annealing,” and data on the I-V measurements were taken and 

compared with the results obtained before thermal annealing of the crystal. 

 
Figure 4.1. A schematic of the thermal annealing set-up. 

 

Results 

 

The experimental results presented herein were obtained at Brookhaven National 

Laboratory. The initial sample 23F (Appendix D) contained a very high density of Tellurium 

inclusions that were visible under the IR microscope. This particular sample was annealed at 510 

o
C for 60 hours with a temperature gradient of 30 

o
C/cm. Subsequently, a reduction in the size of 

the Tellurium inclusions throughout the sample, as well as the removal of some of them, was 
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observed during numerous experiments. The IR transmission images of two separate areas of the 

sample 23F used to collect quantitative data, representative of the sample 23F as a whole, are 

shown in Figure 4.1. Figure 4.1 shows the relative positions of these two areas. Figures 4.2 and 

4.3 are insets of Figure 4.1, comparing the sizes of particular inclusions before and after 

annealing, as represented by the circled areas numbered 1 to 7. Figures 4.4 and 4.5 similarly 

compare the state of inclusions before and after annealing of a Feature 2 of sample 23F. 

To reinforce the observations of a size reduction in the inclusions following constant-

temperature annealing, a quantitative analysis of inclusion sizes before and after the process was 

conducted. Table 4.1 shows a list of the sizes of the various inclusions circled in Figures 4.2, 4.3, 

4.4, and 4.5. As is evident, there was an overall net decrease of 68.26% in the inclusions’ sizes 

following such annealing.   

 
Figure 4.2. A full view of crystal sample 23F is show with green (dashed) inset as Feature 1, and 

red (solid) inset as Feature 2, before annealing at 510 
o
C for 60 hours with a temperature gradient 

of 30 
o
C/cm. 

 



 

59 

 

 
Figure 4.3. An infrared transmission image of sample 23F Feature 1 before annealing. 

 

 
Figure 4.4. An infrared transmission image of sample 23F Feature 1 after annealing. 
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Figure 4.5. An infrared transmission image of sample 23F Feature 2 before annealing. 

 

 
Figure 4.6. An infrared transmission image of sample 23F Feature 2 after annealing. 
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Table 4.1.                                                                                                                             

Tellurium Inclusion of Sample # 23F Sizes Before and After Annealing and Percentage 

Reduction   

  

Inclusion 

number 

NNumber 

Before annealing 
(µm) 

After annealing 

 (µm) 
Percentage Reduction 

Feature 1 1 19.9 5.6 71.8 % 

 2 17.3 3.4 80.3 % 

 3 21.4 6.9 67.7 % 

 4 18.9 5.2 72.5 % 

 5 15.8 6.1 61.4 % 

 6 19.9 4.6 76.9 % 

 7 20.6 4.5 78.2 % 

     

Feature 2 1 18.2 8.2 54.9 % 

 2 20.2 9.5 52.9 % 

 3 21.9 7.6 65.3 % 

     

Average  19.4 6.1 68.5 % 

  

Conclusion 

 

The results of post-growth annealing in Cadmium vapor at 510 for 60 hours with a 

10°/cm temperature gradient was a reduction in the size of the Tellurium inclusions by 68.5 %. 

Using a slight temperature gradient with a longer annealing time and lower temperatures 

provided slightly better results than the constant temperature experiments in Chapter 3. Further 

experiments are needed to determine the multi-variable correlation between inclusion size, 

annealing time, and annealing temperature. This would allow a more precise determination of the 

optimal parameters for post-growth annealing. In Chapter 5, additional experiments were carried 

out to quantify the migration of Tellurium inclusions under temperature-gradient post-growth 

annealing and inclusion size reduction in annealing at a constant temperature in Cadmium vapor. 
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CHAPTER FIVE 

 

STUDY OF THE DIFFUSION OF TELLURIUM INCLUSIONS IN CdZnTe NUCLEAR 

DETECTORS IN POST-GROWTH ANNEALING

 
The material in this chapter is published in IEEE NUCLEAR SCIENCE SYMPOSIUM, MEDICAL IMAGING CONFERENCE,  

(R08-4) October 2012, pages 4226-4228 

 
The term “diffusion” as used in the above title refers to the movement of Tellurium inclusions towards the high-temperature 

region of the CdZnTe crystal in temperature-gradient post-growth annealing. 

 

Abstract 

 

Despite considerable effort invested in optimizing the crystal growth parameters and the 

post growth improvement methodologies proposed by numerous studies, there are still 

unresolved issues regarding CdZnTe crystals used to produce commercial-grade CdZnTe 

detectors. Post-growth thermal annealing under Zinc, Tellurium, or Cadmium vapor overpressure 

at various temperatures has been the approach attempted to improve the crystallinity of CdZnTe 

crystals. This chapter presents the results of post-growth annealing of CdZnTe detector crystals, 

which show both reduction in the sizes of Tellurium inclusions and the migration of the 

inclusions towards the high-temperature side of the crystal.  

Introduction 
 

Desired materials for room-temperature semiconductor nuclear detectors have high 

resistivity (low dark current), a high atomic number (good stopping power), a good carrier 

mobility-lifetime product, high bandgap, high crystallinity (uniformity of response), and good 

room temperature performance. Cadmium Zinc Telluride (CdZnTe) is one of the most widely 

investigated materials for use as a wide bandgap semiconductor crystal for nuclear radiation 

detection (Del Sordo et al., 2009; James, Schlesinger, Lund, & Schieber, 1995; Schlesinger et 
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al., 2001; Verger, Bonnefoy, Glasser, & Ouvrier-Buffet, 1997), nuclear medicine (Schieber, 

2000), medical imaging (Verger et al., 2001), and in the field of astrophysics for measurement of 

celestial gamma-ray photons (Limousin, 2003). Post-growth thermal annealing under Zinc, 

Tellurium, or Cadmium vapor overpressure at various temperatures has been the method 

attempted to improve the crystallinity of CdZnTe crystals. One of the widely reported defects is 

associated with Cadmium vacancies created during the crystal growth process (Bolotnikov et al., 

2007). Post-growth thermal annealing of CdZnTe crystals under Cd vapor overpressure has been 

a widely accepted practice to compensate for Cadmium vacancies, eliminate Tellurium 

inclusions, and improve the overall performance of the crystal (Del Sordo et al., 2009; James et 

al., 1995; Schlesinger et al., 2001; Verger et al., 1997). To our knowledge, Wanwana et al. 

(2006) was the first to report the theoretical and experimental findings on the effect of Cd-

diffusion thermal annealing on the resistivity of CdZnTe crystals. Based on this study, the 

average values of Cd self-diffusion coefficients of a Cd0.9 Zn0.1 Tellurium crystal annealed at 

1073, 973, and 873 K were found to be 1.464 x 10
-10

, 1.085 x 10
-11

, and 4.167 x 10
-13

 cm
2
/s. 

Recently, Fochuk et al. (2012) reported promising results for the elimination of Tellurium 

inclusions in CdZnTe crystals by short-term thermal annealing under Cd, Zn, and Tellurium 

overpressure and the corresponding resistivity of the crystal for a range of annealing 

temperatures.   

Experimental Setup and Process 

 

For this experiment, CdZnTe crystals of detector-grade quality grown by Northrop 

Grumman with the Bridgman furnace method were used. The crystals were cut to approximately 

5 x 5 x 5 mm
3
. The surfaces of the CdZnTe slices used for the experiments were prepared by 

mechanical polishing using a series of Al2O3 powder grades, decreasing in size from 5.0 to 0.1 
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microns as necessary. The material removed in this procedure (~ 200 μm by mechanical 

polishing and ~100 μm by etching) was sufficient to remove all surface damage caused by 

sawing the slices from the wafer. Next, the CdZnTe crystals were etched using a 2% bromine-

methanol solution. In the experimental procedure, infrared images of the samples were taken 

before and after annealing. The samples were marked to track the locations and orientation of the 

Tellurium inclusions being studied. Samples were annealed under Cd vapor overpressure and in 

a vacuum at 600 °C for 45 minutes at a temperature gradient of 10 °C/cm. A second set of 

CdZnTe post-growth annealing experiments were carried out with the following annealing 

parameters: 700 °C CdZnTe annealing temperature, Cadmium temperature at 650 °C, 30 minutes 

annealing time, and a temperature gradient of 10 °C/cm.  

Results 
 

Migration of Tellurium Inclusions under Temperature Gradient 
 

Figure 5.1 shows the infrared images of the same region of a CdZnTe crystal 34G 

(Appendix E) before annealing and after the first and second annealing cycles (at 600 °C, 45 

minutes and 10 °C/cm temperature gradient for each cycle). 
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Figure 5.1. Infrared images of sample 34G comparing Tellurium inclusion sizes and locations in 

the same region of the CdZnTe crystal before annealing, and after the first and second annealing 

cycles (at 600° C for 45 minutes for each cycle). 

 

Figures 5.1 and 5.2 show that for most of the Tellurium inclusions, an inclusion separates 

into two with the larger portion migrating towards the high-temperature side of the sample, 

leaving the smaller portion behind. 

 
Figure 5.2. For Sample 2B, migration of Tellurium inclusions towards the high-temperature in 

thermal gradient post-growth annealing of a CdZnTe crystal under Cd vapor overpressure at 700 

°C for 30 minutes is shown. 
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Size Reduction of Tellurium Inclusions under Temperature Gradient Annealing 
 

In each annealing cycle, there were reductions in the size of the Tellurium inclusions, as 

indicated by the infrared images in Figure 5.1. In addition to size reduction, the Tellurium 

inclusions also migrated towards the high-temperature side of the sample. The migration of 

Tellurium inclusions is clearly shown in Figure 5.2 for sample 2B. The annealing parameters of 

the sample were as follows: 700 °C CdZnTe annealing temperature, Cadmium temperature at 

650 °C, 30 minutes annealing time, and a temperature gradient of 10 °C/cm. 

Figure 5.3 shows the comparison of the size reductions for six selected Tellurium 

inclusions in the two annealing cycles shown in Figure 5. 1, with the areas calculated using NIS-

Elements Nikon imaging software. The percentage reductions are shown in Table 5.1.  

 
Figure 5.3. A comparison of size reductions for six selected Tellurium inclusions for sample 34G 

in the two annealing cycles. The areas were calculated using NIS-Elements Nikon imaging 

software. 
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Table 5.1.                                                                                                                          

Percentage Reduction of Tellurium Inclusions in Sample # 34G  
Tellurium  

Inclusion 

Number 

Before annealing 
(µm) 

Reduction after 

1
st
 anneal 

 (µm) 

Reduction after 2
nd

 

anneal 

1 12.1 18%  18% 
2 15.6 29% 10% 
3 13.2 8% 34% 
4 21.0 20% 15% 
5 27.2 18% 38% 
6 18.2 8% 17% 
    

Average 11.9   

 

Distribution of Tellurium Inclusions Size Reduction as a Function of the Inclusion Size 

 

 
Figure 5.4. The distribution of Tellurium inclusion size reductions as a function of the inclusion 

size for 750 °C for 30 minutes on sample 20B. 
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Figure 5.5. The distribution of Tellurium inclusion size reductions as a function of the inclusion 

size for 800 °C for 30 minutes on sample 3C. 

 

The distributions of Tellurium inclusion size reductions as a function of the inclusion size 

are shown in Figures 5.4 and 5.5. These graphs do not show any clear dependency of the size-

reduction on the initial size of each Tellurium inclusion. As expected, the final size of the 

particles shows some dependency on each initial size, as indicated by the graphs in Figures 5.6 

and 5.7 below. 
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Figure 5.6. The Tellurium inclusion sizes for sample 7D before and after annealing. 
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Figure 5.7. The Tellurium inclusion sizes for sample 13H before and after annealing.  

 

Conclusion 
 

This research has clearly shown that the Tellurium inclusions underwent thermo-

migration during the experiment. Thermo-migration occurred when there was a temperature 

difference between the cold end and the hot end of the Tellurium inclusion after the sample was 

placed into the temperature gradient zone. The Tellurium inclusions became liquid droplets when 

the annealing temperature was above the melting point of Tellurium, which is 450 °C. In the 

experiment, the Tellurium droplets were dissolved within the CdZnTe from the high temperature 

end, while solidifying in the low temperature end. As a result of this phenomena, the Tellurium 

inclusions migrated from the low temperature regions of the CdZnTe sample to its high 

temperature regions. When the temperature deltas between the hot and cold regions were small, 

there was insignificant thermodynamic driving force to cause the Tellurium inclusions to 
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migrate. The reduction in inclusion sizes ranged from 8% to 38% respectively, for two annealing 

cycles.  

In addition, most of the tellurium inclusions separated into two inclusions, with the larger 

portion migrating towards the high-temperature zone. While small-size Tellurium inclusions 

(less than 5 µm) were relatively difficult to move, large-size ones (20 µm to 40 µm) easily 

migrated.  
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CHAPTER SIX 

 

CONCLUSIONS

 

This research work involved experimental studies of the thermodynamics of Tellurium 

inclusion migration in the post-growth annealing of CdZnTe nuclear detector-grade crystals. This 

was done by constant temperature, temperature gradient, and temperature gradient migration 

methods. All three methods of annealing were done using Cadmium vapor overpressure. The 

important conclusions of this study are given in the following paragraphs. 

These experimental results offered a better understanding of the annealing parameters 

and the dynamic properties of post-growth annealing processes in Cadmium vapor. All three 

methods resulted in a reduction in inclusion sizes. The reductions ranged from 8% to 68.5%, 

depending on the method employed. Future research in annealing CdZnTe crystals could benefit 

from a combination of these methods, to maximize the advantages and minimize the 

disadvantages of the methods separately. In the constant temperature experiment, it was observed 

that longer annealing times and/or higher annealing temperatures would lead to further reduction 

in Tellurium inclusions; however, this could lead to a reduction in crystal resistivity and 

degradation of detector performance. The upper and lower limits of the annealing temperature 

were defined by the melting temperature of CdZnTe 1000°C and 500°C, which is required to 

produce the appropriate Cadmium overpressure in the ampoule, respectively. One significant 

advantage was that annealing under constant temperature provided a crystal with uniform 

temperature distribution, which allowed for a uniform distribution of the elemental properties of 

Cadmium, Zinc, and Tellurium. This uniformity offered the same level of resistivity throughout 
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the entire sample and could be promising for larger scale industrial production that could 

revolutionize the radiation detection industry.  

The second method of annealing, which employed a slight temperature gradient of 

10°/cm at a temperature of 510°C for 60 hours, reduced the size of Tellurium inclusions by 

68.5%. Using a longer annealing time and lower temperature provided slightly better results than 

the constant temperature experiments; however, using a temperature gradient method introduces 

some additional variables, such as a dual zone furnace and multiple temperature profiles. 

In the third method of annealing, the temperature gradient method, the temperature was 

increased and time was decreased. The lager temperature gradient caused the Tellurium 

inclusions to undergo thermo-migration. The results from the migration experiments indicated 

that migration does occur from the high-temperature region of the crystal to the low-temperature 

region of the crystal. It was also shown that Tellurium inclusions located closer to the edge of the 

sample migrated at a faster rate. It was observed that some inclusions migrated at different rates, 

and some separated into two different inclusions, with the larger portion migrating towards the 

high-temperature end. While small-size Tellurium inclusions (less than 5 µm) were relatively 

difficult to move, large-size ones (20 µm to 40 µm) migrated easily. 

As mentioned before, both methods of annealing, constant temperature and temperature 

gradient, had advantages and disadvantages. Constant temperature annealing offered the ability 

to effectively and reliably repeat experiments, because the crystal sample was placed in the 

constant temperature range of the temperature profile. Annealing with the temperature gradient 

method allowed the sample to be placed on the slope of a temperature profile. This introduced 

variability into the experiment, because the profile cannot be consistently replicated. This 

method also required the use of a two zone furnace versus the single zone furnace, again 
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introducing another variable to control. Another disadvantage of the temperature gradient was 

that thermo-migration caused an uneven distribution on the Cadmium, Zinc, and Tellurium 

elements. This uneven distribution made the resistivity at different regions of the crystal 

unacceptable to be used in radiation detectors. In both annealing applications, there was some 

reduction of the resistivity of the crystal; depending of the amount of reduction, additional 

annealing could be required. 
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CHAPTER SEVEN 

 

FUTURE SCOPE AND RECOMMENDATIONS

 

Further experiments are needed to determine the multi-variable correlation between 

inclusion size, annealing time, and annealing temperature. Knowing this would allow a more 

precise determination of the optimum parameters for post-growth annealing. Recommendations 

for future work with post-growth thermal annealing are summarized as follows: 

1. Current-voltage measurements to determine CdZnTe resistivity.  

All research presented showed either a reduction, migration, or an elimination of 

Tellurium inclusions. The effect of Tellurium reduction or elimination in CdZnTe 

crystals is to increase signal response when exposed to in ionizing radiation. This 

response is determined by the crystal resistivity. These measurements should be 

conducted to determine the relationship between the annealing temperatures, time, and 

crystal resistivity.  

2. Conduct a 3D infrared study of the post-growth thermal annealing of CdZnTe crystals in 

Cd vapor.  

Based on the successful results of the 2D IR research on CdZnTe, a volumetric 3D 

representation of Tellurium inclusions in CdZnTe should be conducted. The expected 

outcome will be verification that the reduction and or migration of the Tellurium 

inclusions shown in the 2D experiments has actually occurred, and they were not 

relocated in the z direction of the crystal sample.   

3. Characterization of the dependence of size reduction on annealing temperature and time. 
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The results for the temperature gradient and migration experiments indicated some 

correlation between final inclusion size and initial inclusion size. An experiment should 

be designed and conducted to collect the appropriate data to characterize this 

phenomenon. Successful characterization of this relationship will lead to a mathematical 

model of Tellurium particle migration. The development of this mathematical model 

could lead to the optimization of the temperature gradient and migration annealing 

processes.  

4. Study the correlation between size reduction or migration and proximity of inclusion to 

sample edge. 

The results from the migration experiments indicated that migration does occur from the 

high-temperature region of the crystal to the low-temperature region of the crystal. It was 

also shown that Tellurium inclusions located closer to the edge of the sample migrated at 

a faster rate. It was observed that some inclusions migrated at different rates, and some 

separated into two different inclusions. This occurred due to the proximity of the 

Tellurium inclusion to the edge of the sample and the location on the temperature profile 

of the sample. An experiment should be designed and conducted with a focus on 

Tellurium inclusions located close to the edge of the sample on the low temperature side 

of the temperature profile. The results of these experiments could verify the effects of Cd 

vapor overpressure being exposed to the Tellurium inclusion earlier in the annealing 

experiment time. This earlier exposure allows Fick’s law of diffusion to work longer on 

inclusion located closer to the edge of the samples, possibly explaining the faster 

migration rates. 
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APPENDIX A 

 

INFRARED IMAGING AND ITERATIVE ALGORITHM

 

Precise three-dimensional measurement of the Tellurium inclusions is imperative for 

correlating inclusion size to detector performance. Using an infrared (IR) transmission 

microscopy system developed at Brookhaven National Laboratory, images of Tellurium 

inclusions were used as input data into the Interactive Data Language software (IDL). The IR 

transmission microscopy system is composed of the following components: a high intensity 

black light fiber optic illuminator, an optical condenser, an objective lens, a charged couple 

device (CCD) camera, and a motion controller. The process starts with a CdZnTe sample being 

placed onto the transitional stage. The transition stage is made up of three actuators along the x, 

y, and z planes. These actuators are controlled by a motion controller which is connected to a 

computer. Using C++ programming language, a code is written to communicate information 

between the computer and the actuators. The number and size of all the Tellurium inclusions in 

each volumetric region (or stack of images) within the bulk of the crystals were counted and 

recorded by an automated system. This was followed by a calculation of the concentration of 

Tellurium inclusions in each of the five volumetric regions. Finally, the results were averaged 

over these five regions to estimate the concentration of Tellurium inclusions per cm
3
 (Figure 

A.2).   
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Figure A.1. The infrared imaging setup located at Brookhaven National Laboratory. 

 

Table A.1.                                                                                                                                       

List of the Major Components of the Infrared Microscopy System 
 Item Manufacturer Model Number 

1 High intensity illuminator Edmunds Optics MI-150 

2 Optical condenser Optem International 25-70-49 

3 Objective lens Mitutoyo American Corporation K 00128904 

4 CCD camera Pixelink PL-B955H 

5 Motion controller Newport ESP 300 

 

Figure A.1 is an illustration of the infrared imaging setup at BNL, which collected images 

as input into the IDL scientific data visualization software program used to calculate Tellurium 

inclusion sizes and their 3D distribution in the crystal volume.  

The a Pixelink CCD camera, with a sensor area of 7.8 mm x 10.6 mm and a resolution of 

2208 x 3000 pixels, was attached to a field-of-view (FOV) objective microscope using a lens 

adapter. An optics assembly was coordinated by aligning the CCD camera, transitional stage 

mounted with CdZnTe crystal, and the high intensity back light fiber optic illuminator. The CCD 

camera was connected to a computer by a FireWire cable and was controlled by the C++ code. 

The transitional stage moved the CdZnTe crystal in five increments, taking an allotted amount of 

infrared (IR) images per increment based on the depth of focus (DOF;see Figure A.2). Using 

various objective lenses with magnification ranging from 2 times, corresponding to an FOV of 

5.3 mm (horizontal) x 3.8 mm (vertical), to 20 times, corresponding to an FOV of 0.53 mm 

(horizontal) x 0.38 mm (vertical).  
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Figure A.2. An illustration of the process of image capture by the IR microscopy system. 

 

An iterative algorithm called Interactive Data Language (IDL) was developed to count 

Tellurium inclusions within the CdZnTe crystal. The inclusions were tabulated using the IR 

images to measure size, concentration, volume, and excesses of the CdZnTe crystal. The IR 

images were also used to construct a three-dimensional image of the crystal, which revealed the 

location of each Tellurium inclusion within the bulk of the CdZnTe crystal. The first function of 

the algorithm converted the IR image to its negative image, as shown in Figure A.3. Using the 

negative images out-of-focus, Tellurium inclusions were revealed as large objects with relatively 

low brightness, whereas small Tellurium inclusions with high brightness were revealed with in-

focus imaging. The Tellurium inclusions that were out-of-focus were discarded by the algorithm 

so the inclusions that were in-focus can be counted. A two-step process was involved, wherein 

the algorithm applied a cutoff on the brightness, using background subtraction to eliminate the 

Tellurium inclusions that were out-of-focus. In the next step, the algorithm selected one 

Tellurium inclusion at the same location in 3 to 5 layers, depending on the depth of the field, 
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while also correcting for shifts of images so that a Tellurium inclusion was counted only once. 

This process is shown in Figure A.4. Tellurium inclusion concentrations were calculated from 

the field-of-view, the size of the z-direction incremental step, and the number of Tellurium 

inclusions in each layer. The algorithm currently records only the sizes of the Tellurium 

inclusions, but can be modified to give the concentration, volume, and excess of Tellurium 

inclusions of a given radius. 

 
Figure A.3. A negative infrared image of a section of CdZnTe crystal showing in-focus and out-

of-focus Tellurium inclusions. 
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Figure A.4. The IDL iterative algorithm showing the background subtraction and counting 

process. Each object on the left plane is represented as a spectrum of inverted intensity against 

the position. 
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APPENDIX B 

 

HIGH TEMPERATURE ANNEALING FURNACE & TEMPERATURE PROFILES

 

The computer-controlled high-temperature furnace (OTF -1200X2-A split dual zone 

Tube Furnace) can generate temperatures of up to 1000 ºC (Figure B.1). It utilizes resistive wire 

heating elements (Fe-Cr-Al alloy) which are wound around the outside of a ceramic work tube, 

making it an integral part of the tube furnace's heating element. A thermocouple is located in a 

protected position outside of the work tube and the heating element, allowing the full work tube 

diameter to be used and protecting the thermocouple from mechanical damage. The temperature 

of the furnace can be controlled precisely (± 1.0 ºC) by the computer. An ampoule holder with an 

attached thermocouple can easily slide into the ceramic work tube which will allows for 

monitoring of the temperature of the ampoule during the annealing process. Once prepared, the 

ampoule is placed in the split-dual zone tube furnace. The computer controls the time and 

temperature profile for the CdZnTe samples used in this research.  

 
Figure B.1. The dual zone temperature computer-controlled annealing furnace (model # OTF-

1200X2-A) is shown here. 
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Figure B.2. Thermocouple 1 (above) and Thermocouple 2 (below) are shown here. 

 
Figure B.3. The 360 ºC temperature profile for the dual zone annealing furnace model # OTF -

1200X2.  
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Figure B.4. The 700º C temperature profile for the dual zone annealing furnace model # OTF -

1200X2. 

 

 
Figure B.5. The 750 ºC temperature profile for the dual zone annealing furnace model # OTF -

1200X2. 
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Figure B.6. The 800 ºC temperature profile for the dual zone annealing furnace model # OTF -

1200X2. 

 

 
Figure B.7. The 850 ºC temperature profile for the dual zone annealing furnace model # OTF -

1200X2. 
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Figure B.8. The 870 ºC temperature profile for the dual zone furnace model # OTF -1200X2. 

 

 
Figure B.9. The 950 ºC temperature profile for the dual zone furnace model # OTF -1200X2. 
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APPENDIX C 

 

SOURCE CODE FOR 3D INTENSITY PLOTS

 

Using Matlab, a code was developed that converted the IR images into a three dimensional 

intensity plot to show the intensity of the Tellurium inclusions located inside the CdZnTe 

sample.   

%----------------------------------------------------------------------% 
%----------------------------------------------------------------------% 
%                                                                      %  
%              Intensity contour code                                  % 
%                                                                      % 
%              Programmed by : Mr. Aaron L. Adams                      % 
%                                                                      %  
%                                                                      % 
%                                                                      % 
%                                                                      % 
%                                                                      % 
%----------------------------------------------------------------------% 
%----------------------------------------------------------------------% 
%                                                                      %  
%                       Load the images                                %  
%                                                                      % 
%                                                                      % 
%----------------------------------------------------------------------% 
%----------------------------------------------------------------------% 

  
function[] = intensity_contours() 
clear all 
clc 

 

name = 'after 1st annealing-150-oneshot_-858993449'; 
x = imread(strcat(name,'.jpg'),'jpg');  
contours(x,name); 
clear x 
name = 'after_annealing-700-oneshot_-858993443'; 
x = imread(strcat(name,'.jpg'),'jpg');  
contours(x,name); 
clear x 
name = 'before annealing-150-oneshot_-858993449'; 
x = imread(strcat(name,'.jpg'),'jpg');  
contours(x,name); 
clear x 
name = 'before_annealing-700-oneshot_-858993441'; 
x = imread(strcat(name,'.jpg'),'jpg');  
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contours(x,name); 

 
name = '955-E7-1a-x10-before-450-oneshot_-858993430'; 
x = imread(strcat(name,'.jpg'),'jpg');  
contours(x,name); 
clear x 
name = '996-E7-1a-x10-after 1st annealing-450-oneshot_-858993430'; 
x = imread(strcat(name,'.jpg'),'jpg');  
contours(x,name); 
clear x 
name = 'a23-E7-1a-x10-after 2nd annealing-450-oneshot_-858993433'; 
x = imread(strcat(name,'.jpg'),'jpg');  
contours(x,name); 
clear x 
name = '13-Before'; 
x = imread(strcat(name,'.jp2'),'jp2');  
contours(x,name); 
clear x 
name = '15-Before'; 
x = imread(strcat(name,'.jp2'),'jp2');  
contours(x,name); 
clear x 
name = '16-Before'; 
x = imread(strcat(name,'.jp2'),'jp2');  
contours(x,name); 
clear x 
name = '13-After'; 
x = imread(strcat(name,'.jp2'),'jp2');  
contours(x,name); 
clear x 
name = '15-After'; 
x = imread(strcat(name,'.jp2'),'jp2');  
contours(x,name); 
clear x 
name = '16-After'; 
x = imread(strcat(name,'.jp2'),'jp2');  
contours(x,name); 
clear x 
%----------------------------------------------------------------------% 
%----------------------------------------------------------------------% 
  

 
clear all 
clc 
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%----------------------------------------------------------------------% 
%----------------------------------------------------------------------% 
%                                                                      %  
%                        Saving Data to a file                         %  
%                               And                                    % 
%                    Use tecplot to analyze the data                   % 
%                                                                      % 
%----------------------------------------------------------------------% 
%----------------------------------------------------------------------% 

  
function[] = contours(x,name) 
[nr,nc,np] = size(x); 
fid = fopen(strcat(name,'.plt'),'wt'); 
string = strcat(' ZONE F=POINT, I= ',int2str(nc),' , J= ',int2str(nr),'\n'); 
fprintf(fid,strcat(' VARIABLES = "X", "Y", "Intensity"\n')); 
fprintf(fid,string); 
for ih = 1:nr 
    for j = 1:nc 
        xpos = j; 
        ypos = ih; 
        fprintf(fid,'%g     %g     %g\n',xpos,ypos,x(ih,j)); 
    end 
end 
fclose(fid); 

  
%----------------------------------------------------------------------% 
%----------------------------------------------------------------------% 
%                                                                      % 
%                    End of Program                                    % 
%                                                                      % 
%----------------------------------------------------------------------% 
%----------------------------------------------------------------------% 
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APPENDIX D 

 

NIKON ECLIPSE LV100 MICROSCOPE SKETCH IMAGES

 

 

 

 

 

 

 

 

 

 
Figure D.1. CdZnTe Sample 23F. 

 
Figure D.2. CdZnTe Sample 23F. 
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Figure D.3. CdZnTe Sample 2B. 
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APPENDIX E 

 

CdZnTe SAMPLE FEATURES

 

 
Figure E.1. CdZnTe Sample 12A. 

 
Figure E.2. CdZnTe Sample 34G. 
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Figure E.3. CdZnTe Sample 2B. 

 
Figure E.4. CdZnTe Sample 6C. 
 

 
Figure E.5. CdZnTe Sample 23F. 
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Figure E.6. CdZnTe Sample 20B. 
 

 
Figure E.7. CdZnTe Sample 3C. 
 

 
Figure E.8. CdZnTe Sample 7D. 
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Figure E.9. CdZnTe Sample 13H. 

 

 
Figure E.10. CdZnTe Sample B17 – C17. 
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Figure E.11. CdZnTe Sample G4. 
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APPENDIX F 

 

OPERATION INSTRUCTIONS FOR IR IMAGING USING NIKON ECLIPSE LV100

 

1. Turn on digital sight, Proscan II, microscope light, and IR light.  

2. Turn IR light knob all the way to maximum. 

3. Place crystal under 2.5x lens and draw placement so can be replaced in same position 

after annealing 

4. Open NIS-Elements AR 3.0 

5. Push “Live” button Push 2.5x button 

6. Adjust lighting under “Camera Settings” tab by changing the exposure time 

7. Adjust focus so bottom surface is in focus 

8. Remove z-motor and zero the z drive in the “XYZ Navigation” tab 

9. Adjust stage so that top left corner of crystal is seen 

10. Click “Acquire” – “Scan Large Image” 

11. Click the top and left arrows 

12. Shift stage to bottom right corner 

13. Click bottom and right arrows 

14. Click scan (and ok) 

15. After scanned, click save as and save in folder as a .JPEG file 

16. Click live button 

17. Click down button for z direction by 250 µm 

18. Repeat steps 10-18 until reach top surface of sample 

19. Next scratch sample with scalpel on all four corners 
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20. Change lens to 5x and push 5x button  

21. Click “Live” button 

22. Find first scratch mark and find top surface of sample 

23. Remove motor, zero z drive and replace motor 

24. Go to “acquire” – “Capture Z series” – “Capture Automatically” 

25. Browse for correct file location 

26. Rename file 

27. Set the top surface by clicking top 

28. Use the XYZ navigation tab to go to the bottom surface (guess roughly and then go up 

and down from there – I usually start with 1000 µm) 

29. Go back to Capture Z-series tab and click bottom to set bottom surface 

30. Make sure step size is 50 µm 

31. Next change lens to 10x and push 10x button 

32. Repeat steps 23-31 

33. Move to different position with new scratch mark  

34. Repeat steps 21-34 until all done  
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APPENDIX G 

 

CURRENT VOLTAGE (IV) MEASUREMENTS

 

Gold contacts 

1. Polish samples so surface is smooth 

2. Wipe off any access polishing powder 

3. Prepare pipet 

a. Glass pipet found in cabinet under and to the right of polishing station (in back) 

b. Pipet tip found in right drawer directly under polishing station 

4. Using pipet, add drop of 5% gold chloride solution 

5. Allow to set for 20 seconds 

6. Remove with pipet and clean off with corner of kim wipe 

7. Turn over to other side and repeat 3-5 

8. Discard glass pipet behind refrigerator in red container 

 

IV measurements 

Machine in D6: 

1. Turn on voltmeter 

2. Change format from DDC to SCIP by pushing the following series of buttons: 

a. CONFIG/LOCAL 

b. COMM 

c. ENTER 

d. |> 

e. RANGE 

f. ^ 

g. ENTER 

3. Open program in computer 

a. gy 

b. dsdlj 

4. Remove cover of IV measurement box 

5. Lift needle, place sample underneath, cover with copper foil piece, lower needle 

6. Close cover 

7. Take measurements from -10V to 10V first then -1V to 1V 

8. Export to excel files and save 

Machine in annealing lab: 

1. Open IV measurement program on desktop 
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2. Open IV measurement box 

3. Lift top copper contact and place sample between the two contacts 

4. Close box and take measurement as above (same program) 

 

Removing Gold Contact 

Polish off with smallest polishing powder if want it to stay finely polished (but will take a while) 

Or Rough remove with 800 grit paper and work your way down to 0.1um polishing powder 
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APPENDIX H 

 

OPERATION INSTRUCTIONS FOR NIS ELEMENTS INCLUSION MEASUREMENTS

 

1. Gather images to be analyzed. 

2. Open NIS- Elements. 

3. After opening NIS- Elements make sure rulers, gridlines, and status bar are all selected 

(all located under the view tab). 

4. Once the proper viewing settings are set insert the image to measure. 

5. Start by selecting the file tab. 

6. Select open. 

7. Find the location of the image file. 

8. Once the image file is opened zoom in close enough to clearly see the inclusions that are 

being measured.  

9. Once you get the proper zoom level document which level zoom into so that there is 

consistency when measuring before and after annealing images. 

10. First circle and number the inclusions. 

11. Begin to measure the area by measuring the length and width of the inclusions. 

12. After measuring the length and width of the inclusions extract the measurement to 

Microsoft Excel. 

13. Calculate the area  

14. Save the Microsoft Excel worksheet. 

15. Repeat Steps 3-15 
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16. Compare the data of the two images one that is before annealing and the other after. 

19. Measure the decrease in the Microsoft Excel  file with the formula (d=A1-A2) d-

represents the decrease, A1-represents the area before annealing and A2- represents the 

area after annealing. 

20. Then form a percentage decrease using the same data.  

21. Use the collected data to find our average percent decrease and the Standard Deviation. 

22. Then save the Microsoft Excel file. 

 

 

 


