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ABSTRACT 

The material uniformity of cadmium zinc telluride (CZT) crystals in gamma-ray 

imaging detectors is examined using several existing techniques and a new technique 

called thermally stimulated current (TSC) imaging that has been developed for this 

dissertation. The TSC imaging model, simulations, and experimental demonstrations are 

presented here for the first time. 

CZT radiation detectors are used in nuclear medicine as well as other medical, 

industrial, national security, and scientific applications; however, the scarcity and cost of 

high-quality CZT materials have hindered the use of CZT in these applications. 

Understanding CZT's material properties and their effects on detector performance 

should be helpful in developing crystal growth methods that have improved yield of 

useful detector material. 

Data obtained from CZT samples using infrared transmission, electron 

microprobe, X-ray diffraction, and electron backscatter diffraction (EBSD) mapping 

methods are used to understand their crystal structure. Data obtained from these samples 

using both TSC imaging and conventional leakage current measurements while these 

samples were operated as pixelated detector arrays are used to understand their charge 

transport properties. Collimated gamma-ray mapping was used to understand the 

detector performance properties of these samples. Correlations among these spatially 

mapped data are investigated. 



14 

Contrary to the suggestions of other researchers, it is found that leakage current is 

not inversely correlated with detector performance. Detector performance in these 

samples is well correlated with their crystal structure. High-angle grain boundaries are 

shown to trap charge carriers, and estimates of the locations of these boundaries are 

derived from the gamma-ray mapping data. EBSD distinguishes itself from X-ray 

diffraction methods in identifying the locations and types of grain boundaries intersecting 

the sample surface. Using the new TSC imaging method, evidence is obtained showing a 

higher density of a particular trap near incommensurate boundaries in a CZT sample. 

Other researchers have indicated that an electron trap associated with dislocations is 

present in CZT. Their observation is consistent with a conclusion drawn from these TSC 

imaging data that due to higher densities of dislocations near incommensurate grain 

boundaries these boundaries host electron traps while {111} twin boundaries do not. 
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CHAPTER 1 

INTRODUCTION 

Cadmium zinc telluride (CdZnTe or CZT) is a semiconducting, or semi-

insulalting, crystalline material that is currently being investigated for room-temperature 

radiation detector uses (Doty et al.. 1992). For nearly a decade, researchers now in the 

Center for Gamma-Ray Imaging at the University of Arizona have been developing 

pixelated CZT gamma-ray imaging detectors for use in nuclear medicine. The potential 

for obtaining better energy and spatial resolution using CZT detectors, instead of an 

inorganic scintillator such as sodium iodide coupled to photomultiplier-tube light 

detectors, is discussed in detail by Rogulski (1993). Eskin (1997). and Marks (2000). 

These advantages can translate into higher quality images from which physicians can 

make more accurate and earlier diagnoses for patients who receive lower radiation doses 

during the imaging procedures. The number of clinical applications of such an imaging 

system is thus greatly increased. However, these pixel arrays are complex devices, and 

the quality of available CZT is variable, which make realizing these advantages in a 

repeatable, cost-efficient manner a challenge. Thus, parallel efforts are also being made 

at this center to develop and operate modular scintillation cameras based on the design of 

Anger f 1958) (Milster. 1987: Ronev. 1989: Rowe. 1991: White. 1994: Sain. 2001). 

Besides uses in nuclear medical imaging, CZT gamma-ray spectrometers and 

imaging arrays are also being developed for other medical, industrial, national security, 

and scientific uses. Among these uses, the astrophysics community has been particularly 
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active in researching CZT for use in various X-ray and gamma-ray astronomy missions 

(Macri etal.. 1996: Matteson et al.. 1997: Stable et al.. 1997). including pixelated CZT 

arrays produced in collaboration with the University of Arizona (Stable et al.. 1999). The 

work presented in this dissertation is the result of another collaboration with Sandia 

National Laboratories in Livermore, CA. Sandia has a primary interest in developing 

large-volume spectrometers for nuclear non-proliferation and counter-terrorism uses. 

In the 1990's, Sandia hosted a series of room-temperature radiation detection 

workshops that focused on the issues that hindered CZT from being used in all the 

aforementioned applications (Symposia). As discussed in these workshops and other 

symposia, available CZT crystals exhibited a wide range of detector performance and 

material properties. Producers of CZT crystals could not supply enough high-quality 

detector material to meet the needs of researchers, let alone potential commercial 

markets. At a 1996 workshop, data presented by Tonev et al. (1996b) suggested that 

certain material properties were predictive of detector performance. Specifically, features 

observed in photoluminescence (PL), leakage current, and gamma-ray detector response 

data obtained from a CZT detector with a 4 x 4 pixel array showed some indications of 

being correlated. I realized immediately that pixel arrays available at the U of A could be 

used to collect similar data from a much larger number of pixels to investigate the spatial 

distributions and correlations of CZT material properties with detector performance. At 

that time, Sandia was seeking new ways to study CZT and would later enter into 

cooperative research and development agreements with several U.S. and international 

companies that grow CZT crystals to improve the yield of high-quality detector material. 
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Focus of the present work 

The research presented here utilized resources at both Sandia and at the 

University of Arizona, as well as at other collaborating universities, to study the material 

uniformity of CZT gamma-ray imaging arrays by making fine-scale measurements of 

material and detector performance properties using these arrays and determining if 

correlations exist between these properties (all chapters). In accomplishing this work, a 

new technique for measuring the spatial distribution of charge carrier traps in 

semiconductor materials has been developed and is described here (chapter 5). This new 

technique is called thermaliy stimulated current imaging, or TSC imaging. 

Based on a search of the literature and my experiences while conducting this 

research, 1 have compiled in chapter 2 descriptions of the structural and electrical 

material properties of CZT and introductory material regarding the operation and 

understanding of semiconductor radiation detectors—particularly pixel arrays. Published 

models for the response of a pixel to moving charge within the detector are presented and 

the computer software created for this work to compute such pixel responses is described. 

In chapter 3,1 describe leakage current measurements made with the first of two 

48 X 48 pixelated CZT radiation detector arrays used in this research. These data are 

presented alongside data from infrared (IR) transmission imaging. X-ray diffraction 

topography and lattice orientation measurements, and detector performance mapping of 

the CZT crystal from this detector array. The design, construction, and characterization 

of a detector performance mapping system that uses a collimated gamma-ray beam are 

described. By performing these measurements on the same sample and registering each 
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data set relative to the others, the spatial dependence of relationships between them is 

examined. The depths of grain boundaries within this crystal are estimated using a planar 

detector model. 

Based on the results of measurements discussed in chapter 3,1 performed a set of 

related measurements on a second detector array. In chapter 4, results of IR imaging and 

gamma-ray detector performance mapping of the CZT crystal are again presented. The 

crystal grain orientations and boundary locations in this detector crystal are found using 

electron backscatter diffraction (EBSD) mapping. 

Chapter 5 presents a technique I developed called thermally stimulated current 

(TSC) imaging, which maps the spatial distribution of traps in semiconductor materials. 

After describing the conventional TSC method, a theoretical model for the TSC response 

in a multi-electrode detector is presented. Algorithms that implement this model for the 

specific case of pixelated detectors are described, and e.xamples are used to illustrate the 

behavior of this model for simulated measurements. Experiments demonstrating this 

TSC imaging technique using the pixel array discussed in chapter 4 are also described. 

Modifications to the existing gamma-ray imaging hardware are discussed along with the 

software created to control this hardware, acquire the TSC imaging data, and process it 

for reconstruction using the TSC imaging algorithms. Reconstructed distributions of 

trapped charge are compared with the crystal structure and detector performance data. 

Chapter 6 summarizes the results of these chapters and offers suggestions for 

future work. Several computer software codes discussed in these chapters are described 

and listed in appendix A. 



19 

CHAPTER 2 

CZT RADIATION DETECTOR CHARACTERIZATION 

The purpose of this research is to characterize the material and radiation detector 

performance properties of pixelated CZT detector arrays. This chapter introduces basic 

concepts of material science and radiation detection that are necessary for understanding 

the presentation of this research in later chapters. Furthermore, this chapter introduces a 

consistent nomenclature and mathematical notation. Much of this material is obtained 

from a search of the scientific literature, and references to such sources are included. 

However, my first-hand experiences while conducting this research are used to guide the 

discussion and provide additional information on several topics. To illustrate certain of 

these, a few experimental and computational results of this work are also presented. 

Chapter 2 is divided into two major sections. The first deals with the structural and 

electronic material properties of CZT while the second discusses radiation detection with 

an emphasis on using CZT pixel arrays to detect gamma rays. The discussion in this 

chapter is not definitive. As of this writing, research into CZT and radiation detectors 

made from it is proceeding at a vigorous pace, and clear consensus has not emerged from 

the literature on many aspects of CZT's behavior. 

2.1 Material properties 

The material properties of CZT are introduced in two sections—structural and 

electronic. Since structural properties can strongly affect the quality of a detector's 
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electrical response to radiation as well as its ability to operate in different environments, 

the division between structural and electronic material properties is somewhat artificial. 

Some of the material contained in both sections is available in other publications; general 

references are McKelvev (1966). Kittel (1986). and Knoll {1999). 

2.1.1 Structural properties 

The goal of this section is not to e.xhaustively present all known, relevant 

structural properties of CZT but instead to present key structural properties of this 

material as an aid for understanding subsequent topics. In particular, the crystal structure, 

chemical composition, grain properties, and structural defects of CZT are discussed here. 

Later sections and chapters e.xpand on selected CZT structural properties as needed. 

Crystal structure 

Both CdTe and ZnTe crystals have the zinc blende structure, which is also called 

sphalerite and is similar to the diamond structure. Each structure is a superposition of 

two face-centered cubic lattices that are offset by one-quarter of a body-diagonal vector. 

The zinc blende structure differs from the diamond structure by arranging all anions, or 

non-metal atoms, in one of these sub-lattices while the metal cations are in the other. 

Thus, in zinc blende crystals, each type of atom is bonded in a tetrahedral arrangement to 

four nearest-neighbor atoms of the other type. 

CZT is a pseudobinary alloy of CdTe and ZnTe. The mole fraction of ZnTe is 

denoted by.v in the formula Cdi-tZn^Te. When grown in bulk, CZT forms as a disordered 

alloy, or solid solution; Zn atoms are substituted randomly for Cd atoms where the ZnTe 
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fraction is maintained only in an average sense (Woollev and Rav. 1960: Steininaer et al.. 

1970). The Vegard law, shown to be true for CZT by Schenk et al. (1996). predicts that 

average lattice parameters are linear functions of this average alloy composition. Zinc 

blende lattices are parameterized by only a single value a equal to the edge length of its 

eight-atom, cubic unit cell. This linear relationship and the resulting calculated densities 

for CZT are shown in Figure 2.1. 

Composition 

Nominal alloy compositions of the CZT crystals used in most of the studies 

reported here are 20 mole % ZnTe. This alloy composition is primarily the result of 

historic events rather than an optimization process. Cdo.96Zno.04Te was originally 

produced  as  a  subs t ra te  for  ep i tax ia l  g rowth  of  H g o . s C d o . ^Te  th in  f i lms  for  inf rared  ( I R )  

detector applications, since both of these alloys have zinc blende crystal structures and 
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matching lattice parameters (Sen and Stannard. 1994). For a time, Hgo.ssZno.isTe was 

also viewed as a promising IR detector material for which Cd0.gZn0.2Te is a lattice 

matched substrate. Because these Cdo.8Zno.:Te crystals were also found to have very high 

resistivity they were useful for radiation detectors. Later, in an effort to improve the 

quality of CZT substrates, the refinement processes of the constituent elements were 

changed to reduce the impurity concentrations (Dotv. 2002). Cdo,8Zno.:Te grown using 

these new materials had lower resistivity than similar crystals grown previously. Interest 

has recently focused on the manufacture and use of Cdo.qZno.iTe for radiation detectors. 

To understand how CZT crystals of a particular composition are obtained, it is 

necessary to tlrst understand how the melt-growth process is influenced by the phase 

behavior of the CdTe-ZnTe alloy. The pseudobinary phase diagram shown in the left of 

Figure 2.2 indicates that the alloy composition in a CZT sample grown from a liquid 

varies along the direction of solidification. A solute's segregation coefficient K is 

defined as the ratio of its solubility in solid and liquid solvent solutions and is generally a 

function of its concentration. This definition is made for equilibrium conditions when the 

growth rate/would be zero. 

Burton et al. (1953) propose an effective segregation coefficient 

K,' « (2.1) 

K  +  { \ - K ) e  ^  

where d is the thickness of a liquid layer at the advancing growth interface, which is not 

in equilibrium with the remaining liquid, and D is diffusivity in the liquid. Regardless of 

the e.xistence of such boundary layers, must eventually approach unity as/increases, 
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at which point no segregation occurs. Assuming there is complete mixing of the liquid 

and no diffusion in the solid, then the "normal freezing" equation 

•ng) = A:,,-v,(i-g)'--' (2.2) 

can be derived (Pfann. 1958) to approximately describe the concentration .v of ZnTe as a 

function of the fraction g of solidified starting material that had an initial concentration of 

Xg. Most CZT crystal growth techniques use growth rates in which it is reasonable to 

assume these conditions are met. On the right in Figure 2.2 is a plot of (2.2) for .v„ = 0.2 

and = 1.25. The latter is an approximate value derived from values reported by 

Tanaka et al. (1989). Tonev et al. (1996a). and Yoon et al. (1998). 

An electron microprobe was used to map the composition of the CZT crystal 

studied in chapter 3, and the result is shown in Figure 2.3. By measuring the relative 

intensities of characteristic X rays emitted from an unknown material when it is scanned 
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Fig. 2.2 CZT alloy composition variation. On the left is a pseudobinary phase diagram 
derived from Yu and Brebrick (1992). which uses data from Steininger et al. (1970). On 
the right is a plot of (2.2)—the normal freezing equation. 
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22.5 

Fig. 2.3 Alloy 
composition map of 
the CZT crystal from 
the first gamma-ray 
imaging array that was 
studied in this work. 
Other material 
property and detector 

performance data from 
this crystal are 
presented in chaptei 3. 
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by a focused electron beam and comparing these intensities to those from pure elements, 

the amount and distribution of these elements in the sample can be determined. The 

median ZnTe fraction in this sample is found to be x = 0.215. As stated by the crystal's 

manufacturer and confirmed by IR imaging, this sample was cut from a boule such that 

the direction of crystal growth is nominally parallel to the its large surfaces. The spatial 

trend in Figure 2.3 indicates that growth proceeded generally from the bottom to the top. 

Crystal grains 

A high-pressure vertical Bridgman (HPB) method, also called the Bridgman-

Stockbarger method, is typically used to grow crystalline CZT for use as radiation 

detectors (Landolt and Bomstein. 1984; Raiskin and Butler. 1988: Dotv et al.. 1992). 

However, producing arbitrarily large single-grain CZT crystals, which have other 

required properties, has been an elusive manufacturing goal. HPB is a melt grovsth 



25 

process that uses an over pressure of about 100 atmospheres of an inert gas and a semi-

closed graphite crucible to minimize evaporation of the liquid. Desired ratios of high-

purity starting materials, either as elements or previously crystallized as CdTe and ZnTe, 

are melted in a crucible. The stoichiometry of the melt is usually begun in a Te-rich 

condition, and due the greater evaporation rates of the Cd and Zn, the melt usually 

reaches a Te-rich steady-state within a relatively short time (Kimura and Komiva. 1973: 

Szeles and Eissler. 1998). The crucible is slowly (< 1 mm/hr) lowered vertically through 

one or more heated zones, which provide a desired temperature pro tile. The first-to-

freeze material is at the bottom, or nose, of the crucible and crystallization proceeds to 

the top, or heel—see Figure 2.4. HPB boules as large as 10 kg are commercially 

produced with 6-inch diameters (Pamham. 2002). Typical cycle times are 3 to 4 weeks, 

which includes initial purging of the pressure vessel and post-growth cooling. 

Fig. 2.4 HPB boule of Cdo.8Zno.2Te 
(Dotv. 1994). Twins and other grain 
boundaries may be seen as grayscale 
contrast differences in the rough, 
sanded surface. 
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According to Parfeniuk et al. (1992). the thermal conductivity at of CdTe at its 

melting point of 1092 K is only 2.9 W/K • m. The thermal conductivity of CZT is 

presumed to be in a similar range. Such low conductivity increases the difficulty of 

controlling the melt-solid interface during cooling, which can lead to polycrystalline 

growth. In addition, the melting temperature decreases as the growth proceeds due to 

zinc segregation. At high enough growth rates, it could be possible to induce 

constitutional supercooling because the zinc-depleted boundary layer, discussed with 

(2.1), solidifies at lower temperatures than the rest of the melt. These unstable growth 

conditions allow the formation of inclusions and multiple crystal grains. However, 
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Fig. 2.5 Knoop hardness number (KHN) of several materials including *healthy 
human tooth enamel (HHTE). Although the Knoop hardness test is a microindetation 
technique that is most useful when performed under the same conditions for 
comparisons of materials with similar mechanical properties, these data are merged 
from Colivs et al. (1992). Dotv (2001). and Squilante and Shah (1995). 
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growth rates up to -10 mm/hr have not shown evidence of constitutional supercooling 

(Doty. 2001). 

In addition to affecting the control of the growth interface, CZT's low thermal 

conductivity increases the temperature gradients that result in thermally induced stresses 

in the newly crystallized material. CZT easily deforms plastically under such stress due 

to its relatively low critical resolved shear stress (C/?5S - 0.1 MPa ) at temperatures just 

below the melting point. The relative softness of CZT compared to other materials is 

shown in Figure 2.5. The CRSS is derived from the yield stress and accounts for the 

orientation of the slip plane(s) and slip direction with respect to the load. Due to solid 

solution hardening, CZT has slightly higher yield strength than CdTe, as seen in 

Figure 2.6 (Imhoff et al.. 1991). However, at room-temperature it is still softer than tooth 

enamel, and near the melting point it is considerably softer. 
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CZT's tendency for plastic strain under small loads, coupled with its low stacking 

fault energy {SFE), makes growth of single-crystal material difficult (Thomas et al.. 

1970). Stacking faults occur where the order of close-packed {111} planes is disturbed 

(Barrett and Massalski. 1980). The crystal orientation could be the same on both sides of 

the fault, as in the case of intrinsic or extrinsic stacking faults where either a missing or 

extra plane of atoms, respectively, exists in the stacking order. The cubic ABCABCABC 

stacking sequence in an fee lattice thus contains two hexagonal layers as either 

ABCABABC or ABCABACABC for intrinsic or extrinsic faults, respectively. A twin 

stacking fault involves a single hexagonal layer making the sequence ABCABACBA to 

obtain the mirror image of the previous structure with an accompanying change of 

orientation. 

Twinning in a zinc blende structure involves the mirror images of two, offset fee 

lattices on two, parallel atomic planes. Thus, instead of mirror twins, CZT has rotational 

twins with three-fold symmetry about the four equivalent (ill) axes. One 60° rotation, 

in a {111} plane separating a nearest neighbor pair of Cd (or Zn) and Te atoms, about the 

[111] axis joining them, results in a layer with the wurtzite structure separating two zinc 

blende structures. Two such rotations on the same axis, in either the same or opposite 

direction, take the lattice from the parent orientation to the twin and back again to the 

parent. Twins belonging to a particular (111) plane are frequently seen alternating back 

and forth in a slice of material as parallel bands (see Figures 2.4 and 2.7). 

A parent lattice can also produce twins, about two or more distinct (ill) axes, 

which are not twins with respect to each other. These twins may twin again on another 
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axis, and so on. The interface between any two of these distinct twin lattices is 

incommensurate because the lattices are not oriented in a manner that allows for regular, 

tetrahedral bonding across the entire interface. The adyoined atomic surfaces of a 

commensurate boundary are registered, which makes the minimum energy surface. Thus, 

a cluster of twins of various orientations will have standard twin boundaries as well as 

irregular boundaries having higher surface energies. Grain boundaries are classified as 

low-angle, high-angle, or twin boundaries according to the angular misorientation 

between adjoining crystal lattices. Some high-angle grain boundaries in CZT enclose 

crystal grains nucleated at different locations and form closed surfaces, perhaps including 

the exterior ingot surface. However, wherever multiple twins are present in a crystal, 

they can produce many open-surface, high-angle grain boundaries. 

Fig. 2.7 The same surface of a 4 inch cross-sectional slice of HPB Cdo.9Zno.1Te rotated 
by 180° to change the lighting angle to enhance the contrast among various crystal grains. 
First, find a linear grain boundary, which is generally a twin boundary. Then observe 
how that boundary can wander nonlinearly or intersect other boundaries. In this manner, 
it can be seen that most grains are related by various twinning operations. 
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Furthermore, although many twin boundaries are planar in the (111) twin plane 

over large areas, twin grains have a finite size so these planar boundaries are closed off 

by terraced or curved boundaries. While the lattices on each side of such a boundary are 

twins, that boundary is not the (111) plane of their twinning operation. Again, such 

surfaces are incommensurate, whereas twin boundaries that are their (III) twin plane are 

commensurate. However, as material freezes onto two neighboring grains during 

solidification the least energy is needed for each grain to continue adding material layer 

upon layer, which forces the boundary between them to eventually become oriented 

almost normal to the growth interface. The shape and nature of the boundary is thus the 

result of local optimizations. 

A stacking fault is likely initiated by stresses applied at the growth interface 

(Dotv. 2001). Crystal growth methods such as Czochralski and float zone, which use 

large temperature gradients with the accompanying stresses, produce CZT ingots with 

very high twin densities. The horizontal Bridgman method shares HPB's advantage of 

lower temperature gradients but also reduces mechanical stresses from interactions with 

the crucible wall by growing as a shelf over the melt. CZT grown by this method 

generally has relatively few twins and is the choice for substrates used to grow epitaxial 

structures that require a perfect crystal lattice as a foundation. Twinning is the primary 

source of the polycrystalline nature of HPS grown CZT, as is shown in Figure 2.7. 

Crystal structure defects 

Grain boundaries, including stacking faults, are one type of surface defect. 

Implied in the discussion of hardness are line defects called dislocations, which are one 
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mechanism by which a material yields to relieve stresses (Nabarro. 1987). A type of 

dislocation, called an edge dislocation, is the presence of an extra half-plane of atoms (in 

CZT this "plane" has both tellurium and metal atoms) inserted into an otherwise perfect 

lattice. The line along which the lattice is distorted by this defect is the dislocation line. 

The edge dislocation really indicates that two portions of the lattice have slipped past 

each other. Screw dislocations arise where this slippage occurs in the same direction as 

the dislocation line a.xis. Edge and screw dislocations combine to make dislocation loops 

or segments, which have varying amounts of edge and screw character along their length. 

The density of dislocations in a crystal sample is traditionally studied by chemically 

etching the surface. The lattice around a dislocation is locally strained, and wherever this 

area penetrates the surface those atoms can be preferentially etched away leaving a pit. 

The etch pit density (EPD) may then be proportional to the dislocation density. 

A series of edge dislocations arranged in a plane at regular intervals comprise a 

type of low-angle grain boundary called a tilt boundary. Similarly, sets of parallel screw 

dislocations lying in a plane will create a twist boundary. Combinations of dislocations 

can create low-angle boundaries of arbitrary misorientation. When a crystal yields under 

stress, dislocation loops are created and migrate in the material, which produces a mosaic 

of misaligned volume elements. An example of this mosaic sub-structure, often called 

polygonization, is shown in Figure 2.8 where the surface of a conventional Bridgman 

Cdo.96Zno.04Te crystal has been polished and etched to reveal the pattern of dislocations. 

No chemical etch for CZT with greater zinc content has been found that produces similar 

results (Dotv. 2001). 
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Fig. 2.8 Optical micrograph 
of mosaic substructure on a 
{111} surface of a 
Cdo.96Zno.04Te crystal grown 
by the conventional Bridgman 
method and prepared using an 
Everson (1995) etch. 

Point defects in crystal lattices include: 1) missing atoms, or vacancies, 2) extra 

atoms, or interstitials, and 3) combinations of these defects. An example of the latter is an 

atom moving from its correct position to a nearby interstitial site. For a lattice composed 

of more than one element, non-stoichiometric crystal growth can cause any of these 

defects. In addition, an antisite defect may occur where an extra atom of one element 

substitutes for a missing atom of another element. Similarly, impurity atoms are point 

defects of various types depending on their location in the lattice. 

All of these crystal structure defects may collect into various complexes of defects 

(Bassani et al.. 1992: Krause-Rehberg et al.. 1998: Shcherbak et al.. 1996). Vacancies 

and dislocations may collect to form a void that may later fill with other materials or 

gasses. Void nucleation and growth as the lattice strains can eventually result in a crack. 

Voids may form at the liquid-solid interface and propagate in the growth direction 

creating hollow tubes, or pipes. If either the bare surface of a pipe or the material that has 

filled it were electrically conductive, it could short the electrical circuit needed to make 
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the crystal into a radiation detector. Thus, some CZT crystal growers opt to slice detector 

crystals such that pipes. If present, do not e.xit under the metal electrodes. These 

electrodes are frequently applied to opposite surfaces using liquid gold chloride 

"electroless" deposition, which readily coats the interior of a pipe ( Szeles and Eissler. 

1998). A penalty for dicing CZT in this manner, which was deemed worthwhile, is to 

increase the variation in zinc content Vvithin planar specimens (Tonev et al.. 1998b). 

Precipitates are related to voids in that they are volumes inside the lattice that are 

occupied by material of a different composition. CZT has a retrograde solubility for both 

Cd and Te; depending on which material is in excess in the melt, the solid will freeze 

with more of that constituent (-10 ppm) than can remain in solid solution as the 

temperature is lowered (Zanio. 1978). In open crucibles, a CZT melt reaches a Te-rich 

equilibrium with the vapor in which case excess Te is precipitated from the solid as it 

cools. Liquid Te droplets form at nucleation sites in the lattice and eventually freeze in. 

In general, high surface energy grain boundaries are decorated by a greater density of 

these precipitates than are twin boundaries. Precipitates on the latter, as well as those in 

the bulk lattice, tend to be faceted while those on the former are larger, orient themselves 

in the plane of the boundary, and are saucer-shaped (Heffelfmeeretal.. 1998). 

2.1.2 Electronic properties 

The previous section described several sources of structural inhomogeneities that 

can have electronic effects. Assuming a semiconductor's material properties allow for 

reasonable handling during detector fabrication and use, their electronic properties are 

what really permit their use as radiation detectors. A semiconductor's unique electrical 
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properties allow the generatiori of electrical signals when a radiation interaction within 

them ionizes some of their atoms. This section discusses electrical properties of CZT 

relevant to radiation detector operation, including the band gap, carrier mobility, 

resistivity, compensation, and carrier trapping and detrapping properties of CZT. 

Band gap 

The periodicity of a crystalline lattice is helpful in calculating appro.vimately how 

the electrons of the constituent atoms will distribute themselves and respond to external 

forces. As the atoms assemble themselves into a lattice, their orbital electrons transition 

from a set of discrete energy states to bands having a quasi-continuous range of allowed 

energies. In the ground state, all the electrons in the lattice fill up these bands starting at 

the lowest energy band. 

When a crystal lattice is in the ground state, if its uppermost, occupied band is 

partially filled with electrons or is overlapped by another band, there are unoccupied 

electronic states whose energies are only infinitesimally higher than the highest occupied 

state. Electrons can be promoted into these higher states by a tiny input of energy. 

Thermal energy agitating the lattice is more than enough to excite many electrons up to 

these available states. These excited electrons, as well as the vacancies, or holes, created 

by their transition, are mobile charge carriers. Such materials are electrically conductive 

and are called metals. On the other extreme are insulators. They have very high 

electrical resistance due to a large energy gap between their highest band that is fully 

occupied when the material is in the ground state and the next higher, completely empty 

band. These bands are called the valence and conduction bands, respectively. The 
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energy needed to promote electrons across this band gap is very large in an insulator; 

thus, insulators contain relatively few thermally generated electron-hole pairs. Between 

metais and insulators are a group of materials generally referred to as semiconductors but 

which can be fiirther classified as semimetals, semiconductors, or semi-insulators, 

depending on their electrical resistivity. 

Chen and Sher (1995) calculated the band structure of CdTe and ZnTe using a 

hybrid empirical pseudopotential and tight-binding (HPT) model. These band structures, 

shown in Figure 2.9, plot the relationships between crystal wave vectors k and energies 

of allowed electronic states in each material along specific symmetr>' a.xes. Here the 

maximum energy of the valence bands is set to zero. The minimum energy of the 

conduction bands is at the same point f in ^--space as the valence band ma.ximum so no 

additional momentum must be transferred through either the absorption or emission of a 

phonon for an electron to cross the band gap with the minimum energy. Materials with 

this property are called direct gap semiconductors. Silicon and germanium are indirect 

gap semiconductors. Band gap energies for CdTe and ZnTe measured at 4 K are 1.606 

and 2.391 eV, respectively, and decrease to approximately 1.49 and 2.26 eV at 300 K 

(Landoltand Bomstein. 1982 and 1987). Chen and Sher explain the narrowing of the 

band gap with increasing temperature as being due to phonon-coupled interactions of 

states on the edges of the conduction and valence bands as well as interactions of nearby 

bands. 
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Chen and Sher (1995) used the same HPT model to calculate the band gap 

dependence on the alloy composition. Their calculations at 0 K are plotted in Figure 2.10 

along with the experimental results at 295 K oFEbina et al. (1973). These quadratic 

curves can be manipulated into the customary form 

=  ( I  -  . v ) "  -  b x { \  -  .v) 
' (2.3) 

=  E ^ - b x { \ - x )  

where the bowing parameter b  describes the deviation from the concentration-weighted 

average and is equal to the quadratic coefficient of the equations in Figure 2.10. 
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Fig. 2.10 CZT band gap energy versus alloy composition. Calculated 0 K data from 
Chen and Sher (1995) and fitted experimental data at 295 K from Ebina et al. (1973). 
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Carrier mobility 

Electrons in a conduction band and holes in a valence band behave like free 

particles with effective masses m' that are determined by the shape of each band, or 

dispersion relation, according to 

\M (a.^=l,2,or3). (2.4) 
K m  h  d k j k f  

refers to the appropriate band energy, and the negative signs of m' for the valence 

band masses are dropped. Charge carriers with large values of m '  accelerate slower 

under the same force than do carriers with small values. 

The tensor notation in (2.4) provides for directional dependence of m ' .  Since 

CdTe and ZnTe are cubic, direct gap semiconductors with the band gaps at f where 

k = 0, it is expected that their non-degenerate (e.xcept for spin) conduction bands are 

isotropic about f (i.e., the constant energy surfaces are spherical) and the electron 

effective mass is a scalar quantity m]. Some cyclotron resonance measurements of m] at 

low temperatures show very slight crystal orientation dependencies, but these are small 

compared to both the experimental uncertainties and the ranges of reported values 

(Kanazawa and Brown. 1964: Stradling. 1968: Dang et a!., 1982: Landolt and Bornstein. 

1982 and 1987). Ratios of m] and electron rest mass in the temperature range of 100 

to 300 K are reported for CdTe and ZnTe at 0.11 and 0.12, respectively. Regardless of 

any anisotropy of ml, the conductivity in a cubic lattice is isotropic (McKelvev. 1966). 
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This proof yields a scalar quantity used in conductivity related calculations called the 

c o n d u c t i v i t y  e f f e c t i v e  m a s s  / w ' ,  w h i c h  c o m b i n e s  o r t h o g o n a l  c o m p o n e n t s  o f  m ' a s  

3 I 2 
— 7  =  — r  ( c u b i c  m a t e r i a l s )  ( 2 . 5 )  
ml w,| 

and applies to any non-degenerate band. Since m'^ * for electrons in CZT, wi' = //;'. 

Besides being highly non-isotropic, hole effective masses are further complicated 

by the fact that conduction occurs in more than one band at the valence band edge— 

primarily the heavy and light hole bands. The low-temperature CdTe heavy hole mass 

ratio mhJmQ ranges from 0.60 to 0.84 depending on the direction in the lattice; ZnTe 

varies likewise. Typical hole effective mass ratios are 0.70 and 0.68 for heavy holes and 

0.11 and 0.15 for light holes in CdTe and ZnTe, respectively. Combining the effective 

mass tensors m',^ and nth, for these bands, which have warped constant energy surfaces, 

into a scalar-valued hole conductivity effective mass is not straightforward and is 

thus omitted in this brief introduction to carrier mobility. It is sufficient to point out that 

various published values for hole effective masses in CdTe, ZnTe, and CZT are available, 

but gleaning from these e.xperimental values an understanding of hole drift mobility in 

these materials can be difficult. Schlesinger et al. (2001) suggest values of 0.53 

and 0.47 for CdTe and ZnTe, respectively, which are assumed correct for uses in this 

work. For ease of notation both the hole and electron conductivity effective masses are 

referred to hereafter as simply and m^.. 
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Since < m,, in CZT, it would be reasonable to expect electrons to move more 

easily than holes when acted upon by external forces such as an electric field. The 

mobility fj. of a charge carrier is affected not only by its effective mass but also by the 

mean free time f, which describes the average time between scattering and trapping 

events during the carrier's random walk. The relationship is 

= ̂  (2.6) 
m 

with // in units of cm'/V s, or the equivalent. Expressions for f based on models of 

carrier scattering and trapping have been described (Bube. 1992: Sze. 1981: Schlesinaer. 

2001). If f describes only scattering effects, then // is called the conductivity mobility. 

Inclusion of trapping effects further reduces this quantity to the drift mobility f.ij . 

Theoretical models for f are not readily available for all materials—particularly 

for alloys such as CZT. Furthermore, impurity and defect concentrations can vary greatly 

in samples of a given material, thereby making it impractical to use (2.6). Instead, carrier 

mobility is experimentally determined as the drift velocity per unit electric field. 

(2.7) 

at low values of E  where a linear model of / j j  is valid. Thus, the drift velocity is the 

"terminal" velocity achieved by a charge carrier when acted upon by the electric field. 

As E increases, this velocity begins to saturate; however, due to leakage current 

considerations, the range of E used in CZT radiation detectors is generally well within the 

linear regime described by (2.7). Because jUj includes both scattering and trapping it is 



41 

the most useful form and thus the "drift" adjective and subscript are commonly omitted; 

hereafter the electron and hole mobility are written as and . Burshtein et al. (1993) 

measured mobility values in Cdo.gZno.zTe as high as = 1350 cmVV s and 

//,,=120 cm"/V s, although a survey by Jung et al. (1999) indicates that respective 

values of 1100 and 50 cmVv s may be more typical of spectroscopic grade crystals. 

Resistivity and compensation 

Carrier mobilities are related to a material's electrical resistivity p, which is the 

reciprocal of its conductivity cr, through the free carrier concentrations n and p as 

G = — = e[n^i^. + pH,,). (2.8) 
P  

Derivations of (2.8) and equations that follow are available in McKelvev (1966) and 

other solid state physics texts. Expressions for n and p are 

n - 2  ( l /rmJiT 
\ 3 / -

Q kT - yY e kT 

^ ^ if E . - E ,  > 3 k T < E ,  (2.9) VJ/"* -£ -E .u r / ^ ' 
_ iKntj ikT \  IT X T  IT  p - 2  =  N , . e  

where the Fermi energy, or level, E ,  is defined with respect to the valence band edge. 

At absolute zero, E ,  is defined as the energy midpoint between the highest, occupied 

electronic state and the next higher available state. At higher temperatures, £", is the 

energy at which a state has, or would have if it were allowed, a 50% probability of being 

occupied. For an intrinsic semiconductor n = p = n^, and (2.9) can be solved to give 
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(intrinsic materials). (2.10) 

Similarly, (2.9) also leads to the law of mass action in which 

np = N^.N^.e ( 2 . 1 1 )  

is constant according to the temperature and the material's band gap and density of states 

etTective masses nij^. and njj,^. 

The e.xpression for trij^ when ml is a diagonal matri.x with unequal terms is 

As with conductivity effective masses, calculating rrij^ is straightforward in CdTe and 

ZnTe where the matri.x elements are essentially equal so nij^, = w'. However, computing 

rrtji, is again complicated by the degenerate hole bands. Schlesinger et al. (2001) make a 

common assumption that the heavy and light hole bands have spherical constant energy 

surfaces. These effective masses then combine for density of states purposes as 

= + (2.13; 

whereby they suggest values of 0.73 and 0.68 for CdTe and ZnTe, respectively. 

Applying nominal values for Cdo.sZno.iTe of = 1.6 eV, ntj^. = 0.1 , and 

mj,, = 0.72/Wo in (2.11) yields an intrinsic carrier concentration w, = yjnp = 1.4 x 10' cm ". 

If such material also has = 1100 cmYV s and = 50 cm^V s, then using (2.8) its 

resistivity would be 4 x 10'° Q cm , which is in the range values measured in 

spectroscopic-grade CZT crystals. However, all real semiconductors have large 

(2 .12 )  
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quantities of electrically active impurities and defects created during crystal growth 

and/or handling. Such imperfections have energy states within the normally forbidden 

band gap. When donor states are ionized they release mobile electrons into the 

conduction band; acceptor states capture electrons, which is equivalent to releasing holes 

into the valence band. For wide-gap semiconductors these states are sometimes referred 

to as either shallow or deep depending on whether or not their energy is close to their 

respective band edges. Implied by such terminology is the relative ease with which a 

state is ionized; nevertheless, the equilibrium fraction of any state that is thermally 

ionized depends on the Fermi level. The presence of these states tends to reduce a 

material's resistivity. The process of adjusting carrier concentrations in a material to 

optimize its resistivity and majority carrier type is called compensation. 

The concentrations of fixed, ionized donors .V* and acceptors i\f', are given by 

.V y- _ '_LD_ 

I + 
(2.14) 

D  ~  £ , > £ „ - £ ,  

I + g^e 
N. N- = 

l  +  g ^ e  

where donor and acceptor energy levels and are measured from the conduction 

and valence band edges, respectively, as is customary. The degeneracy factors depend on 

the nature of a particular state, but commonly used values used are gp=2 and g, = 4 

fSze. 1981). Determination of these factors is coupled with the energy of the state; in 

particular, these factors are often dropped from (2.14) for deep levels whose energy is 
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then considered to be shifted by k T \ n g  (Pierret. 1987). £, is found by solving (2.9) 

and (2.14) while maintaining charge neutrality, which is expressed as 

n -  p  =  N l - N ' ^ .  (2.15) 

Without intentional doping, HPB CZT grown from a Te-rich melt is generally p-type— 

indicating the presence of excess ionized acceptors. By the deliberate addition of donor 

states, this material can be compensated to near the intrinsic carrier level when iV* = N'^. 

Alternatively, if a material is so heavily doped and/or the temperature is low enough for 

|A'^d - ̂ a\' then its conductivity, in (2.8), is dominated by the impurities, and 

a - e \ N  N  J [ j u  (strongly extrinsic case) (2.16) 

where // or according to whether the material is n-type or p-type. respectively. 

As discussed by Fiederle et al. (1995). McKelvev (1966) and others, the difficulty 

of hitting this tiny compensation target is illustrated in Figure 2.11. In this e.xample. a 

CZT crystal has a shallow acceptor state compensated for a donor state of various energy 

levels. Neglected in this compensation model are any interactions among the dopants, 

which become important at high dopant concentrations. If too many shallow donors are 

added, shifts to near the conduction band resulting in undesired, high values of«. 

Compensation using shallow donors usually results in either over- or under-compensated 

low-resistivity material. By adding deep donor states the Fermi level is effectively 

"pinned" closer to the middle of the band gap so that if excess donors are added E, shifts 

only slightly. This shift in causes a large change in but only a small change in n .  



and therefore p, compared to what occurs in shallow donor scenarios, 

the types and concentrations of states in the band gap are very difficult 

45 

In real materials, 

to determine. 

1.6 

1.2 

0.8 

0.4 

0.0 
10" 

109 
E o 
E 10^ 

105 

« 103 
CO 

10' 

10-' 

.  E  = 1.6 eV 
.iT 0.1 eV 

- E ^  = 0.06 eV 

1 .V^ = 10'®cm' 

- ^ 

; ^0 = 1 

_ r=300K 

0.7 eV 
naeV —- •• 

— 0.9 eV 
• = 0.11m, 

• = 0.72m„ 

|i , = 1100 cm^A/s 

= 50 cm^A/ s 

, 
• 

^0.8 fi\/ 0.9 eV 

0.7 eV -

/ 

-

0.1 eV 

1 . 

10'5 10'6 10"' 10 18 

Donor concentration, [cm'^] 

Fig. 2.11 Resistivity and equilibrium Fermi level versus donor concentration for the 
four donor energy levels indicated along with other nominal values for Cdo.8Zno.2Te. 
The code compensation.m listed in appendix A was written for calculations such as 
this that involve only one donor and one acceptor level. 
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Formation of defect complexes and segregation of impurities, including those added for 

compensation, during crystal growth allows for numerous possible compensation 

mechanisms that are not fully understood in CZT (Szeles et al.. 1996. 1997. and 1998). 

Carrier trapping 

One problem with using compensation to obtain a high resistivity is that these 

extra states inside the band gap also act as carrier traps—spatially localized electronic 

states that capture and immobilize carriers. Electrons (holes) trapped in these states may 

be released, or detrapped, back to the conduction (valence) band by thermal excitation or 

may recombine with a hole (electron) that is subsequently captured. If recombination 

occurs at a non-negligible rate the trap may also be called a recombination center. If the 

density of empty traps iV^ is much greater than the number of free carriers in the 

volume Vat time t  that could possibly fill them, then Nj.  can be considered a constant. 

The rate at which these carriers are trapped is then proportional to both N(t) and N,-. 

The proportionality constant is expressed as a capture cross section cr^ for free carriers 

with an rms thermal velocity v,,, given by 

(2.17) 

Therefore, 

— =-NrarV„N{t) .  
V dt 

(2.18) 
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Pierret (1987) asserts that uncertainties of which mass to use in (2.17) makes it standard 

practice to use for both carriers. This simplification is reasonable since cr^ is so 

difficult to accurately calculate or measure that errors in estimating cr^ overshadow any 

errors associated with the choice of m'. From (2.18) the carrier trapping time r can be 

defmed as 

(2.19) 

and JV(/), given an initial number of free carriers , becomes 

jV(r) = jV„e-'\ (2.20) 

The trapping time r is often called the lifetime and is understood to be the 

average time before a carrier is trapped—independent of its fate after being trapped. 

Unless otherwise specified, this interpretation of r is used hereafter. Unfortunately, the 

term lifetime is sometimes used in the literature to mean the average time for a carrier 

to recombine (Bube. 1974). which herein is referred to as the recombination lifetime. 

This alternate definition is useful when describing radiation detectors that have injecting 

contacts. The details of this definition depend on the material's trapping parameters and 

whether one or both contacts are injecting. If both contacts are injecting then the 

recombination lifetime of each carrier is only paused when it becomes stuck in a trap. 

After being detrapped, this carrier continues traversing the detector. When a carrier 

arrives at its respective contact, another is injected back into the material by the opposing 

contact under the condition of charge neutrality. This cycle may repeat multiple times. 
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As with mobilities, carrier lifetimes are properties of a particular sample and not 

of a material type. Reported values of in spectroscopic-grade CZT vary considerably 

from about 0.4 to 10 //s, whereas r,, ranges between 0.06 and 4 //s fJung et al., 1999: 

Schlesinger et al.. 2001). Common values are perhaps 2 and 0.4 jus, respectively. One is 

often interested only in the combined effects of trapping and mobility in a sample. In this 

case, a convenient figure of merit called the JJT, or mobility-lifetime, product is used. 

Again, common values in spectroscopic-grade CZT are -2x10'' cm"/V and 

- 2 X 10'' cmVv. One example of the utility of the //r product is in calculating 

the drift length, 

A = |v^|r = /yr£, (2.21) 

of carriers in electric fields of strength E .  A typical electric field in an operating CZT 

spectrometer is 1000 V/cm, which would therefore produce - 20 mm and 

i,, ~ 0.2 mm for the values listed above. As discussed in the ne.\t section, this difference 

in the charge transport properties of each carrier plays a critical role in how radiation 

detectors based on these materials operate. 

Carrier detrapping 

A trivial restatement of (2.18) for the electron trapping rate due to a partially 

filled donor level using electron specific notation is 

< dt J 
^ = (2.22) 

trapping 
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where N ( t )  is the number of free carriers, and iV* is the ionized donor concentration, 

which is not necessarily the thermal equilibrium value described by (2.14). The free 

carrier concentration is n = NjV. In a similar fashion, the expression that describes the 

electron detrapping rate is expected to be proportional to the number of filled traps and 

inversely proportional to a mean detrapping time as in 

V ) Jc-truppin\; ^Dc 

The total time-dependent rate of change in M ( t )  is thus 

d N  

d t  

^dN^ 
d t  d t  

\ 
(2.24) 

\ / J%.'{rupptn^ ^ ^ trapping 

In thermal equilibrium, dN/dt = 0 whereby it is possible to solve for using (2.9), 

(2.14), (2.22), (2.23), and (2.24) in the following manner. 

= ̂  (2.25) 

go^ EnikT 

Again, standard practice, especially for deep donor states, is to set ^ assume 

that EQ is adjusted accordingly. An equivalent derivation yields for hole detrapping, 

whereby the standard expressions for either electron or hole detrapping times are 
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where yV. represents the density of states in either the conduction or valence band, 

which is also the reference level from which the trap level Ej is measured. For example, 

an electron trap at = 0.1 eV with (j^ - 10*'^ cm" in CZT at 300 K would have 

Tq - 4 /ys whereas a 0.8 eV trap with the same cross section would have 30 days . 

In retrospect, Cdo.8Zno.:Te is a reasonable alloy composition to have initially 

chosen for use as a room-temperature semiconductor detector material (Armantrout et al.. 

1976: Tonevetal.. 1999). Although CdTe is a binary alloy, which makes it much easier 

to grow crystals with larger grain sizes and fewer structural defects than CZT, it has a 

smaller band gap and lower resistivity than CZT, even with mid-gap pinning of the CdTe 

Fermi level by compensation. On the other hand, the band gap ofZnTe is so large that 

this material is plagued by numerous mid-gap trapping states that degrade its electronic 

transport properties. In the hope of optimizing both structural and electronic material 

properties, recent crystal growth efforts have focused on Cdo.9Zno,iTe material for use in 

radiation detectors. 

2.2 Radiation detector performance 

The previous half of this chapter covers the important material properties of CZT 

that are relevant for its use as a room-temperature radiation detector material. The next 

half outlines the principles for detecting radiation with CZT and characterizing its 

detector performance. In broad terms, the mechanism for radiation detection can be 

segmented into four processes. First, a radiation interaction in the detector material 

creates mobile electrical charge carriers. These carriers are then transported through the 
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material by an applied electric field. The carrier motion induces a current pulse in the 

readout circuit, and this signal is then measured and analyzed. Each topic is discussed in 

the next four sections. 

2.2.1 Radiation interactions within the detector 

This section deals with the ionization that occurs when radiation interacts with the 

detector material. Although the focus of this work is CZT gamma-ray detectors, a limited 

amount of information on other types of radiation and detection methods is presented in 

the course of this discussion. First, different types and sources of radiation are briefly 

described, and the pulse height histogram is introduced, which is the primary tool used to 

study the radiation's energy spectrum. Then several mechanisms by which ionizing 

radiation can interact with matter and deposit energy are discussed. Lastly, the 

conversion of this deposited energy into electron-hole pairs is described. 

Radiation energy spectra and pulse height histograms 

Regardless of its nature, each type of radiation has energy that can be transferred 

to a material through scattering and/or absorption, and in each case, there is an associated 

probability, or rate of occurrence. The energy spectrum of a given radiation field 

describes this probability distribution. Figure 2.12 shows graphical representations of the 

discrete photon emission spectrum from the decay of '^^Ba and a generic, continuous 

electron emission spectrum produced by some /3' decays. Radiation detection involves 

reporting to an observer as much information as possible about such radiation energy 

spectra. This information is important because if the radiation source is unknown, then 
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Fig 2.12 Discrete photon and continuous electron emission energy spectra. Photon 
emission data is from Chu et al. (2002). 

an analysis of the measured energy spectrum can identify the radioisotopes present in it 

and possibly the elements in nearby materials. In the case of nuclear medical imaging 

where the source isotope is known, measurements of the energy spectrum can be used to 

exclude from an image many detected gamma rays that lose some energy when scattering 

in the patient or elsewhere, which can create clearer images of the tissues that contain the 

radioisotope. 

As with gamma-ray scattering, some energy is deposited in a detector with each 

radiation interaction event. For CZT and many other radiation detectors, this energy 

results in an electrical pulse whose amplitude is proportional to the energy deposited by 

an interacting photon. The height of these pulses can be measured and reported as a 

pulse height histogram, as has been done in Figure 2.13 for three detectors exposed to a 

'^^Ba source. One difference in these spectra is the detector's energy resolution, which is 
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given by the width of a peak. Further discussion of pulse height spectral features and 

their causes is presented hereafter. Comparison of Figures 2.12 and 2.13 shows how poor 

detector energy resolution can make identifying an incident radiation energy spectrum 

quite difficult. The goal of this research is to develop and utilize tools to better 
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Fig. 2.13 pulse height spectra produced by three radiation detectors. The high-
purity germanium (HPGe) detector was not functioning optimally when this histogram 
was measured; similar detectors can perform much better (e.g., Philippot, 1970). 
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understand CZT radiation detector materials so improvements in their performance can 

be made. Thereby, pulse height histograms obtained at room-temperature from CZT 

detectors may one day be more like those of cryogenically cooled HPGe detectors. 

Radiation interactions with matter 

Energy is deposited by radiation interactions in a material through several 

mechanisms. Evans (1955). Krane (1988). and Knoll (1999) are basic references on this 

topic, but e.\cellent descriptions that use consistent, accurate terminology are found in 

Marmier and Sheldon (1969) and Williams (1991). A summary of the relevant processes 

for photon energy deposition in a detector is presented here. 

The three dominant photon interactions in detector materials are photoelectric 

absorption, incoherent photon scattering, and pair production. The relative probability 

105 "H" 

0.01 0.1 10 100 

Photon energy [MeV] 

Fig. 2.14 Photon interaction cross sections in germanium. Data from TART. 
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for each process is determined by the respective contributions to the total interaction 

cross section + cr^,^ + . These cross sections are often quoted in 

whose photon cross sections are plotted in Figure 2.14. 

A linear attenuation coefficient , which has units of inverse length, 

represents the cross section for a particular photon interaction in a group of atoms of 

number density N. Such coefficients are useful because the probability of a photon 

traversing a thickness t without having that interaction is then exp(-//^„,,/). Figure 2.15 

plots the total linear photon attenuation coefficients for three compound semiconductor 

detector materials. Mass attenuation coefficients (^) are also useful when photon 

units of bams (lO""^cm"). Germanium is a common, single-element detector material 

10-1 
10 20 30 40 50 70 100 200 300 400500 700 
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Fig. 2.15 Total linear photon attenuation coefficients in three different semiconductor 
materials. Data calculated using TART. 
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interaction data is needed for a mixture of elements since known coefficients for each 

element can be combined according to their mass fractions iv, as 

\ f sA 

II n (2.27) 
y mLXturc ' . p .  I 

Through photoelectric absorption, an atom absorbs the photon and a 

photoelectron is ejected with a kinetic energy equal to that of the photon minus the 

original atomic binding energy of the electron and the very small recoil energy of the 

atom. The K edge corresponds to when the photon energy is large enough to eject a 

K-shell electron. Similar absorption edges exist for all occupied electronic states. 

Incoherent photon scattering occurs when an incident photon with energy £, 

scatters inelastically off an electron into an angle d with energy £' while the electron 

recoils at an angle as shown in Figure 2.16. If the target electron is assumed unbound 

and at rest then the Compton scattering relationship is applicable, which by conservation 

of momentum and energy is 

E:{E,0) = . (2.28) 

l  +  - ^ { l - c o s ^ )  

Figure 2.16 shows how£.' has a minimum of at most m^c' /2 = 256 keV when ^ = 180 . 

The energy difference between the incident and scattered photon is the energy transferred 

to the electron, which is therefore a maximum percentage of the incident photon energy. 

For monoenergetic incident photons, the maximum energy deposited during an 

incoherent scatter event defines the location of a Compton edge in an energy deposition 
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spectrum. The Compton edge energy as a percentage its corresponding photopeak energy 

is also indicated in Figure 2.16. Compton edges are noticeable in Figure 2.17, which 

plots a measured pulse height histogram as well as a Monte Carlo photon transport 

simulation of energy deposition in a germanium detector. 

Brief descriptions are useful of some other features in Figure 2.17 that are due to 

incoherent scattering; additional features are discussed later. Incoherent scattering occurs 

in both the detector and any surrounding materials. The energies of photons entering the 

detector after one external scattering event are also given by (2.28) according to the type 

and position of the scattering material, which usually produces a backscatter peak at the 
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Fig 2.16 Diagram of incoherent photon scattering (inset) and plot of the minimum 
scattered photon energy and the relative energy of the Compton edge versus incident 
photon energy. 
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same minimum energy plotted in Figure 2.16. Likewise, the shoulder in Figure 2.17 at 

energies just below the X-ray escape peak is due to low-angle, incoherent scattering in 

the detector's entrance window. Multiple incoherent scatters within the detector allow 

the deposition of energy greater than the Compton edge. A sizeable fraction of the events 

near and below the backscatter peak are photons that undergo multiple incoherent scatters 

in the surrounding material before entering the detector. 
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Fig 2.17 Measured ^"Co pulse height histogram (top) and simulated energy 
deposition spectrum of a HPGe detector. ^"Co has two primary photon emissions at 
1332.5 and 1173.2 keV; only the higher energy line is simulated here using MCNP. 
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Obviously, the electrons in matter are neither free nor at rest. However, most 

electrons are in outer atomic shells with binding energies that are small compared to the 

photon energies where incoherent scattering dominates. Thus, it is often sufficiently 

accurate to use the simpler Compton scattering equations for free electrons. Initial 

electron momentum distributions result in Doppler broadening which blurs the Compton 

edge slightly (Briesmeister. 2000). Klein-Nishina, or free electron, cross sections are 

modified to account for binding energy effects in atoms using form factors that are 

functions of the photon energy and atomic number (Klein and Nishina. 1929). These 

factors decrease the cross section, most strongly in the forward direction, from the Klein-

Nishina predictions for both low photon energy and high atomic number. 

Electrons in an atom or material also act collectively to produce coherent photon 

scattering. This elastic scattering causes a photon to change direction without losing any 

energy, in the center-of-mass reference frame; as measured in the lab reference frame the 

energy transfer is proportionally very small. Similar to the distinction between 

incoherent and Compton scattering, Rayleigh and Thomson scattering are the coherent 

photon scattering from bound and free electrons, respectively, where Rayleigh scattering 

cross sections are likewise modified by form factors. These terminology distinctions are 

not universal so the conte.xt of their usage must be considered for a proper interpretation 

(e.g., Briesmeister. 2000: Cullen. 2000: Kawrakovv and Rogers. 2000: GEANT. 2001). 

The coherent scattering cross section only contributes a minor amount to the total photon 

interaction cross section. Nevertheless, because photons undergoing such interactions 
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deposit only a tiny fraction of their energy and are generally forward scattered, a "total 

minus coherent" cross section is commonly used in detection and shielding calculations. 

Pair and triplet production are terms sometimes used to distinguish events where a 

photon converts into an electron-positron pair during an interaction, respectively, with the 

electric field of a nucleus or an electron. The rest mass of the electron-positron pair sets 

the threshold energy for pair production at 2/«oC" = 1.022 MeV (see Figure 2.14) where 

the relatively massive nucleus recoils with a negligible energy to conserve energy and 

momentum. A similar calculation shows that for triplet production, where the recoil 

electron has the same mass as the newly created particles, the threshold energy is 

Am^c' = 2.044 MeV. Other photon interactions, such as photonuclear disintegration and 

meson production, occur at energies higher than are of interest here. 

A portion of the energy deposited in matter by these photon interaction processes 

is initially in the potential energy of excited or fully ionized atoms. Such an atom then 

de-excites in a cascade fashion by emitting one or more characteristic fluorescence 

X rays and possibly Auger electrons until the atom has a full complement of electrons in 

a thermal equilibrium configuration. Energetic charged particles produced during any 

interactions will slow down through Coulomb interactions possibly ionizing or e.xciting 

additional atoms as well as producing bremsstrahlung photons. 

One or more of these secondary photons or charged particles may exit the detector 

volume without further interaction giving rise to various escape peaks, some of which can 

be seen in Figure 2.17. As already discussed, the Compton edge represents the escape of 

the incoherently scattered photon. Another frequently observed peak is due to the escape 
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of characteristic fluorescent X rays released when an electronic vacancy in an atom is 

filled. For example, Ka X rays are released during electron transitions from one of the L 

shells to a K shell. The result is a group of peaks in the energy deposition spectrum just 

below the full-energy photopeak; due to the small differences in their energies, individual 

lines usually appear as a single peak in CZT. Similarly, a positron from pair or triplet 

production will eventually annihilate with an electron producing two 511 keV 

annihilation photons. One or both of these penetrating photons could escape from the 

detector resulting in single or double escape peaks. Annihilation photons resulting from 

interactions occurring outside the detector could also produce an annihilation peak at 

511 keV. 

For each initial photon interaction, there are a multitude of possible subsequent 

interactions involving both photons and particles. The photopeak is the result of all 

combinations of interactions in which all the initial photon's energy is deposited inside 

the detector's active volume. Any number of other combinations can lead to partial 

energy deposition but only the most probable ones will produce noticeable features in 

either a computed energy deposition spectrum or measured pulse height histogram. 

Conversion of deposited energy into electron-hole pairs 

The ne.xt step in the photon energy deposition process is to dissipate the additional 

kinetic energy of any particles affected by the photon interaction processes. This step 

occurs continuously from the moment of the initial photon interaction. As alluded to 

previously, nearly all of the energy deposited by these interactions is given to electrons or 
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positrons. A particle's energy loss as a function of path length through a particular 

material is called the stopping power and is written as dEldx. There is negligible 

difference between the stopping power for electrons and positrons. Figure 2.18 plots the 

total electron stopping power (and its components) of CZT along with the electron range, 

or average total path length, given by 

range{E^) = 
^ dE^ 
\dx y 

dE (2.29) 
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Fig 2.18 Total stopping power and extrapolated electron range, or penetration depth, 
for electrons in Cd0.gZn0.2Te (5.81 g/cm^) with contributions from ionization, 
excitation, and bremsstrahlung radiation shown in gray. Data calculated using TART, 
which uses the LLNL Evaluated Electron Data Library described by Perkins (1991). 
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using a continuous slowing-down approximation. Most electron energy losses occur 

through ionization and excitation of nearby atoms except at energies above many MeV 

(which threshold increases for lighter target elements) where bremsstrahlung dominates. 

At energies below the ionization potential, only excitation of the atom is possible; 

however, an electron with more than twice this amount is capable of ejecting an electron 

that is itself energetic enough to ionize other atoms. 

There are two important points relating to Figure 2.18 that should be stated. First. 

range is defined here as the mean path length. It is not equivalent to penetration depth, 

which could be defined as the radial distance traveled by an electron from its point of 

origin. Large-angle scattering from a nucleus and essentially continuous, small-angle 

scattering from other electrons yield very erratic electron trajectories. Due to the tortuous 

path followed and the range straggling caused by fluctuations in the amount of energy 

lost in each collision, such a penetration depth is typically a factor of two less than this 

range (Marmierand Sheldon. 1969). Using this approximation and Figure 2.18, a 

110 keV electron penetrates an average of 26 //m in Cdo.sZno.zTe. This value compares 

favorably with that of Eskin (1997) who applies the Kanava and Okavama (1972) 

electron scattering model to Cdo.9Zno.1Te. Eskin determines that on average a 110 keV 

electron dissipates 1/e of its energy within a sphere of radius 12.3 //m centered 8.2 

away from the electron's origin in the direction of its initial velocity. 

Second, a simplistic excitation model based on particular types of collisions with 

the outermost subshell electrons of each constituent element is combined to represent the 

CZT mixture. Furthermore, because the energy band structure of the crystal is not 
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considered in this data by Perkins et al. (1991). it is possible that excitation errors greater 

than the reported 20 and 50 percent are present. 

The same 110 keV electron slows enough to become an energetic, conduction 

electron in less than a picosecond. The time constant for electrons and holes in excited 

states to dissipate their excess energy and thermalize to near the conduction and valence 

band edges, respectively, is also of the order of a picosecond (Sze. 1981). The result is 

that when a photon interacts in a CZT detector depositing a total energy , mostly in 

one or more energetic electrons or positrons at various locations, it produces .V,, thermal 

electron-hole (e-h) pairs essentially instantly compared to the time scales of subsequent 

charge transport processes. 

Some energy is also lost in the form of lattice vibrations, below band gap energy 

photons, and possibly the displacement of atoms in the detector's crystal lattice. The 

conversion efficiency, or alternatively the e-h pair creation energy, is 

^7 7 = 4- (2.30) 
m e a n  { )  N g  

pair 

Fano (1947) describes the variance of as 

o-; (2.31) 
pair 

where a Fano factor F < 1 implies that creating each e-h pair is not an independent event. 

Fano factors for CZT reported by Niemela and Sipila (1994). Bale et al. (1999), and 

Redus et al. (1998) are 0.14, 0.099, and 0.082 using 20, 20, and 10 percent ZnTe samples, 

respectively. In each case, the authors assumed that = 5.0 eV/pair. 
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Actual values of F and set lower limits on a detector's energy resolution; the 

smallest achievable fractional width of a Gaussian photopeak at energy is 

However, reported energy resolutions of CZT detectors for 662 keV photons are at least 

one order of magnitude larger than the 0.19% limit calculated with (2.32) using the 

parameters given above. Thus, significant improvements in material quality as well as 

detector and electronics design should still be pursued. Other issues affecting the 

spectroscopic performance of these detectors, besides the statistical nature of the charge 

generation process, are discussed in the next sections, which consider charge transport, 

induction, and readout. 

2.2.2 Charge transport 

The key function of a radiation detector is to report in an easily observed manner 

the ionization events caused by radiation interactions. Semiconductor radiation detector 

systems measure the amplitude of electrical current pulses in the detector circuit resulting 

from radiation interactions in the photoconductive semiconductor material. Amplitudes 

of each pulse are proportional to the number of e-h pairs created during the radiation 

interaction; and the number of e-h pairs is proportional to the total deposited energy. 

This section provides an abbreviated description of the movement, or transport, of these 

charge carriers. A detailed treatment of charge generation and transport, which includes 

FW. 
(2.32) 
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non-point charge deposition as well as the effects of diffusion and repulsion of charge 

clouds, is offered by Marks (2000). 

The operation of many simple radiation detectors, like the one diagramed in 

Figure 2.19, can be understood by approximating the electrodes as two infinite, parallel 

plates. Such devices are usually referred to as "planar" detectors and consist of a slab of 

semiconductor crystal with continuous electrodes deposited on two opposing surfaces 

separated by a distance L. When electrode A is grounded and B is maintained by an 

external power source at a constant voltage -(j> a position-dependent electric field E is 

created inside the detector. If the sizes of both electrodes are large compared to Z., the 

direction of the applied field is approximately in the direction throughout the material. 

The electrical characteristics of metal-semiconductor contacts depend on the work 

functions of the materials used their fabrication (McKelvev. 1966). In most cases, the 
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fabricated contacts are neither entirely blocking nor injecting, but to simplify this 

discussion they are considered hereafter as either one or the other. If the same contacts 

are used for both the anode and cathode of a detector, their characteristics are generally 

the opposite of each other. In principle, the field strength E is constant in p-type (n-type) 

detector materials if, at least, A (B) is an injecting contact. If not, mobile holes 

(electrons) are swept from the detector volume without being replenished by the blocking 

anode (cathode), leaving behind fi.\ed, negatively charged dopant sites. After equilibrium 

is established, the resulting space charge modifies the applied field in the detector. To 

fiilly deplete such a detector a minimum, or depletion, voltage is required, which 

Knoll (1999) gives as 

e L ' \ N ' - N : \  
(2.33) 

IE  

Applying (2.8) and (2.15), CZT with a resistivity of 10" Q cm would have a net, ionized 

defect concentration about 10" cm '. A 1 cm thick detector of such p-type material with 

fd,, = 50 cmYv s would from (2.33) have (pj = \ V. Thus, even in a diode contact 

scenario, it is realistic to have ^ for high-resistivity CZT in currently realizable 

dimensions, which would also result in E being essentially constant. 

When an ionization event creates e-h pairs, assumed to be at the point z = a 

at / = 0, the electrons and holes drift in opposite directions. As they move, some are 

trapped by electron and hole traps, which are assumed here to be homogeneously 

distributed. Assuming no lateral transport occurs, after a time / the untrapped electrons 
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and holes have reached z = b_. and b,,, respectively. If ^ for both carrier types, 

(2.20) can be used to express the number of trapped carriers of one type as functions of 

either time or distance traveled as 

\-e '• (2.34) 

Differentiating (2.34) w.r.t. r and including both holes and electrons provides an 

expression for the instantaneous, linear charge distribution p{z) as 

p(--) = 

eN. 

-eK 

f .  
—  e ' "  S(z-bi,) 

f z-a 
—e + e S(z -  b,) 
A. 

0 

for a  < z  < b , ,  

for b < z < a  

elsewhere. 

(2.35) 

Although use of (2.35) requires that no significant detrapping occur during the transit 

times involved, it is useful for subsequent charge induction derivations in the ne.xt section 

that also make this assumption. Depending on how a CZT radiation detector is operated 

it is usually possible to ignore detrapping. 

2.2.3 Charge induction on sensor electrodes 

The topic of this section is the manner in which an electrical pulse is generated by 

the transport of e-h pairs in a detector circuit. First, a crucial theorem that describes the 

charge induction in arbitrary arrangements of sensor electrodes is presented followed by 
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the application of this theorem for two important classes of detector electrode geometries. 

Lastly, some practical matters regarding charge induction calculations are discussed. 

The Ramo-Shockley theorem 

A typical radiation detector circuit includes two or more electrodes in arbitrary 

geometries and held at various fi.xed potentials. Ramo (1939) and Shocklev (1938) both 

published similar theorems dealing with the time dependence of currents in vacuum 

tubes, which provide a method to determine the currents flowing in a detector circuit as 

mobile charge carriers migrate according to the resulting electric field. Although Ramo's 

paper was submitted four months after Shockley's, many literature citations of this 

theorem use only Ramo's name. The theorem actually implements an idea put forth by 

Ma.xvvell (1881) that deals with charge rather than current. Namely, the charge Q,„ 

induced on electrode m due to the presence of a point charge q located at r is given by, 

Q. = (2.36) 

where is a dimensionless scalar field called a weighting potential. This potential 

satisfies Laplace's equation V"ct)^ = 0 with the boundary conditions that electrode m be 

held at unit potential while all other electrodes are at zero. Thus, regions having higher 

weighting potential values induce proportionally more charge. Alternatively, charges 

drifting through regions of rapidly changing weighting potential (i.e., high weighting 

field ) cause the largest changes in the induced charge. These interpretive 

statements are further e.xplained through the following derivation and application of 

(2.36). Similar derivations are found elsewhere including Eskin et al. (1999). 
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Fig. 2.20 Example surfaces 
used in the description of the 
Ramo-Shockley theorem. This 
is a cross-sectional view of 
three electrodes A, B, and C; a 
point D; and the four Gaussian 
surfaces 5,/, SB, SC, and So that 
enclose them. 

5. 

D 

D 

B C 

S c 

Consider the situation diagramed in Figure 2.20 where a charge q is placed among 

electrodes A, B, and C at the point D. Four equipotential surfaces {5,,5^,5*0} just 

large enough to enclose these regions are defined, which themselves form a composite 

surface  S enclos ing a  volume V tha t  inc ludes  everywhere  e .xcept  these  regions .  Ins ide  V 

the electric potential is described by ^(r). It is sufficient to prove (2.36) for the case 

where the electrodes are all grounded and the point charge is at rest. The principle of 

superposition can then be applied to account for both non-zero bias voltages on the 

conductors as well as distributions of charge. 

If the surfaces remain unchanged, but the charge q is now absent and a weighting 

potential O ̂  is instead defined at electrodes A, B, and C to be 1,0, and 0, respectively. 

Green's theorem (Jackson. 1975). 

JrfV (<l>, VV 
dn 

(2.37) 

provides the relation between the scalar fields <j)(x) and O ̂ (r) in the volume V. The 
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normal derivative dlcn is directed outward, which implies that the normal vectors have 

the opposite sense with respect to each infinitesimal volume element excluded from V. 

Inside V there are neither electric nor "weight" charges. Therefore, (f> and tt> ^ 

satisfy Laplace's equation, V"^ = V"0 ^ =0, and the entire left-hand side of (2.37) is 

zero. Expanding the surface integrals of (2.37) and inserting the boundary conditions on 

(ft and <t> ^ then leaves only 

= + (Z)(ro)(fc/-r^^. (2.38) 
• cn / cn • en 

J I -'D 

Since there is no "weight" charge in the volume e.xcluded by 5*0, reversing the direction 

of the normal vectors n = -n'and applying Gauss's law, 

dd'r ^ = - , (2.39) 
] an' c 

to the remaining surfaces and their respective excluded volumes reduces (2.38) to 

Q, = -q<t>,(ro)- (2.40) 

Generalizing the subscripts in (2.40) for the wth electrode and the location of <7 yields the 

desired form of the expression in (2.36). 

This result is extended by superposition to account for multiple charges q, as 

Q.'-'Zl.fJr,) (2.41) 
I  

or for a charge distribution p(r)  as 

e.=-|rfVMr)<l>.(r). (2.42) 
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General cases that include dielectric materials with fixed charges or non-zero bias 

potentials on any electrodes are similarly accounted for by superposition. Using a 

slightly different method, De Visschere (1990) derives the same theorem starting with 

this general case. A general version of Ramo's theorem by Gatti et al. (1982) can be used 

when the electrode potentials are not constant. 

Frequently, the relative change in the charge induced on a sensing electrode is of 

interest, rather than an absolute quantity, whereby offsets due to these effects are not 

relevant. Using (2.42), the change in the charge induction AO after the distribution of 

mobile charge carriers p has evolved during the At preceding time f is given by 

AQjt,At)= Jt/V [pirj -  At) -  p{r,t)\ (2.43) 

regardless of how p originates or evolves. For e.xample, the situation could be a 

radiation interaction event or, as discussed later in chapter 5, it could be thermal 

detrapping of previously trapped charge carriers. Note that the quantity in square 

brackets in (2.43) is the initial charge distribution minus the final charge distribution. 

Planar detectors and the Hecht relation 

An expression for the simple case of charge induction in planar detectors due to 

charge transport in the presence of trapping is derived using the Ramo-Shockley theorem, 

as applied in (2.43). This derivation method differs from that of Hecht (1932). but the 

result is still referred to as the Hecht relation. 
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The scenario is sketched in Figure 2.19 where a uniform electric field £" = is 

assumed. In this case, the weighting potential for electrode ̂  is a linear ramp from 0 to 

1, or 

L - z  
0 , ( z )  =  (2.44) 

Since the charge distribution at the moment of ionization is zero, the induced charge on A 

during the subsequent transport period is determined using (2.35), (2.43), and (2.44) as 

dz 
L - z  

h .  -u 

— e  S { z - b ^ )  
A.  

-eN\ 

eN,, 

dz 
L - z  

j - h .  

A, 
• e  + e  S { z  - b ^ )  (2.45) 

^ h.-a ^ 

1 - e '• l - e  

V / 

for Q  <  b  <  a  <  b , <  L .  

Again, it is assumed in (2.45) that no lateral transport occurs. Restated as a function of 

the time elapsed t = —-a|, (2.45) becomes 
/I 

=  0 < A < m i n ( r ^ )  ( 2 . 4 6 )  

where min(r/j) is the shorter of the hole and electron transit times. The compactness of 

(2.46) can be misleading since min(r^) is a function of the interaction location z = a and 

the potential (p. 
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Alternatively, the Hecht relation describing the total charge induction in a planar 

detector is obtained from (2.45) in the limiting case when all untrapped carriers have 

been swept to an electrode. In other words, the ma.\imum detected signal as a function of 

interaction location is 

eN ^QAa) = '-^ 
( ^ 1 c

. 1 1 

X, \-e'' -^^1, 
\ J V / 

for 0 < a  <  L ,  (2.47) 

This result assumes that after arriving at their respective electrodes carriers are not 

reinjected. The charge collection efficiencies and ideal pulse height 

histograms simulated for uniformly distributed interaction locations in planar detectors 

with various trapping parameters are plotted in Figure 2.21. When ^ the proportion 

of events contributing to the narrow portion of the photopeak decreases. Since > A,, in 

CZT and many other materials, this degradation of the photopeak is commonly called 

hole tailing and is a major factor in the poor performance of planar radiation detectors 

(see Figure 2.13). Brunett et al. (1999c) do report a method to optimize planar detector 

charge collection properties. 

The analysis leading to (2.46) and (2.47) assumes that no detrapping occurs while 

the signals are measured. For many semiconductor radiation detectors, like those 

made from CZT, this is generally a reasonable first approximation. An expression related 

to (2.46) for transport of a single carrier when detrapping is included is reported by 



Martini and McMath (1970) as 

AQit) = eNg — 

where 

for 0 < t < T „  
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(2.48) 

r s 
r + Tr. 

(2.49) 

These two equations describe the "fast" component of the charge induction process. For 

t>T^, additional charge will be added slowly as trapped carriers are eventually released. 

1.0 

0.5 

0.0 
0.0 0.5 1.0 1.5 

Distance from anode, a [mm] 

X , = \ = 20 mm 

"V 

1 

• 

•J- X 

X = = 0.2 mm 

, , , , 1 , . , , 1 , , , 1 . i . . rrri ' • 

Counts 

Fig. 2.21 Charge collection efficiency (left) versus interaction depth in a planar 
detector with unequal carrier drift length values common for CZT (black line) and 
with corresponding, equal values (gray lines). The simulated pulse height histograms 
(right) assume uniformly distributed interaction depths and include no other sources of 
broadening. These histograms are purposely displayed unconventionally (i.e. with 
axes switched) to reinforce the connection between the two plots. 
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Recognizing that in practice it is desirable to estimate the total charge induced within a 

sampling time defined by the readout circuit, Akutagawa and Zanio (1969) offer the 

approximation 

for the same single carrier transport case. It is much more complicated to fully describe 

the general case for two carriers that includes multiple trap states with independent 

characteristics and arbitrary interaction locations. 

The preceding calculations of charge induction in a planar detector are useful for 

understanding the performance of many detectors. However, the Hecht relation or even 

its more comple.x relatives do not apply to all electrode geometries. It should be expected 

that a planar electrode geometry becomes an inaccurate model when the size of either 

electrode is of the order or less than the distance that separates them. 

Weighting-potential solution method for pixel array detectors 

One variation on the planar electrode design, used for many years with gas and 

liquid ionization chambers, is a Frisch (1944) grid. In this design, a wire grid electrode 

divides the chamber into two regions, much like the situation shown in Figure 2.20. 

Another gas detector demonstrated by Waeenaar and Terwilliger (1995) avoids using a 

traditional Frisch grid by segmenting the planar anode into thin "self-gridding" strips. 

Likewise, a CZT detector de<;igned by Luke (1994) uses two sets of interlaced anode 

strips as a "coplanar" grid. Common gas, liquid, and semiconductor coaxial detectors 

for ^ < 0.5 (2.50) 
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extend an anode wire, or the equivalent, through the center of a cylindrical detection 

volume encased by one or more additional electrodes. Malm et al. (1975) tested CdTe 

detectors with modified coaxial designs that use an anode dot on one side of a cube and a 

quasi-hemispheric cathode on the five remaining sides. 

The advantages of these various electrode designs are discussed in the papers 

mentioned as well as in numerous others (e.g., Sakai. 1968; Mathieson. 1979: Radeka. 

1988: Richter and Siffert. 1992; He et al.. 1996). Qualitative understanding of the charge 

induction in each of these designs is now easily achieved using weighting potentials. By 

decreasing the relative size of a particular sensing electrode or by positioning other 

electrodes nearby, the weighting potential in the immediate vicinity of the sensing 

electrode is made to decrease more rapidly as a function of distance from that electrode. 

According to (2.43), mobile carriers that pass through this region induce the largest 

change in the charge on that electrode. 

Luke (1994) and Barrett et al. (1995) point out the performance implications of 

electrode size and configuration. The latter paper and a detailed follow-up by Eskin et al. 

(1999) describe the "near-field" effect of multi-electrode systems that is frequently 

referred to as the "small-pi.xel" effect. Although that work was with pixelated detector 

arrays, this general effect is readily observed with other electrode configurations. A 

recent controversy involving a new CZT crystal growth method was resolved when 

preliminary results were correctly interpreted in light of this effect (Lachish. 1998: 

Stahle. 1998: S h o r e t a l . .  1 9 9 9 : and Brunett et al.. 1999). Devices that make use of this 

effect to boost their detector performance frequently use modifiers such as electron-only. 
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unipolar, or single-carrier to describe their operation. For example, Luke (1996), 

Apotovskv et al. (1997). He (1998). Lund (2000). Lingren et al. (2000). and McGregor 

and Roieski (2001) have patented such devices. The basis for their nomenclature and 

increased performance is outlined in the remainder of this section for the case of a pi.\el 

array device. First, weighting-potential calculation methods are presented, followed by a 

discussion of related computational issues. Lastly, the weighting potential for the 

pixelated detector array used in this work is presented. 

The utility of the weighting potential method lies in the fact that one must solve 

Laplace's equation only once for each electrode in the system. Furthermore, if the 

electrodes form a regular lattice, as in the case of most pixel arrays, the same weighting 

potential map can be translated by the appropriate lattice spacing to approximately 

describe the charge induction on each electrode. 

Pi.xel array weighting potential solutions were calculated in this work using two 

solution methods. The first was originally presented by Castoldi et al. (1996) with the 

pertinent results restated here without proof. The solution is that of an infinite, two-

dimensional array of square pi.xels with a pitch P = 2a that lie in the r = 0 plane with a 

continuous electrode in the r = Z, plane. Each pixel is presumed to be electrically 

isolated from its neighbors (and the continuous electrode) although there is a negligible 

gap separating them. The boundary conditions for the weighting potential of a pixel 

centered at the origin are achieved by arranging an infinite set of image weighting 

charges in dipole layers that are located at intervals of 2L along the z axis starting at the 
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pixel plane. Each dipole layer is same size as the pixel and has the +1 side facing the 

positive z direction. The solution for the weighting potential is 

1 
(2.51) 

where Q is the solid angle subtended at r by each square dipole layer and is given by 

Q(.v, v\r) = tan ' ^ /v - / 

tan 

+ tan' 

+ tan" 

Z y j i a - x ) - + { a - V + r" 

{ a - x ) { a +  y 

Z y j i a - x Y  +  { a  +  y ' + z" 

( a  +  x ) { a - y 

z y j { a  +  x f  + { a - + r" 

{a  + -v)(i? + y 

z J [ a  +  x )  + { a  +  y +  Z '  

(2.52) 

The series is truncated after converging to desired accuracy but the number of terms 

required varies considerably with position r. 

This dipole image charge method is very useful for calculating the weighting 

potential at a limited number of locations. However, as recommended by Eskin (1997). 

two- or three-dimensional (2-D or 3-D) weighting potential matrices representing layers 

or volumes within the detector can be more easily calculated using a Fourier-transform 

propagation technique derived originally by Kavadias et al. (1994). The 2-D Fourier 

transform of V'O = 0 in the .r and y spatial coordinates can be written as 

dxdv e 
•i{k,.x*k,y) 0'O(.V, V,z) _ 

dz-
dxdy e 

v |  a- a-•>  ̂

+ •  

dx' dv' 
cI)(.v,y,.-).(2.53) 
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The differentiation step on the left side can be performed after the 2-D Fourier transform 

. Integrating the right side by parts reduces (2.53) to 

= (A:; . (2.54) 

Solutions to (2.54) take the form 

ct)(^,,^,,^) = + B{k^,k^)e-'' (2.55) 

if the Fourier domain coordinates are expressed using k' = k] + k'^.. The functions A and 

B are found using the boundary conditions of <1) that require 

A{k^,k^)e"'-^B{k,,k^)e-''=Q 

A{k^,k^) + B{k^,k^) = ̂ ,(,k^,k^) 

where the transform of O on the pixel plane is iy,{<I)(.v,_v,0)} = Oo(A\,A',). Thus, 

A(k^,k^ )^ -^^{k^,k^.)-^—^ 
e -e 

B{k^,kJ = ̂ ,(k^.kJ 
e -e 

(2.57) 

and (2.55) then becomes 

<»{k,.k,.z) = <t>AI',.K) „ -a (2.58) 
e -e 

which, after a 2-D inverse Fourier transform, yields the final expression 

In other words, the weighting potential in any plane inside the detector is found 

by multiplying the Fourier transform of the weighting potential at the pixel plane by a 
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propagation function and then performing an inverse Fourier transform. In addition to 

solving for <t) in layers rather than at individual points, this Fourier approach can be 

applied to arbitrary electrode configurations when the conditions assumed in (2.56) are 

met and an appropriate is known. Both Kavadias and Eskin present an iterative 

solution method to model gaps between square pi.xels in an array. However, Eskin 

concludes that a simple, linear ramp model is an excellent compromise between accuracy 

and computational effort if the interpi.\el gaps are small compared to the pixel pitch. 

There are a few other computational issues with the Fourier-transform propagation 

technique that are worth discussing before presenting an example of weighting potentials 

calculated by this method for a pixelated detector array. 

Computational issues with the Fourier-transform propagation method 

In practice, a computer is used to calculate the weighting potential by the Fourier-

transform propagation method. The most important consequence of using a computer is 

that discrete Fourier transform (DFT) algorithms attempt to approximate the continuous 

transform of Oo(.v, _v), which is sampled at a regularly spaced array of locations. One 

such algorithm, the Fast Fourier Transform (FFT), makes this procedure very efficient for 

most array sizes. General information concerning the DFT and requirements for its 

proper use can be found in many texts, such as, Brieham (1974). Gaskill (1978). 

Hakimmashhadi (1988). and James (1995). Barrett and Mvers (2002) present a nicely 

arranged description, a portion of which is summarized here, of potential sources of error 

when using the DFT. 
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The first source of error is undersampling the function, or signal, being 

transformed. The Nyquist sampling condition requires that this signal be sampled at 

intervals A no greater than the reciprocal of twice the highest spatial frequency 

component present in the signal. So, 

A < — ! — =  -  ( 2 . 6 0 )  
If B 

where the signal bandwidth B is also called the Nyquist rate. In some disciplines is 

referred to as the bandwidth since the DFT has frequency components ranging from 

~ /max . If the Nyquist condition is not met then all components of the signal's 

actual power spectrum at +df are folded back in the DFT spectrum and appear at 

/max ~ • T^his effect is commonly called aliasing. 

A second source of error in a DFT is called leakage. Leakage occurs whenever 

the size of the sampling window is not an integer multiple of the signal period in the case 

of periodic signals. Some leakage will always be present when using the DFT with non-

periodic signals that by definition are truncated at an arbitrary interval. The term leakage 

is used because its effect is to blur together adjacent frequency samples in the DFT. The 

effects of aliasing and leakage are minimized in the weighting potential calculation by 

sampling <t)o at small intervals over an area more than twice as large as the desired final 

area of the solution <I). The 2-D, radi.x-2 FFT used in this work achieves time and 

storage space reductions by operating only on matrices where the size of each dimension 

is an integer power of two (MATLAB. 1999). Other fast, efficient FFT algorithms e.xist 

that have relaxed size constraints (Press etal.. 1992). 
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For a given sampling interval, there is a choice of where to locate these samples 

with respect to the pixel. This choice affects the number of samples on a metal pixel 

electrode or in the interpixel gap. Optimizing the total number, starting location, and 

spacing of samples influences how faithfully the computed weighting potential represents 

the actual weighting potential. Available time and computer resources limit the 

achievable accuracy. Failure to adequately sample can result in erroneously 

computing oscillatory values of <IJ far from the pixel near the pixel plane. Fortunately, 

the true values in these areas are so close to zero that any oscillations can be ignored or 

removed by smoothing. 

Size limitations on the numbers represented in a computer quickly becomes an 

issue when dealing with hyperbolic functions. A separate issue of how the computer 

handles zero divided by zero must also be addressed analytically. Thus, for k>0 the 

propagation function in (2.59) can only be evaluated by the machine as 

in these three special cases where limit is determined by the log of the largest floating

point number that the computer can represent. Furthermore, a significant decrease in the 

time required to evaluate the propagation function at an array of k space locations is 

achieved by computing, for instance, the lower triangular matrix in the quadrant where 

and k^. are positive and then recreating the full propagation matrix by symmetry. 

s i n h k { L - z )  
' { L - - ) / L  for ;- = 0 

sinh kL 
= • e''^ for kL > limit 

0 for kL > limit < kz 

(2.61) 
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Results of the Fourier-transform propagation method for a pixel array detector 

MATLAB code written for this work and listed in appendix A addresses these 

computational issues and semi-automates the procedures for calculating the weighting 

potential in pixelated radiation detectors using the Fourier-transform propagation method. 

The function FFTweight.m begins by calling the function MakePixel.m that generates a 

sampled matrix of <!>„. 3-D plots of these matrices take the form of truncated pyramids 

because any samples taken in the gaps between pixel electrodes are approximated by 

linear ramps from 1 on the pixel of interest to 0 on the neighboring pixels. Parameters in 

MakePixel.m that specify the sampling locations are general; however, FFTweight.m 

checks to ensure that the number of samples per pixel is a constant, integer value, which 

thus constrains the sampling intervals. The remainder of FFTweight.m implements (2.59) 

as outlined for a specified number of equally spaced .vv-planes in the detector volume and 

stores each matrix representation of tt> as a binary file. 

Simulating pulse height spectra for small pi.xels, in a manner similar to the planar 

case shown in Figure 2.21, requires the calculation of such effects as non-localized 

charge generation, trapping, and spreading to be reasonably accurate (Eskin. 1997: 

Marks. 2000). However, a qualitative understanding of the performance advantages of 

pixelated detectors can be gleaned by examining their weighting potentials. A weighting 

potential calculated using FFTweight.m for the detector array used in this work is shown 

in Figure 2.22, which illustrates how drastically the weighting potential drops off as the 

distance increases from a pixel of interest. For the dimensions listed in the caption, about 

80 fim above the center of a pixel its weighting potential is <t> s; 0.25 . By application of 
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Fig. 2.22 Weighting potential of 
one pixel in a 1.5 mm thick 
detector having an array of square 

pixels at 125 ^m pitch with 25 jim 
gaps. The potential decreases 
monotonically from the pixel and 
each contour line represents 
relative change by factors of two. 
This cross-sectional view is taken 
in the plane normal to and through 
the center of the pi.xel along a 
major axis. 

Distance from pixel center [fimj 

(2.43), at least 75% of the charge induced on that pixel by a charge carrier traveling from 

the planar contact to the pi.xel's center occurs during the last 5% of its journey. Likewise, 

a carrier making a similar journey that instead terminates on any other pi.xel would induce 

no net charge on the pi.xel of interest, although in principle it will induce small, 

temporary amounts during its transit depending on its trajectory. The electric field can be 

nearly uniform in pi.xel detectors, which results in trajectories being essentially normal to 

the electrode surfaces. Thus, in a qualitative sense, each pixel is most sensitive to 

radiation interactions that occur within the detector volume defined by the pixel array 

pattern—a feature that makes these arrays ideally suited for imaging applications. 

However, the potential for a pixelated radiation detector to produce pulse height 

spectra with reduced hole tailing, and therefore improved energy resolution, is perhaps 

the most notable feature of the near-field effect. As expected, (2.43) predicts that total 

charge induction is identical either for an electron moving along one path or for a hole 

traversing the same path in the opposite direction. Recall from (2.44) that planar 
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detectors have a weighting potential that changes value linearly between the electrodes, 

which indicates there is no preferred location for charge induction. Although the time 

profile of the induced current will vary with the starting position of an e-h pair, the total 

charge induced in either electrode by this pair is proportional to the distance by which 

they separate—regardless of their absolute positions. Since in CZT A, > x,,, the starting 

point of an e-h pair affects the likelihood that they will separate by one detector thickness 

before being trapped, in which case less than one unit of charge is induced. This 

dependence of total charge induction on the depth of interaction results in the hole tailing 

predicted by the Hecht relation in (2.47) and seen in the pulse height spectra from planar 

CZT detectors (see Figures 2.13 and 2.21). 

On the other hand, pi.xelated detectors can minimize hole tailing because of the 

localized region of high weighting potential near each pi.xel (see Figure 2.22). The 

largest fraction of the total charge induced on a pi.xel by the motion of an e-h pair is due 

to that portion of their combined paths that is in this localized region near that pi.xel. If 

the thickness of a CZT detector is much less than A, and a bias voltage is applied such 

that the pixels are anodes, then for most e-h pair starting positions only the electron 

would pass through this near-pixel region. In other words, the contribution of hole 

transport to the signal is minimized for radiation interactions occurring at most locations 

in the detector. Furthermore, if the weighting potential is also localized to an anode 

distance much less than i,,, very few interactions result in incomplete charge induction. 
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2.2.4 Signal readout 

The last step in the radiation detection process to be discussed in this chapter is to 

measure the induced charge in the detector circuit. Thus, the discussion of signal readout 

presented in this section completes the description of radiation detection that begins in 

section 2.2.1 where the pulse height histogram is introduced. The energy resolution and 

detection efficiency in the pulse height histograms of Figure 2.13 are affected by the 

charge transport and charge induction processes described in the last two sections as well 

as by the electronics used to readout the detector's sensor electrodes. A discussion of the 

latter's effects follows in two parts. In the first part, two general signal readout methods, 

both of which are used in this work, are described. The specific readout employed by the 

pi.xel array used in this work is also introduced. In the second part, a few electronic noise 

and signal processing issues affecting the energy resolution and detection efficiency are 

discussed. The treatment here is not meant to be comprehensive but simply to provide a 

basis for the discussion of e.xperimental results in later chapters. 

Signal readout techniques 

The two common readout techniques are diagrammed in Figure 2.23. Both utilize 

a charge-sensitive preamplifier called a capacitive transimpedance amplifier (CTIA) to 

boost the signal's strength and lower its impedance prior to transmission or subsequent 

electronic processing. The time-dependent output sketched with each preamp diagram 

illustrates how a current pulse from a radiation interaction event in the detector is 

converted into a voltage signal. In the resistive-feedback preamp shown on the left, a 

capacitor and resistor are used in parallel. Oxford Instruments (1998) produces these 
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preamps using « I pF and =t l GQ. The induced charge A0 from a radiation 

interaction in the detector integrates on the capacitor causing the output voltage to rise 

quickly to a maximum of roughly ^Q/C^ and decays slowly as the resistor discharges 

the capacitor with an RC time constant on the order of 1 ms. The rising edge of this 

voltage step can be shaped and amplified by a second amplifier (not shown), which can 

be located away from the preamp due to the preamp's signal gain. Shaping amplifiers 

traditionally use a differentiator followed by a series of integrator stages and produce 

semi-Gaussian shaped voltage pulses whose amplitudes can be captured by a peak-

sample-and-hold, digitized by an ADC, and stored either as a list-mode events or as a 

pulse height histogram, perhaps using a multichannel analyzer (MCA). To improve 

energy resolution, long RC decay times are desirable when the input signal rise time is on 

the order of 1 /ys, which is the case with CZT detectors. 

Detector 

Time Time 

Fig. 2.23 Diagrams of charge-sensitive preamplifier circuits coupled to detectors. 
An ac-coupled, resistive-feedback circuit (left) and a dc-coupled, active-reset circuit 

(right). Time axes of the examples for a radiation interaction span milliseconds. 
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A second readout technique uses an active-reset preamplifier, which replaces the 

feedback resistor with a switch operated by electrical or optical pulses. Leakage current 

from the detector is integrated on the capacitor until the reset switch is closed. Current 

pulses induced in the detector circuit following radiation interactions add relatively 

abrupt voltage steps to an otherwise slowly increasing ramp due to the integrated leakage 

current. The dotted line in output of the active-reset preamplifier output on the right in 

Figure 2.23 represents the signal without a radiation interaction in the detector. Resetting 

the capacitor before it saturates can be performed with a minimal loss of acquisition time. 

These preamps can have superior noise and count-rate performance (Knoll. 1999). In 

addition, they can be used with the analog shaper/digitizer chain descsribed previously or. 

for the highest count-rates, with digital signal processing circuits (Blaauwet a!.. 2001: 

James and Raulerson. 2001: Warburton et al.. 2001). 

A gated-integrator version of the active-reset preamplifier was implemented at the 

University of Arizona, first for pixelated germanium PIN detectors and later for CZT-

based arrays (Barber et al.. 1993. 1994, 1996. and 1997). In these pi.xel array devices, a 

separate readout circuit for each pixel is coupled with a multiplexer from which the final, 

integrated charge is reported as a serial data stream for each pixel in any desired portion 

of the array (Gaalema. 1985: Augustine. 1994). If no radiation interactions occur in that 

portion of the detector during an integration period represented by si in the active-reset 

output sketched in Figure 2.23, the data stream would consist of only the integrated 

leakage current in each pi.xel (i.e., the peak amplitude of the dotted line). In these 

imaging arrays, the integration period is actually independent of when the "reset" switch 
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is opened and closed. Thus, the term gated integrator is used here to refer to a circuit that 

uses an active-reset preamplifier and that reports only one voltage value per integration 

cycle. The delay before the beginning of the next cycle represents the time during which 

the signals in the pixel array could be readout. It is possible for these devices to integrate 

signals for one frame of data, while reading out the previously acquired frame. To 

achieve both reasonable frame acquisition rates and maximize the fraction of time the 

circuit spends integrating charge in pixel arrays with large numbers of pixels, it is 

necessary that the leakage current be very small to avoid saturating, or exhausting, the 

charge well of the integrating capacitor when radiation interactions occur. Thus, high-

resistivity detector materials are required. 

This readout circuitry is implemented on a silicon chip that is connected to pixels 

on the detector via indium bump-bonds and to e.xtemal 1/0 via wire bonds. Figure 2.24 

shows a CZT 48 x 48 pixel array used in this work as it appears when hybridized with a 

Fig. 2.24 Photograph of one of 
two CZT focal-plane arrays 
used in these studies. The 
small, rectangular circuit chip 
seen in the lower portion of the 
photograph is a 16 channel 
buffer amplifier. Each channel 
handles the multiplexed output 
from 3 columns of the 48 x 48 
array to allow high-speed, 
parallel readout. This capability 
was not utilized. Instead, an 
external 16:1 multiplexer was 
used to create a single, serial 
data stream. 
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multiplexer readout and the hybrid focal-plane array is wire bonded to a buffer circuit and 

leadless chip carrier. Two of these devices are used in the research presented in the 

remaining chapters of this dissertation. Although diagrams and more detailed discussions 

of the fabrication and operation of these devices are available in the previous references 

as well as in Eskin (1997) and Marks (2000). additional information pertinent to the use 

of these imaging arrays in this research is presented later in sections 3.1.1 and 5.3. 

Electronic noise and signal processing 

Regardless of which signal readout technique is used, radiation detectors are 

characterized for spectroscopic purposes primarily by two parameters: energy resolution 

and detection efficiency. Although several different measurements are used in the 

literature, energy resolution is usually quoted here as the full-width half-maximum 

(FWHM) of the photopeak in a pulse height histogram and detection efficiency as the 

fraction of counts in this peak relative to the number of photons incident on the detector. 

In general, both parameters depend on the photon energy, which is therefore reported 

together with a detector's resolution and efficiency. Signal processing problems and 

noise in the readout electronics further degrade these parameters from their values set by 

statistical and physical effects of charge generation, transport, and signal induction. 

Goulding and Landis (1978). Radeka (1988). Bertuccio and Pullia (1993). Heanue 

(1993). and Niemela (1996) primarily discuss electronic noise of detector systems that 

process pulses in the time domain using either resistive or reset feedback, but the same 

principles are applicable to integrating pixel readouts. Summarizing these authors, noise 

sources can be classified according to: 1) the dependence of their power spectra on 
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frequency/and 2) whether they are in series with or parallel to the detector. Which 

sources are present and the their magnitudes depend on the circuit being modeled, but if 

the sources are uncorrelated and approximately Gaussian their noise can be added in 

quadrature. The total electronic noise can be represented by an equivalent noise charge 

£^VC^., in units of rms electrons referenced to the readout circuit's input. The ENC^,^^. 

is expressed as a function of the shaping time r, as 

+ + (2.62) 
r. 

From left to right, the four terms on the right-hand side of (2.62) correspond to noise 

sources classified as white series, 1// series,/parallel, and white parallel. The power 

spectrum of white noise is independent off. The first term overwhelms the other three 

when r, is small. This white series noise is dominated by the Johnson noise from 

thermal agitation of carriers at the preamplifier's PET input. When r, is much larger, the 

last term dominates and is due primarily to shot noise, or fluctuations caused by charge 

quantization, in the detector leakage current. For most small CZT detectors with preamp 

and shaper readout circuits, the noise minimum of (2.62) is experimentally determined to 

be near « 1 //j . 

Additional electronic noise due to ground loops or other RF interference, 

generation-recombination noise in the detector, and microphonic noise resulting from 

vibrations in the wires and other components can also be included in £'iVC.,^,. Gated-

integrator systems like those used in this research also have an £'/VC,,,., which can be 
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dominated by kTC noise that is caused by the uncertainty in the initial charge on the 

feedback capacitor after it is reset. From the signal sketched in Figure 2.23 for the active-

reset preamplifier, it is clear that any variations in the signal level at the start of the 

integration period are also in the final signal level. The readout of the pi.xel array shown 

in Figure 2.24 uses correlated double-sampling (CDS) to remove kTC noise by storing 

and then subtracting the initial signal from the final signal. 

If the readout system responds linearly, the additional broadening in a pulse 

height spectrum due to electronic readout noise is essentially independent of the pulse 

height and can therefore be treated as a convolution of the charge induction spectrum by 

a Gaussian function having a width, in eV, of 

= £iVC„„.£^,V^. (2.63) 

A Gaussian function is appropriate since this noise is the result of many uncorrelated 

noise sources. Thus, repeatedly injecting a known amount of charge into the readout 

system input using a pulser produces a Gaussian peak in the pulse height spectrum from 

which the readout noise can be measured using (2.63). A pulser peak is sometimes 

included in a measured pulse height spectrum to graphically distinguish energy resolution 

reductions caused by electronic readout noise from those which are due to the statistical 

fluctuations in charge carrier generation given by (2.32) and the charge induction 

response for a particular detector system. 

These charge induction response functions are not described fully by only ideal 

charge induction assumptions, as used in the last section for planar and pi.xelated 

detectors, because the readout system could be incorrectly processing the charge pulses 
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from some radiation interactions. As the rate of radiation interactions increases, the 

probability of having an event occur before the pulse from a previous event has finished 

being integrated or shaped also increases. The result of this pulse pile-up is the improper 

assignment of signal to each event, which causes additional blurring of the pulse height 

spectrum. At moderate counting rates, this problem is mitigated by adding pole-zero 

cancellation or baseline restoration circuitry to the shaper amplifier to cause its output to 

return to zero volts as quickly as possible after a pulse has arrived. If this is not 

sufficient, pile-up can be sensed and rejected by causing the ADC to ignore events 

occurring too soon after an earlier event. However, this method increases the "dead 

time" during which the system is not ready to acquire subsequent events, thereby 

reducing the system's detection efficiency. 

Similar problems occur with gated-integrator readouts where the signal is 

integrated for a time that is usually one or more orders of magnitude longer than the 

transit times of charge carriers in the detector. A long integration time minimizes the 

fraction of events in which integration either starts or stops while charge for an event is 

still being transported. Such readout events are said to be affected by "ballistic deficit". 

However, if the time window is too large, the probability of charge from more than one 

event being summed together also increases. At high event rates, this pile-up can be a 

significant problem. Ballistic deficit also occurs in pulse processing systems with 

shaping times less than that needed for carriers generated by a radiation interaction to 

recombine, usually at an electrode rLooetal.. 1988: Gouldineand Landis. 1988). 
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CHAPTER 3 

MATERIAL PROPERTY AND DETECTOR PERFORMANCE 

STUDIES OF A CZT GAMMA-RAY IMAGING ARRAY: PART 1 

The remainder of this dissertation applies the concepts discussed in chapter 2 and 

describes several studies of two CZT samples where the adv antages of pixelated detector 

arrays were utilized for measuring their material properties and detector performance at 

high spatial resolutions. Examination of pixel array data together with spatial mapping 

data collected by other means, including infrared, gamma-ray, electron microprobe, 

photoluminescence, and X-ray and electron diffraction methods, provides a more 

comprehensive view of an individual sample than has been available previously. Each 

CZT sample was studied sequentially, and lessons leamed from the studies of the first 

sample were applied to those of the second. 

This chapter describes much of the early work with the first CZT device that is 

also reported by Hilton et al. (1999) and is divided into four major sections. The first 

describes the modifications to and use of a University of Arizona gamma-ray imaging 

system to collect temperature-dependent leakage current measurements with the pixel 

array. In the second, IR transmission and X-ray diffraction imaging data are presented on 

structure of the CZT crystal from that array (i.e., the first crystal, sample 1, etc.). The 

third describes the design, construction, and use of a collimated, gamma-ray scanning 

apparatus at Sandia National Laboratories to map the detector performance of this crystal. 
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The last presents conclusions that can be drawn from this work. Not all the experiments 

conducted with this detector array or with its CZT crystal are described in these sections. 

As discussed in chapter 2, defects and dopant impurities affect the compensation, 

resistivity, and charge transport properties of a crystal. Grain boundaries, which are 

simply extended defects and which affect local concentrations of impurities and other 

point defects, should likewise affect these electrical properties in nearby material. Thus, 

data from leakage current measurements and crystal structure imaging are presented here 

because they are reasonably expected to correlate with gamma-ray detector performance 

data, which also depend on the charge transport properties of the material. Knowing if 

such a correlation exists would improve the yield of high-quality detector crystals from 

existing CZT material by indicating to the crystal growers how to dice a boule, and could 

aid research into improved crystal growth methods. 

3.1 Pixel array testing 

Begun in 1996, this project uses CZT pixel arrays to collect spatially correlated 

material property and detector performance data. Related work using a 64 x 64 pixel 

device is reported elsewhere by Barber et al. (1998). but this dissertation reports research 

that used smaller 48 x 48 pixel arrays (Barber et al.. 1994. 1996. and 1997: Marks et al.. 

1996). The latter arrays were immediately identified as good candidates for this work 

because, unlike the former devices, they were currently unused and could be destructively 

tested. Furthermore, although the 48 x 48 system was not operational at that time, it had 

the potential of being run in a temperature-controlled manner within a large temperature 
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range (i.e., roughly 100 K to greater than 350 K). An account of the work with these 

arrays is given in two sections. First, a brief description is made of the 48 x 48 imaging 

system used to study the first array and the modifications made to restore and improve its 

operation. Some leakage current data collected with this system are then presented. 

Analysis of this data is presented in later sections in correlation with other results. 

3.1.1 Overview of the first 48x48 imaging system 

A complete description of the 48x48 imaging system, as it was reconfigured for 

this work, has already been given by Eskin (1997). Here, only a brief overview is made 

with an enlarged account of a few details that are pertinent to the experiments described 

hereafter. Eskin has provided a block diagram of the system shown as Figure 3.1. The 

hybrid imaging array shown previously in Figure 2.24 is a 7 mm x 7 mm x 1.5 mm CZT 

substrate on which a 48x48 array of pixel electrodes at 125 /vm pitch was delineated by 

48 X 48 Hybrid in dewar 

Interface 
Technologies timing 

generator 

Frame and pnet docks 

Bndge Box 

I Video digitizer and 
pixel counter 

rl_ IBM CampafiHe 
VME Card Cage 

Bit3 interface card 

^ Motorola computer 

Microcontroller card 

' Oerandomizer card 

Histogram memory 

Fig. 3.1 Diagram of the readout system used with the first 48 x 48 pi.xel array tests. 
Reprinted with permission from Eskin (1997). 
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photolithography. Visible on the opposite side is the continuous planar electrode. The 

detector array was indium bump bonded to a silicon multiplexer readout. This 

hybridized, focal-plane array was then wire bonded into a chip carrier. The 48 x 48 

readout was developed by Hughes Technology Center for use with a germanium mid-lR 

sensitive focal-plane array (Barber et. al.. 1994). Several 48 x 48 CZT arrays have also 

been made. They are operated inside a vacuum dewar that contains various front-end 

electronics and provides a stable temperature for the devices via a liquid nitrogen cryostat 

and a Lake Shore Cryotronics Model 330 temperature controller (not shown). The charge 

induced on all 2304 pixels is integrated, stored, multiplexed at the focal plane in 16 

separate 48 x 3 groups of pixels, and multiplexed again by an external 16:1 multiplexer. 

The resulting serial video stream is digitized by an ADC and histogrammed into VME 

memory. All of these steps are controlled by signals received from a timing generator. 

Data can then be downloaded to a PC. The readout of one image frame occurs while 

charge signals for the next are being integrated. 

Prior to the start of this work, the timing pattern, or diagram, had been uploaded 

to a timing generator with limited functionality from a computer that had since ceased to 

function. Rather than investing resources to resuscitate the obsolete computer and timing 

system, an Interface Technologies Model 670 digital word generator was acquired and 

floppy disk drive was added to allow onboard uploading of timing diagrams. Using the 

instrument's front panel keys or the manuiacturer's PC application called 670pc.exe, 

these diagrams could be created, modified, and stored on or retrieved from a floppy disk. 

Alterations to the timing signal wiring and video output buffering were also made to 
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bring this imaging system into correct operation with the ADC electronics and the new 

timing generator. 

Since the experiments to be performed with this system required control of the 

integration time used for each data frame, extensive revision and testing of the previously 

used timing diagram was performed. The previous diagram executed 32 integration 

cycles to collect one complete image frame. Each integration period was followed by the 

readout of every other pixel, in checkerboard fashion, in one of the 48 x 3 pixel groups 

(i.e., 2 integration cycles per group). One reason for using this readout scheme was to 

decrease anticipated signal droop on the storage capacitors of the readout circuit. 

However, debugging the image output of the new digitization hardware when using this 

readout scheme was tedious. More importantly, this scheme would have unacceptably 

increased the acquisition time when longer integration times were used. Instead, a timing 

diagram was created that executes only one integration cycle followed by the sequential 

pixel readout in each 3-column group for the entire array. Comparison of data obtained 

using the checkerboard and full-frame readout schemes did not show any evidence of 

droop, even when the full-frame readout was delayed up to 0.2 s after an integration 

period. Tests using integration times from 5 ms to 5 s likewise showed no signs of signal 

droop. It had also been thought that the stored charge at a pixel could be altered each 

time that pixel was addressed, which is as many as 16 times during a full-frame readout. 

Discussion with the multiplexer designer and testing with both readout schemes also 

removed this concern regarding the use of full-frame readout (Augustine. 1997). 
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3.1.2 Pixel array test results 

After confirming that images could be correctly acquired by the new 48 x 48 

system, a series of leakage current measurements as a ftinction of bias voltage and 

temperature were performed. However, only data acquired with a bias of 75 V at 30 °C 

is reported here. At each bias voltage, leakage current values were obtained by noting the 

change in position of the offset, or "no-gamma", peak in the histogram for each pixel 

relative to its zero bias position. This change was multiplied by a measured ADC 

calibration factor of 694 //V/channel and divided by the average conversion gain of the 

unit cell in the multiplexer as viewed by the ADC input. This average gain was measured 

to be 3.47 //V/electron (Barber et al.. 1996). The leakage current was then found by 

dividing these values by the integration time, which was lengthened as the temperature 

was decreased to obtain better sensitivity to small currents and to maintain as many pixels 

as possible within the ADC's dynamic range. 

Figure 3.2 presents results of leakage current tests with 5 ms integration times. 

Several hundred pixels, typically on the periphery of the array, collected no data because 

their indium bumps had progressively delaminated from the multiple.xer circuit during 

fabrication and use. Leakage current measurements with a pixel array are affected by the 

bulk conductivity of the material as well as structural, surface, and metal-semiconductor 

contact effects. Furthermore, the sensitivities of each pixel to spatially inhomogeneous 

charge conduction in the bulk material are not simple, but they can be modeled using the 

Ramo-Shockley theorem discussed in section 2.2.3. In fact, chapter 5 investigates in 

detail the time-dependent leakage currents measured by a pi.xel array due to changes of 
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Fig. 3.2 Map of pixel leakage 
current at 75 V and 30 °C. Solid 
black areas are where no reliable 
leakage current data was obtained 
(see text). Lighter grayscale 
corresponds to lower leakage 
current. To increase the image 
contrast of more subtle features, 
the grayscale is not a linear 
function of leakage current and 
leakage current values in white 
areas have been clipped. 

the trapped charge density. One of the conclusions in that chapter is that the charge 

induced in a pixel array is spatially correlated with current sources in the detector. Thus, 

spatially inhomogeneous leakage current features in Figure 3.2 would be located in the 

same areas as the bulk conductivity variations causing them. Any spatially dependent 

surface or contact variations also produce localized changes to the pixel leakage current 

measurements. A discussion of the features in Figure 3.2 is presented in section 3.3.2. 

Limited gamma-ray performance data on this CZT sample were obtained while it 

operated as an imaging array. The readout system's aging VME memory cards began 

malfunctioning during the final leakage current tests, and the supply of spare cards was 

quickly exhausted. Before a newer imaging system used to readout 64 x 64 pixel arrays 

could be adapted to readout this array, the indium bump connections between this CZT 

crystal and its multiplexer chip were severed while it was being used in another project. 

Having the CZT crystal removed from its readout circuit was a blessing in disguise since 

it hastened the opportunity to conduct the planned destructive tests on that crystal. 
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Gamma-ray detection performance data from this array have been reported earlier along 

with various methods to improve the spatial and spectral resolution (Marks et al.. 1996: 

Barber etal.. 1997: Eskin. 1997: Eskin et al.. 1999: Marks. 2000). 

3,2 Structural imaging 

3.2.1 Infrared transmission 

After the CZT crystal was removed from the multiplexer readout circuit, a battery 

of planned, destructive tests was begun. Infrared (IR) and visible-wavelength imaging 

were performed to map the spatial distribution of crystalline defects and to provide a 

means of spatially registering data sets from other destructive tests. Figure 3.3 is an 

optical micrograph of the pixelated surface of the CZT sample. With illumination from 

the side, the raised indium bumps are clearly seen at the centers of the square pixels. 

Smaller, square barrier metal pads between the gold pixels and the bumps, which were 

needed to reduce indium diffusion into the CZT, are also just visible. At 125 im pitch, 

the pixels are 100 fjm with 25 fjm interpixel gaps. 

Fig. 3.3 Visible light 
microscope photograph 
of the pixel surface of the 
first imaging array after 
the multiplexer had 
delaminated from the 
CZT crystal. 
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Fig. 3.4 IR transmission 
photograph of the CZT crystal 
used in the first imaging array. 

Most of the gold pixels were then removed using a gold etch (i.e., KI + I: + H2O) 

followed by a bromine-methanol etch, but a few small clusters of pixels were left to serve 

as fiducial marks. In addition, small "hills" in the CZT surface at former pixel locations 

were produced by the combined effects of the photolithographic etching of interpixel 

gaps and the reduced etch rate of the gold underneath the barrier metal and indium bump 

structures. Thus, the pixel grid pattern is still visible in the etched CZT surface and 

makes a useful spatial reference. Figure 3.4 is an IR transmission photograph of this 

crystal taken with a 35 mm camera using a close-up lens and Kodak HIE film with the 

crystal backlit by an incandescent light source. The five dark regions in the comers of 

this image are the pixel array remnants. Pipes within crystal grains and precipitates along 

some boundaries are visible. Locating these grain boundaries was one motivation for 

performing the X-ray diffraction work described in the next section. The crystal growth 

direction is from the bottom to the top and parallel to the pipes (see also Figure 2.3). 
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3.2.2 X-ray diffraction 

Experimental method 

This CZT crystal was then taken to the University of California, Los Angeles 

(UCLA) where several X-ray diffraction studies of its surface crystal structure were 

performed. X-ray diffraction is described in many texts (e.g., McKelvev. 1966: Cullitv, 

1978: and Kittel. 1986). A summary of X-ray diffraction principles is presented here to 

aid discussion of these structural imaging results. 

X rays that are elastically scattered, or diffracted, by atoms interfere with each 

other. The regularly spaced planes of atoms in a crystal lattice can produce a diffraction 

intensity peak when X rays diffracted by parallel sets of planes interfere constructively. 

In the geometrical approximation, Bragg and Bragg (1913) determined that a diffraction 

peak forms when 

nA = 2dsin0 (« = 1,2,3,...), (3.1) 

which is called the Bragg law. X rays of wavelength A incident on a crystal at an angle 

0, with respect to two of these parallel atomic planes that are separated by a distance d, 

will have diffracted intensities that add constructively when the difference in path lengths 

for X rays scattered by each plane is an integral number of wavelengths. For materials 

having cubic unit cells defined by a lattice parameter of a, (3.1) can be rewritten as 

/I = , sin ̂  (3.2) 
• j h - + k - * i -

using h, k, and / indices to describe a set of (M/) planes. These indices are proportional 

to Miller indices (M/)„, which are reduced by any common factor n. In other words, a 
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beam diffracted by (440) planes can be described as the fourth-order (i.e., n = 4) 

diffraction from the (110)^ planes. Whenever possible it is convenient and customary to 

define these planes using orthogonal basis vectors of a cubic unit cell so that [hk[\ vectors 

are normal to {hk[) planes. Because atoms comprising a unit cell of a given lattice can 

also produce interference effects, not every (hkl) plane in that lattice will necessarily 

produce a diffracted beam. For instance, the combined effects of geometric and atomic 

scattering factors in CZT's zinc blende lattice result in reduced-intensity peaks from its 

(M/) planes that have either mixtures of odd and even indices or all even indices whose 

sum is not an integer multiple of four (e.g., /; + ̂  + / = 4,8,12,...). 

The Bragg law (3.1) can also be restated in a helpful geometric manner using the 

concept of a reciprocal lattice. Given the basis vectors a, b, and c of a crystal lattice, 

reciprocal lattice vectors can be defined as 

A reciprocal lattice vector = hsk' + A:b' + Ic is normal to direct lattice (M/) planes, 

and 

where is the spacing between adjacent {hkl) planes. The cubic lattice example of 

(3.2) can thus be rewritten as 

a X b 
(3.3) 

a - b x c  

(3.4) 

G^i^, = +k' +1' = 2f — sin^. (3.5) 
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In general, a lattice can diffract incident X rays with a wave vector k = (2T//t)k if 

2k • G,,^/ + = 0. (3.6) 

Figure 3.5 is a graphical construction of Ewald (1913) that depicts the diffraction 

condition described in (3.6) using a "sphere of reflection". The origin and radius of this 

sphere are defined by terminating the incident wave vector k at the origin of the 

reciprocal lattice. Only when this sphere intersects a point in the reciprocal lattice at G,,., 

is a diffracted beam produced with a wave vector k', where |k{ = |k'|. 

All G,,^/ vectors, corresponding to various diffracting {hkl) planes, that can meet 

the condition of (3.6) are contained in a "limiting sphere" of radius = 2|k| = An/A. . 

limiting 
sphere" 

[001] 

[100] Ml 

sphere of 
reflection 

Fig. 3.5 Graphical depiction of Ewald's construction of the conditions for diffraction. 
The (010) plane of a cubic reciprocal lattice is represented (i.e. points are {hOl) positions) 
with one possible scenario for diffraction from the (206) planes in the direct lattice, which 

are spaced ^6.4/>/^j A = 1.012 A apart (i.e., m = 2 reflection of the (103) planes). 
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Many candidate planes and corresponding reflections could be excluded or rendered sub-

optimal by the effects of geometric and atomic scattering factors mentioned earlier. For 

example, if copper K^i X rays (E = 8.04 keV, /t = 1.54 A ) are incident on CZT that has 

a 6.40 A lattice parameter, there are 2468 possible diffracting planes with 59 distinct 

values. Only 444 of these planes with 17 values have indices that meet those 

selection criteria. However, since CZT alloys lack the symmetry needed to extinguish 

reflections from planes with non-ideal indices, its powder diffraction patterns generally 

show more than just 17 rings (ICDD. 1998). 

Thus, creating a diffraction peak is highly unlikely unless the X-ray wavelength, 

direction of incidence, or both can be varied. This strict condition is utilized by double-

crystal X-ray diffraction topography (DCXRT) to generate high-contrast images of small 

strains in a sample's crystal lattice (Bonse. 1962: Bonse and Kappler. 1958; Kohra et a!.. 

1970: Boettinger et al.. 1976). Figure 3.6 is a diagram of the DCXRT apparatus at UCLA 

used to study the first CZT sample. Using the design of Jenichen et al. (1985). X rays 

emitted from a small point on a copper target are incident on the beam conditioning 

crystal—a curvable, silicon (Si) crystal set for asymmetric (422) diffraction of the Kai 

X rays. Some of these rays may again diffract from the sample crystal creating a 

topographic image that can be recorded by film. Thus, the adjective "double" signifies 

the use of two diffracting crystals, one of which is the sample. The curvature of the 

conditioning crystal can be adjusted to allow imaging of uniformly strained samples. 

However, strain is observed in this crystal to be non-uniform, so the curvature of the Si 

crystal was simply adjusted to maximize the signal of the scintillator/PMT detector. 
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0 = 1.44 
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Fig. 3.6 Perspective diagram of the double-crystal x-ray topography system used at 
UCLA. The dark gray region of the conditioning crystal simulates the surface region 
that meets the diffraction condition when the crystal is planar and the source 62 cm 
away is 1 mm wide. In a similar scenario using a true point source, the diffraction 
condition would be satisfied only along a narrow, elliptical arc within this region. 

Simulation of the angular misorientation of X rays striking both the Si and CZT 

crystals reveals that the diffraction condition for an asymmetric reflection can be satisfied 

over a large area on the conditioning crystal due to the shallow angle of the incident 

beam. The actual profile of a conditioned beam depends critically on the X-ray source 

size and relative position as well as the conditioning crystal's curvature. Using the 
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conventional description of the orientations shown in Figure 3.6, the horizontal angular 

divergence of asymmetrically diffracted beams is (Kurivamaand Boettinser. 1976) 

where 6^ = 44.01° is the Bragg angle of the (422) plane, a is the angle between this 

plane and the crystal surface, and is the rocking curve width of the same symmetric 

reflection. In this case, 5= 1 arcsecond. Thus, the conditioned beam maintains 

essentially a constant width, but it e.xpands in height according to the total distance the 

X rays have traveled. Assuming they travel 1 m before striking the 7 mm x 7 mm CZT 

sample whose surface is oriented at a Bragg angle of 45° rotated about the vertical a.\is, 

the misorientation due only to vertical beam e.xpansion would be, at most, 1.2 arcseconds. 

Since the wavelength and direction of the probing beam are so well defined at any 

point on the sample, using the sphere of reflection concept it becomes clear that the 

sample's crystal lattice must be oriented precisely in order for any portion of it to diffract 

X rays into the detector or film. Surface regions on a sample where the lattice is 

misoriented by more than a few arcseconds cannot simultaneously satisfy the diffraction 

condition and thus result in misorientation contrast in a topograph. Dynamical X-ray 

diflraction theories that are not presented here explain a second type of image contrast 

called extinction (Authier. 2001). Extinction occurs if the very small mosaic blocks of 

the crystal lattice are either too thick or too similarly oriented with respect to one another. 

In either case, diffraction from blocks near the surface affects the X-ray intensity incident 

on and diffracted from blocks beneath them. Areas on a crystal where the lattice is 

(3.7) 
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perfect, or nearly so, generally diffract at reduced intensity compared to less perfect areas 

(e.g., strained regions surrounding dislocations). 

Back-reflection Laue diffraction tests to determine the orientation of the crystal 

lattice at a few locations on the CZT sample were performed prior to the DCXRT tests. 

In these tests, an X-ray beam normal to the sample surface and having a continuous range 

of wavelengths is incident on a small spot, and the pattern of reflected beams is recorded 

on planar film that is also normal to the incident beam (Laue. 1913: Friedrich et al.. 

1913). The direction of k is fixed relative to the sample's reciprocal lattice. In Ewald's 

construction, beams are diffracted from any {hkl) plane whose corresponding vector 

terminates between two spheres of reflection whose radii are given by the shortest 

wavelength generated by the X-ray source and the longest wavelength to which the film 

is sensitive. Reflected beams with wave vectors k' that meet these criteria and strike the 

film can expose a spot. These spots are arranged in hyperbolas that correspond to 

reflections from planes belonging to individual zones; planes of a zone are parallel to the 

same line, or zone axis. The software program ORIENTEXPRESS was used to analyze 

these patterns to determine the orientation of the crystal lattice at the sampled locations. 

Back-reflection Laue results 

Figure 3.7 is the back-reflection Laue pattern obtained from a point near the 

center of the back, or formerly pixelated surface, of the CZT crystal. Asterism, or 

distortion, of the spots in these patterns indicates plastic strain of the lattice. Additional 

distortion may also be present due to the uneven surface of the back side of the crystal. 
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Fig. 3.7 Back-reflection Laue pattern of a spot on the back of the first CZT sample. 

Analysis of this image and another from a different location on the back surface indicate 

that the lattice at both locations is close to a Miller inde.xed {103} _ plane. Likewise, 

analysis of the pattern from a point on the front surface showed it to be a {l 10}^ plane. 

Therefore, this sample contains at least two distinct crystal grains. 

Although only the normal direction (ND) of at least one grain in the sample needs 

to be determined prior to DCXRT testing, results of the Laue pattern analysis, or 

indexing, are cast in terms of orientation matrices G that contain the nine direction 

cosines between the coordinate system basis vectors of the crystal lattice and the 

specimen. Because of the definition of G, it has the property that its inverse matrix is just 
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its transpose matrix (i.e., G"' = G'). Thus, each column vector of G is proportional to 

the [hkl\ vectors that are collinear with the specimen coordinate system. Specifically, 

" a , "  RD 

a .  = G TD 

- ^ 3 .  ND 

where the rolling (RD) and transverse (TD) directions are the first two of the specimen's 

right-handed orthogonal basis vectors, using terminology adopted from the specialty of 

texture analysis of rolled sheets of metal (Schwartz et al.. 2000). 

The CZT sample's front and back surface orientation matrices are 

"-0.9875 -0.1303 0.0888" "-19 -2 1 

c — Iront 0.0377 -0.7417 -0.6697 - 1  - 1 1 - 8  

0.1532 -0.6579 0.7373 3 -10 9 

•-0.7626 -0.5936 0.2571' 

I T
 

00 1 

\ 

^huck = 0.5804 -0.8033 -0.1333 - 6 -15 -1 

0.2857 0.0476 0.9571 3 1 7 

where G has been multiplied by a rotation matrix that accounts for the sample being 

flipped left to right (Goldstein. 1980). On the right-hand side of (3.9), individual 

columns are scaled to be approximate, integer-valued [hkl] vectors with angular errors of 

1° or less, which is well within the -5° error in indexing the Laue pattern. For CZT, G 

has 24 degenerate representations in 24 distinct right-handed, orthogonal lattice 

coordinate systems that result from various combinations of row operations on G (e.g., 

switching their order or multiplying elements in a row by -1). These coordinate systems 

can be considered as belonging to two sets of 12 systems that describe cubic unit cells 

having either metal or Te atoms at the eight comers. 
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A misorientation matrix IM is computed as 

- ̂HACFI'FROA, • (3.10) 

Ignoring any necessary translations of the lattice, M provides the angle 6 and a.xis of 

rotation R that brings the crystal lattice of the front-side grain into the same orientation, 

relative to a reference system, as the back-side grain. Namely, 

a. 

a. 

= 1VI 

hack 

9 and R are extracted from M using the relationships 

A/.. + iV/„ + iV/j, — 1 
cos^ = _ "^11 

(3.11) 

(3.12) 

and, if ^;tl80°, 

R = (A/,3 - iV/3_0a, +(^3, - .V/,3)a, - M,, )a3 (3.13) 

using the lattice basis-vector set {a,,a,,a3j of either grain (Santoro and Mighell. 1973). 

Applying these equations to the data in (3.9) reveals that the front and back grains have 

0 - 50" and R = 0.77a, - 0.43a, + 0.47a3. Neither this angle/axis pair nor any of the 

other 23 solutions obtained using degenerate orientation matrix representations are 

a p p r o x i m a t e  t o  t h e  t w i n n i n g  o p e r a t i o n  i n  C Z T ,  w h i c h  i s  a  6 0 °  r o t a t i o n s  a b o u t  a  ( i l l )  

axis. Thus, the grains at these locations on the front and back surface are not crystal 

twms. 
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DCXRT results 

Based on the Laue orientation data, the sample was mounted on the DCXRT 

goniometer and approximately positioned for a (206) reflection from the back and later 

for a (440) reflection from the front. These rough orientations were adjusted while 

monitoring the diffracted intensity level at the detector until an angle was found where a 

portion of the appropriate crystal grain satisfied the diffraction condition. The curvature 

of the beam conditioning crystal was then varied to maximize this signal. An ft;-scan, or 

rocking curve, was performed, and precise orientations were identified for subsequent 

topographic imaging. These rocking curves are shown in Figure 3.8. 

Topographs of both surfaces are shown in Figure 3.9. These square, side-by-side 

images have the same scale. A uniform, vertical strip on the left edge of the right-hand 

image has been added to maintain a unity aspect ratio and represents a portion of the 

CZT's front surface that was not imaged, in addition, this topograph has been flipped 

right to left. Thus, corresponding locations in both images have the same lateral positions 

on the sample; features in the right-hand image appear as they would if viewed through 

the sample. With the sample held at the tlrst orientation labeled in the lower rocking 

curve of Figure 3.8, the back-side image was acquired on an Ilford L4 nuclear emulsion 

plate. These 25 jLon thick emulsions require long exposure times but can yield better than 

1 /ym resolution. In general, the dark areas that extend up from the lower portion of this 

image are other crystal grains. The linearity of some of these grains suggests that they 

are twins of the diffracting grain. Except for these grains, dark areas in the upper half are 

due mostly to misorientation contrast since these areas appear in topographs (not shown) 
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that were acquired at the other two sample orientations indicated in Figure 3.8. The 

topograph of the front surface was acquired while scanning the crystal's orientation 

7000 
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Fig. 3.8 Double-crystal x-ray diffraction rocking curves of the front (top) and back 
(bottom) surfaces of the first CZT sample. Numbered points on the curves indicate 
sample orientations at which topographic images were acquired. 
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Fig. 3.9 Double-crystal x-ray diffraction topographs of the back (left) and front (right) 
surfaces of the first CZT sample. White areas are regions in the diffracting condition. 

through ~200 arcseconds so that the entire grain is brought into a diffracting condition at 

various times during the exposure. The film used for this topograph was Kodak Direct 

Exposure Film 5 (DEF 5), which needs shorter exposure times than the plates but has, at 

best, 30 //m resolution. 

Figure 3.10 distills the major crystal grain information revealed when all the 

X-ray and IR data are combined. Expanding the meaning of the term grain to include any 

number of distinct volume elements having the same nominal lattice orientation, the 

regions imaged with DCXRT on the front and back surfaces of the CZT crystal are not 

the same grain. Since DCXRT only provides orientation information at the sample 

surface, one or more twins or other grains could separate discontinuous regions in a 

topographic image where the diffraction condition is simultaneously satisfied. The 
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seven, grayscale regions identified in Figure 3.10, some of which are discontinuous, 

uniquely span the sample's front or back surface. In other words, although each region 

number only appears once in Figure 3.10, these numbers describe all areas with the same 

grayscale. For example, region 4 consists or two thin strips at the center of the Figure, 

and region 2 consists of five strips distributed across the left half of the Figure. 

The diffraction condition was met by one grain on the back surface in regions 1 

and 6 and by another grain on the front in regions 4, 5, 6, and 7. A notably missing piece 

of information is what direction(s) the two sets of nearly parallel twin bands, represented 

by regions 2 and 4, extend into and then, possibly, exit the sample. Due to their 

indicative shapes, it is unlikely that material in these regions has the same lattice 

orientation as that in regions 3 or 5. Furthermore, there could be more than one grain 

"hiding" in the non-diffracting regions seen in the topographs. For instance, a question 

mark in Figure 3.10 indicates the likely location where a boundary between the grain(s) 

of regions 5 and 7 intersects the back surface. The crystal structure of this sample is 

Fig. 3.10 Representation of 
crystal grain information of the 
first CZT sample, derived from 
the IR photo and x-ray topographs 
of the front and back surfaces. 
The black square marks the 
perimeter of the pixelated area of 
the crystal. See the text for 
descriptions of the other 
markings. 



118 

discussed further in the next major section where a hypothesis of where some grain 

boundaries could exist and the evidence supporting it are presented. 

3.3 CoUimated gamma-ray detector performance mapping 

By the summer of 1997, a large research effort was in progress at Sandia National 

Laboratory in Livermore, CA to study CZT material properties. Many analytical 

methods were being brought to bear on this issue. One in particular used collimated 

alpha-particle beams to scan planar CZT detectors. Several of these scanners were built; 

the latest version was then testing dozens of 4 inch diameter slices of CZT. Spatial maps 

of their detector response to alpha particles showed significant inhomogeneities, but the 

role of surface effects (e.g., polishing damage, debris, etc.) on these results could not be 

removed from the data (Yoon et al.. 1997b; Brunett et a I.. 1998: Van Scvoc et al.. 1999). 

At that time, several detector designs were being proposed at the lab involving novel 

electrode configurations and were expected to exhibit spatially dependent responses to 

radiation. This author developed a different detector mapping system with his Sandia 

colleagues that used penetrating gamma rays to study these new detectors and to answer 

some questions raised by the alpha-particle mapping results (Hilton et al.. 1998; Brunett 

etal.. 1999a and 1999b). This gamma-ray mapper was under construction when the 

crystal from the 48x48 pixel array became available for additional detector performance 

studies. The design, construction, and characterization of this mapping system are 

presented in the first of the following two sections. The experimental method and 

collimated gamma-ray mapping results are presented in the second section along with 
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some correlations of these results with those presented earlier in this chapter. 

Conclusions of all these studies are given in section 3.4. 

3.3.1 Sandia collimated gamma-ray mapping system 

Design and construction 

Figure 3.11 illustrates the design of the Sandia gamma-ray mapping system. A 

detector is mounted inside a test bo.x, which rides on high-precision two-a.xis translation 

stages, and is connected to a charge-sensitive preamplifier and high-voltage supply. 

Pulse signals are digitized by an ADC and stored in histogramming memory. These 

gamma-ray spectra are recorded as a function of the position of collimator/source 

assembly over the detector. Data acquisition is computer controlled by software written 

in LABVIEW. 

Computer 
(PowerPC 604) 

Motion 
Controller 

(Newport MM3000) 

Gamma-ray 
Source 

Collimator 

Sample 

CAMAC Crate 
(ADC:OrtecAD413) 

(Memory: Ortec HM413) 

Shaping Amplifier 
(Tennelec TC-244) 

Translation Stages 
with Detector Sample 

and Preamplifier 
(Stage: Newport UTM50) 
(Amp: Tennelec TC-170) 

HV Supply 
(Ortec 478) 

Fig. 3.11 Conceptual and block diagrams of components used in the Sandia gamma-ray 
mapping system. 
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The system design parameters were that it should: 1) use photons of energies 

greater than 100 keV in order to produce interactions throughout the detector thickness, 

and 2) produce a collimated beam with a width of between 200 and 400 /ym, which 

represents a compromise between spatial resolution and scanning speed. The area of the 

gamma-ray source in Figure 3.11 is e.xaggerated relative to the aperture to illustrate the 

following design considerations. As the photon source energy or intensity increases, the 

thickness of the collimator must increase in order to maintain a desired ratio of photons 

that pass through its open aperture versus those that penetrate its thickness. The number 

of photons doing the latter that are detected is a function of the active area of the detector, 

which is usually much larger than the aperture area. However, as the thickness of the 

collimator increases or the size of its aperture decreases, the intensity of the photon 

source must also increase in order to achieve a desired tlu.x at the detector. Thus, the 

photon source energy and intensity; the collimator materials and thickness; and the 

desired spot size, relative contrast, detector size, and count rate must all be optimized. 

For a gamma-ray source, intense '""^Ba and '^^Cs sources were available on-site, 

and ^'Co or other isotopes could be purchased. Depleted uranium, gold, tungsten, 

mercury, lead, and lead bismuth alloys were considered as candidate collimator materials. 

Availability, demonstrated use in similar tasks, design and handling requirements 

(including potentially onerous amounts of lab-required paperwork), and e.xpense were 

factors by which each material was judged. Early aperture designs that were viewed as 

potentially quick solutions involved suspending wires, fibers, or hollow tubes made of 

glass, plastic, or beryllium in a mercury bath; however, safety and performance of these 
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designs were not acceptable. Electric discharge machining (EDM) and conventional 

drilled holes in either a single piece of material or several stackable plates was also 

considered, but the minimum bore size and expense were too great. 

Finally, a ^^Co source and a collimator similar in design to one already used by 

Lingren (1997) were selected. Lingren suspended a stainless steel needle tube inside an 

iron pipe, into which molten lead (Pb) was poured. Low melting point alloys of Pb and 

bismuth (Bi) have attenuation coefficients that are slightly lower than pure Pb, but they 

are easier and safer to work with because of their lower melting points. The collimator 

built for the Sandia gamma-ray mapper has a ~ 200 /um inside diameter stainless steel 

needle tube embedded in a 1 cm thick disk of Cerrobase—a eutectic alloy of 44.5% Pb 

and 55.5% Bi that melts at 255 °F (Cerro. 1997). A milling machine was used to cut off 

the protruding tubes on both sides. This procedure left the collimator bore relatively free 

of debris; a quick rinse with a dilute acid cleared remaining materials. A 3.18 mm thick 

aluminum plate supports the collimator on the detector side, at which 1.59 and 0.64 mm 

thick plates of tin and copper, respectively, are also placed. All have -0.8 mm holes 

aligned with the needle tube and serve to attenuate the particularly troublesome Pb and Bi 

florescence X rays. 

The photo and simplified diagram in Figure 3.12 show the mapping system's 

mechanical configuration. A 22 mCi ^^Co source with a 1 mm active diameter was 

placed in a holder machined from a casting of Cerrobase with a 1 mm opening. The 

source, in its holder, was positioned ~7 mm above the collimator and scanned laterally 

until the flux through the collimator was maximized, after which its position was locked. 
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Fig. 3.12 Mechanical diagram and photograph of the Sandia gamma-ray mapping 
system. 

The source/collimator assembly slides on the rails to allow easy access to a detector test 

box and preamp(s). Several test boxes were used; both their thickness and the exact 

position of the detector sample they contained were easily accommodated using the 

translation jack and/or stages. 

Characterization 

To characterize the gamma-ray probing beam, two tests were performed. First, a 

2 mm thick planar CZT detector having relatively good spectroscopic performance was 

mounted in the mapping system with half of it shielded by a 1 cm thick rectangular plate 

of lead. Scans across the detector normal to the edge of the plate were performed with it 

in two orthogonal orientations. Figure 3.13 shows a diagram of the edge scan setup and 

results for one scan. A geometrical optics model, which ignores photon transport through 



the lead, was tit to the data from each scan using the collimator bore diameter as the free 

parameter. The average calculated diameters of many scans at each orthogonal 

orientation were 190 and 240 jum, respectively. Slight beam asymmetry is reasonable 

given the collimator's design and construction methods. Non-linearity of the tube, voids 

in the alloy matrix, debris inside the tube, and ^'Co source inhomogeneities could 

contribute to this effect. These calculated diameters also reflect the attenuation of the 

stainless steel tubing. Note that even with the detector 1 cm farther from the collimator 

than it would be during a normal scan, the effective beam width is -500 //m. 

For the second test of the collimator's performance, one of two sputtered gold 

electrodes of a 15 mm x 15 mm x 2 mm CZT planar detector was patterned to create eight 

strip electrodes that are separated from an interleaved guard electrode by 100 fjm gaps. 
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Fig. 3.13 Diagram of edge scan tests of the Sandia gamma-ray mapper and the results of 
one scan, shown with a geometrical optics model for a 190 |.im diameter collimator bore. 
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The test detector's electrode pattern is shown in Figure 3.14 along with some of its 

gamma-ray mapping results. The strips were made alternately 100 and 200 /ym wide for 

redundancy. In one test, four preamps were connected to the numbered electrodes and a 
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Fig. 3.14 Diagram of the electrode pattern on one face of a test detector (top left) and a 
'^Co pulse height histogram (top right) from electrode 1 when the collimated beam is 
centered on it. This spectrum shows, in gray, the energy window within which the counts 
at each scan location were integrated and the result displayed as logarithmic, grayscale 
images for electrodes I and 2 (bottom left and right, respectively). The dotted rectangle in 
the diagram indicates the scanned area represented in the latter two images. 
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bias of 100 V was applied to them. The planar contact on the opposite surface was 

grounded, but the other five strips remained unconnected. The 4-channel ADC and 

histogramming memory recorded pulse height spectra from each anode for 5 seconds as 

the mapping system scanned the beam in 100 fjm steps. Figure 3.14 shows a spectrum 

from channel 1 along with the integration limits, or energy window, used to generate the 

logarithmic scale maps of counts in channels 1 and 2, which are also displayed. Besides 

simply testing the performance of the mapping system, these maps, and maps of channels 

3 and 4 that are not shown, also indicate substantial spatial non-uniformity of each 

anode's gamma-ray response. No testing of this test detector's crystal structure was 

performed that might explain these non-uniformities. Nevertheless, analysis of features 

in these and in other images leads to the conclusion that this mapping system can achieve 

spatial resolutions of-250 /ym if the sample is within 2 mm of the collimator aperture. 

An important characteristic of a gamma-ray mapping system is the ratio of the 

number of photons arriving at the location of interest on the sample to the number that 

penetrate the opaque area of the collimator and interact elsewhere in the sample, thereby 

reducing image contrast. During these initial tests, it was observed that many pulses 

involved interactions of photons with energies higher than the 136 keV emission of ^^Co. 

This isotope emits gamma rays at seven other energies ranging from 230 to 706 keV. 

The 692 keV emission occurs twice as often as the other si.x combined but is just 

1.8x10"^ times as frequent as a 122 keV emission (Chu et al.. 2002). Even at this low 

relative flux of higher energy photons, as the area of a detector increases, the number of 
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photons interacting in a detector after having penetrated the collimator can approach and 

surpass the number that traverse its aperture. 

The contrast reduction caused by energetic photons penetrating the collimator can 

only be partially removed by setting the upper edge of an energy window to just above 

the 136 keV photopeak. More problematic are the -73 to 90 keV fluorescence X rays 

from Pb and Bi in the collimator. If created near the surface of the collimator that faces 

the detector, these X rays are likely to escape the collimator and can interact in the 

detector. The result is an excess of counts in the pulse height histogram in a region that is 

shown in the next section to be diagnostically important. During the design phase it was 

concluded that collimating gamma rays of higher energies to a small spot was not feasible 

with available resources, and the thickness of the collimator and source holder were 

chosen based on their performance with 122 and 136 keV photons. However, the tin and 

copper plates added after these initial tests reduced the fluorescence background, and the 

system could meet its design goals of mapping the performance of CZT detectors that are 

a few millimeters thick in reasonable time periods. 

3.3.2 Collimated gamma-ray mapping results 

After the CZT crystal from the first pixel array was e.xamined by IR transmission 

and X-ray diffraction, it was re-fabricated into a planar detector by applying a continuous 

gold electrode on each side of the sample. These contacts were deposited using an 

electroless process (i.e., with a solution of AuCb) without removing the fiducial pixels. 

The detector performance of this crystal was then studied using the mapping system 

described in the previous section. Figure 3.15 shows a grayscale map of total counts 
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within the photopeak window indicated by the dotted lines in the accompanying pulse 

height spectra. These spectra were acquired at locations marked A and B in Figure 3.10. 

The square box in Figure 3.10 indicates the former location of the pi.xel array, and only 

data from this region is displayed in Figures 3.2 and 3.15. Unlike the thin strip electrodes 

of the detector that produced a much better pulse height spectrum shown in Figure 3.14, 

this detector has large planar electrodes, and its pulse height spectra exhibit hole tailing, 

which is discussed in section 2.2.3. 

The mapping data has two spatial dimensions and one energy dimension. 

Analysis of this data is aided by software that creates movies of the spatial distributions 

of integrated counts within an energy window of selectable width. Adjacent frames in 

the movie sequence represent the energy window moved up or down by one bin width. 

u 200 

9 100 

100 200 

Channel 

Fig. 3.15 ^'Co pulse height histograms at locations marked A and B in Figure 3.10 and 
spatial map of counts integrated in the photopeak window identified by the dotted lines. 
The effect of both high angle grain boundaries and twins is clearly seen in the map. 
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Similar movie software has been written to plot the composite pulse height histogram 

within a selectable area of the detector (i.e., summing spectra of a block of scan 

locations); each frame in these movies is for an adjacent area. Displaying this complex 

data in printed form is less informative. Nevertheless, Figure 3.16 shows one of the 

important features identified during analysis of the mapping data. The plots of pulse 

height spectra corresponding to the locations marked a, b, c, d, and A in Figure 3.10 show 

that as the mapping location moves from a to d, counts in the higher energy range 

decrease while counts at lower energies increase. 

This feature is understood by considering the sample's crystal grain structure. 

Based only on the IR and X-ray measurements in section 3.2.2, no definitive statements 

about the grain structure could be made; however, with the extra information provided by 

this gamma-ray mapping data an informed hypothesis is possible. A crystal grain, 

comprising regions 3 and 5 on the back surface in Figure 3.10, appears to extend upward 

and to the right as it enters the sample. This grain then exits in regions 4, 5, 6, and 7 on 

the front. If the proposed configuration is correct, the perimeters of these sets of regions 

are connected by a grain boundary. The dotted line in Figure 3.10 indicates the extent of 

this boundary on the interior of the crystal, which is visible in Figure 3.4 due to the IR 

opaque precipitates that decorate it. One or more additional grains occupy region 7 on 

the back surface but exit out the side of the sample, thus placing at least one grain 

boundary between the front and back surface of the sample in that region. The question 

mark in Figure 3.10 is a likely location on the back surface where one of these grains may 
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share a boundary with the grain in regions 3 and 5. Many other grain configurations are 

possible and cannot all be represented or investigated in this paper. 

Figures 3.15 and 3.16 are evidence supporting this proposed grain structure. 

Grain boundaries impede charge transport from one grain to the next. This effect results 

100 
Channel 

200 

Fig. 3.16 Diagram of electron transport for different gamma-ray interaction depths (top) 
proposed to explain the effect of a grain boundary on ^^Co pulse height histograms 
(bottom) measured at the gamma-ray mapping locations marked a, b, c, d, and A in 
Figure 3.10. For ease of illustration, electron trapping and hole transport are not shown. 
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in less than fiili charge induction at the electrodes for a given deposited energy and shifts 

the photopeaks of the spectra to lower energies (Dotv et al.. 1997). 122 and 136 keV 

gamma rays interact in the crystal on both sides of the grain boundary, which effectively 

creates two "detectors" of reduced thickness. As described by the Hecht relation in 

(2.47), the charge induced by carrier motion in each is roughly proportional to the 

distance that these carriers travel before arriving at either the boundary or an electrode. 

Carriers arriving at the grain boundary could recombine or simply be trapped or 

otherwise delayed; any of these situations reduces the contribution by those carriers to the 

total signal induced in the mapping system's pulse-shaping readout. In this detector, the 

resulting spectrum is nominally the superposition of spectra from within each grain. 

Thus, the accompanying diagram in Figure 3.16 shows the electron transport terminating 

at the grain boundary. The 122 and 136 keV peaks merge together as they shift to lower 

energies such that only high and low energy peaks are seen in these spectra. 

According to this hypothesis, a grain boundary is e.vpected to be close to the front 

surface of the detector at location a, but no boundary is expected at location A. The 

photopeak measured at location a has been disrupted and shifted about 40 channels lower 

while another peak has appeared at about channel 40. The depth and slope of the inclined 

grain boundary can be inferred from the ratios of these photopeak energies. At 

location a, the grain boundary is -20% of the detector thickness from the front surface. 

The other spectra in Figure 3.16 indicate that this boundary is located progressively 

further from the front surface at locations b, c, and d, respectively. At location d, the 

boundary appears to bisect the sample. Analysis of the gamma-ray mapping data along 
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the same line between location d and the region 5 border indicates that this grain 

boundary continues at a similar inclination until it reaches the back surface at that border. 

These data support the proposed slope of a grain boundary in region 6. 

Notice in the pulse height spectrum from location A in Figures 3.15 or 3.16 that 

most of the X-ray fluorescence from the collimator has been shielded. Only the 

detector's Cd and Te K X-ray escape peak, centered at -95 keV or channel 135, is left to 

hinder this type of analysis of the gamma-ray mapping spectra. Overlap of features in 

this energy range of the pulse height histograms greatly reduces the clarity of the grain 

boundary effect, highlighting the need to shield the collimator fluorescence X rays. 

Correlation of leakage current and gamma-ray mapping data 

In the preceding discussion, only visual correlations are noted between features in 

the data from the pi.xel array, structural imaging, and gamma-ray mapping studies of this 

CZT sample. In addition to these data, the X-ray TAD, PL, and electron microprobe data 

(e.g.. Figure 2.3) were examined and various pairs of parameters extracted from all these 

data sets were plotted on numerous scatter plots. It is suggested in the literature (Tonev 

et al.. 1996a. 1996b. and 1997: Brunett et al.. 1997: Yoon etal.. 1997a and 1998) that 

some of these pairs are or may be correlated. Specifically, Tonev et al. H996b and 1997) 

present data from 4x4 CZT pixel arrays suggesting that lower leakage currents may be 

correlated with better gamma-ray detector performance and recommend further testing 

with a larger number of pixels and/or detectors to confirm this possibility. 
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Fig. 3.17 Scatter plot of integrated-count data from Figure 3.15 versus leakage 
current data at a bias voltage of 75 V and a temperature of 30 °C from Figure 3.2. 

Figure 3.17 is a scatter plot comparing leakage current as measured with the 

48 X 48 pi.xel array and integrated counts within the photopeak energy window as 

measured with the collimated gamma-ray mapping system, which are independently 

shown in Figures 3.2 and 3.15, respectively. The number of counts integrated in the 

photopeak is related to the charge transport efficiency at that location on the detector and 

is, therefore, one measure of detector performance. Data from 1430 pixels are compared 

in Figure 3.17. Correlations within scatter plot data such as this would be indicated by 

diagonal patterns; conversely, vertical and horizontal patterns describe uncorrected 

parameters. Figure 3.17 shows no obvious correlation between charge transport 

efficiency and leakage current. The lack of correlation is somewhat surprising since 

impurities in the bulk semiconductor and grain boundaries might be expected to affect 

charge transport during equilibrium conditions and alter a gamma-ray interaction. 



The effects of the sloping grain boundary identified in region 6 of Figure 3.10 

could so dominate the charge transport that any possible correlations are overshadowed. 

However, correlation studies (not presented) of only the upper, left comer of the pixel 

array where, in spite of the nearby twins, there might be a region of single-crystal CZT 

between the detector electrodes also showed no convincing indications that these 

quantities are globally correlated in this detector array. 

3.4 Conclusions 

The original motivation for this work was the possibility of gathering data at a 

large number of points on a CZT sample to determine what kinds of relationships exist 

between measured material parameters and the performance of radiation detectors 

constructed from this material. In particular, the objective was to assess the influence of 

physical and electrical characteristics of a CZT crystal on the efficiency and energy 

resolution of a small pixel detector array made from that crystal. This chapter focuses on 

correlating a subset of the physical properties data collected from the first CZT sample 

(leakage current and crystal grain locations) with gamma-ray pulse height spectra. The 

high spatial resolution of data from the pixel array was complemented by that of the IR 

microscopy. X-ray topography, and gamma-ray detector performance mapping. Local 

correlations visible in these spatial maps of this sample could then be interpreted. The 

measurements described in this chapter were conducted on just one sample. However, 

this particular sample was so heterogeneous and the amount of data was so large that 

some general conclusions about the effects of CZT crystal properties on radiation 

detector performance can be inferred. 
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The most obvious conclusion is that grain boundaries, clearly visible in the X-ray 

studies and to a lesser extent in the IR, have an extremely deleterious effect on the charge 

transport and, thus, the performance of CZT radiation detectors. The correlation of such 

a gross physical defect as a grain boundary with detector performance is hardly surprising 

and had been noted by Dotv et al. (1997). However, at the time this work was first 

presented, it seems to have been the first instance that such quantitative evidence linking 

poor CZT radiation detector performance with adjacent grain boundaries was presented 

(Hilton et al.. 1998: Brunett et al.. 1999a. 1999b. and 2000). This research, along with 

work by others on this topic, has caused both CZT crystal growers and customers to 

recognize that because of the negative effects of grain boundaries on detector 

performance, CZT radiation detectors should be manufactured using single-crystal 

material (Driver. 1997: Heanue. 1999: Stahleetal.. 1999: Parker et al.. 1999 and 2001). 

Similar detector mapping systems used by these investigators are indications of the 

usefulness of the techniques this work demonstrated. 

Contrary to results presented by others, data from this detector array does not 

show that leakage current and gamma-ray detector performance are inversely correlated. 

However, the dominant effects of grain boundaries in this CZT sample could mask any 

such correlation. Leakage current maps are apparently poor indicators for selecting good 

crystals for detectors that use pulse electronics readouts. Such maps may be useful in 

cases where integrating pixel readout methods are used, since excessive leakage current 

can drive individual pixels out of the dynamic range of the electronics. 
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CHAPTER 4 

MATERIAL PROPERTY AND DETECTOR PERFORMANCE 

STUDIES OF A CZT GAMMA-RAY IMAGING ARRAY; PART 2 

This chapter reports on research performed with a second CZT pixel array that 

followed the work presented in chapter 3 with an array of identical design. Lessons 

learned from that previous work were applied in these later efforts, which focused on a 

reduced set of experiments. Specifically, the crystal grain structure of the sample is 

crucial to understanding and interpreting both leakage current and gamma-ray detector 

performance measurements. Unfortunately, like the first array, this second and last 

functioning 48 x 48 device is made with one of nine detector crystals diced from a larger 

CZT crystal. The proximity of these samples in the growth boule suggests that they 

could contain similar size crystal grains, and therefore data from the second sample could 

be distorted by grain boundaries. Fabricating new detector arrays using single-crystal 

material was not an available option. All testing of the second CZT sample as a pixel 

array would have to precede tests to determine its crystal structure, which hopefully 

would reveal it to have as much of its pixelated area free of grain boundaries as possible. 

Most of this array testing is presented separately in chapter 5. Those tests were based on 

the temperature-dependent leakage current experiments from chapter 3 and resulted in the 

development of a new technique called thermally stimulated current imaging. The tlrst of 

three major sections in chapter 4 presents IR and electron diffraction images of the 
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second sample's crystal structure. Then, coilimated gamma-ray detector performance 

maps are presented, followed by some concluding remarks. 

4.1 Structural imaging 

After completing all tests of this sample while it was still an imaging array, the 

crystal was removed from the multiplexer readout. Unlike the procedure used with the 

first array, no fiducial pixels were left on this sample when all the electrodes were 

removed by chemical etching. To provide an orientation reference one comer of the 

crystal was beveled slightly. Then two imaging techniques were used to map the 

positions of any grain boundaries and other visible objects in the sample: IR transmission 

photography and electron backscatter diffraction (EBSD) scanning. 

4.1.1 Infrared transmission 

Instead of film, an IR sensitive CCD camera with a zoom lens was used to take 

several photographs of the second CZT sample. One of these IR photographs is shown in 

Figure 4.1. The formerly pixelated side of the crystal was facing the camera, but this 

image has been flipped vertically so that pixel (1,1) of the imaging system's numbering 

scheme is in the upper, left comer and its first row is along the top edge. The same 

naming scheme used in chapter 3 is again employed to identity the two large surfaces of 

the second CZT crystal. Based on the orientation of the hybridized detector array w hen it 

was wire bonded into its chip carrier, the back surface of the crystal refers to the formerly 

pixelated surface while the front surface is what held the top, or continuous, electrode. 

Thus, Figure 4.1 is oriented such that the front surface is nearest to the viewer. A bevel 
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grain boundar> ^ 

Fig. 4.1 IR transmission 
photograph of the second CZT 
sample. Wax used to mount the 
sample for imaging casts the 
black shadow visible along the 
top. Covering a small group of 
pixels next to the wax in the 
upper, right comer is a black 
spot caused by the silver epoxy 
used to connect the high-voltage 
wire to the imaging array's 
continuous electrode. 

was made on the lower, left comer of the sample's front surface to identify the sample 

orientation during subsequent testing. Vertical relief on the CZT surface after the pixel 

contacts were etched away is clearly visible as well as pipes scattered throughout the 

crystal's interior that are parallel to its growth axis. A grain boundary, more or less 

following the growth direction, is also visible; arrows are placed near where this 

boundary exits the sample at the top and bottom edges. This sample was also examined 

using an IR microscope, but small field of view limits the usefulness of presenting these 

images here. Nevertheless, this microscope was useful in verifying the general directions 

of some crystal twins identified previously using EBSD. These IR microscope results are 

discussed in the next section together with the EBSD results. 
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4.1.2 Electron backscatter diffraction 

The X-ray diffraction studies of the first CZT crystal, which are reported in the 

previous chapter, yielded critical information about that sample's crystal structure. 

However, X-ray diffraction methods are very time consuming and they do not provide a 

map of the crystal orientation of all grains in the sample. EBSD is a technique that can 

provide such maps of a specimen, and it can do so comparatively quickly. Not only do 

Laue and DCXRT procedures require long set-up and acquisition times, but their analysis 

and interpretation can be very slow processes. Admittedly, the final data set from such 

an effort could be much richer than that obtained using EBSD; but if the goal is to 

identity the locations of grain boundaries in a moderately polycrystalline sample, even a 

crude EBSD map of crystal orientation is sufficient. A modem scanning electron 

microscope (SEM) with the capability of automated EBSD pattern acquisition and 

analysis is very efficient at obtaining this type of information. Adams et al. (1993). 

Schwartz et al.(20Q0). and Randle (2001) describe the EBSD technique. Much of the 

following description is based on these sources. 

Experimental method 

Thomson and Reid (1927) and Davisson and Germer (1927a and 1927b) 

confirmed that electrons diffract from periodic structures in a manner analogous to X rays 

according to the electron's wavelength. 

P 
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Kikuchi (1928) was the first to observe electron diffraction patterns formed by electrons 

scattered in a single-crystal target. As discussed in section 2.2.1, occasionally electrons 

undergo large-angle scattering from a nucleus and emerge from the event with nearly the 

same energy as they had originally. A focused, incident electron beam thus creates a 

divergent source of energetic, scattered electrons in a small volume of the target that then 

diffract from different crystal planes. Kikuchi's early transmission-mode EBSD work 

was followed by that of Alam et al. (1954) in a reflection mode. The latter developed 

essentially the same EBSD method that is used in this study and is sketched in Figure 4.2. 

Kikuchi lines on a 
phosphor screen 

Electron 
beam 

\\ w 

d 

sample 

Backscattered electrons diffract 

from each set of crystal planes into 
two cones normal to these planes 

with a relative opening angle of20g. 

Fig. 4.2 Diagram of electron backscatter diflraction. The inset diagram is a close-up, 
cross-sectional view of the electron beam striking the sample. Backscattered electrons 
diffracting from one set of lattice planes spaced apart give rise to a pair of Kikuchi 
lines, or a Kikuchi band, on the phosphor screen. 
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Using (3.2) and (4.1), it is calculated that 25 keV backscattered electrons (i.e., 

A = ^150/25000 A) diffract at Bragg angles 0g <1° from low-order (Ml) planes in 

Cdo.gZno.:Te, which has a lattice parameter of a  =6.4 A .  Thus, electrons diffracted from 

most (hk/) planes in the target crystal form two cones with very large opening angles, 

which then intersect in nearly straight lines a planar phosphor screen placed parallel to 

the target crystal's surface. These Kikuchi lines define a band of diffracted electrons 

whose width relates inversely with the spacing of the diffracting planes. Bands intersect 

at points where a zone a.\is of the crystal lattice, described in section 3.2.2, intersects the 

screen from the sampled point on the target. Angles between bands, as projected onto the 

image plane, are related to angles between the corresponding lattice planes. As with 

X rays, the diffracted intensity from each (Ml) plane varies according to the target 

material's atomic and geometric scattering factors. The electron beam is incident at an 

angle of 19.5°. This particular angle is chosen based on the lattice orientation of a silicon 

crystal used for system calibration. Because of depth that the beam penetrates the target, 

an incidence angle of approximately this value increases the number of electrons 

scattering in the sample, diffracting, and then exiting the sample without further 

interaction. Thus, the EBSD image signal-to-noise ratio is improved. 

Venables and Harland (1973) were the first to use an SEM to perform EBSD. An 

external low-light video camera records the EBSD pattern on the phosphor screen inside 

the SEM chamber. Use of computers to processes the images and identify key features 

began in the 1980s (Dinglev. 1984 and 1989: Dinglev and Baba-Kishi. 1986). Computer 

algorithms developed bv Krieger Lassen et al. (1992) fully automated EBSD pattern 
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indexing using the Hough f 1962) transform, which is the basis of modem EBSD indexing 

systems. After some image preprocessing, bands are indexed by plotting the average 

intensity along all possible lines in the image; the coordinates of each point in the 

transformed image are the angle of a line, in a reference coordinate system, and the 

perpendicular distance to that line from the reference origin. Convolution of the 

transformed image with a "butterfly" mask produces peaks corresponding to lines along 

the centers of each band in the EBSD image. Based on user-supplied information of the 

sample's crystal structure, a computer calculates and stores the lattice orientation matrix 

G that would produce each EBSD pattern. Section 3.2.2 describes orientation matrices. 

Rapid indexing of EBSD patterns makes it practical to perform EBSD mapping of the 

lattice orientation on the surface target sample. In the studies of this CZT sample, the 

SEM could shift the - 0.5 //m beam to a point, acquire and index the EBSD image, and 

store the orientation matrix in - 1 s per point. 

Results 

Five EBSD scans were made of the front and back of this sample; each used a 

square, 32 x 32 array of sampling locations. Scans in each of the sample's four comers 

collectively examined nearly an entire surface, and a fifth scan at the center ensured final 

montage would be linked together. An SEM image of each scan area was made to 

spatially correlate the EBSD orientation data. At the top of Figure 4.3 is a composite 

SEM image of the back of this sample, the pixel pattem being clearly visible. The dark 

band to the lower-left of center is contamination due to surface charging that was left 
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Fig. 4.3 Composite SEM image (top) and EBSD grain map (bottom) of the back, or 
formerly pixelated, surface of the second CZT crystal. In the latter, white areas are 
missing data and the three shades of gray represent unique lattice orientations. The two 
darker regions are twins. For ease of registration, both of these images are displayed 
after being flipped up and down so that they have the same sample orientation as those of 
the opposite surface, which are shown in Figure 4.4. Thus, features in Figure 4.3 appear 
as they would if viewed though the sample from the front surface. Numbers and letters 
correlate grains that are also observed in Figure 4.4. 
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Fig. 4.4 Composite SEM image (top) and EBSD grain map (bottom) of the front surface 

of the second CZT crystal. The same grayscale shading and designating numbers and 

letters of Figure 4.3 are used here with the addition that black areas represent any lattice 

orientation other than the main three orientations. 
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from previous scans in that area. The viewable sample area is quantized according to the 

SEM magnification, so it was decided that the optimal scan area would be just over 3 mm 

on a side. Scans of the back surface overlapped such that an area just larger than the 

pixel region was investigated; however, the outer perimeter was not examined. 

Alternatively, scans of the front side, shown in Figure 4.4, were arranged with less 

overlap and extend to the edges of the sample so more surface area could be studied. 

At the bottom of Figures 4.3 and 4.4 are composite maps of crystal grains 

identified from the EBSD lattice orientation data. In these texture maps, areas that have a 

maximum relative misorientation of 5° are grouped and shown in different shades of 

gray. On each surface, three major grain orientations are identified. These grains are 

shown in light gray (a), medium gray {b), and dark gray (c). Hereafter, evidence is 

presented that indicates that the same three orientations are present on both surfaces. 

Therefore, only one set of orientation data is presented that is representative of these 

three lattice orientations. As expected, the SEM images and EBSD texture maps have 

few features in common besides the spatial correlation of their data. Nevertheless, by 

comparing Figure 4.1 with Figures 4.3 and 4.4, the grain boundary between a and c (or 

alternatively, 4 and 5) can be discerned in both SEM images. 

Repeated EBSD orientation measurements at a fixed location yielded automated 

orientation solutions with a -0.5° variation, but the data shows a smoothly varying, 

position-dependent orientation drift of up to 4° across each of the ten scans. This 

systematic variation precluded any reliable measurements of macroscopic strain. 

Representative orientation matrices measured at adjacent points are 
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-0.1021 -0.6259 0.7732" -2 -4 14 

G.= 0.9928 -0.0157 0.1185 17 0 2 

-0.0620 0.7798 0.6230 -1 5 1 

"-0.7428 -0.5826 0.3299 • "-5 -8 5 

0.6014 -0.7971 -0.0535 4 -11 -1 

0.2942 0.1587 0.9425 2 2 14 

"-0.0964 -0.5502 0.8294" -2 -6 12" 

G = 0.9944 -0.0893 0.0564 19 -1 1 . 

0.0431 0.8302 0.5558 1 9 8 

In each matrix on the right-hand side of (4.2), column vectors have been scaled to 

approximate integer-valued representations. As described in (3.8), these column vectors 

are the [hkl\ representations, from left to right, of the rolling, transverse, and normal 

directions of this specimen. The [hkl] vectors in (4.2) are less than 1° misoriented from 

the measured values. Misorientation angles and axes of rotation for the three grain pairs 

are obtained using (3.10), (3.12), and (3.13). 

9^, = 60.3° = 0.6295a, - 0.4617a, + 0.62493^ «[4 -3 4] 

R^^.=0.7l35a,+0.69893,-0.049133 ^[12 12 -l] (4.3) 

^,,=60.0° =-0.5757a,+0.57653,-0.579833 =[-1 1 -l] 

Again, the [hkl] directions shown in (4.3) are within 1° of the calculated rotation axes. 

According to the definition ofCZT twins in section 2.1.1, the misorientation of the grains 

in regions b and c identifies them as twins. It is coincidental that regions a and b are also 

related by a -60° rotation. Since their rotation axis is not a (l 11) direction, they are not 

twins. 

Because this CZT sample was cut from the same 3 cm x 3 cm x 1.5 mm slab of 

CZT as was the sample examined in chapter 3, comparisons were made of their grain 
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orientations. A glance at the orientation matrices in (4.2) and (3.9) indicates that at least 

one grain may be present in both detector crystals with an orientation given by and 

in the respective samples. Indeed, the two have only a 6° angular misorientation. 

Thus, it is likely that the grain visible in X-ray topographs of the back surface of the first 

sample (Figure 3.9) is the same grain represented by the b regions in the EBSD te.xture 

maps of the second (Figures 4.3 and 4.4). Because the two grains studied in the first 

sample are known to not be twins, only region a in the second crystal needs to be 

compared with the front surface grain of the first. The misorientation is calculated from 

and to be 15°, which is less convincing evidence that they are the same grain. 

Due to the effects grain boundaries have on charge transport, an understanding of 

how the grains on one side of the second sample relate to those on the other side is of 

greater importance. In this respect, EBSD data can provide some important information. 

As previously asserted, regions with matching shades of gray in Figures 4.3 and 4.4 are 

locations where the crystal grains have the same nominal lattice orientation. Data 

supporting this observation are the misorientations of 3°, 5°, and 5°, respectively, that are 

computed between corresponding a, b, and c regions in these Figures. Because the 

locations considered from each side were widely separated in the SEM field of view, the 

systematic error due to sampling position that was noted earlier is likely the dominant 

cause of these small angular differences. 

Besides knowing the grain orientations on each side, it is useful to know how the 

grain boundaries traverse the sample. Since EBSD is only sensitive to crystal 

orientations near the sample surface, other crystallography techniques are necessary. IR 
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methods rely on the presence of opaque precipitates on a grain boundary. The boundary 

between regions a and b, or rather between regions 4 and 5 in Figures 4.3 and 4.4, is 

visible as a thin line in Figure 4.1, which indicates that the boundary is nearly 

perpendicular to each crystal face. These two regions are the two dominant grains in this 

sample. An IR microscope was used to examine the boundaries of the twin bands 

surrounded by grain 4. As discussed in section 2.1.1, precipitates are also distributed 

throughout the material, and their number density on any given boundary varies greatly. 

Thus, it is not always as easy to plot the locations of multiple grain boundaries in 3-D 

using IR methods without other clues. Aided by the EBSD data, these twin boundaries 

were observed in the IR microscope to traverse the sample such that grains 2 and 3 in 

Figure 4.3 are the same as grains 2 and 3, respectively, in Figure 4.4. The direction of 

grain I as it enters from the front surface is essentially parallel to grains 2 and 3, but it 

cannot be determined whether any of this grain exits on the back surface outside the 

range of the EBSD scans. 

These conclusions are used to create Figure 4.5, which depicts the locations of 

grain boundaries in 2-D by connecting the numbered regions in Figures 4.3 and 4.4 with 

dotted lines. The IR microscope studies only revealed trends of the actual boundaries in 

this sample; thus, dotted lines and shaded areas in Figure 4.5 enclose regions where at 

least one grain boundary is likely to exist between the front and back surface. The actual 

boundaries of known grains may not take the most direct route through the material, and 

other grains could potentially go undetected by these EBSD scans. For instance, grain 3 

on the back side is as narrow as 0.2 mm, but the sample is 1.5 mm thick. Because EBSD 
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is only sensitive to the lattice orientation near the sample's surface, unseen twins could 

potentially exist entirely inside the sample. Likewise, the ~0.1 mm step size of this scan 

could pass over small grains. As done with the first sample, collimated gamma-ray 

mapping of the second CZT crystal's detector response was performed to clarify the 

possible locations of grain boundaries within the material. 

Fig. 4.5 Representation of the grains and grain boundaries in the second CZT sample. 

The inner square represents the pixel array perimeter. Features on the front surface are 

black while those inside the material or on the back (i.e., formerly pixilated) surface are 

lighter shades of gray. For the twin grains, dotted lines represent the most direct path 

connecting their front and back locations, and are thus only estimates of their actual 

positions. 
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4.2 Collimated gamma-ray detector performance mapping 

Three potential options for collecting spatial maps of gamma-ray detector 

performance data with this detector were considered. The first option was to use the 

pixel array itself; however, about half of the pixels had delaminated from the readout 

multiplexer. Collecting useful detector performance data from the remaining pixels 

would involve utilizing signals from neighboring pixels, which were not available for a 

large fraction of the array area (Marks etal.. 1996: Marks. 2000: Barrett et al.. 1998). 

This method would provide information about the detector performance in only a small 

area and the quality of this data would be spatially inhomogeneous. The second option 

was to use the Sandia mapping system described in section 3.3. However, the '^Co 

source in that apparatus had decayed to 3% of its original activity, and the system had 

since been partially disassembled. Funds were not available to acquire another source. 

After the gamma-ray mapping system at Sandia was built and had demonstrated the 

usefulness of this technique for screening CZT detector materials, a similar system at the 

U of A was built. This system was used for the gamma-ray mapping of this detector. 

U of A gamma-ray mapping system and results for the second array 

The U of A gamma-ray mapping system is similar to the Sandia system. The 

scanning motion of the collimated source and the collection and display of pulse height 

data is controlled by LABVIEW software. The gamma-ray mapping data acquired with 

system used a 40 mCi "^^""Tc source with a 2.5 mm diameter that was placed 10.5 cm 

behind a stack of lead collimator plates. These plates are stacked such that their drilled 
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holes form a stepped, hour-glass collimator aperture. The narrowest of these plates has a 

370 fjm diameter aperture and is separated from the detector by -1.5 mm. From the 

geometry of this source/collimator assembly, it is determined that the gamma-ray beam 

diameter is -430 /jm at the mid-plane of the detector. 

Planar, gold contacts were deposited by the electroless method on opposite sides 

of the crystal. The detector was placed in the mapping system with the back surface of 

the crystal placed closest to the collimated beam, and a detector bias of 200 volts was 

applied such that this surface was the cathode. Figure 4.6 shows a pulse height spectrum 

acquired over 1000 s at a point near the center of the detector. A scan of this detector 

was then made using a step size of 348 jjtn in both lateral directions and an acquisition 

time of 15 s per point. Results of this scan are shown at the bottom of Figure 4.6. On the 

left is a map of the total counts detected, and on the right is a map of only the integrated 

counts detected within the narrow window from channel 200 to 230, which corresponds 

to the photopeak of the 140.5 keV emission of ̂ ^""Tc (Chu et al.. 2002). The two dotted 

lines in the pulse height histogram mark the integration window. 

A small amount of play in the linkage between the mapper's translation stage and 

actuator introduces a spatial offset in the data as it is acquired in a serpentine scanning 

pattern. Every other row of data in these maps have been shifted by one scan position, 

which appears to be a slight overcorrection to this offset problem. Just over 2 hours 

elapsed between when the lower and upper portions of the detector were mapped, during 

which time the source decayed to about 80% relative strength. This reduction in the 

integrated counts appears as gradual darkening from the bottom to the top of the maps in 
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Figure 4.6. As expected, a large reduction of counts within the photopeak window occurs 

around the perimeter of the detector. This reduction is a combination several effects 

including the fact that the gold electrodes on this detector do not e.xtend all the way to the 

9000 

6000 -

c 
3 
o 
O 

3000 -

100 150 

Channel 
250 

Fig. 4.6 Collimated ^^""Tc gamma-ray mapping results of a planar detector made with the 

second CZT crystal. At the top is a pulse height histogram acquired with the beam at the 

center of the detector. At the bottom are spatial maps of counts integrated over the entire 

energy range (lower left) and within the energy window (lower right) indicated by the 

dotted, vertical lines in the spectrum. The latter images are cropped to 7 mm x 7 mm. 
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edge, and an increasing portion of tiie collimated beam misses the detector as the scan 

approaches the edge. These effects are systematic and thus do not indicate detector 

performance variations that are specific to this detector crystal. 

However, correlation of the gamma-ray mapping and crystal structure data of this 

detector is readily apparent. Although the high-angle grain boundary between grains 4 

and 5 (see Figures 4.3,4.4, and 4.5) is oriented mostly parallel to the direction of charge 

transport, in many interaction events it does impede charge transport enough to prevent 

full signals from being induced. Likewise, the boundary between twin grains 4 and I on 

the left edge of the crystal drastically reduces the number of photopeak events. The same 

grain boundary effect noted in section 3.3.2 is happening at each of these boundaries. 

This effect is shown in the pulse height spectra plotted in Figure 4.7, which are the data 

Off grain boundary 
On grain boundary 

0 50 100 150 200 250 

Channel 

Fig. 4.7 Pulse height histograms acquired at adjacent scan locations with the U of A 

gamma-ray mapping system. The collimated beam was either centered on the boundary 

between grains 4 and 5, as they are identified in Figures 4.3 and 4.4, or else was moved 

348 fjvn to the left. Two vertical dotted lines mark the edges of the integration window 

used to make the lower, right image in Figure 4.6. 
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used to make the gamma-ray mapping images in Figure 4.6. The total numbers of counts 

detected with the beam on and adjacent to the high-angle grain boundary differ by only 

1%. However, on this boundary many photopeak events have been shifted to lower 

channel numbers due to reduced charge transport. Equivalent spectra (not shown) were 

obtained with the beam on and adjacent to grain 1. 

On the other hand, for readout electronics with a 1 shaping time, there is only 

one scan location on the boundaries associated with twin grain 3 showing that these 

boundaries reduce charge transport. E.xcept for that small spot, these boundaries appear 

to be benign with respect detector performance. Near grain 2, the charge transport is not 

quite as good, which indicates that its boundaries are qualitatively different from those of 

grain 3. 

4.3 Conclusions 

EBSD proved to be a very useful and efficient technique for mapping and 

understanding this sample's crystal grain structure. Its advantages over the X-ray 

diffraction methods applied in studying the first detector sample are its speed and its 

ability to identity the boundary locations and orientations of all grains on the sample 

surface, within the resolving power of the EBSD scan. EBSD and IR images of this 

sample show it having three identically oriented grains within a fourth grain that is a twin 

and occupies most of the crystal volume. The remaining volume is a grain that has a 

lattice orientation unlike the other grains and is not one of their twins. 
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IR measurements indicate that the grain boundaries within the material are likely 

to run in a nearly direct path between the known grain positions at the surfaces, as shown 

in Figure 4.5. No contradicting evidence of this hypothesis was obtained by coliimated 

gamma-ray detector performance mapping. Charge transport across the high-angle 

boundary between grains 4 and 5 is greatly reduced. All three twin grains have different 

effects on charge transport in their vicinity. Adverse effects are most severe near grain 1, 

very slight near grain 2, and localized to only a small spot near grain 3 with the remainder 

of that grain having no effect. 
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CHAPTER 5 

THERMALLY STIMULATED CURRENT IMAGING 

Thermally stimulated current spectroscopy, or simply TSC, is one technique used 

to understand some of the electronic material properties of semiconductors. Specifically, 

information about the energy levels of trapping states present in the material as well as 

their capture cross sections, densities, and perhaps even trap types can be obtained from 

TSC data. These parameters affect each level's trapping and detrapping times and, 

therefore, the material's overall carrier trapping behavior. Poor charge transport due to 

trapping limits the energy resolution, and consequently the size, of radiation detectors 

made from CZT and other semiconductors. Furthermore, information about the traps in a 

material is crucial for understanding the compensation mechanism responsible for that 

material's resistivity, which is a major factor governing its suitability as a radiation 

detector material. 

The work presented in this chapter extends conventional TSC, for the first time, 

into the domain of imaging. A new method called TSC imaging has been developed that 

reconstructs the 2-D spatial distribution traps in a pixelated CZT detector. It is hoped that 

with this new tool, better insight into the nature of flaws in presently available CZT will 

be obtained. In addition, TSC imaging is a general technique that could be applied to any 

semiconductor material. The four sections of this chapter review the basic principles of 

TSC, model the TSC imaging response of a pixelated detector, describe the TSC imaging 
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experiments performed on a CZT dctector array, and present the images and analysis of 

this data demonstrating the TSC imaging method. 

5.1 Overview of conventional TSC 

After providing a brief historical and conceptual introduction to conventional 

TSC, this section presents a derivation of some equations used in the analysis of 

experimental TSC data in section 5.4. Then a few other methods for studying trap 

properties in semiconductor materials are discussed. This overview of conventional TSC 

will clarify principles applied in the TSC imaging model presented in section 5.2. 

Thermal detrapping of charge carriers as a method of studying trap properties was 

first used by Urbach (1930) and brought into wide use by Randall and Wilkins (1945). 

These researchers explain the delayed luminescence, or phosphorescence, that occurs 

when the temperature of an insulating material is raised as being the result of previously 

trapped electrons (holes) in that material being thermally excited into the conduction 

(valence) band and then recombining at luminescence, or color, centers with carriers of 

the opposite type. A photon is released with each recombination event producing what 

were termed glow curves—plots of thermoluminescent intensity versus temperature. 

Various glow curve experiments have been used, but common elements of such 

experiments are that: the sample is cooled, free carriers in the sample are generated by an 

excitation source and trapped by localized states in the band gap, and then the sample is 

heated until the trapped carriers are released. For a single, filled trap level, the rate of 

carrier detrapping increases with increasing temperature to some maximum value as 
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indicated by (2.23) and (2.26). The supply of filled traps eventually becomes too small to 

maintain this rate, which then decreases to zero when the trap level is completely empty. 

The resulting glow curve thus has one intensity peak. The trap density is 

proportional to the area under the curve while the trap level E^- and cross section a^- can 

be calculated by the curve's shape and position. Sometimes it is possible to determine 

the trap type by selectively filling only one type of trap in the sample. 

An alternative is to put electrical contacts on the sample, apply a bias voltage, and 

then measure the thermally stimulated current that flows as trapped carriers are released. 

In this method, both the requirement that the samples have color centers and the 

complications these centers add to the data analysis are removed. Although the need for 

electrical contacts limited early applications of TSC when many samples were available 

only as powders, the ability and desire to test new materials using TSC and analyze the 

results developed from the early glow curve work (Garlick and Gibson. 1948: Rose. 

1951: Grossweiner. 1953: Booth. 1954: Bube. 1955). 

Some electro-optical materials studied by TSC are a-Se (Kang et al.. 1991) 

BiiiGeO^o (Bloom and McKeever. 1995). CdS (Bube. 1955: Nicholas and Woods. 1964). 

CdSe (Bubeetal.. 1966). CdTe (Chibani et al.. 1993: Huang etal.. 1995). CZT (Szeles et 

al.. 1997: Fougeres et al.. 1998: Lee etal.. 1999: Krsmanovic et al.. 2000a). GaAs (Huang 

et al.. 1991: Look etal.. 1997). Hgh (Bube. 1957: Gelbart et al.. 1977). and InSe 

(Micocci et al.. 1983). TSC is only practical for high-resistivity materials in which the 

desired signal currents are not overwhelmed by leakage, or dark, currents. However, 

with appropriate modifications, TSC has been used to study reverse-biased, silicon PN 
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junction detectors (Forbes and Sah. 1971: Baldini and Bruzzi. 1993: Palmieri et al.. 

1999). In general, electrical contacts themselves can introduce or alter trapping levels 

detected in the material (Baoetal.. 1991). 

A TSC experiment measures both the current after traps have been filled 

at a low temperature and, in a separate run, the thermal equilibrium dark current 

The thermally stimulated current due only to carrier detrapping is 

where the sample's temperature T is increased at a rate of 

P = (5.2 
dt 

If a TSC sample with a cross-sectional area A and thickness L has a uniform electric Held 

£• = ̂ /Z, (e.g., sample is fully depleted by a negligible electric field), the bulk electrical 

conductivity a = ijAE is given by (2.8), and is then 

In the same manner as (5.1), nj^(. and are the additional free carrier densities due to 

charge detrapping. 

Conventional TSC analyses reported in the literature typically use equations that 

are explained in the following composite derivation, which is related to those of Randall 

and Wilkins (194S). Keating (1961). and Bube(1957. 1960. and 1992). The derivation is 

equally applicable to electron and hole traps. Therefore, assume a sample has only one 

electron trap level, arbitrarily represented here as an ionized donor level , filled at 

iTsciT) = im.u(T)-Lrk(T), (5.1) 

(5.3) 
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temperature to an initial, trapped electron concentration . The latter has a lower 

bound given by the equilibrium density of filled traps at 7^ and an upper bound at the 

total trap density, or 

Note in (5.1) that is only due to the detrapping of any charge e.xceeding the lower 

bound in (5.4), so it can then be said that 

Of course, as given by (2.14), N'^ depends very strongly on the relative energies of 

and the Fermi level £,. Equilibrium Fermi level calculations using (2.9), (2.14), and 

(2.15) are necessary to compute specific values of iV*. For reasons discussed hereafter, 

it is presumed in this derivation that . In other words, the trap level is 

assumed completely empty after cooling the material in the dark. So, = p^ with the 

latter notation being used henceforth. 

Two practical realities validate the assumption that a trap level be completely 

empty at . First, all materials have numerous donor and acceptor levels, which pin the 

Fermi level in a region of the band gap such that many dopant levels are either mostly 

empty or mostly full. As such, these levels are either active or inactive during TSC 

experiments. Second, using techniques discussed later, each active level can be 

separately examined so, as far as this derivation is concerned, they are independent. This 

first point is not always obvious, since equilibrium Fermi level calculations for multiple 

(5.4) 

(5.5) 
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dopant levels are quite complex. Figure 5.1 plots some of the results of one such 

calculation for a hypothetical material. This material has a 1.6 eV band gap with three 

donor (0.05, 0.8, and 1.0 eV) and four acceptor (0.05, 0.35,0.74, and 1.0 eV) levels 

uniformly distributed at the specified concentrations. The Fermi level is pinned near the 

e.xcess 0.8 eV donor level. That donor and the 0.75 eV acceptor are the only two levels 

to e.xperience any significant changes in their equilibrium occupancies. Deeper levels 

remain completely filled, or un-ionized, while shallower levels stay empty. 

However, equilibrium calculations do not fijlly address the occupancy issue. In 

an actual TSC experiment, which must be performed in a reasonable time frame, the 

trapping and detrapping rates can be unreasonably small at low temperatures. Also 

shown in Figure 5.1 are the simulated occupancies of each level when the material starts 

at equilibrium and is then cooled in the dark at a constant rate. The computer code 

Compensation2.m, which is listed in appendix A, was written to perform these 

calculations. The four deepest levels are unable to track their equilibrium occupancies as 

the temperature drops. This simulation assumes the free carrier concentrations are given 

by (2.9). If any other sources of free carriers such as photoexcitation, detrapping, etc. 

were included, they could allow the two 1.0 eV levels to trap more charge and better 

track their equilibrium concentrations. Therefore in (5.4) and (5.5), both the initial lower 

bound for and the concentration for some dopant levels determined by a TSC 

experiment must be adjusted to account for this non-equilibrium initial condition. Using 

the simulation in Figure 5.1 as an example, if the 0.75 eV acceptor has cr = 10"'^ cm", 

then < 0.95N^. Without adjustment, this level's density would be underreported. 
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Fig. 5.1 Equilibrium Fermi level (upper chart) and corresponding ionized dopant 

concentrations (solid lines in lower 5 charts). Also shown are simulated concentrations 

assuming a cooling rate of 0.05 K/s from an equilibrium state at 300 K and extreme 

capture cross sections of either 10"'' cm" (dotted) or lO "' cm" (dashed). Donor and 

acceptor levels at 0.05 eV with - ̂ A~ are not shown since they are 

essentially completely ionized at all temperatures. Other parameters are chosen to be: 

= 1.6 eV, g = 1 (all levels), nij^ = 0.1 I/Wq , and ntj,^ = 0.72/no. The Fermi level is 

pinned near mid-gap in this mildly over-compensated scenario. 
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Charge balance requires that the time rate of change of is the combination of 

rates at which p detraps and recombines either in the bulk or at a blocking contact. 

In other words. 

^'^TSC _ '^TSC 
dt dt Tp 

(5.6) 

where is the recombination lifetime. Hereafter, a general notation is used for electron 

trapping that represents appropriate parameters with a subscript e (e.g., iV,, £., and CT. ); 

likewise, hole trapping parameters have a subscript h. A general expression using (2.22), 

(2.23), (2.24), and (2.26) that accounts for both electron detrapping and retrapping is 

dt 

A solution for is obtained from the general equations (5.6) and (5.7) by 

(5.7) 

making two primary assumptions. First, in the special case of no retrapping, the second 

term on the right-hand side of (5.7) is dropped. Using (5.2) to change this derivative to 

be taken with respect to T, integrating, and back substituting the resulting solution for p, 

which scales with the trapped charge density p^ at the starting temperature of , yields 

— = -p,N^.a^.v„e\p — f d T  exp 
kT j ^ kT 

(5.8) 

Second, is assumed so small that the solution to (5.6) from Hodeman et al. (1959), 

dp  2 d 'p  3 d 'p  
dt 

•+ r 
' dt- dt' 

(5.9) 

can be approximated using only the first term of the series as 



163 

^TSC ~ iE. 
dt 

(5.10) 

Comparison with (5.6) shows that this second assumption can be recast in physical terms 

to mean that the detrapping and recombination rates are equal. Combining (5.3), (5.8), 

and (5.10) yields the solution 

'rec exp 
kT'  J 

dT exp I ^ 
P I kT 

(5.11) 

which is plotted in Figure 5.2 as a function of Tat two different heating rates. This plot 

simulates the TSC response of a sample that has a uniform distribution of identical 

electron traps where all detrapped electrons are assumed to recombine upon arrival at the 

anode. Thus, is just their average transit time, or 

< c 

c 
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Fig. 5.2 Thermally stimulated current at two heating rates simulated for a sample with 

one electron trap with properties as shown. 
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The first term in the exponential of (5.11) sets the initial, low-temperature rise of 

since the integral term is negligible. Under this condition (5.11) can be rewritten as 

/ . 

In 
' tscC^O) 

= E. J 1_ 

kT 
(5.12) 

to determine the trap level , independent of its capture cross section cr^, if there are no 

other trap levels of similar energies. Because of the very strong temperature dependence 

of detrapping rates, it is sometimes possible to distinguish two trap levels in a material 

with moderately different energies by holding a sample at a temperature T' between that 

of each level's TSC peaks long enough to completely empty the shallower level. 

Alternatively, the deeper traps can be studied simply by filling them at T' and then 

lowering the temperature before starting the next run. The initial rise of could then 

be used to determine the deep level using (5.12). This method is called decayed TSC. 

Once has been determined, cr^ is given by the temperature at which 

reaches a maximum for that trap level. In continuation of the derivation leading to (5.11), 

it is assumed that qc T'^'' (Bube. 1957 and 1960). For simplicity, the same electron 

density of states effective mass nij^, is used in substitutions from (2.9) for and from 

(2.17) for V,,,. Using these substitutions in (5.11) and setting the derivative with respect 

to T of ln(/„c) equal to zero at r„, yields 

E.^kTJn 

Jc e m 

E.+kT  
1 T da^ T dr. 

2 cr. dT r„ dT 

(5.13) 
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It is also assumed that only the first term in the denominator of (5.13) is significant, 

which results in the approximation 

V 

E. = kT In (5.14) 
Ph'E, 

One can also obtain (5.14) from (5.11) if /d^, and <t, are assumed temperature 

independent. 

If cr, either is known or can be estimated, (5.14) may be used to find £,. For 

example, in the electron trap simulation of Figure 5.2, if is determined trom measured 

data to be 166.4±0.1 K and cr^ s 10"'^ cm" then by (5.14) = 0.2940±0.0002 eV. 

However, if is only known, or estimated, to be in the range from 10"'^ to 10"''' cm", 

then = 0.29 ± 0.04 eV where the error now reflects the uncertainty in <t. . Notice how 

this uncertainty has a minimal impact on the energy level calculated with this method. 

Multiple measurements at different heating rates can be used to find an optimal solution 

for both cr^ and E^ from a set of (5.14) equations. However, this technique assumes that 

initial conditions in each experiment are identical. The difficulty in matching 

experimental conditions represents a source of error in this approach. 

Integrating separate peaks in an versus T curve—or in several such curves 

from a series of decayed TSC experiments—of a sample with several trap levels yields a 

qualitative, relative measure of the density of each level. More quantitative estimates of 

Pq for each level require knowledge of its spatial distribution. As described in 

section 2.2.3, the amount of charge induced in the circuit of a planar detector with a 



166 

uniform electric field depends on the how far each detrapped carrier travels between the 

electrodes before it recombines. In addition, the net ionized defect concentration and, 

therefore, the electric field in the material are constantly changing as trap levels empty. 

Under such conditions, it is reasonable to assume that , too, varies in space and time 

for both carrier types. Thus, to compute in the example used for Figure 5.2, it is 

assumed that p„ is uniform and that recombination occurs only at the contacts; therefore, 

= l}l2njt. In general, different assumptions produce a different . Integration of 

a measured curve to determine is also subject to these biases. Again, even a 

precise knowledge of would not give an absolute measure of the corresponding trap 

level's density because of the uncertainty in the equilibrium density of filled traps at 7^,, 

as reflected in (5.4), that is further compounded by non-equilibrium cooling effects. 

In summary, issues affecting the quantitative value of TSC measurements include: 

1) unknown spatial inhomogeneities in the trap distributions within a sample, 

2) difficulties in resolving closely spaced trap levels, 3) variations of the number of 

initially filled traps due the procedure used to fill them and/or the sample's previous 

temperature and trapping history, and 4) problems with measuring a sample's time-

dependent temperature. The quantities derived from a conventional TSC measurement, 

in order of decreasing diagnostic value, are the trap's energy level, capture cross section, 

density, and type. In spite of its shortcomings, TSC is considered a useful diagnostic 

tool, in varying degrees, for the study of these trap properties in semiconductor materials. 

Other methods offer some improvements over TSC but are often more complex. 
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Other methods for studying trap properties 

Thermoelectric effect spectroscopy (TEES) is a technique very similar to TSC 

and is frequently performed using essentially the same experimental apparatus. Unlike 

TSC, which uses an externally applied bias voltage (/>, TEES relies on a thermal gradient 

AT" to transport detrapped charges. In the absence of detrapping, Lee et al. (1999) state 

that the magnitude of the dark current induced in a TEES configuration is smaller than 

that of TSC by a factor of at least e^/ArAT" - lO"* for ^ = 10 volts and AT = 10 K . This 

fact is advantageous for TEES because deeper trap levels can thus be investigated at 

temperatures where TSC signals are overwhelmed by dark currents. Another TEES 

advantage is that the temperature gradient moves both holes and electrons in the same 

direction allowing for signal currents of both polarities. Conversely, TSC has only the 

polarity defined by the electric field. Thus, it is possible for TEES to clearly distinguish 

trap types without resorting to less certain trap filling methods. 

Figure 5.3 plots TEES spectra obtained from two CdTe samples in an 

investigation of presence of strain-induced traps. Strain that occurs during CZT crystal 

growth or detector processing could introduce such traps. By mechanically straining one 

of the samples to create dislocations in the crystal lattice and comparing with results from 

an unaltered sample, the trapping levels associated with such strain-induced dislocations 

are examined. Negative (positive) peaks in these spectra are due to electron (hole) traps. 

These results show that several additional trap levels are present in the strained sample 

and that the densities of these extra levels changes over time as the crystal is allowed to 

anneal at room temperature. This evidence of traps being associated with dislocations is 
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important to the discussion of the TSC imaging results in section 5.4. Additional 

discussion of these TEES experiments is given in section 6.2. 

Santic and Desnica n990>. in their original description of the TEES method, 

created a temperature gradient using two independent heaters in thermal contact with the 

electrodes on opposite sides of the sample. Huang et al. (1991) demonstrate that a single 

heater can also create the gradient by utilizing the sample's limited thermal conductivity; 

however, both the magnitude and sign of the gradient so created is highly time and/or 

temperature dependent. Explicit accounting for these variable gradients is required for 
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Fig. 5.3 TEES spectra for two CdTe samples—one mechanically strained 0.65% 

(compression) and the other unaltered. Both samples were stored with dry ice for 1 day 

before initial TEES spectra were obtained and then allowed to room-temperature (RT) 

"anneal" for an additional day before a second round of TEES testing. 
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proper data analysis from single-heater TEES experiments (Lee et al., 1999; James. 2000; 

Olsen. 2000). 

Photoinduced current transient spectroscopy (PICTS) is another trap level 

spectroscopic technique that has been used with CdTe and CZT (Kremer et al.. 1987; 

Tapiero et al.. 1988: Eicheetal.. 1994: Brunett et al.. 1997; Tonev et al.. 1998a). PICTS 

measures the temperature dependence of the photocurrent decay following pulsed optical 

excitation to gather information about trap levels similar to that collected using TSC. 

PICTS is related to deep-level transient spectroscopy (DLTS) methods, which instead 

record capacitance transient fluctuations (Lang, 1974). Like TEES, DLTS is capable of 

distinguishing between hole and electron traps, but DLTS cannot be used on semi-

insulating materials (Broniatowski et al.. 1983: Bougoin et al.. 1988). This limitation 

motivated the development of alternatives such as PICTS and TEES. 

5.2 Model of TSC imaging in pixelated detector arrays 

The three remaining major sections of this chapter present research that e.xtends 

conventional TSC methods into the domain of imaging. By carefully controlling the 

temperature of a pixelated CZT detector array with a charge integrating readout, similar 

TSC information traditionally gathered from material samples at a single location can be 

collected at many locations on a sample. Thus, instead of measuring average properties 

over relatively large crystal volumes, a pixel array can collect data simultaneously at 

much smaller spatial scales at numerous locations. Using the TSC imaging model 

presented here, this sampled data is used to reconstruct the trap density distribution in the 
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form of a spatial map, or image. No previous attempts at performing such a task have 

been found in the literature. The spatial information about the traps added by this 

technique can then be studied to find correlations with structural properties in CZT. This 

model of TSC imaging in pixelated detector arrays is presented in four sections. First, 

the expected pixel response to thermal detrapping of charge carriers is modeled. Then 

algorithms for inverting the pixel response to obtain the initial density of trapped charge 

are presented, followed by a few examples to illustrate both the pixel response and the 

behaviors of the inversion algorithms. Lastly, a summary of these sections is given. 

5.2.1 Expected TSC pixel response 

Two basic questions are treated in this section. First, what TSC signals are 

expected from the pixel array? Second, what information can be extracted from these 

measurements? Accordingly, a model of the problem that is amenable to a computational 

solution is constructed in this section, and some solution methods are discussed. 

Modeling the initial trapped charge distribution 

As already discussed, whenever mobile charge carriers are present within the 

volume of a CZT detector crystal there exists the possibility that some carriers may 

become trapped. At sufficiently low temperatures, these carriers lack the thermal energy 

needed to free themselves in any significant numbers, and a trapped charge density p 

develops. Let the set of / discrete, or quasi-discrete, electron trap levels in 

the crystal be represented as and be defined with respect to the conduction band 
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edge; likewise, let the j hole trap energies be referenced to the valence band edge. 

At any time /, the trapped charge density at any point (.r, _v, z) in the crystal is the 

superposition of the trapped charge density at each level. Thus, 

p{x,y,z,t) = Y^p'^'\x,y,z,t)-¥Y^p'"'\x,y,z,t) (5.15) 

' ; 

where minus signs are contained in the negative polarity terms. This notational 

convention allows the use of generic variables without regard to specific polarity cases. 

As discussed in the previous section, there remains ambiguity in conventional TSC 

methods regarding the absolute polarity, or type, of a trap. Later in the derivation of this 

model, this ambiguity entails reconstructing two alternate solutions for p. If external 

excitation sources are removed prior to / = 0, the initial trapped charge density is 

P,n.na, = Z  +  Z  ^  ;  I  )  *  (  ^ ^  )  

I / 

Let represent the relative density of trapped charge given by (5.5). 

In conventional TSC, no information is gathered about the lateral (i.e., .v and.v) 

position dependence of in the sample, and the depth (i.e., z) dependence is modeled 

according the experimental conditions, in which the attempt is usually made to create a 

uniform distribution of trapped charge. Lateral variations in the actual p^ are averaged 

in conventional TSC measurements, but as discussed in section 5.1, depth variations that 

do not match the model being used result in biased estimates of p^. A pixelated detector 

provides a 2-D data set from which the TSC imaging model presented here seeks to 

extract as much information as possible about the lateral distribution of . Specifically, 
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this TSC imaging model applies to detectors that have: 1) a continuous, planar electrode 

on one side, 2) a set of pixel electrodes in a plane on the opposite side, and 3) a uniform 

electric field applied between these two planes. 

The model used for the depth dependence of should reflect the experimental 

conditions used to fill the traps in the sample. A unique feature of the experimental 

demonstrations of this TSC imaging technique presented in section 5.4.2 was the use of 

gamma rays to fill the traps in the detector crystal. The conventional method of filling 

traps in TSC or TEES experiments is to generate e-h pairs using intense optical 

illumination from the side of the sample where there are no opaque electrical contacts. 

To uniformly fill the traps, the energy spectrum of the light source should be broad 

enough to span the material's band gap or else be just below it. By using gamma rays 

instead of optical excitation, it is easier to quantify the location and number of e-h pairs 

generated in the material and, therefore, to adjust the initial trapped charge density. A 

search of the related literature has not found any reports of gamma rays being used to fill 

traps in TSC or TEES experiments. 

One gamma-ray source used in these TSC imaging experiments was '^''""Tc, which 

emits 140.5 keV gamma rays (Chu et al.. 2002). Shown in Figure 5.4 are results of an 

MCNP photon transport simulation of one exposure configuration of this detector, which 

has a thickness Z, = 1.5 mm. A slightly greater number of e-h pairs are generated in the 

material nearest to the source. In this simple simulation, all energy imparted to electrons 

is considered deposited at the point of interaction; it is expected that simulating the 

electron transport would smooth the depth profile of the energy deposition only slightly. 
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If the exposure is sufTlcient to completely fill all the traps in the sample, the depth 

profile of the energy deposition is irrelevant to the spatial distribution of trapped charge 

PQ . However, if the traps are only partially filled, the depth profile of depends 

strongly on each carrier's drift length X. When A Z,, all the charge carriers would be 

trapped essentially where they were created, and p^ would have little or no relationship 

to the actual distribution of traps in the material (e.g., A^.|(.r, v,r), N^.{x,y,z), etc.). In 

other words, TSC imaging would mostly reveal spatial non-uniformities of the charge 

carrier generation process. As expressed in (2.19) and (2.21), the probability of a 

particular trap capturing a charge carrier depends on the density of that trap, and this 

probability can be expressed as a spatially dependent drift length /l(.v, v,r) for each trap. 

For larger values of A, electrons (holes) would be transported through the sample until 
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Fig. 5.4 MCNP simulation of energy deposition in the 48 x 48 CZT detector crystal 
when exposed to 140.5 keV gamma rays of a ^^""Tc source located 3 cm from the 
pixels. The calculated e-h pair generation assumes e . = 4.5 eV/pair. 
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they are trapped, recombine, or arrive at the anode (cathode). Figure 5.5 shows a 

simulation of how the depth profiles of pg for uniformly distributed electron and hole 

traps would appear if no recombination or detrapping occurs and if \= 0.3 mm 

regardless of the number of carriers trapped. In this simulation, the density of e-h pairs 

that are generated in the detector is a function D(.r, v, z) that approximates the distribution 

in Figure 5.4. Figure 5.5 is generalized to allow for an electric field in either direction; 

but if the pixels are anodes, the trapped charge densities can be expressed using (2.35) as 

pl{x,y,z) = 

Po(x,y,z) = 

J ,D(.r,.v,r') 
az exp 

^ ,D(x,y,z') 
ctz = exp 

\{x,y,z) 

/1^(.V,,V,J) 

^x,,(.r, v',r) 

(5.17) 

These expressions include explicit spatial dependencies for all quantities. 

e-h pairs 
trapped electrons and holes 

Distance from pixels [mm] 

Fig. 5.5 Simulation of charge trapping for a given depth profile of e-h pair density. 
Since = A,, = 0.3 mm, both solid curves describe the corresponding density of trapped 

electrons nr hnle<; arrnrHina tn the Hirerfinn of the elertrir field 
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In summary, a usefiil TSC imaging experiment has a given by: 1) the actual 

distribution of traps in the sample because all of the traps are filled, or 2) some 

modulation, as in (5.17), of both the distribution of traps and the distribution of generated 

e-h pairs because only some of the traps are filled. In either case, information about the 

3-D distribution of traps is contained in . To simpliiy the following discussion, it is 

useful to consider only one trap level for just one type of carrier. 

Since this TSC imaging model focuses on the lateral dependencies of p^, it is 

desirable to separate out the depth dependence. In other words, (5.16) should become 

A,.,W = (5-18) 

where is considered to be a dimensionless function that provides identical depth 

profile scaling of the initial trapped charge density across the detector. If all the traps are 

filled, one way for (5.18) to be true is for the density of this trap level to vary on spatial 

scales that are larger than the detector thickness and therefore be independent of depth in 

the sample. If these traps are only partially filled, then the filling process must not 

introduce any lateral dependence to the depth profile of filled traps. It is useful to first 

consider the simplified case where = I • this special case, (5.18) reduces to 

Am,,./=Po(-^'-V)- (5-19) 

Results of this TSC imaging model derivation are later generalized for arbitrary {/o(r). 

Detrapping of p^ proceeds as the sample's temperature is increased. Depending 

on the electric field and the type of detrapped charge carrier, these carriers will move 

toward either the pi.xelated or continuous electrode sides of the detector where 
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^0 = 0 or Z,, respectively. If no carriers recombine during transit or are reinjected 

afterwards, all trapped charge will have been released and moved to one of the contacts 

after a time A/. Thus, 

P;,w = p{x,y,M) = p^{x,y)Ld{z - r^). (5.20) 

Let this detector have A/ pixels that completely cover one side with an area , 

and let its volume be segmented into N discrete volume elements, or vo.xels. 

In general, both the pixels and voxels could be arbitrarily shaped, in which case notation 

for the area of pixel m and volume of voxel n is appropriate. The CZT imaging 

array used in this work has pixels of the same size A^^^ patterned in a square array. For 

reasons that are later made clear, it is very helpful in this case to use identical voxels, 

each of volume , arranged in a plane and positioned at the same .v and y locations as 

an array of M pixel electrodes where M <N (i.e., M pixels in the array plus a guard-ring 

electrode are needed to cover one side of the detector). The extra N - M voxels can be 

arranged to fill at the same pixel pitch, and the detector, voxel, and pixel dimensions 

would then be related as 

= LA ,̂ = LNA  ̂= LN(pi,chf . (5.21) 

Nevertheless, until otherwise stated, arbitrary sizes and arrangements of pixels and voxels 

are presumed in the following derivation. 
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Weighting potential calculation of induced charge 

The time evolution of the charge distribution, described in its initial and fmal 

states by (5.19) and (5.20), constitutes the thermally stimulated current that is measured. 

The weighting potential methods presented in section 2.2.3 solve for the change AQ^ in 

the charge induced on pixel m during a time interval At ending at time t. (2.43) states 

AQJt,At)= Jc/V<D„(r)[/?(r,/-A/)-p(r,/)] (5.22) 

where <I)^ is the weighting potential for pixel m. Inserting (5.19) and (5.20) into (5.22) 

gives 

^Qn.= \dxdydz<t>Jx,y,z)poix,y)[l-LSiz-zJ] (5.23) 

since 

p{r,t) = 0 for r outside . (5.24) 

Notice that since the use of (5.20) implies that t = At it is unnecessary to explicitly 

include time parameters in (5.23). Because of the Dirac delta function's property that 

jdxf ix)S{x - -Vo) = /(.Yq ) (5.25) 

(5.23) becomes 

^Qn,= jdxdydz<t>„{x,y,z)Pa{x,y)- j dxdy<ti„{x,y,Zo)poix,y)L . (5.26) 

^ Jei 

As in conventional TSC, it is necessary to assume that Po(.v, _v) inside vo.xel n be 

a constant whose value depends only on that vo.xel's position. Note that only the 
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variation of Po in the .v and v coordinates is assumed uniform in a voxel—variation along 

the z axis is still governed in the general case by (5.18). Thus, 

P„ = Po(-^^v)L,„, (5.27) 

and (5.26) then becomes a discrete sum of voxel integrals. Specifically, 

v ^ 

\dxdydz<X>„{x,y,z)-L jc/.rc/v<D„(.v, v,r„) (5.28) 

where and are, respectively, the volume and surface area parallel to the pixel plane 

of vo.xel n. One test of this TSC imaging model's appropriateness in the special case of 

il/a = \ is whether the lateral variation determined to exist in p is of a spatial scale 

similar to or greater than L. However, this model only assumes homogeneity within a 

voxel; neighboring vo.xels could have substantially different trap densities without 

technically violating this assumption. Likewise, the general model of (5.18) could 

involve a i//o{z) that describes variations of on scales much shorter than L or even 

pitch, in which case there is no way to "self-check" this assumption using its results. 

There is another caution regarding experimental verification of an assumption that 

p is essentially constant within a voxel. Lateral variation of this detector's trapping 

parameters could reasonably be expected to differ from any depth variations since the 

directional symmetry in the material is broken both during the crystal growth, by 

chemical segregation and unknown mechanical effects, and during the subsequent 

processing of the detector slab. In fact, the TEES data shown in Figure 5.3 resulted from 

preliminary investigations of mechanically induced traps that could result from either 
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material growth or processing. Therefore, large differences in neighboring voxel's 

calculated values of p are not necessarily good indicators of correspondingly large 

variations of p within a voxel. 

The second integral of the right-hand side of (5.28) can be either eliminated or 

further simplified, depending on the direction of current flowing in the detector (i.e., the 

sign of the electric field), because of the boundary conditions on . Here is where the 

two solutions of p alluded to earlier must be individually addressed. Consider the case 

where an initial trapped charge distribution p' detraps and charge carriers move toward 

the pixel plane at ZQ = 0. It is illustrative to explore this scenario with the additional 

simplifications that all voxels have the same volume and that a voxel be collocated with 

each pixel. If there are no gaps between pixels, the boundary conditions are 

\ 1 on pixel m 
<t)„(.v,v,0)= / (5.29) 

[0 elsewhere, 

in which case, (5.28) reduces, after switching the order of terms, to 

v ^ 

(5.30) 

Although y„ = y„, the distinction in (5.30) is preserved to clarity the range of integration. 

Note that the integrals have values between zero and with units of volume. M is not 

necessarily equal to N, and even if it were, the pixels and voxels might have independent 

numbering schemes. Therefore, the Kronecker delta fianction is interpreted as, 

^ 11 if voxel n is located on pixel m (5 31) 

10 otherwise. 
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Defining an M x matrix W whose elements are 

mn mn m i /n ^ ' 
(5.32) 

allows (5.30) to be cast as a matrix equation. If the sets {AQ^ } and [p^} are written as 

column vectors Q and p' with Mand elements, respectively, then (5.30) becomes 

Application in (5.28) of general weighting-potential boundary conditions other than 

(5.29), which is used in the simple scenario of collocated pixels and voxels with no 

interpixel gaps, results in (5.32) being rewritten as 

The weighting-potential boundary conditions used in this work apply the linear ramp 

approximation discussed in section 2.2.3 in the gap between pixel m and its eight closest 

neighboring pixels. 

A similar analysis is repeated for the case when detrapped charge carriers are 

transported away from the pixel plane toward the continuous electrode where = L. 

To maintain consistency, it is assumed that both the applied electric field and the set of 

signals Q measured by the pixels remain the same. In other words, the currents induced 

by one distribution of electrons (holes) p' moving toward the pixels could likewise be 

due to a different distribution of holes (electrons) p' moving away from the pi.xels. 

Without additional information, either scenario is equally valid and must be considered. 

Q = W > (5.33) 

PC, = \dxdydzi^„{x,y,z)-L\dxdy<X>^{x,y,Q). (5.34) 
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By utilizing the fact that v,I) = 0, in this alternate scenario (5.26) becomes 

^Qm = - J dxdydz<t>„ (.r, y, z )/?„ ( .y, v). (5.35) 

By means of the same assumptions and notation used earlier, the necessary equations are 

Ae.'-ip.'KrcD.Cr), (5.36) 
n=l y 

w; . = - p r <l>.(i-), (5.37) 

and 

Q  =  W p \  ( 5 . 3 8 )  

The + and - superscripts are explicit reminders that one measurement of Q could be the 

result of two distinct, initial charge distributions that have opposite polarities. In spite 

of their potential meanings, these superscripts do not imply a specific trapped charge 

polarity. The trap type is always given by the sign of p' or p' and not by their names. 

A straightforward enhancement of the previous derivation handles the general 

TSC imaging model of (5.18) for arbitrary </o(z). In this general case, the pi.\el response 

functions given by (5.34) and (5.37) are now expressed as 

= \dxdydz<l>„{x,y,x)ii/a{z)-L^dxdy<^„{x,y,Q) 

(5.39) 

= - \dxdyd2^„(x,y,z)\{/Q{z). 
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Limiting the number of unknown quantities 

Regardless of what TSC signals are expected, the pixel array only provides a 

finite number of measurements that can be used to understand the physical processes that 

produce these signals. It is with this limitation in mind that this TSC imaging model 

seeks to solve for only the 2-D variation in the pixel plane of the filled trap distribution. 

To achieve a solution, the depth dependence of this trapped charge distribution is 

modeled, and the lateral variation within each voxel is assumed negligible. N voxels of 

detector material thus entail N unknown values of p. Yet, the data vector Q from which 

these values are determined contains, at most, M < N pixel signals. Without a way of 

forcing N = M, the solution to the underdetermined system of equations will not be 

unique. Likewise, generalizing the model to allow for p that are more arbitrary is not 

done because that would further increase the number of unknowns. For example, if p is 

separable, as in (5.18), but i//o{z) is unknown, then the question arises of how many 

models of need to be considered. If p is not separable, a related question arises of 

how coarse a 3-D voxel set is good enough. 3-D solutions may be desired, but a 

2-D image still provides useful spatial information that is not obtained in a single-point 

TSC measurement. 

Three possible requirements come to mind that can be added to this TSC imaging 

model to reduce N such that N = M. In principle, the size and positions of the voxels 

could be adjusted independently of the pixels so that their numbers are equal. However, 

this method breaks the symmetry that can be used if the voxel and pixel dimensions are 

linked, as given in (5.21), to solve the weighting potential integrals in (5.34), (5.37), or 
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(5.39) just once for a generic pixel/voxel combination. A general arrangement of pixels 

and voxels requires M' separate integrations. To numerically integrate in such arbitrary 

volumes could require a similar number of complete computations of the weighting 

potential on spatial grids appropriate to each pixel/vo.xel pair. Implementing in a 

computer algorithm even the simplest, specific case of this scenario, which has a square 

array of A/identically shaped voxels that till the detector volume, would be tedious. 

Furthermore, the information in an induced charge data set Q about voxels located far 

from any pixels is meager, so reconstructions of p at these voxels would be subject to 

large errors. Therefore, to minimize the algorithmic and computational efforts, the 

discussion that follows assumes that the voxels and pixels are collocated, identically 

sized, and arranged in a square array, as described by (5.21). 

A second method is to simply ignore any detector volume outside of the region 

covered by the pixels. For instance, if an array of pixels does not completely tile the area 

of one side of a planar detector, but is instead surrounded by a border region of non-zero 

area, then material directly above this border is assumed to not contain any mobile charge 

carriers during the experiment. Voxels above any non-functioning pixels are likewise 

considered absent. The errors introduced by this method depend on the size, number, and 

location(s) of these ignored volumes as well as the degree to which one pixel's value 

depends on another pixel's p value, and vice-versa. This "cross talk" is examined in 

section 5.2.3 using examples and in section 5.4 using experimental data. Using this 

method, p reconstructed in the remaining voxels compensates for the charge induction 

A0 at those pixels due to charge transport in any ignored voxels. 
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These first two methods have reduced N' until it equals M. A third method, which 

is the one used in this work, extends the assumption already made in this TSC imaging 

model that there is negligible lateral variation of p within a voxel. If p were to change 

discontinuously at a voxel boundary, this assumption would not be violated. However, in 

this method of limiting the number of unknowns, it is also assumed that p is a slowly 

varying function of lateral location in the sample. Any missing data can then be created 

by interpolating and/or extrapolating from actual data to obtain N values of . This 

method has the advantage of lessening distortions of p to compensate for cross talk. 

Nevertheless, errors introduced in this method also depend on the cross talk and on the 

size, number, and location(s) of estimated pixel data. Solutions for voxels located 

farthest into extrapolated areas increasingly mirror only the estimated data. Thus, it is 

necessary to identify the location of artificial pi.xel data in the images used as input to the 

reconstruction algorithms as well as in the reconstructed voxel images. Data at all such 

voxels are ignored for other purposes in this work. 

5.2.2 Algorithms for extracting the initial trapped charge distribution 

Three approaches are discussed in this section to extract the initial trapped charge 

distributions p' and p" from a data vector Q, which contains the charge induced on a 

set of pixels during one TSC peak, based on the corresponding pixel response functions 

W" and W". Algorithms for two of these approaches are developed in this section and 

then used later with simulated and experimental data. The first algorithm solves the 

simultaneous systems of equations Q = Wp, as described by (5.33), (5.38), and their 
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defining equations. Although implementing this algorithm is greatly simplified if the 

pixels and voxels are collocated, identically sized, and arranged on a square grid, it can 

be implemented for arbitrarily shaped pixels and voxels within the requirements of those 

equations. For the experiments with this CZT imaging array, the simplified approach is 

applicable and is used here. The second algorithm deconvolves a generic response 

function matrix W from an image matrix Q' to find the original image matrix p ; 

therefore, it is only appropriate for such simplified geometries. Here, primed variables 

refer to matrices that preserve the spatial relationships of pi.xel sampling locations. 

Solution of simultaneous systems of equations 

If the W matrices are square and non-singular, one approach for solving the 

simultaneous systems of linear equations in (5.33) or (5.38) is to compute the inverse 

matrix W"' and then calculate W"'Q to obtain p. A second technique is to avoid fully 

computing W' by using a method such as triangular factorization and back substitution, 

which is how these systems of equations are solved in this work (Dongarra et al.. 1979). 

In general, this method claims to reduce the computation time from the matrix inversion 

approach by a factor of two or three, but most importantly, it yields a solution that is 

accurate to within the machine precision (MATLAB. 1999). 

Image deconvolution 

In situations where the data is collected by a pixel array as an image matrix Q', 

and those pixels are identically sized and arranged on a square grid, a solution using 
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image deconvolution methods is available (Press etal.. 1992: MATLAB. 2001: Barrett 

and Myers. 2002). In this language, the solution matrix p' is the "object" imaged by a 

system having a sensitivity, or impulse response, llinction W. Specifically, Q' is the 

2-D correlation of the object with the response function, or 

In this instance, the symmetry of the correlation kernel W, also called a computational 

molecule or filter matrix, allows (5.40) to be equally represented as a 2-D convolution 

In principle, the desired p' matrix is then obtained by a discrete deconvolution operation. 

A standard method for deconvolving (5.41) utilizes what is generally referred to 

as the convolution theorem. Single- and multi-dimensional forms of the convolution 

theorem exist for both continuous and discrete cases. This theorem states that 

convolution corresponds to multiplication in the Fourier frequency domain, or 

Because all Fourier transforms discussed hereafter are 2-D, readability is improved by 

not including the explicit notation of a subscript 2 (i.e., Js) that is used in section 2.2.3. 

Applying (5.42) to (5.41) with some rearrangement yields 

Q' = p'0W'. (5.40) 

Q' = p'»W'. (5.41) 

(5.42) 

(5.43) 
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Here, the operations to compute p' using a computer are: 1) 2-D discrete Fourier 

transform (DFT) of Q' and W, 2) array, or element-by-element, division of the 

transformed matrices, and 3) inverse 2-D DFT of the quotient matrix. 

A few conditions must exist to achieve a successful deconvolution using the DFT 

technique. First, Q' and W must be padded with zeros until they are the same size or 

else step two, above, is nonsense. Because these matrices are assumed periodic, 

additional zero padding is needed to prevent wrap-around effects from corrupting p'. In 

general, Q' and W must be zero padded until their size is at least one less than the sum 

of their individual, unpadded sizes. To improve the speed of DFT computation using the 

radix-2 FFT algorithm, they should be padded to an even larger size that is an integer 

power of two (Press et al.. 1992). All elements of ^ {W'} must also be non-zero to 

avoid divide-by-zero errors that would prevent calculation of the inverse DFT. Another 

implied constraint on (5.43) is that the sampling conditions discussed in section 2.2.3, be 

met by all matrices being transformed. The spatial sampling rates and unpadded sizes of 

Q' and W are both fixed. Bandlimiting these matrices or windowing them with a 

smooth-edged window would reduce aliasing and leakage, if these were problematic, 

resulting in an improved deconvolution. However, there were no attempts to do either. 

The experimental results of deconvolution sufficiently matched those of solving the 

systems of equations such that there was no need. The only other free parameter in the 

deconvolution approach is to pad them with even more zeros to increase their sampling 

rates in the spatial frequency domain, but such additional padding only produced 
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smoother images of the intermediate, Fourier-transformed matrices with negligible effect 

on the final solution. 

Algorithm implementations 

W" and W* are most easily generated using layered 2-D maps of weighting 

potential values inside the detector volume, which can be obtained using the function 

FFTweight.m introduced in section 2.2.3. Input parameters used here and in subsequent 

calculations dealing with this pixel array are the same as those used to generate the 

weighting potential diagram in Figure 2.22. Namely, the weighting potential for one 

pixel in an array of 125 //m pitch pixels with 25 //m gaps was computed in layers using 

the "gaps" method described in the listing of FFTweight.m. The weighting potential in 

the 1.5 mm thick device was sampled laterally every 25/3 fjm and vertically every 10 f.m. 

MakeWprime.m, listed in appendix A, performs the integration of the weighting 

potential layers within voxels as required in (5.32), (5.34), or (5.37). Using weighting 

potential layers facilitates performing the integrals in (5.39), where each layer is scaled 

by the corresponding factor I//Q(Z) . Because the 48 x 48 array of pixels does not cover 

one side of this device, a 56 x 56 pixel pattern is used with the same pitch. As discussed, 

assuming the voxels and pixels are collocated, identically sized, and arranged on a square 

grid allows generic W matrices to be computed. To simplify their use in these 

algorithms, 90° rotationally symmetric W matrices are made with a size of 111 x 111. 

This size, 111 = 1 + 2(56 -1), is chosen to provide the response for any pixel in the array 

to any voxel in the detector. In other words, the center element of each matrix (i.e., the 
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element in row and column 56) represents voxel n on pixel m and other elements are 

arranged relative to that pixel just as they are in the detector. 

Figure 5.6 plots an image of a portion of W* near this central matrix element. A 

comparable W" image is difficult to present well in grayscale; instead. Figure 5.6 also 

X 10" 

Fig. 5.6 Response functions 
in a TSC imaging model for 
the 48 X 48 pixel array using 
(5.39) where = 1 and 

is approximated 

in the interpi.xel gaps by a 
linear ramp. At the top is an 
image of the central 15x15 

region of just the W" 
response function, and at the 
bottom is a 2-D plot of nine 
elements along either a row 
or column at the center of 

W" and W" shown with 
the vertical axis broken to 
allow better viewing of off-
center pixel responses. 

-4 -2 0 2 4 

Number of pixels from the center of W 
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Fig. 5.7 Aggregate TSC 
imaging sensitivity 
versus distance between 
a pixel and voxel in the 
48x48 array, computed 
as a discrete sum of all 
elements of a W matrix 
that are within annular 
rings one pixel wide 
surrounding the center 
element of W. The 
same response function 
data plotted in Figure 5.6 
are used here. 

Number of pixels from the center of W 

plots slices through the centers of both W matrices. The bipolar shape of VV" is 

readily apparent in the latter. Both response functions are computed for the 48 x 48 array 

in the case where i(/Q = \. Their amplitudes asymptotically approach zero as the distance 

increases beyond the ranges shown; however, the number of voxels that are a given 

distance from the pixel is increasing, which means the total sensitivity in an average 

sense does not fall off as rapidly as Figure 5.6 might indicate. To see how this aggregate 

sensitivity changes with distance. Figure 5.7 plots the discrete sums of W elements in 

annular rings as a function of distance from the center element where each ring has a 

width equal to that of a pixel. Except for the artifacts caused by this "winner take all" 

summation, the aggregate sensitivity slowly decreases beyond one or two pixels. Further 
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discussion of these very different response functions is given in the next section, but first 

it is necessary to describe how to convert a W matrix into a corresponding W matrix. 

The number of different 56 x 56 submatrices in one W matrix is 3136 = 56". 

Each pixel in the array has a corresponding submatrix containing its spatially dependent 

responses to detrapped charge in every voxel. All of these submatrices are rearranged as 

row vectors and stacked to make a 3136x3136 matrix W. Relationships between the 

quantities used by each computational algorithm can be shown by an example. If the 

primed quantities were 

Q' = ^ ^ and ^v' = 
'Q. Q:' 

^ p' = 
p\ pi 

Q^. 
^ p' = 

.A A. 

^2 J 
(5.44) 

^7 

a" 'Pi~ >5 K 

P- W, fV, fF, 
(5.45) & J 

P = , and W = 4 5 / 0  (5.45) 
03 A fV, Wj iV, 

(5.45) 

a. -A. fV^ 

then the unprimed ones would be 

Q = 

As required, the use of (5.44) in (5.40) or the use of (5.45) in either (5.33) or (5.38), 

performs the same multiply and add functions necessary for solving the forward problem 

of finding the induced charge given an initial trapped charge density. 

Given a matrix Q' and one of two W matrices, the function FFTdeconvolve.m 

computes the corresponding p' inverse solutions using the Fourier-based deconvolution 

algorithm. The function SystemSolve.m manipulates W -> W and Q' ̂  Q as described 

above and likewise calculates corresponding p solutions in the simultaneous systems of 
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equations approach. Listings of these codes are given in appendix A. There are two 

reasons for implementing and applying both solution algorithms to the simulations and 

experimental demonstrations of TSC imaging presented in later sections. First, obtaining 

the same results using two methods helps prevent errors in their implementations from 

going unnoticed. Second, the image deconvolution method is as much a 75 times faster 

than the systems of equations method. However, as shown hereafter, deconvolution is 

the less preferred of the two methods because its solutions are slightly affected by its uses 

of the DFT. 

5.2.3 Illustrative examples 

To test the TSC imaging algorithms and to illustrate how the response functions 

W and W* operate on a given input, this section presents a few examples using simple 

inputs. The first examples are solutions of the forward problem; that is, they solve for Q 

given p. Although this scenario is the reverse of the TSC imaging problem, it provides a 

better understanding of the response functions of the TSC imaging model. Solutions to 

similar inverse problems are then presented where the need is to find p when given Q. 

Lastly, examples are presented to show that the TSC imaging algorithms are self-

consistent. In other words, any Q computed from a given p, should in turn generate a 

reconstructed that is essentially identical to /?,. To improve legibility, the use of the 

primed notation to signify quantities that are image matrices is hereafter discontinued. 
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Solving for the induced charge given a trapped charge density 

These first examples solve for the TSC imaging signal Q when given matrices p 

that are representative of smooth and abrupt changes in the trapped charge densities in 

neighboring voxels. The goal is to illustrate the effects of the two response tlinctions 

W" and W* by beginning with the most intuitive problem—the 2-D correlation 

expressed in (5.40). This simulation is for a detector with a square 221 x 221 array of 

identically sized voxels that are collocated with a similar number of pixels. Two p 

matrices are defined using either a sine or Heaviside unit step function as 

'';r(.r-56)^ 

P = { 
^ x\ 

1 + sin 
55 

1 +step(.v-111.5) 

forx and v = 1,2,3,...,221. (5.46) 

To simplify these initial examples, edge effects are avoided by presenting only the 

central 111x111 portion of each 2-D correlation of p with a 111x111 kernel W. 

Doing so is the equivalent of an unphysical simulation where those central pi.xels have a 

non-zero response only to charge carriers moving in voxels closer than 55 vo.xels away in 

either orthogonal direction. The extra complication of realistic edge effects is included in 

later examples. In addition, so that Q approximately matches the scale and polarity of p, 

each of the former has been divided by the sum of all elements in the W matrix used in 

computing it. Any uniform scale factor could have been applied, but this particular 

choice has features worth mentioning. 

First, in this case the number of terms in each sum is constant since all elements 

of the kernel are used in the central region of the correlation matrix. This fact is not very 
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interesting. However, it is more interesting that the sum of all 111" elements of W" is 

essentially equal to that of W*; their sums differ by only 1.19x10"' cm', or 

10~^ percent. It is also shown in simulations not presented here that the charge induced 

in one pi.xel of an infinitely large planar pixel array—conditions approximately met by 

the detectors assumed for the TSC imaging model—by the motion of a parallel plane of 

charge carriers is proportional to the fractional detector distance (e.g., r/Z.) it travels. 

This charge induction dependence is the same as given by (2.44) for a point charge 

moving in a planar detector. This symmetry leads to the conclusion that the same charge 

is induced in a pi.xel by a uniform distribution of holes moving in one direction as by a 

uniform distribution of electrons moving in the opposite direction, which is equivalent to 

forcing the equality of infinite, uniformly weighted sums of W* and W". For the 

detector geometry used in their computation, a summation of 111 x 1II symmetric blocks 

of these two matrices is enough to converge on the required equality, thereby increasing 

confidence in their accuracy. 

Slices through the centers of the two input matrices and four, rescaled solution 

matrices are plotted in Figure 5.8. Filtering the image p with W* produces an image 

Q' with subdued, or blurred, features similar to those in p; areas of high image contrast 

are smoothed. The opposite effect is seen in the images filtered with W"; features of p 

are exaggerated in Q'. Note that the Q~ solution actually goes negative for the offset 

sine wave example and would do the same for the step function example if the latter had 
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Fig. 5.8 Forward solutions 

for Q given p using both 

W" and W" TSC imaging 
response models. These 
four rescaled solutions of 
(5.40) are for the two input 
matrices given by (5.46). 

a smaller oftset. In other words, large pi.\el-to-pi.\eI variations in p can induce both 

positive and negative signals in the pixel array. 

Solving for the trapped charge density given an induced charge 

With the insight gained from the previous examples of solutions to the forward 

problem, it is easier to interpret solutions to the inverse problem. That is, what trapped 

charge distribution p would cause a set of induced charge signals Q to be measured? 

The behaviors of W" and W" in deconvolution are expected to be the opposite, 

respectively, of their behavior in convolution. To verify this expectation, similar inverse 
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problem examples are now offered. For a detector subdivided into a square 56 x 56 array 

of identically sized voxels, the set of pixel signals at each voxel are now given by 

;r(.r-l)^ 
f 

1 + sin 
V 28 

I + step(.v-28.5) 

for.r and V = 1,2,3,...,56. (5.47) 

Unlike the previous examples, these examples test the response of the TSC 

imaging model when a detector perimeter is included. The response functions, shown in 

Figure 5.6, used in the forward problem examples are used again here. Solutions for p, 

in (5.33) and (5.38), are found using SvstemSolve.m and, in (5.43), FFTdeconvolve.m. 

These solutions are scaled by the same factor used in forward problem examples, but now 

this scale factor is multiplicative. The center columns of each solution and input matrix 

are shown in Figure 5.9. Comparison of the solutions plotted on the left and right sides 

of Figure 5.9 shows small differences between the results of the two solution methods, 

particularly in the case of images. The largest differences are near the edges of the 

detector and the step function input. As expected, p' solutions exaggerate these large 

changes in Q values, v.'hile p' solutions minimize them. 

For inverse solution results over a complete image, the input matrix shown in 

Figure 5.10 is used. Although a mathematical description akin to (5.47) is not available, 

this image has features related to both the sine and step ftinction e.xamples. Both images 

at the top of the Figure 5.11 correspond to deconvolution using the appropriate form of 

W", while those at the bottom use . The p matrices reconstructed using 

SystemSolve.m are shown on the left-hand side. Rather than simply displaying similar 
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11111 

-4 -

Fig. 5.9 Inverse solutions for pgiven Q using both W and W" TSC imaging response 
models. On the left are rescaled solutions to (5.33) and (5.38) obtained using 
SystemSolve.m. On the right are rescaled solutions to (5.43) using FFTdeconvolve.m. 
The input matrices, from (5.47), are also shown. 
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Fig. 5.10 Test image used to generate 
various results shown in Figures 5.11, 
5.12, and 5.13. In arbitrary units, the 
smallest pixel value is one. 

images that are obtained with FFTdeconvolve.m, the right-hand side of Figure 5.11 shows 

the absolute value of the difference between the images generated by each method. 

As seen in Figure 5.9, the p' image in Figure 5.11 downplays the pixel-to-pi.xel 

variations in the Q image of Figure 5.10. In contrast, the p' image values span a range 

of negative and positive values that is about 24 times larger. Again, differences between 

the Fourier deconvolution approach and the direct solution of the systems of equations is 

largest in the p' images and concentrated at the perimeters in both p images. The 

largest relative difference between the two images is 3.7% for p' and 58% for p'. 

Notice the bipolar nature of the p' solutions in Figures 5.9 and 5.11. Although 

the exact grayscale intensity that corresponds to zero charge density units is not obvious 

in Figure 5.11, the image perimeter and the edges of all features are dark, which 

indicates that they have negative values. Figure 5.12 is a binary version of that same 

image where all negative-valued voxels are black. Recall that the difference between 

these two solutions is that p^ is defined only for detrapped charges that move away from 
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the sensing pixels while p is for carriers that move toward the pixels. The physical 

corollary of this assumption is that there be only one type of trap releasing these signal 

inducing charge carriers. Because the electric field sweeps oppositely charged carriers in 

opposite directions, any reconstructed solution having bipolar charge density values 

violates this assumption of the model. The three p' examples shown so far all suffer in 

X 10' X 10' 

Fig. 5.11 Inverse solutions for p given the test matrix Q, shown in Figure 5.10, for both 

W" (top left) and W" (bottom left) TSC imaging response models. These solutions are 
obtained using SystemSolve.m. To the right of each solution is the absolute value of the 
difference between that solution and one obtained using FFTdeconvolve.m. These 
images are not rescaled. 
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Fig. 5.12 Binary image of the p' 

solution shown in Figure 5.11. White 
areas have positive charge density 
values; black areas are negative valued. 

this respect. However, altering the sine wave example by increasing the Q offset in 

(5.47) from one to ten does produce a unipolar solution. Before drawing any 

conclusions from these inverse solution examples, it is useful to consider examples where 

sequential forward and inverse operations are performed on a test matrix. 

Self-consistent solutions 

The last e.xamples of this section are a self-consistency check of the TSC imaging 

algorithms. Namely, the trapped charge density matrices pl and p,' reconstructed from 

the induced charge matrices Q" and Q" that are computed from a given p, matrix 

should be essentially identical to p, and to each other. First, let the image in Figure 5.10 

be a 56 X 56 p^ input to a forward computation of two 56 x 56 Q matrices using (5.40) 

and the 111x111 response models W and W* shown in Figure 5.6. In this case, the 

edge effects of a finite-sized detector are included. Second, reconstruct corresponding 
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p, images from each of these Q images. Figure 5.13 shows the results obtained using 

SystemSolve.m. The two images on the right are - p, " and indicate that using 

sequential forward and inverse operations produces results that are identical to nearly the 

machine precision (i.e., 10"'^). Not shown are similar comparisons of these images with 

each other that yield equivalent results. This e.vample and those presented previously 

demonstrate that the TSC imaging algorithms produce self-consistent solutions. 

X 10 

1.5 

0.5 

X 10 

8 n 

J 
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An important aspect to note from Figures 5.10 and 5.13 is that p, and Q* are 

unipolar and Q" is bipolar. The W" response function enhances the features in p, when 

creating Q*, but these enhancements are exactly removed in the reconstructed pl. 

W" does the same in a reverse order of operations. Due to noise and measurement 

errors, the filtering performed by an experimental measurement of Q is not as precise as 

these mathematical operations. Thus, it can be concluded that p' solutions based on 

measured Q inputs whose values differ substantially among adjacent pixels are likely to 

violate the unipolar assumption of the TSC imaging model. Nevertheless, any such 

violations are attributable to noise and errors in the measured Q matrix and are not 

indications that the p' solution is not physically possible. On the other hand, the p' 

solutions are more robust to such high spatial-frequency input. 

It has always been impossible to determine the type of trap solely on the 

information in a conventional TSC spectrum; selective trap filling or other methods are 

required. In this TSC imaging model, each trap type reconstructs as a different solution. 

Because p' solutions are usually smoother than p' solutions, there could be a tendency 

to identify a TSC peak as being due to either a hole or an electron trap based on the p' 

polarity. For example, if anode pixels measured the signals of Figure 5.10, then the 

negative-valued p' voxels in Figure 5.11 would make that solution appear unphysical 

because detrapped electrons would not travel away from the pixel plane. One might 

therefore decide that the electron trap solution given by p' is more palatable. Such a 

choice would be unwarranted because an experiment that uses the opposite bias voltage 
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would generate a different p' solution for a hole trap that could be more believable. In 

other words, TSC imaging also requires additional information to determine the type of 

trap responsible for a peak in the pixel spectra and the resulting reconstructed solutions. 

5.2.4 Summary of the TSC imaging model 

Finally, no discussion regarding which reconstructed p is correct should obscure 

the principle success of this TSC imaging model. In the initial phases of this work it was 

not at all obvious that a workable model could be made to invert a set of TSC pi.xel 

signals to find the 2-D distribution of traps, and trapped charge, that produced those 

signals. Here in section 5.2, a model is presented, software algorithms implementing that 

model are described, and examples of their ability to reconstruct 2-D images of the 

trapped charge density in the detector are shown. 

To answer the questions posed at the beginning of section 5.2.1, this TSC imaging 

model makes the following primary assumptions; I) the electric field is uniform in a 

detector with two parallel electrode planes so that charge transport is normal to these 

planes, 2) variation of the initial trapped charge density with sample depth is separable 

from its lateral variations, and 3) these lateral variations are negligible within a voxel. 

Equivalent assumptions are made in conventional TSC analysis. To simplify the 

algorithmic implementation of this model, it is assumed that voxels are identically sized 

and collocated with detector pixels in a square array. Either by measurement or by 

extrapolation based on a slowly varying trap density assumption, these pixels are 

assumed to provide as many induced charge values as there are voxels. The 
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consequences of using extrapolation for unknown data in the reconstruction depend on 

the cross talk of the response functions. 

These assumptions limit the accuracy of the TSC imaging reconstructions of p, 

particularly in the case of p'. Similar limitations affect conventional TSC results. 

However, regardless of the absolute magnitude of the initial trapped charge density, the 

additional information about the 2-D trap distribution in a sample that is displayed in 

these TSC imaging reconstructions was not being collected and utilized until now. 

53 Description of TSC imaging experiments 

An overview of conventional TSC e.xperiments and a model for a new TSC 

imaging technique are presented in the preceeding two major sections of chapter 5. Here, 

the hardware systems and the data acquisition and control software used to 

experimentally demonstrate this new technique are described in two sections. Some 

testing and calibration procedures used to verify that these systems were functioning as 

intended are also described in these sections. However, specific procedures used to 

acquire and process a particular TSC imaging data set are presented together with that 

data in section S.4. 

5.3.1 TSC imaging hardware 

48x48 gamma-ray imaging system 

The CZT sample studied in chapter 4 was obtained from a 48 x 48 pixel array that was 

used to experimentally demonstrate the TSC imaging method. In fact, all TSC testing 
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with this device occurred prior to those studies. An overview of the 48 x 48 gamma-ray 

imaging system used during initial testing is given in section 3.1.1, and additional details 

are available from Eskin (1997) and Marks (2000). Photographs of this array installed in 

the 48 X 48 imaging system are shown in Figure 5.14. Because the aging VME 

histogramming memory system ceased to function during the testing of the first CZT 

focal-plane array, a newer system with much greater capabilities that was being utilized 

with larger 64 x 64 devices was adapted to operate a second 48 x 48 array for these TSC 

imaging tests. 

This new hardware performs essentially the same functions as the previous 

equipment, namely to: 1) provide appropriate timing signals to the focal-plane and 

external multiplexers and to the ADC unit, 2) digitize the resulting video data stream, and 

3) process and then store valid pixel data in either computer memory or a storage device. 

Instead of using the Interface Technologies Model 670 to provide necessary clocking 

signals, as shown in Figure 3.1, an Adtron Model DGS-2/16 is used. This timing 

generator is a PCI card is installed in the computer that provides high-level control of the 

system hardware and data storage. Clock signals are routed to 48 x 48 front-end 

electronics and to a Blacktip ISA card from Bittware Research Systems that is also 

installed in the system computer. The Blacktip signal-processing board performs the job 

of the bridge electronics and the temporary data storage job of the VME memory system. 

It digitizes the video data stream coming from the external 16:1 multiplexer and then 

performs onboard frame averaging before sending the processed image to the computer. 

Because the ADC range of the Blacktip is 1.5 to 3.5 V, the output of the 48 x 48 system 
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Fig. 5.14 Photographs of the 48 x 48 gamma-ray imaging system. A cylindrical vacuum 

chamber is held between two side plates, on which are mounted circuit boards for power 
and clock signal conditioners, external multiplexer, and video output buffers (top). 
Round vacuum chamber and radiant barrier covers have been removed. The close-up 

view (bottom) shows the focal-plane array, wire bonded in a chip carrier. This carrier is 
attached to a circular fan-out that routes i/o wires connecting to it the external systems. 
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was level shifted using a rechargeable lead-acid battery with nominal bias at 2.1 V. Data 

processing performed by Blacktip board is discussed further in section 5.3.2. 

Temperature measurement and control system 

In addition to these basic imaging hardware requirements, a temperature control 

and measurement system is needed for TSC experiments. The liquid nitrogen (LN2) 

cryostat, heated sample stage, vacuum chamber, and Lake Shore temperature controller 

used in the previous tests provide most of the tools needed to perform these fijnctions. 

Figure 5.15 shows the temperature control hardware inside the vacuum chamber. Heat 

generated by the focal-plane multiplexer, conducted in from the outside by the i/o wires, 

or radiated onto the array and its mounting fixtures from the radiant barrier (an additional 

Fig. 5.15 Photographs 
of the thermal control 
hardware for the 48 x 48 

system. The square hole 
in the chip carrier socket 
allows the heated sample 
stage to contact the chip 
carrier (not shown). 
This sample stage is 
rigidly mounted by a 
thermal standoff to a 
"plus-shaped" cold 
stage. This cold stage is 
mounted to the LN2 
dewar cold plate by four, 
spring-loaded posts and 
braided, copper straps. 
The chip carrier socket 
is rigidly mounted to the 
cold plate by four 
thermal standoffs. 
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cylinder inside the vacuum chamber that is attached to the LN2 dewar) is either re-

radiated or conducted to the cold plate of the LN2 dewar. The primary conduction path is 

through a copper sample stage that is heated by the temperature controller to maintain a 

control temperature sensor at a user-defined temperature setpoint. Using terminology for 

components shown in Figure 5.15 and from earlier hardware discussions, the intended 

cooling path is: cold plate, cold straps, cold stage, standoff, sample stage, chip carrier, 

multiplexer, indium bumps, and finally, CZT detector sample. 

Two existing temperature sensor diodes were used during initial testing—one on 

the cold plate and the other in the heated sample stage beneath the leadless chip carrier 

(LCC) on which the CZT array is mounted. These sensors are called the sample and 

control sensors, respectively. Both sensors were two-point calibrated with the 

temperature controller at 77.4 K in boiling LN2 and at 297.9 K in a water bath whose 

temperature was defined as the average of two laboratory thermometer measurements. 

The measurement accuracy using this calibration procedure is estimated to be ±0.5 K in 

the temperature range of 77 to 350 K. This accuracy is fine for the sample sensor, which 

only indicates the status of the LN2 reservoir. However, the control sensor readings 

should be as accurate as possible because they are used in the controller feedback loop 

and are the temperature values stored in the TSC imaging experiments. 

Shortly after testing began, the control sensor failed. It was replaced with a 

calibrated DT-470-SD-13-70L diode purchased from Lake Shore that has an intrinsic 

accuracy of ±20 mK in the range from 75 to 325 K. This calibrated control sensor 

collected all temperature data for the TSC imaging tests presented here. The initial 
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F ig. 5.16 C lose-up photograph 

of the 48 X 48 array in its chip 

carrier and socket with the 
temperature sensing diode 
mounted close to the array on 
the chip carrier. 

instructions provided by Lake Shore for loading this diode's calibration curve into the 

non-volatile memory of the temperature controller are inaccurate. Instead, DOS GPIB 

support must first be enabled in the "properties" of the "National Instruments GPIB 

Interfaces" listed in the Windows system device manager. Then the Lscurves.exe 

program must be run. To improve this new sensor's temperature measurements of the 

CZT crystal, the sensor was not placed in the same location inside the copper sample 

stage as the previous sensor. Instead, the bottom surface of this diode was coated with a 

thin layer of Apezion H thermal grease. As seen in Figures 5.14 and 5.16, the diode was 

then placed next to the pixel array and mechanically pressed against the LCC by the LCC 

holding fixture seen in the upper right comer of Figure 5.15. This mounting method 

facilitates sensor and array removal without sacrificing their thermal connectivity. 
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Landolt and Bomstein (1984) report the that thermal conductivity of CdTe from 

300 K down to 100 K decreases from 20 to 5 W/K • m; the value for ZnTe at 300 K is 

18 W/K • m. These low thermal conductivities could result in the CZT crystal being 

cooler at the top surface than it is at the multiplexer side if the heating rate is large, as is 

used in single-heater TEES experiments. Radiant cooling or heating of the top surface by 

the radiant barrier could also add to crystal temperature differentials. Since the same 

radiant effects influence the temperature of the CZT and the sample temperature sensor, 

and the heating rates used in these TSC tests were relatively slow (e.g., 1 to 6 K/min), 

both effects are expected to be minimal. Based on these expectations and an evaluation 

of measured temperature gradients in CZT samples placed in a single-heater TEES 

apparatus at Sandia, an estimated accuracy of the control sensor to reflect the actual 

temperature of CZT crystal during heating in these TSC imaging tests is about ±2 K. 

To heat the sample at a constant rate during a TSC test, the controller relies on a 

measured look-up table of gain, reset, and rate parameters for the 48 x 48 system. Also 

known as PID parameters, these table values determine the proportional, integral, and 

derivative feedback that the controller uses to determine the heater power needed for the 

control sensor to stabilize at the setpoint temperature quickly with minimal overshoot. 

The Model 330 can operate in an autotuning mode where the PID values are recalculated 

each time the setpoint is changed. Yet, in TSC experiments, the setpoint is continuously 

increasing and the feedback algorithm cannot optimize the PID values for such a moving 

target. Thus, attempts at using the autotune feature produced erratic heating rates. PID 

values were instead measured at 5 K intervals from 130 to 320 K to create a look-up table 
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with ten temperature zones. Figure 5.17 plots the measured temperature versus time 

during a run where the setpoint temperature was increasing 6 K/min with the controller 

using this zone FID method. The heating rate stabilizes at the target rate within - 3 K. 

The choice of temperatures for the zone table was made by necessity. In its initial 

configuration, the cooling system could reduce the temperature at the control sensor to 

only 220 K after 12 hours with no multiple.xer power applied, or 230 K with power. 

Furthermore, the LN2 was boiling off after 2.5 hours. These facts are indicators of a poor 

vacuum. After the system was taken apart, cleaned, and reassembled with a new O-ring, 

the LN2 would last up to 8 hours without power. However, the minimum temperature of 

the sample stage was still just 200 K. After making numerous modifications to the 

thermal linkage between the cold plate and the cold stage, strapping the i/o wires to the 

Fig. 5.17 Example of 
the constant heating rates 
obtained in the TSC 
imaging experiments. 
Here, a 6 K/ min target 

rate is reached in 3 K. 

10 20 

Elapsed time [min] 
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cold plate, adding an additional radiant barrier above the detector, cleaning the system 

several more times, heating the chamber during much longer vacuum pump-down cycles, 

and purging the LN2 reservoir with nitrogen gas prior to filling, the cooling power of the 

system was improved but not optimal. In one run, the control sensor measured a lowest 

temperature of 97.85 K after 12 hours with the LN2 refilled every I or 2 hours. One 

cause of poor cooling is the formation of ice inside the LN2 reservoir. An initial nitrogen 

gas purge and care to prevent ice, water, or room gasses Irom entering the LN2 fill tube 

during refilling are required for long-term performance. Once the system shows signs of 

poor cooling, the only remedy is to warm up the dewar, dry it out inside, and start again. 

With attentive operation, the system can cool from 325 K down to 125 K in, at 

best, four hours. Anywhere from zero to two TSC runs were successtiilly completed in 

an 18 hour period, considering the time spent on tasks to recover the system from the 

previous day's operations, fill the traps once the sample is cold, and initialize the TSC 

software. An automatic LN2 refilling system was configured to see if the system could 

be kept cold overnight, but it introduced ice into the reservoir. Thus, the last step of each 

day's experiments was to set the controller to hold the sample at room temperature. 

5.3.2 TSC imaging experiment control and data acquisition software 

As described previously, a TSC experiment consists of: 1) cooling a sample of 

semiconductor material, 2) exciting e-h pairs that can then be trapped at defects in the 

sample's crystal lattice, 3) measuring the current that flows while the sample is heated 

and has a bias voltage applied, and then 4) repeating the process without step 2. 
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Performing these tasks with a detector that has a 48 x 48 array of pixels generates an 

enormous amount of data at a rapid rate and requires computerized control and data 

acquisition. The software implementation of these duties is described in this section. 

Many software codes already existed to operate this gamma-ray imaging system. Eskin 

(1997) and Marks (2000) provide more information about those codes that are mentioned 

here, but the focus of this section is on the software that is specific to TSC imaging. 

The first step in controlling the experiment was to load a timing diagram for the 

Adtron clock board that instructs when the multiplexers integrate and readout the pixel 

signals and when the Blacktip board digitizes and stores these signals. The pixel 

sampling rate was reduced from the 4 MHz rate used by the 64 x 64 system to 2.5 MHz 

without adversely affecting the internal Blacktip clock, which must run at four times the 

sample rate. This rate is ten times that used in the previous readout system. The timing 

diagram used with that system was converted for use with the new hardware and sample 

rate using TimingGenMux48d.vi. With this LABVIEW virtual instrument (VI), the 

length of the integration time can be changed to suit a particular TSC experiment. 

Estimates of the expected TSC response for a pixel and early experiments identified that 

a 4 ms integration time is long enough, including frame averaging, to allow the computer 

to read and store each data frame as it is produced. Since the frame time is 5 ms, the dead 

time when the pixels are not integrating the TSC signal is about 20%. The timing 

diagram file with 4 ms integrations is called mux48d4.ped and is loaded into the Adtron 

card using ped.exe. After a diagram is loaded, the timing generator runs continuously. 
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Once the Biacktip board is supplied with pixel and frame clock signals fi'om the 

timing generator and data from the pixel array, the next critical piece of software is the 

code that instructs the onboard digital signal processor (DSP) in how to handle incoming 

data. Loading the file mux48.2Ik into the DSP provides it with several sets of processing 

instructions appropriate for the 48 x 48 array. An instruction set is activated in the DSP 

when it receives a command code from the main TSC control software running in the PC. 

This VI control program is called TSCS.vi. Figures 5.18 and 5.19 show the control panel 

and a selected view of the wiring diagram for the control panel. The graphical nature of 

the LABVIEW language makes it difficult to document a VI well on paper, but the 

following summary attempts to point out the basic functions of TSCS.vi. 

In Figure 5.18, the cluster of "Execution Parameters" in the upper, left comer are 

the only required input parameters. These include the Biacktip board's name/number, the 

GPIB address of the temperature controller, and the information needed to set up these 

two pieces of hardware. Depending on the choice made from a list of sequences in the 

Order of Execution control, the user must also provide input for all parameters in one or 

more of the four clusters titled "Cooling Parameters", "Heating Parameters", "Ramp Test 

Parameters", and "Zone Data". For example, if the experimental sequence is to record 

the pixel leakage current data only during heating, then the desired heating rate, starting 

and ending temperatures, number of data frames to average, and bias voltage used during 

heating must be entered by the user. The bias voltage information is simply recorded in 

an experiment log, which is saved with all the data in a folder whose name is entered at a 

dialog box prompt; TSCS.vi has no direct control over when or what bias voltage is 
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Fig. 5.18 LABVIEW control panel of TSC imaging experiment software. 

applied to the detector. The Start button then activates the chosen sequence. Before, 

during, and after each step in the execution, the indicator Execution Status is updated to 

show what is occurring. Each frame of image data is displayed as it is acquired, and the 

size of the data file is reported by the File Size indicator. The Lowest Temp indicator is 

useftil when diagnosing cooling system malfunctions. 

LABVIEW is an asynchronous programming language in that it will issue 

instructions to various pieces of hardware but will then proceed to other instructions 

without necessarily waiting for a response. In addition, the precise order in which the 

graphical instructions in a VI are executed is not always obvious to the programmer. 
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Thus, to force a certain order of execution, individual instructions or sets of instructions 

(e.g., while or for loops) must be wired together sequentially. 

In Fig. 5.19, the sequence begins in the upper, left comer of the wiring diagram, 

proceeds to the right, returns to the lower left, and moves to the right again. Upon 

receiving a Siart command, all values for input parameters on the control panel are read 

and can no longer be changed. These values are sent to Makefiles.vi, which creates an 

experiment folder, appropriate binary data files, and a text file with an experiment log. 

The user is asked to type in additional notes that are appended to the standard log of 

experiment parameters. CheckParameters.vi then tests all the parameters to make sure 

they are self-consistent (e.g.. Low Start Temp < High End Temp in the Heating 

Parameters). After the temperature controller is initialized, Mux48TSC.vi is launched. 

This VI is a heavily modified version of the standard control program for the 48 x 48 

gamma-ray imaging system. Besides ensuring that the correct DSP code is downloaded 

to the Blacktip board, the purpose of Miix48TSC.vi is to give the user a final opportunity 

to confirm that the imaging system is fijnctional before a TSC run begins. Occasionally 

the system synchronization is lost, which can either hang the DSP or produce nonsense 

imaging data. It is obvious when this occurs and the problem is easily corrected by 

resetting the system. It has been suggested that the 2.5 MHz sampling rate contributes to 

this problem because it is below the minimum suggested rate for reliable fijnctioning of 

the Blacktip board. However, similar problems occur for the 64 x 64 system, which 

operates above this minimum rate. 
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Fig. 5.19 One view of the LABVIEW wiring diagram for the control panel, shown in 
Figure 5.18, of the TSC imaging experiment software. Only one pane, or frame, of each 
sequence or case structure can be viewed at one time. 

If problems occur during any of these required initialization steps, execution stops 

and the Execution Status indicator reports the source of the error. The chosen Order of 

Execution determines which experiments occur next. Either LoadZones.vi or 

FindZones2.vi is called to load an existing zone data file into the temperature controller 

or to measure a set of PID values at temperatures specified by the Zone Data parameters. 

The latter would then be manipulated into a ten-zone list that can be loaded in future TSC 

imaging runs. A zone PID file is always loaded if other experiments are to follow, and 
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no experiments follow the measurement of PID values. Other Order of Execution 

choices are to test the temperature ramp linearity or to collect pixel data during cooling, 

heating, cooling followed by heating, or heating followed by cooling. The ramp test 

option was used several times for system-check experiments. Because cooling the 

detector could not be performed at a constant rate at temperatures below about 200 K, the 

most heavily used sequence for TSC imaging experiments was the heating only option. 

To acquire TSC imaging data, during either heating or cooling of the pixel array, 

the computer downloads a command code = 1 to the DSP, which begins the MakeThresh 

routine of the mu.x48.2Ik code. This routine instructs the DSP to average a number of 

frames and store the result; the number of image frames that are averaged is one of the 

parameters specified before the experiment begins. Then the computer repeatedly poles 

the DSP until it returns command code = 0, which indicates the MakeThresh routine is 

completed. While the DSP is busy, the temperature at the control sensor and the number 

of seconds since data acquisition began are both sampled. The average ADC value at 

each pixel is then uploaded to the computer, converted to units of millivolts, reordered 

into a row vector with raster ordering from left to right and top to bottom, and saved 

along with the time and the temperature information as binary data that is appended to 

any prior data for that experiment. Orchestrating these steps in LAB VIEW in such way 

that timing from one step to the next is consistent for each frame required extensive 

testing and numerous programming iterations. When the End Temp for that experiment is 

reached the data file is closed and the temperature controller ramps the setpoint to either 

the Start Temp of the next experiment or the Final Stop Temp. 
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5.4 Experimental demonstration of JSC imaging 

In section 5.3, the hardware systems and the data acquisition and control software 

used to experimentally demonstrate TSC imaging are discussed. Numerous TSC imaging 

data sets have been acquired using that apparatus and software. Results of these 

e.xperimental demonstrations are presented in the next two sections. Section 5.4.1 first 

reviews some of these TSC imaging e.xperiments. Two are then selected to illustrate the 

data reduction steps that produce an input Q matrix for the algorithms described in 

section 5.2, which reconstruct image matrices p' and p' of the 2-D spatial distribution 

of trapped charge at a trap level present in the CZT crystal of this gamma-ray imaging 

array. Section 5.4.2 presents these reconstructed images and discusses correlations 

between them and the crystal structure and detector performance data for this CZT crystal 

that are given in chapter 4. Limitations of the detector array used in these demonstrations 

of the TSC imaging technique are evident in the results presented and eventually 

prevented its use in further experiments. Conclusions about the TSC imaging method, 

recommendations for further work to overcome the limitations of these demonstrations, 

and summaries of previous chapters are offered in chapter 6. 

5.4.1 Experimental TSC imaging data acquisition and processing 

Descriptions of TSC imaging experiments 

Once the temperature control and measurement system had been upgraded, as 

described in section 5.3.1, and PID data in the ten temperature zones had been measured, 

the next twenty-eight TSC imaging experiments all used the same zone data file based on 
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those measured PID values. These TSC runs measured pixel data while the detector 

array was being cooled, heated, or both cooled and heated. In most of these runs, the 

detector was exposed to gamma rays from either """Am or ^^""Tc while the detector had a 

bias voltage applied and was at or near its lowest temperature for the run. These isotopes 

emit gamma rays with energies of 59.5 and 140.5 keV, respectively (Chu et al.. 2002). 

The first eight TSC imaging runs were for diagnostic purposes and included many 

temporary debugging features. Six groups of successful runs followed these diagnostic 

trials. The first group used 3 K/min heating rates while a bias voltage was applied at the 

continuous electrode of-9.5 V relative to the pixels that are held at ground by the 

multiplexer. Charge integration in each frame occurred for 0.4 ms, and 1024 frames were 

averaged. In three runs, a 10 mCi "^'Am source was placed 8 cm away and directly in 

front of the detector during low-temperature trap filling for periods of I, 7, or 15 hours. 

Despite the large gamma-ray exposures, little difference was noticed between the signals 

recorded in these runs and those of two dark current runs, which had no exposures. 

Several reasons why no signals were detected in the first group of TSC imaging 

experiments were addressed in the second group. The heating rate was increased to 

6 K/min to take advantage of the signal boosting effect shown in Figure 5.2. The bias 

voltage was raised to -149 V to minimize retrapping and/or recombination of detrapped 

charge. The integration time was also extended to 4 ms, but the number of averaged 

frames was reduced to 128 so that the temporal sampling rate would be similar. One run 

with an '""Am exposure of 30 s, three runs with various '^^'"Tc exposures, and another 

dark current run were executed using these new parameters. TSC responses were evident 



221 

in two of the runs in which the detector had the largest exposures to gamma rays. 

Figure 5.20 plots one pixel's response in these two runs as well as the dark current run. 

The TSC response did not exceed the 2 V range of the ADC in the run where traps were 

filled using a 26.1 /iCi source of''^'"Tc placed just outside the vacuum chamber cover, 

- 3 cm from the detector, for 1 hour. All subsequent TSC imaging experiments filled 

the traps using only ^^""Tc sources at that same location and based their exposures, in 

units of mCi • min , on this exposure of 1.48 mCi • min . This exposure configuration was 

simulated in MCNP, and the results are shown earlier in Figure 5.4. It is calculated that 

1.3 X10" e-h pairs are created in this detector per mCi • min of exposure. 
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Fig. 5.20 Single-pixel responses in three TSC imaging experiments of the second group. 
In two experiments, the detector was exposed to 140.5 keV gamma rays from a ^^""Tc 
source placed 3 cm away. 
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A third group of experiments was later performed in an etTort to optimize the 

gamma-ray exposure and produce a data set with the largest possible TSC response 

without any pixels having their signals clipped by the ADC. This group used the same 

experimental parameters as the second group and exposures of 0, 1.1, 1.5, 2.1, 3.0, and 

4.4 mCi • min. The 1.1 mCi • min run was the most successful of all the TSC imaging 

experiments. Data from it and from the dark current run of this third group are used as 

the examples in the remainder of this dissertation. 

The fourth group is a pair of runs, with and without gamma-ray exposures, that 

differ from those in the third group by using a 2 K/min heating rate and averaging 512 

frames. Similarly, the fifth group is a pair of runs with a 1 K/min heating rate that 

averaged 1024 frames. In both groups, the filled-trap runs used 2.9 mCi min exposures. 

The last TSC imaging experiment, and only member of the sixth group, used all the same 

parameters as the third group except that the polarity of the bias voltage was reversed 

(i.e., +149 V) and the battery offset of the video input to the Blacktip ADC was increased 

to approximately 3.5 V. With this offset, the pixel signal level would be at the upper 

limit of the Blacktip's ADC range, and with this bias polarity, the TSC signals would 

generally decrease from the offset voltage. In this run, the exposure was 1.5 mCi • min. 

Figure 5.21 illustrates how the experimental parameter variations in these last 

three groups affected the TSC response of one pixel relative to that observed in the third 

group; data in this Figure is from the same pixel used in Figure 5.20. As expected from 

the TSC simulation in Figure 5.2, the three runs plotted in Figure 5.21 with the same bias 

voltage polarity (i.e., -149 V) have temperatures of maximum detrapping that decrease 
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with the heating rate. However, the expected decrease of the signal amplitude with the 

heating rate is not strictly observed. The exposures for each of these runs was 

~ 2.9 mCi • min. However, the exposure for the 6 K/min run occurred with the sample 

at 131 K, whereas both runs at the slower heating rates exposed the sample at 120 K. At 

the higher temperature, recently filled traps were beginning to empty during the e.xposure, 

which reduced the peak amplitude of the TSC signal in the 6 K/min run. 

The plot of the oppositely biased run of the sixth group in Figure 5.21 shows how 

the general trend of the pixel signals is as expected. Namely, a rapid decline in the ADC 

level above 275 K corresponds to the increase in leakage current at these temperatures. 

In this run, most pixel signals were clipped by the ADC because the 3.5 V offset was too 
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Fig. 5.21 Other single-pixel responses in TSC imaging experiments where the heating 
rates and relative bias voltage polarity are listed. 
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large, and no pixels showed any reliable TSC signals. Thus, as the temperature increased 

to about 250 K the gradually decreasing pixel signals (i.e., increase in ADC level) do not 

have any peaks from which induced charge can be integrated and images of trapped 

charge distributions can be reconstructed. It was clear during the last several runs that the 

detector was progressively delaminating from the multiplexer during each temperature 

cycle. It therefore seemed unlikely that useful data with the +149 V bias voltage could be 

obtained, and further TSC imaging tests with this detector array were canceled. 

Delamination is a common problem and failure mode of focal-plane arrays made 

of materials with different thermal expansion coefficients. Epo.xy wicking between the 

detector and readout circuit is often used to prevent or retard delamination. Two of the 

four 48 X 48 CZT arrays produced at the University of Arizona had this wicking, but for 

an unknown reason these arrays did not work well. Larger 64 x 64 arrays that do work 

well are produced using wicking. The two 48x48 arrays used in this research project 

did not have wicking. The large amount of handling and numerous thermal cycles over 

five years of operation caused the onset of delamination—regrettable but possibly 

unavoidable in the first try at making CZT focal-plane arrays. 

TSC imaging data processing 

Nearly as much effort was required to write, debug, and test the computer codes 

used to process the raw TSC data as was needed to produce either the TSC3. vi control 

and acquisition software or all the TSC imaging codes listed in appendix A. However, 

the data reduction methods applied here are similar to those in common use and their 
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implementations require specific file formats. Thus, listings of them would not be of 

general utility. Instead, an overview is given of the data processing steps needed to 

convert the raw charge induction signals from each pixel into a form that can be used to 

reconstruct the initial distribution of trapped charge. To illustrate these steps, data from 

two runs in the third group of TSC imaging experiments are used. Let Base be the data 

matrix from the dark current run and Signal be that from the 1.1 mCi • min exposure run. 

In addition, let bTime, bTemp, sTime, and sTemp be vectors of the corresponding time 

and temperature samples collected with Base and Signal. 

Due to the finite precision of the temperature data reported by the controller, the 

first data processing step was to average data frames that are for the same temperature 

such that curves of induced charge versus temperature were single-valued. This is the 

only processing done to the data in Figures 5.20 and 5.21. In general, sTemp ̂  bTemp 

so Base cannot be directly subtracted from Signal in the manner of (5.1). Therefore, 

Base is least-squares fitted by Base', which is a fifteenth-order polynomial function of 

temperature T. Evaluating Base' at sTemp and subtracting these values from Signal 

yielded a matrix TSC containing the desired TSC imaging data. In other words, 

TSC = Signal - Base'(sTenip). (5.48) 

Figure 5.22 illustrates how the sampling of Signal and Base require the use Base' in 

calculating TSC. 

Very infrequently, an unknown glitch caused a pixel signal to spike at a single 

data point. These spikes, or outliers, did not occur predictably at the same time in other 

pixels, nor did they occur in all pixels or even in the same pixel in different runs. For 
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example, no outliers are present in the Base data of the pixel in Figure 5.22. Because any 

outliers in Base cause Base' to deviate from the trends of the outlier-free data, they were 

removed by three passes with a 75-point neighborhood filter before Base' were 

computed. Any data point more than four standard deviations from the neighborhood 

median value was replaced by the latter. Figure 5.23 shows Signal, Base', and TSC for 

this pixel over the sTemp temperature range. 

Viewing data for all 2304 pixels in the array is daunting, but the task is aided by 

the use of data movies. These movies are akin to those that are described in section 3.3.2 
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Fig. 5.22 Enlarged plots of quantities used in processing TSC imaging data; data 
shown is from the same pi.xel as previous Figures. Signal and Base are measured at 
discrete temperatures. Base' is a polynomial fit to Base. TSC, given by (5.48), is 

sampled at the same temperatures as Signal. 
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for the display of gamma-ray mapping data. Each movie frame contains the TSC data for 

a single pixel. One such frame is shown in Figure 5.24. Optimizing the filter parameters 

used to remove outliers was one use of these movies. Another use was in identifying 

non-functional pixels. Because the CZT crystal was gradually delaminating from the 

multiplexer circuit, many unit cells of this circuit were no longer connected to pixels on 

the CZT detector. This progressive delamination occurred primarily from one side of the 

device such that a region of working pi.xels could be identified from which useful TSC 

data could be obtained. 
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Fig. 5.23 Complete plots of Signal, Base', and TSC data shown in Figure 5.22. 
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Fig. 5.24 One frame of a movie used to examine TSC imaging data from the pixel 
array. A small, open box surrounds the pi.xel in the image on the right whose data is 
displayed in the plot on the left. This data is the same shown in Figure 5.23. 

An automated algorithm was implemented that generates a 48 x 48 binary matrix 

identifying any pi.xel that potentially had provided useful data. The logical OR of this 

matrix with a second, binary matrix containing large blocks of pixels that were visually 

recognized as being definitely "good" or "bad" thus identified a few hundred pixels with 

ambiguous data quality. By stepping through each ft-ame of a movie of TSC imaging 

data from only these questionable pixels, a final determination of the pixel data quality 

was made. The Mask matrix resulting from this process is shown in Figure 5.25. Signal 

from delaminated pixels can, via surface conduction, contaminate the data from nearby, 

working pixels. Thus, these marginal pixels are generally located near the periphery of 

the good pixel region. Preferring to err on the side of inclusivity, pixels were classified 
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Fig. 5.25 The Mask matrix identifying 
1210 out of 2304 pixels with good, or 

usable, data (black). The gray border 
indicates the extent of bad (white) pixels. 

as good if they had only small problems in their data and exhibited responses that were 

characteristic of other good pi.\els. 

As seen in Figure 5.23, the TSC data movies also indicated that most pixels with 

good data have a TSC peak at temperatures generally between 160 and 170 K followed 

by smaller peaks or a broad plateau at higher temperatures. To locate the temperature 

at the maximum of the large, low-temperature TSC peak, each good pixel's data in the 

temperature range from 140 to 190 K was fit to a sixth-order polynomial function of T. 

The largest, real maxima of these fits were then used as the centers of 20 K windows for 

fourth-order polynomial fits whose largest, real maxima were defined as T„ for each 

pixel. This two-step fitting process was better at locating and fitting the TSC peak than 

was a single polynomial fit. Figure 5.26 is a spatial map of values computed in this 

manner. Of the 1210 pixels with good data, 1039 pixels have 155 K < < 180 K; a 

histogram of these values is also shown in Figure 5.26. The average and median 

values are both 167 K, and the FWHM of the distribution is approximately 10 K. 
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Although determining the energy level of the trap that produced this TSC peak is 

not necessarily required for the purposes of TSC imaging, if the capture cross section for 

both electrons and holes is estimated to be in the range from 10"'^ to 10"'^ cm" then (5.14) 

can be used to compute the trap level based on each pixels value. Histograms of 

computed trap levels for the extreme cross section values are shown in Figure 5.27. If the 



energy level for a trap is defined as the average of the median energies of each 

distribution, the trap levels are 0.29 and 0.32 eV for electron and hole traps, respectively, 

18 ^ with corresponding cross section values of ID' cm" for the median value of 167 K. 

TSC and TEES peaks at similar temperatures from CZT samples are reported elsewhere 

(Szeles et al.. 1996 and 1997: Fougeres et al.. 1998: Leeetal.. 1999: Zerraietal.. 1999: 

Krsmanovic et al.. 2000a and 2000b). Assignment of these peaks to either an electron or 

hole trap(s) depends on the particular material sample (e.g., growth method, ZnTe 

fraction, doping, post-growth annealing, etc.). Nevertheless, Krsmanovic et al. (2000b) 

find that dislocations in Cdo.9Zno.1Te give rise to an electron trap at 0.27 ±0.07 eV. This 

or - 10"'^ cm'' 
cr = 10'® cm^ 

= 0.72/n = 0.1 \m 

N 
/• • ,V'. 

0.26 0.30 0.34 0.38 0.24 0.28 0.32 0.36 

Hole trap level, [eV] Electron trap level, [eV] 

Fig. 5.27 Histograms of hole and electron trap levels computed with (5.14) using the 
density of states effective mass and capture cross section values that are shown. Only 

data for 1039 good pixels identified by Mask for which 155 K < < 180 K are 

included. 
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important connection between dislocations and an electron trap at this energy is further 

discussed in the next section when the structural information of this sample is correlated 

with the TSC imaging data. At that point, it becomes clearer that this TSC peak is most 

likely due to an electron trap associated with dislocations. 

Regardless of the trap type, what is needed in this TSC imaging method is an 

induced charge matrix Q that is obtained by integrating TSC. If the integration spans a 

single peak from one trapping level, interpreting the results is simpler. However, if 

multiple levels are closely spaced and are integrated together then the results pertain to 

the collective density of those levels. Although all the data in Figures 5.20 through 5.24 

are plotted versus temperature, the integration variable is time rather than temperature 

because the data recorded from the pixel array's multiplexer readout is proportional to the 

charge induced in each pixel during a fixed integration time. Thus, for pixel m 

TSC has units of mV that were converted to electrons using a conversion gain of 

2.88 //V/electron reported by Barber et al. (1997) for this array. Division by the 4 ms 

integration time used to collect this data accounts for when the multiplexer was not 

sensing charge induction. Again, to avoid any data affected by the changing heating rate 

at the start of a run, the starf index of the summation is the index of the data point in 

sTemp that is 3 K above the initial temperature reading. The peak index corresponds to 

the value of sTemp that is just below for each pixel. Therefore, Q has units of 

2] {sTime^,^ -sTime,)TSC„, 

electron 

i=slurt (5.49) 
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Fig. 5.28 Plot of 
TSC versus sTime, 
data shown is for 
the same pixel as 
previous Figures. 
The integration 
window used to 
compute Q for this 
pixel is shown by 
the dotted lines. 
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electrons and represents approximately half of the charge induced in each pixel by the 

detrapping of charge from that trap level. By integrating only up to , measurements of 

Q for this trap are less affected by detrapping from the deeper traps in this crystal. 

Figure 5.28 shows the integrated region for one pixel. The Q vector obtained by 

integrating TSC in all pixels was reshaped into the 48x48 matrix shown in Figure 5.29. 

Since the detector has numerous non-functional pi.xels and has a guard-ring 

electrode surrounding the 48 x 48 pixel region, the final data processing step was to 

create a 56 x 56 Q matrix, which corresponds to enough collocated voxels to fill the 

detector volume. The purpose of this step is to provide as many data points as there are 

unknown quantities in the reconstruction (i.e., N = M). Although only voxels at good 

pixel locations are utilized in any analyses, the estimated data does affect the solutions at 

these voxels. The need for and consequences of using estimated data in this manner are 

discussed in section 5.2. 
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Fig. 5.29 Integrated charge induction matri.x Q in its original 48 x 48 (right) and 
modified 56 x 56 (left) forms where bad or missing pixel data in the latter has been 
replaced or created by interpolation and/or extrapolation. The grayscale contrast of both 
images is enhanced (i.e., gamma = 2). Thin, black lines mark the boundaries of the 
Mask matrix shown in Figure 5.25. 

Accordingly, Mask was used to identify the good and bad pixel data. By 

interpolation and extrapolation, bad pixel data in the central 48 x 48 portion of the new Q 

were replaced, and a 4-pixel perimeter ring of missing data at the location of the guard-

ring electrode was created. Specifically, the original Q was placed at the center of a 

168 X168 matrix. Values of elements in the perimeter ring of this matrix that were in a 

row or column with good pixel data were set to the average data values in the half-row or 

half-column nearest that element. Values of all other elements in this ring were given by 

linear interpolation. The entire ring was then filtered to smooth differences between 

neighboring values. Provided with the matrix values in this pixel ring and at all good 
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pixels in the central 48x48 portion of the matrix, cubic-spline interpolation was 

performed at all missing or bad pixel locations. The central 56 x 56 portion was then 

selected as Q. Figure 5.29 also shows Q after being modified in this manner. This 

modified Q was then the input to the TSC imaging codes described in section 5.2.2, and 

the results are given in the next section. 

5.4.2 Experimental TSC imaging results 

This section presents images obtained by applying the TSC imaging model of 

section 5.2 to data that was collected with the hardware and software described in 

section 5.3. Specifically, the goal here is to demonstrate the reconstruction of the initial 

trapped charge density ^ in a CZT detector array using data from one set of TSC 

imaging experiments. These experiments and the preprocessing of the data are discussed 

in section 5.4.1 where the pertinent result is the 56x56 Q matrix shown in Figure 5.29. 

This matrix was operated on by the SystemSolve.m and FFTdeconvolve.m algorithms, 

each of which produced p' and p' solution matrices. The latter matrices are then 

compared to the crystal structure and detector performance mapping results of chapter 4. 

Figure 5.30 shows images of p' and p' that were obtained using SystemSolve.m, 

and Figure 5.31 shows similar images produced by FFTdeconvolve.m. The response 

ftinctions W and W*, which are shown in Figure 5.6 and are for the case of = 1, 

were used in both reconstructions. As with the examples in section 5.2.3, there is little 

difference between the results of the two methods. Comparisons show that these images 
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Fig. 5.30 Initial trapped charge density matrices (top) and p* (bottom) 

reconstructed as solutions to simultaneous systems of equations. As in Figure 5.29, 
the grayscale contrast of both images is enhanced by gamma = 2, and outlines of 
Mask are shown. 
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Fig. 5.31 Initial trapped charge density matrices p (top) and p* (bottom) 

reconstructed using the image deconvolution method. Results are essentialy identical 
to those obtained as solutions to simultaneous systems of equations and shown in 
Figure 5.30. Again, the grayscale contrast of these images is enhanced by gamma = 2, 
and outlines of Mask are shown. 
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Fig. 5.32 Binary image of the 
polarity of the rhoPlus solution 
shown in Figure 5.30; white is 
positive. As in earlier Figures, 
gray lines outline the Mask 
matri.v shown in Figure 5.25. 

differ by small, relative amounts at the edges of the images. Most of these areas are 

ignored because they are not at good pixel locations. Histograms (not shown) of the 

relative differences between these solutions at only good pixels are peaked near zero. 

The median, relative difference in pixel values is 0.39% when comparing p' images and 

0.036% for images. 

Since the pixels were anodes in these experiments, the negative polarity p' 

solutions are consistent with the expected motion of detrapped electrons moving toward 

the pixels. The p* solutions, which assume detrapped carriers move away from the 

pixels, should therefore have all positive values to represent trapped holes. Figure 5.32 

maps the polarity of the p" solution shown in Figure 5.30. From the examples and 

discussion in section 5.2.3, the bipolar nature of p* is expected due to the large pixel-to-

pixel variation of Q values that also incorporate measurement errors and noise. If the 



239 

trap level giving rise to Q were a hole trap, then Figure 5.32 should ideally be completely 

white, at least at the pixels of interest inside the thin, gray lines that mark the perimeter of 

Mask. A TSC imaging experiment that uses cathode pixels on a sample having a hole 

trap should yield a physically consistent p' solution, which would map the initial density 

of trapped holes. As already mentioned, the only data available from such an experiment 

with this detector array is unsuitable for reconstruction purposes due to the clipping of 

numerous pixel signals, and the accelerating delamination of the detector array inhibited 

its further testing. Thus, the erratic nature of the images does not preclude the 

possibility that this trap level is a hole trap and does not make the p' images of no use. 

As shown by the examples in section 5.2.3, this experimental demonstration of 

TSC imaging reconstructs both p' and p' images that share strong spatial correlations 

with each other and with the integrated charge induction matrix Q. Furthermore, a 

comparison of these TSC images with the grain boundary map in Figures 4.5, which 

combines EBSD and IR imaging data about this CZT crystal, shows a correlation 

between features in TSC images and the sample's crystal structure. To assist the 

comparisons of these images in the following discussion. Figure 5.33 provides a montage 

of images from Figures 4.5,4.6, and 5.30. Twin grain 2 is aligned with a region of 

voxels in p~ having a high concentration of traps. Vo.\els in the same region of p' also 

have high trap densities, although these values fluctuate greatly in both their magnitude 

and their sign. However, in the region of twin grain 3 near the edge of the fianctional 

portion of the detector, only very subtle features are seen in either p' ox p^. A higher 
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visibility feature in these images is parallel to the left edge. Although this feature is 

perhaps influenced by the presence of twin grain 1 just to its left, its nearly uniform offset 

D LD 

Fig. 5.33 Montage of Figures 4.5,4.6, and 5.30. In the top row are images of p' (left) and 

p" (right), in both of which is shown the outline of Mask from Figure 5.24. On the bottom 

row are a representation of the crystal grains, grain boundaries, and pixel array perimeter 
(left) and a spatial map (right) of the counts integrated in the photopeak window of the 
collimated gamma-ray mapping data. All of these images pertain to the second CZT sample. 
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from the left edge of the detector array suggests that it is a result of multiplexer readout 

issues, such surface currems influenced by the delaminated pixels. 

The two most important features to note in Figure 5.33 are that grains 2 and 3 

have very different types of boundary surfaces and that the trap density near each grain is 

substantially different from both grain 4 and each other. According to the discussion 

below, results in the literature are consistent with the conclusion drawn from these 

features that incommensurate grain boundaries in CZT host an electron trap while {111} 

twin boundaries do not. If the adjoined atomic surfaces of a boundary are not registered, 

the boundary is incommensurate. 

As discussed in section 4.1.2, EBSD data only reveals the crystal structure at the 

surface of the sample. The IR microscope was useful in connecting the twins seen with 

EBSD on each surface, but the exact locations of the grain boundaries are not known. 

Yet, the "footprint" of these grains on the sample surface does indicate the nature of their 

internal boundaries. From the description of crystal twins in section 2.1.1 and the images 

in Figures 2.4, 2.7,3.9, 3.10,4.3, 4.4,4.5, and 5.33, it is clear that for CZT twins the 

lowest energy boundary surface is a {111} plane. Unless a twin grain e.xtends to the edge 

of the crystal, it must be bounded by at least one surface other than its (111) twin plane. 

In fact, CZT twins usually have two or more parallel boundaries that are these (111) 

planes, which are linked by boundary surfaces that cannot be the same (111) plane and 

may not even be planar. To minimize surface energy, these connecting surfaces usually 

take on a terraced appearance. Nevertheless, in the general case they have regions that 

form incommensurate boundaries. Such boundaries can be treated as collections of 
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dislocations. Furthermore, the elastic strain field at those boundaries pins mobile 

dislocations, which are generated in the material by thermal stress during crystal growth 

(Edwards and Derby. 1997: Dotv. 2001). 

Thus, grain 3 is likely to have a much lower density of dislocations than grain 2, 

at least in the functional region of the detector. Krsmanovic et al. (2000b) report that in 

CZT an electron trap at 0.27 ± 0.07 eV is associated with dislocations. This trap level is 

at essentially the same energy as the one studied in these TSC imaging experiments. 

These TSC imaging data are consistent with their findings if the spatial distribution of the 

trap level studied in this detector is assumed to correlate with areas of higher dislocation 

density. It can then be concluded that p~, rather than p*, is the correct solution and that 

the p' images in Figures 5.30, 5.31, and 5.33 are spatial maps of electrons trapped at 

dislocations. These conclusions about p are also consistent with the collimated gamma-

ray mapping data in shown in Figures 4.6 and 5.33. The slight decrease in detector 

performance near grain 2 is indicative of poor charge transport due to increased trapping. 
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CHAPTER 6 

CONCLUSIONS 

6.1 Summary 

This research has used pixelated gamma-ray imaging detectors to gather material 

properties and detector performance data at a large number of points on CZT samples to 

determine what kinds of relationships exist between them. In particular, the objective 

was to assess the spatial uniformity of certain structural and charge transport 

characteristics of a CZT crystal and their influence on the efficiency and energy 

resolution of detector arrays made from those crystals. 

Chapter 2 should be a useful introduction to new researchers in the field of CZT 

radiation detectors and provides numerous literature references. The descriptions of the 

structural and electrical material properties of CZT are accurate, though advances in CZT 

crystal growth could eventually render them obsolete. The model for the response of a 

pixel to moving charge within the detector has been presented elsewhere, but the 

computer software created to compute this response using weighting potentials could be 

useful to both novice and expert practitioners. Listings of this software are given in 

appendix A. 

In chapter 3, the locations of grain boundaries that were mapped in the first CZT 

crystal using IR imaging and X-ray diffraction methods (i.e., DCXRT and back-reflection 

Laue) are shown to correlate well with the detector performance maps obtained using 
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collimated gamma-ray scanning. Gamma-ray mapping is shown to help determine the 

depth of these boundaries when no other depth information is available. Although the 

leakage current data from the detector array show some similarities with the grain 

boundary maps, these data are not well correlated with detector performance. The 

detrimental effect of grain boundaries on the performance of CZT radiation detectors was 

demonstrated using these spatial mapping methods in a manner that changed the views of 

both the growers and users of CZT in regard to selection of radiation detector material. 

Many e.xpressed interest in either using this gamma-ray mapping system or building a 

similar system to characterize their crystals. 

One of these gamma-ray mapping systems is in use at the University of Arizona 

scanning CZT crystals for large-area pi.vel arrays. Mapping results from a CZT crystal 

used in a second pi.xel array that were obtained using this system are presented in 

chapter 4. IR transmission imaging and electron backscatter diffraction (EBSD) mapping 

were used to identify the crystal grain orientations and boundary locations in this detector 

crystal. Used in conjunction with IR microscopy, EBSD was a very efficient technique 

for mapping this sample's crystal grain structure. The X-ray diffraction methods used to 

study the first CZT sample are significantly slower and much less convenient for 

identifying the boundary locations and orientations of all grains on a sample surface. 

Data from the structural imaging and detector performance mapping indicate that charge 

transport is reduced by varying degrees according to the location and nature of each grain 

boundary present in this crystal. One high-angle and one twin boundary in this sample 

appear to trap moving charge carriers while the boundaries of the other two twin grains 



245 

exhibit somewhat different and reduced levels of charge trapping. This difference is 

consistent with the observations that one of these twin grains has an incommensurate 

boundary over a larger area, and that such boundaries host an electron trap associated 

with dislocations in the sample. 

The thermally stimulated current imaging technique presented in chapter 5 was 

developed to map the spatial distribution of traps in a semiconductor material. The 

model presented for the TSC response in a multi-electrode detector makes three primary 

assumptions: I) the electric field is uniform in a detector with two parallel electrode 

planes so that charge transport is normal to these planes, 2) variation of the initial trapped 

charge density p with sample depth is separable from its lateral variations, and 3) these 

lateral variations are negligible within a voxel. The algorithmic implementation of this 

model is simplified by assuming the reconstructed solutions have voxels that are 

identically sized and collocated with detector pixels in a square array. By measurement 

or by extrapolation based on a slowly varying trap density assumption, these pi.xels are 

assumed to provide as many induced charge values as there are vo.xels. The resulting 

solutions, p' and p", correspond to oppositely charged carriers that detrap and move 

either toward or away from the pixel plane, respectively. Although the assumptions 

listed above limit the accuracy of TSC imaging model reconstructions of p, similar 

limitations apply to conventional TSC results. Furthermore, regardless of their absolute 

magnitudes or even the trap type involved, these TSC imaging solutions for p provide 

very useful information about the 2-D trap distribution in a sample. No previous reports 

have been found where similar information was collected. 
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Both simulation and experiment are used to illustrate the behavior of the TSC 

imaging model and software reconstruction algorithms. The distributions of trapped 

charge reconstructed from the experimental data obtained with the detector array 

correlate well with features in the crystal structure and detector performance mapping 

data. Having these spatially correlated data allows conclusions to be made that would not 

otherwise be possible. Other researchers have indicated the presence of an electron trap 

in CZT that they associate with dislocations in the material. If correct, their observation 

is consistent with a conclusion drawn from these data that due to the higher densities of 

dislocations near incommensurate grain boundaries these boundaries host electron traps 

while {111} twin boundaries do not. Establishing a stronger connection between the 

structural and electronic properties of CZT and the resulting detector performance was 

precisely the objective of this research. 

6.2 Future work 

In this study, leakage current maps are demonstrated to be poor indicators for 

selecting good crystals for detectors using pulse electronics readouts. It remains to be 

determined whether such maps of single-crystal material would be useful for detectors of 

this type. In both detector arrays of this study, grain boundaries and delamination of the 

multiplexer readout circuit reduced the usable area of the array. In order to obtain a 

better quantitative understanding of the relationship between parameters such as leakage 

current, trap density, and detector performance, these or similar tests should be repeated 
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using arrays made from single-crystal material. If possible, the pi.xel array should cover 

as much of the one surface as is feasible, and all pixels should be functional. 

The larger research project at Sandia, of which this work was just a part, is the 

creation of a constitutive model of CZT that can be used to design crystal growth 

methods and equipment that will produce crystals with an increased yield of high-quality 

detector material. The research presented here supports the hypothesis motivating the 

constitutive modeling effort, which is that the structure of CZT crystals is linked with 

their electrical, and therefore, their detector performance properties. Specifically, it is 

hoped that TSC imaging will be used to clearly link plastic strain of the material to a 

reduction of the charge transport. The resources needed to complete a constitutive model 

of CZT are more likely to then become available. 

To further this effort, the construction of several new pixel arrays using single-

crystal material was begun with a plan that some of these devices would be intentionally 

damaged to create a known 2-D pattern of traps in the detector crystal by straining the 

material at known locations. The TEES data in Figure 5.3 were obtained as part of this 

effort. Analysis of individual TEES spectra is a relatively fast method of identifying a set 

of traps that are potentially induced by straining CZT materials, which in these tests 

occurred at room temperature. Equipment for conducting a series of strain tests at 

elevated temperatures was also being acquired. From Figure 5.3 it is clear that the list of 

trap levels could be quite long. However, allowing the sample to anneal at room 

temperature resulted in significant changes to the TEES spectra. These tests and the 

analysis of the data should be continued in order to refine the list of traps to a small set 
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that are: I) most likely to be strain induced, 2) stable at room temperature, and 3) with 

energies and capture cross sections to allow detrapping at temperatures between about 

130 and 300 K. Then a suitably strained single-crystal of CZT should be made into a 

pixel array and tested using this TSC imaging method. As with the TSC imaging data 

presented in this work, the spatial information about the traps should be extremely useful 

in understanding the strain-induced traps in CZT. Other TSC imaging tests of samples 

where traps would be generated at known locations using chemical dopants or radiation 

damage were considered and could yield additional insight. Indeed, the basic research 

needed to identify a suitable artificial trap in CZT could be independently useful. 

In principle, the hardware and software needed to perform TSC imaging are 

straightforward and can be implemented by others. Several software codes listed in 

appendix A could be readily used or adapted in such an effort. It is hoped that TSC 

imaging will be a tool that provides better insight into the nature of flaws in presently 

available CZT and that future CZT crystals can thereby be grown with an increased yield 

of high-quality detector material. Furthermore, TSC imaging is a general technique that 

could be applied to any semiconductor material. 
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APPENDIX A 

COMPUTER CODE LISTINGS 

The following computer codes are written in the MATLAB language to 

implement the TSC imaging algorithms and related computations presented in this 

dissertation. They are listed in this appendix to communicate in a different manner some 

of the topics and mathematical methods discussed in chapters 2 and 5. Some readers 

might also consider them helpful research tools. For example, weighting potential 

calculations for pixel arrays, like those used in this work, are discussed in mathematical 

terms by several authors. Eskin (1997) describes the Fourier-transform propagation 

method of Kavadias et al. (1994) and the image charge method of Castoldi et al. (1996) 

that are recounted in section 2.2.3. However, implementing either of these algorithms is 

not a trivial task; some of the issues are discussed in that section. Although Eskin 

observes that the image charge method is not well suited for calculating numerous 

weighting potential values (e.g., in a large spatial grid inside a detector), Marks (2000) 

uses this method and provides C code listings showing his implementation of that 

algorithm. Between 1998 and 2000, both methods were coded in various computer 

languages as part of this work, and Eskin's opinion was confirmed—the image charge 

method is computationally too time-consuming for regular use for the purposes of TSC 

imaging. 

Therefore, the function FFTweight.m, listed below along with its subroutines 

MakePixel.m and FixOscillations.m, provides the reader with an out-of-the-box ability to 
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compute weighting potentials for pixel array geometries using the Fourier propagation 

technique. Following these three code listings are three others that implement the TSC 

imaging reconstruction algorithms discussed in section 5.2.2. The latter are named 

MakeWprime.m, FFTdeconvolve.m, and SystemSolve.m. Finally, the last code listed is 

called Compensationl.m. It calculates the equilibrium Fermi level and ionized dopant 

concentrations of arbitrarily doped semiconductor materials and simulates the achievable 

ionized dopant concentrations for a given cooling rate—topics that are treated in 

sections 2.1.2 and 5.1. 

Obviously, these codes are only a subset of many analytical tools used to gain an 

understanding of and provide some of the content in this dissertation. Not listed are 

numerous, lengthy data reduction and display functions created to process the TSC 

imaging data. The LABVIEW code written to run the TSC e.xperiments and acquire the 

data are written in a graphical programming language that is difficult to document in a 

paper publication. These codes, functions, tools, etc. are very system specific, but are 

available upon request. 

The seven MATLAB functions identified above are listed in order hereafter. 

There has been minimal editing of the comments included within each function listing; 

however, these comments should assist in their interpretation. Otherwise, no additional 

discussion or explanation is given. Attempts were made to minimize the frequency of an 

instruction wrapping around to the next line, but some debugging before execution will 

be inevitable if these listings are scanned using character recognition software. 
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FFTweight.m 

\ This function computes the weighting potential using the Fourier propagation 

% method in the volume between the pixel plane and the continuous top electrode 

^ a distance "L" away. The "dz" argument is the spacing along the z dimension 

« and must divide into the thickness "L" an integral number times to integrate 

% the series of xy planes spaced equally along the z  axis including both the 

\ z=0 and z=L planes. 

* The weighting potential in the pixel plane (i.e., z=0) is defined by the 

MakePixel.m function. The sample spacing "dx" of the "pixel" matrix returned 

* by this function defines both the x and y dimensional spacing. "Pitch" and 

i "gap" have the same units as "dx" and are required to be an integer multiple 

% of "dx". Furthermore, to allow for assignment of a uniform number of samples 

» to all pixels it is also necessary to force "gap" to be an odd multiple of 

» "dx". "Method" determines whether the number of samples on the metal 

« electrode AMD the neighboring gaps OR only on the electrode will be 

« maximized. If MakePixel.m fails nicely the value returned for "pixel" is 

* "NaN". 

* Weighting potential layers are saved to hard disk with the filename "weight/." 

> where X is the layer number starti.ng with X=0, which corresponds to the z=0 

! pixel plane. All layers are truncated to a Rx.R matrix where S is an integer 

* multiple of "S". A pixel patch is an SxS submatrix within each layer. ?. is 

* limited to lll'S or less. 

« The FixOscillations.m function is called to ensure that no oscillatory 

« solutions for the weighting potential are used. For more information see 

% the FixOscillations.m source code. 
* 

« "t" is a vector record of the times needed to calculate each layer. 
* 

^ .An e.xa.Tiple of the function call syntax is: 

i [t,S] = FFTweight(1024, (25/3), 125, 25, 'gaps', 750, 1500); 

function [t,Sl = FFTweight(N, dx, pitch,gap,method,dz,L) 

^ Close all figure windows before starting 

close all; 

tic; 

5 Perform crash proofing tests on input arguments 

if N > 2048 

display ('N is too large for Win NT with 256 MB FtAM.'); 

display('Maximum N for this version is 2048.'); 

display('.Adjust this limit as necessary for other system configurations.'); 

t = NaN; 

return 

end 
if mod(L,dz)~=0 

display('L divided by dz is not an integer.'); 
t = NaN; 

return 

end 

if mod(pitch,dx)~=0 

display('pitch divided by dx is not an integer.'); 

display('See comments in the header of MakePixel.m and try again.'); 
t = NaN; 

return 

end 
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display('gap divided by dx is not an integer.'); 

display('See comments in the header of MakePixel.m and try- again.'); 
t = NaN; 

return 

end 

if mod(gap/dx,2)-=1 

display('gap divided by dx is not an odd integer.'); 

display('See comments in the header of MakePixel.m and try again.'); 
t = NaN; 

return 

end 

• Call MakePi.xei.m to generate the weighting potential for the n = 0 layer, 

pixel = MakePixel(N, dx, pitch, gap,method); 

if isnan(pixel) 

display('The MakePi.xel function failed to generate a valid pixel matrix.' 

t = NaN; 

return 

end 

Verify that the size of the matrix of pixel values which will be assigned " 

« a single pixel completely covers the pixel pitch--no more a.nd no less. If 

' not, warn and abort. This is a sanity check of the earlier crash-proof tes 

* as well as the function MakePixel.m. 

S = pixel(N/2,:) - floor(pixel (N/2, :)); 

S = sum(S)/sum(cei1(S)) ; 
if S -= 0.5 

display ('Values of pixel indicate over or under sa.mpling of the pixel'); 

display('area. See comments in the header of MakePixel.m and try again.' 
t = NaN; 

return 

end 

•, Find the registration of pixel boundaries in the x and y dimensions for lat 

» integration. The first step is to find the number of elements in the SxS 

« patch CO sum together. 

S = sum(ceil(pixel(N/2,:) ) ^ floor(pixel(N/2, :)))/2; 

V The second step is to find where the primary pixel is located. Here a is t 

> index of the first non-zero element and b is the index of the first unity 

element of pixel. 
a = 1; 

while pixel(a,a)==0 

a = a 1- 1 ; 

end 
b = a; 

while pixel(b, b)~ = 1 

b = b + 1; 

end 

i The third step is to determine how many pixels we want to "keep". 

* M is the index of the primary pixel's upper left corner element. 
M = (a + b)/2; 

•i n is the number of complete pixels (max 56) along either axis away from the 

* primary pixel. 
n = 1; 

while (M - n'S) > 0 
n = n + 1; 

end 
n = n - 1; 

if n > 55 
n = 55; 

end 

% a and b will now define the limits of the matri.x truncation that will slice 
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V off incompletely sampled pixels or pixels outside the range cf interest, 

a = M - n*S; 

b = M + (n+l) 'S - 1; 

* Save Che first weighting potential matrix to disk. 

weight = pixel(a:b,a:b); 

save('pixel','pixel'); 

save('weightO','weight'); 

clear pitch gap method MakePixel; 

« Check for cases where no calculations are needed. 
Nz = 1 + (L/dz); 

if Nz<3 

v/eight = zeros (b-a+l,b-a + l) ; 

save('weight!','weight'); 

return 

end 

i Compute the 2-D FFT of the weighting potential in the pixel plane. 

fftpixel = fft2(pixel); 

save fftpi.xel fftpixel; 

clear pixel; 

« Define "M" to extend in t.he Fourier domain to the highest frequency allowed. 
M = N/2 ^ 1; 

« Preallocate for a time vector t and set the oscillation check flag, 
t = zeros(Nz,I); 

oscillation = 1; 
t(l) = toe; 

t (1) 

« Begin the loop to successively calculate the weighting potential matrices. 

display('Starting FFTweight loops.'); 

for nz = 2: (Mz-1) 

tic; 

z = (nz-l)*dz; 

^Create the propogation function ? 
P =zeros(M,M); 

5 By calculating only non-redundant values of P in the lower triangular 

* portion of one quadrant and then recreating the remaining portions of the 

s the full matrix we increase computational speed by of a factor of 10. 

• Solving for one entire quadrant i.ncreases speed by only a factor of 6. 
for i = 2:M 

for j = 1:i 

k = 2*pi*sqrt ( (i-1) . "2 i- (j-l) . "2) / (N*dx) ; 

•» Ensure that no values larger than realmax are obtained. 

if k*L>709 

if k'z>709 
?  ( i ,  j )  =  0 ;  

else 

P (i,j) = exp(-k*z) ; 

end 

else 

P(i,j) = sinh(k*(L-z))/sinh(k*L); 

end 

end 

end 

% L'Hospital rule for k = 0. 
P(l,l) = (L-z)/L; 

% The MATLAB function "tril" extracts the lower triangular matrix. 

% Two "for" loops could do the same thing but slightly slower in MATLAB. 

P = P + tril(P,-1) . '; 

P = [P;flipud(P(2:M-l,:)) ]; 

P = [P fliplr(P(:,2:M-l)) 1; 

% Multiply fftpixel by the propogation function P, IFFT to space domain, 
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% and store real component. 

P = real(ifft2(fftpixel."P)); 

weight = F(a:b,a:b); 

% Check for oscillating solutions that occur for small values of : 

! depending on other parameters leading to the generation of "fftpixel". 

« This check will always be run at least once; after no oscillations are 

« found then no more checking is done. 

if oscillation == 1 

display('Checking/Fixing Oscillations.') ; 

[weight,oscillation! = FixCscillations(weight); 

end 

save(['weight' num2str(nz-l) 1,'weight') ; 

t(nz) = toe; 

t (nz) 

end 

• Store the final weig.hting potential matrix for : = L. 

weight = zeros (b-a + l,b-a-rl) ; 

save(['weight' num2str(Nz-l)!, 'weight') ; 

MakePixel.m 

K This function is called by FFTweight.m using argum.ents provided initially 

« there by the user. See the header of that file for descriptions of these 

« arguments. This generates and returns the MxM weighting potential matrix in 

the pixel plane 2=0. 

» An e.xample of the function call syntax is: 

• pixel = MakePixel(1024, (25/3), 125,25, 'gaps'); 

function [pixel] = MakePixel (N, d.x, pi tch, gap, method) 

• Force certain input arguments to abort. 
if pitch<=gap 

display('Pitch is less than or equal to the pixel gap width'); 

display('(i.e., there is no pixel).'); 

pixel = NaM; 

return 

end 

if mod(N,2)~=0 

display('N must be an even number.'); 

pixel = MaN; 

return 

end 
^ Warn if the size of the pixel matrix is not a power of 2 which will use 

«, slower FFT algorithms. 

if mod(log2(N),1)-=0 

display('The NxN pixel matrix has N which is not a power of 2. The FFT'); 

display('algorithms will be slower by a factor of N/log2(N).'); 

if strncmpi('n',input('\nDo you wish to continue anyway? ([y]/n) ','s'),i) 

pixel = NaN; 

return 

end 

end 
Choose the method of whether the number of samples on the metal electrode AND 

% the neighboring gaps or ONLY on the metal electrode will be ma.ximized. 

switch lower(method) 

case ( ' gaps') 
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M = ceil((picch + gap)/dx); 

if pitch+gap == M*dx 
M = M + 1; 

end 

case {'mecal'} 

? This is a two part process. First, find the maximum number of samples on 

* the metal. 
M = ceil((pitch - gap)/dx) ; 

^ If the size of the metal electrode is m times dx, then M = m+l. 

• In English this means the metal is sampled right up to the edge, 
if pitch-gap == M'dx 

M = M -t- 1; 
end 

« Next, add to this value the nu.tiber of samples in the gap. 

M = M -i- 2 ' floor ( (pitch-gap-(M-1)'dx) / (2 *dx) ) ; 

end 

« To prevent divide by zero errors two cases must be used: gaps, and no gaps. 

« The no gaps case uses only ones for the samples within the pixel pitch, 
if gap==0 

pi.xel = ones(M,H); 

else 

* Preallocate an MxMxS matrix to hold 5 MxH arrays. Each array holds the 

I values of the 2-D functions f(x,y) which define the 5 "planes" cf the 

* truncated pyramid weighting potential function. The top of the pyramid is 

• defined by pixel(:,:,!) = 1. The four remaining arrays are pixel(:,:,2 : 4 ) 

and they define the ramping sides of the pyramid which would have an 

• infinite slope if gap=0. 

pixel = ones(M,M,5); 

delta = (pitch+gap-(M-l)*dx)/2; 

for i = 1: M 

for j = 1:M 

pixel(i,i,2) = ((i-i)*dx * delta)/gap; 

pixel(i,j,3) = ((j-i)*dx + delta)/gap; 

pixel(i,i,4) = ((M-i)'dx * delta)/gap; 

pixel(i,j,5) = ((.M-j)*d;{ * delta)/gap; 

end 

end 

« Collapse 3-D matrix into 2-D by selecting the minimum value of each "page" 

pi.xel = min (pixel, [ ] , 3) ; 

end 

Now "center" the pyramid function in a field of zeros. If M is odd then the 

^ pyramid cannot be e.xactly centered in a matrix with an even number of rows 

» and columns so it is always placed closer one element closer to the (1,1) 

s position than the (N,N) position. 

a = floor((N-M)/2); 

b = ceil((N-M)/2); 

pixel = [zeros(a,N); zeros(M,a) pixel(:,:) zeros(M,b); zeros(b,N)l; 

FixOscillations. m 

i This function is called by FFTweight.m and uses the filter2 function with 

« a 5x5 computational molecule chosen to roughly average out oscillations of 

t period equal to two sample intervals. In other words, the matrix 

« - 1 -1 -1 

i A = 1 1 1 

• -1 -1 -1 

^ yields zero at element (2,2) when filtered with the molecule 
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% 1/12 1/12 1/12 
hi = 1/12 1/3 1/12 

1/12 1/12 1/12 
« Likewise, the matrix 

1 -1 1 
B  =  - 1  1 - 1  

- 1 -1 1 
• yields zero at element (2,2) when fil tered with the molecu 

1/16 1/8 1/16 
« h2 = 1/8 1/4 1/8 

1/16 1/8 1/16 

• The molecule h = filter (hl,h2 ,•full') is a 5x5 convolution 

1/192 1/64 1/48 1/64 1/192 

t 1/64 1/16 3/32 1/16 1/64 
% h3 = 1/48 3/32 7/48 3/32 1/48 

t 1/64 1/16 3/32 1/16 1/64 
i 1/192 1/64 1/48 1/64 1/192 

• Convolution at the edges is perturbed by :ero padding ar.d is removed. 

• After filtering, any remaining negative terms are replaced by their neighbor 

« one row closer to the center row. Before any filtering is done the input 

•, matrix argument "weight" is examined for the presence of any oscillations 

t with this period. The output flag "oscillation" is set to 0 cr 1 if they are 

absent or present, respectively. In the former case "weight" is unchanged. 

\ Any oscillations "fixed" by one pass of the convolution filter will force 

• this routine to repeat until no m.ore oscillations are detected. 

> .An example of the function call syntax is: 

V [weight,oscillation] = FixOscillations (weight); 

function [weight, oscillation] = FixOscillations(weight) 

Initialize variables 

N = size(weight,1); 

center = ceil(N/2); 
r = 1; 

« Define the computational molecule, which is a 180 degree rotation of a 

• convolution kernel. 

hi = [1/12 1/12 1/12;1/12 1/3 1/12;1/12 1/12 1/12]; 

h2 = [1/16 1/8 l/16;l/8 1/4 1/8;1/16 1/8 1/16]; 

h = filter2(hi,h2,'full'); 

! Test for and locate any oscillations. 

• Create a "+ or gradient vector for each step toward the center. 

test = ceil(weight(center, 2:center) - weight(center, 1:center-1)) ; 

' Test from the center outward 

r = center - 1; 

while (r > 0) S (test(r)==l) 
r = r - 1; 

end 
if r == 0 

oscillation = 0; 

return 

end 

» Set oscillation flag to trigger subsequent calls to this function 

oscillation = 1; 

• Define a mask for values of weight that will be left unfiltered in the final 

» output. 

display(['Tol = ' num2str(weight(center,r)*5)]); 

mask = ceil(weight - (weight(center,r)*5)); 

display(['Unmasked pixels = ' num2str(sum(sum(1-mask)))]); 

» Perform convolution filtering. 
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new = f ilcer2 (h, weight,'same') ; 

« Use only the unmasked filtered values. 

weight = weight. *mask new. * (1-mask) ; 

« Replace edges with nearest neighbors to correct for convolution edge effects. 

: ) 

weight(3,:) ; 

weight(2,:) ; 

= weight{M-2, :) 

weight(N-1, ;) ; 

weight(;,3) ; 

weight(:,2) ; 

= weight(:, N-2) , 

weight(:,M-I) ; 

• Create a new mask for any ) 

mask = ceil(weight); 

\ .Replace negative values with neighbori.ng value one row nearer center row 

new = [weight(2:center,:) / weight(center,:);weight(center:M-1, :) ] ; 

weight = weight.*mask * new.*(I-mask); 

weight (2, : 

weight (1, : 

weight(N-1 

weight(N,: 

weight (:,2 

weight (:, 1 

weight(:,N-1) 

weight(:,N) = 

remai.ning negative values 

MakeWprime.m 

This function generates both W matrices (WprimeMinus and WprimePlus) by 

» integrating all "Mz" weighting potential layers calculated using TFTweight.r. 

• and saved as individual files. Each file is read and integrated along the t 

• a.xis and within the ;<y plane boundaries of eac.h pixel producing a 2-D rr.atrix 

which now has units of volume [cn^Bj. pixel patch is comprised of an SxS 

• submatrix. The layers have been previously truncated to an i.nteger nu.Tiber ot 

pixels in both length and width. If the maximum number of 55 pixels away 

from the primary pixel were sampled in FFTweight.m then (1 - 2*55) = 111 is 

s the square dimension of the W matrices created here. The volume element dVl 

•- is defined as the voxel volume and is therefore different than the dV2, which 

• is the volume element of the 3-D weighting potential matrix. These W 

matrices are the general versions which allow for i.nterpixel gaps to be 

'•j modeled in the weighting potential definition at the pixel plane as described 

; in section 5.2. For instance, in the case of WprimeMinus and depending cn 

the values of the potential 'weightO' defined at the pixel plane, the simple 

• result with no gaps, 

s WprimeMinus(ml,nl) = Iweight(ml,nl) - delta(ml,ni)*dVl 
i 
•; is not generally the same as the result with gaps, 

« WprimeMinus(ml,nl) = Iweight(ml,nl) - [sum(weight0(m2,n2) *dV2) 1 (ml,n1) 
i 

« where matrix indices (m.l,nl) and (m2,n2) refer to single pixels and weighting 

potential area elements d.x'd.x, respectively, corresponding to dVl and dV2. 

4 dVl = L'pitch*pitch'le-12 and dV2 = L'dx'dx*le-12; both have units of cm'3 

5 when L, pitch, and dx are in units of microns. 

« This file also generates a weighting potential slice "rowslice" that is 

\ perpendicular to the pixel plane and to two opposite edges of a pixel by 

i grabbing the center row from each weighting potential layer previously saved 

• to disk. "t" is a vector record of the times needed to calculate each layer. 

5 hn example of the function call syntax is: 
i [WprimeMinus,WprimePlus, rowslice, t] = MakeWprime(15, (25/3), 125, 10, 151,1500); 

function [WprimeMinus,WprimePlus, rowslice,t] = MakeWprime(S,d.x,pitch,dz,Mz, L) 
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» Perform crash proofing tests on input arguments 

if pitch-=rounG(S*dx) 

display('The S, dx, and pitch values are not related by pitch = 3*dx.'); 

Iweight = NaN; 

return 

end 

if Nz~=round(I r (L/dz)) 

display('L must equal dz*(Nx-l). Terminating early.'); 

Iweight = NaN; 

return 

end 

^ Initialize variables 

tic; 

t = zeros (Nz,1); 

load weightO; 

N = size(weight,1); 

if mod(N,S)-=0 

display('The size of the weight matrices are not integer multiples of 3.'); 

Iweight = NaN; 

return 

end 

center = ceil(N/2); 

rowslice = zeros(Nz,N); 
n = N/S; 

Initiallize the integrated weighting potential matrix with the z = 0 data for 

• the pixel plane. Only HZ of a weighting potential is i.ntegrated at both the 

*. pixel and continuous electrode planes. 
Iweight = weight/2; 

rowslice(1,:) = weight(center,:); 
t(l) = toe; 

t (1) 

i Begin the loop to successively integrate the Iweight matrix. 

for nz = l:Nz-l 

tic; 

load(['weight' num2str(nz)]); 

Iweight = Iweight + weight; 

rowslice(nz^l, :) = weight(center, :); 
t (nzfl) = toe; 

t (nz + l) 

end 

• Now intergrate within each pi.xel boundary in the xy plane. 

for i ^ 0:n-l 
for j = 0:n-l 

pixel Iweight (i + l,j + l)=SL!m(sum(Iweighc( ; ( S * - i ' S )  , (1-i'S) ; (S-j'S) ) )); 

end 

end 

t Multiply by volume integration element dV=dx*dx*dz and convert from cubic 

% microns to cubic centimeters to complete the volume integral of the weighting 

I potential. Here, dV is neither dVl nor dV2. 

Iweight = pixellweight'dx'dx'dz*le-12; 

\ Now integrate only the weightO matrix at the pixel plane within each pixel, 
load weightO; 

for i = 0:n-l 

for j = 0:n-l 

pixellweight (i + l,]+l)=sum(sum(weight((ii-i'S) : (S-i-i'S) , (l + j'S) : (S^j*S) ))); 

end 

end 

% Multiply by dV2, which is the area integration element dx*dx times the 

? detector thickness L, and convert from cubic microns to cubic centimeters. 
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pixellweight = pixellweighC'dx'dx'L*le-i2; 

» Create the W matrices: WprimeMinus for carriers moving toward the pixel 

» plane and WprimePlus for carriers moving away from the pixel plane 

WprimeMinus = Iweighc - pixellweight; 

WprimePlus = - Iweight; 

save Wprime WprimeMinus WprimePlus; 

FFTdeconvolve. m 

't This function uses FFT deconvolution to find the initial charge density 

matrix "rhoPrime" that would give rise to an induced charge matrix of 

"Qprime" in the pixel array, as prescribed by a weighting potential 

sensitivity function "Wprime". The FFT theory is as follows. 

» If ** denotes convolution and 

Qprime = rhoPrime"Wprime 

i then 

* FFT(Qprime) = tFT(rhoPrime).'FFT(Wprime) 

•. where .* denotes element by element (aka array) multiplication. Thus, 

« rhoPrime = IFFT{FFT(Qprime)./FFT(Wprime) • 

* where ./ denotes array division. The input parameter "pad" sets the minimum 

* size of the zero padded matrices operated on by the FFT. In addition to 

», rhoPrime, output quantities include the three, intermediate matrices 

* in the Fourier domain. 

•- An example of the function call syntax is: 
[ rhoMinus, FWminus, FQ, FrhoMinus 1 = FFTdeconvolve (newQ2d, Wpr imeMinus, 2C4 5 ) ; 

funct ion i rhoPri.ne, rWprime, FQpr ime, FrhoPrime ; =FFTdeconvoive (Qprime, Wprime, pad) 

« Abort if Qprime is not square. 

[N,NN1 = size (Qprime) ; 

if N-=NN 

display('Qprime is not a square matrix.'); 

return 

end 

^ AJDort if Wprime is not square. 

[M,MM] = size(Wprime); 

if M~=MM 

display ('Wpr ime is not a square matri.x.'); 

return 

end 

» Compute the minimum size "minpad" of the matrices being transformed as 

I being the next larger power of 2 above the sum of the initial matrix sizes 

i minus one to remove edge effects and speed the FFT computations. If 

» minpad is larger than 2048, then warn the user and abort. If not, the 

^ requested size pad will be rounded up the the ne.^ct larger power of 2 as 

long as this, too, is less than or equal to 2048. If this new pad value 

I is less than minpad, then also warn the user and abort. 

minpad = 2^ceil (log2 (N + M - 1)); "minimum" size of FFT arrays 

if minpad > 2048 

display('The augmented minimum padded matrix is larger than 2048.'); 

return 

end 

pad = min([2048 (2^ceil(log2(pad)) ) j ) ; 

if minpad > pad 

display('The augmenced minimum padded matrix is larger than'); 

display(['the requested size of ' num2str(pad) '.']); 
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return 

end 

display(['Zero-padded matrices have a si:e of ' num2str(pad)]); 

NX = floor((pad - N)/2); « last index of initial zero-padding 

N2 = pad - N1 - N; « pad-N2 + l is the first index of final zero-paddir.g 

Qprime = [zeros(N1,pad);zeros (N, N1) Qprime zeros(N, N2);zeros(N2,pad) i ; 

*, Because of the way the four quadrants of the zero-padded Wprime matrix get 

« reshuffled a ceil operation is used next, unlike the floor operation used 

above. This way if M is odd then the upper-left quadrant will start with 

> more zeros, but will end with fewer zeros after the reshuffle. 

Mi = ceil((pad - M)/2); « last index of initial zero-padding 

M2 = pad - HI - M; ^ pad-M2+l is the first index of final zero-padding 

Wprime = [ zeros (Ml, pad) ; zeros (M, Ml) Wprime zeros (M, M2); zeros (.M2, pad) i ; 
Dice the zero-padded Wprime matrix into quadrants and switch diagonally 

•MM = round (pad/2) ; 

Wprime = [Wprime (MM-*-1: pad, MM-^1 .-pad) Wprime (MM+1 .-pad, 1.-MM) ] ; 

Wprime = [Wprime;Wprime (1 :MM,MM-*-i :pad) Wpr ime (1 :MM, 1 :MM) I ; 

• Perform cFT deconvolution 

rWprime = fft2(Wprime); 

FQprime = fft2(Qprime); 

FrhoPrime = FQprime./FWprime; 

rhoPrime = ifft2(FrhoPrime) ; 

« Delete the corrupt rows and columns of the solution and retain only 

•. the real part as rhoPrime. 
rhoPrime(pad - N2 * l:pad,:) = []; 

rhoPrime(1:N1,:) = []; 

rhoPrime(:,pad - N2 - l:pad) = [I; 

rhoPrime(:,1:M1) = [1; 

rhoPrime = real(rhoPrime); 

SystemSolve.m 

This function solves the linear system of equations W*rho = Q, where "rho" 

is unknown, using the backslash operator. Basically, if AX = 3 then X is 

found by X = A\B. If A is a non-singular, square matri.x then an exact 

solution is found. If A is singular then no exact solution exists; if a 

solution is found, it is not unique. The output is "rhoPrime", a matrix 

that has the same spatial qualities as the image matrix "Qprime", which is 

provided as input. The "Wprime" matrix is the integrated weighting potential 

in a voxel at any pixel location relative to a primary pixel, which is 

indicated in the dissertation text as the mth pixel. If the rho and Q colum.n 

vectors each have N elements in the order 1, 2, 3,..., m, m-^1,..., M that are 

arranged in raster fashion in the image matrices rhoPrime and Qprime, then W 

is an N by N matrix. If n = sqrt(N), then the mth row of W is generated from 

the Wprime matrix, which must be at least (2n-l) by (2n-l), by doing the 

following: 

1) extract an n by n submatrix of WPrime with the mth element at the center 

of Wprime, 

2) reshape the submatrix into a row vector, and 

3) repeat for N values of m with each row stacked beneath previous rows. 

For example, with the following input matrices, 

Qprimel = [1 2; 3 4] 

Wprimel = [1 2 3; 4 5 6; 7 8 9] 

the output for W1 is 
W1 = 5 6 8 9 

4 5 7 8 

2 3 5 6 
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• Example of the function call syntax is: 

« [rhol,Wl] = SystemSolve(Qprimel,Wprimel) 

function [rhoPrime,Wl = SystemSolve(Qprime,Wprime) 

« Initialize variables 

N = size(Qprime,I); 

center = ceil(size(Wprime,1)/2); 
nmax = N*N; 

W = zeros(nmax); 
n = 1; 

1 Perform crash proofing tests on input arguments. 

" Verify that WPrime is large enough to extract M (n by n) submatrices 

if M > center 

display('Wprime is not large enough to create an NxN niatrix'); 

display('as required given the size of Qprime.'); 

rho = NaN; 

return 

end 

« Loop to successively generate rows of the W matrix. The loop indices loca 

» the upper left corner of a submatrix frcm Wprime starting at its center 

« and move in raster fashion from left to right and then bottom to top. 

for i = center:-1: center-N-^ 1 

for j = center:-I:center-M+1 

« E.xtract submatrix, transpose it, link columins successively, and 

^ output as a row vector. 

W(n,:) = reshape (Wprime ( i :( i + N-1), j :( 3+N'-1))', 1, nmax) ; 
n = n ^ 1; 

end 

end 

« Transpose Qprime, link columns successively into a column vector. Then 

• perform the matrix left divide using the backslash operator, list this 

« output into successive colu.mns of an NxN matrix, and transpose it to make 

i a "rhoPrime" matrix. 
rhoPrime = reshape((W\reshape(Qprimenmax,1)),N,N)'; 

Compensation2. m 

! This function is based on the algorithm written for compensation .m but 

instead of finding the Fermi level "Ef" [eVJ and resistivity "rho" [ohm cm] 

\ as functions of added donor concentration "Nd" [cm"-3j to compensate for a 

» fixed acceptor concentration "Na" this function finds the equilibrium values 

« for "Ef", "rho", ionized donor "nd" and acceptor "na" concentrations, and 

% free electron "n" and hole "p" concentrations as functions of temperature 

t "T". The donor and acceptor input arguments may be vectors of length >= 1; 

> however, plotting of more than four of either variety is not appealing. 

> All output ionized dopant concentrations are all reported as fractions of the 

* total for each level. These are all equilibrium values that could be 

« difficult to reach based on trapping and detrapping rates that decrease 

* (significantly in the case of detrapping) as the temperature drops. This 

t concept is explored in figures 3-6. The actual ionized trap concentrations 

"i "naReal" and "ndReal" are computed at one cooling rate given two extreme 

s capture cross section values where the first and second columns of "naReal" 

* are, respectively, for sigma = le-15 and le-21 cm^2. Similar correspondence 

% applies to "ndReal". Likewise, pairs of column vectors are appended onto the 
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i right sides of these matrices for each dopant level given as input. 

• Like its parent this function uses the bisection method to compute "Ef" that 

gives neutral, or zero, charge densities within an approximate tolerance "dQ" 

• based on the donor level(s) "Ed", acceptor level(s) "Ea", band gap of "Eg", 

» density of states effective mass ratios for electrons and holes of "me" and 

« "mh" [unitless], and carrier mobilities of "MUe" and "MUh". Two solutions 

« yielding Q = (+- 1 0.1) *dQ are found and provide bounds on the actual 

« solution, which is chosen to be the average value. Discontinuities in Ef 

or in other quantities or their derivatives indicate a problem with the 

» convergence. To prevent infinite looping this tolerance is gradually 

s increased with each iteration. The output vectors are then computed and 

^ plotted with some additional analysis. 

» The degeneracy factors " g "  are dropped for both acceptor and donor levels. 
« This is customary for deep levels, but I don't know what errors this action 

« will introduce when shallow levels are used. .However, it see.med like the 

« only way to ensure solution symmetry for arbitrary levels without resorting 

• to using a function to scale g depending on the band gap and trap levels. 

• .^inyway, such an approach is not standard and would jUst be ccnfusing. 

If "Ef" is too close to the band edges or the initial points do not have the 

» e.xpected signs then the function aborts. Note that positive values of "Ed" 

• are measured with respect to the conduction band edge. 

• E.xample function call for an exactly compensated sample v;.hic.h takes -30 

^ seconds to execute; if dQ=10 it takes ~ 2 . z  minutes. (Mote line wrap around) 

« [T, Ef, conductivity, n, p, nd, ndReal, na, naReal i =co.'npensaticn2 ([ le---15 le-15 le*i6 

le+15],[0 . 05 0. 35 0. 75 i],[le•^15 l.le^l6 le^ 151 , [0. 05 0.3 

1] , 1 .6, 0. 11,0.72, 1100, 50, 100) ; 

» Deviating from exact compensation can strongly affect the convergence of Ef 

- for different dQ values and the time to completion, but not necessarily in a 

• bad way. Try several dQ values and abort after 20-30 seconds to get a feel 

>: for how a particular set of dopants is being calculated. .A.lsc try reducing 

the number of T values. The over-compensated example below took 40 seconds. 

• [T, Ef, conduct ivity, n, p, nd, ndReal, na, naReal 1 =compensation2 ([ lei-15 le-^15 le-16 

le-fl51 , [0.05 0.35 0.75 l],[ie + 15 3e-16 le + 15],[0.05 0 .8 

I] , 1 . 6, 0.11, 0.72,1100, 50, 5 00) ; 

« The single level example below took 16 seconds; if dQ=0.01 it takes -100 s. 

[T,Ef,conductivity, n, p, nd, ndReal,na,naReal]=compensation2(le-^i5,0.35,0,0.3,1.6, 

0.11, 0.72, 1100, 50^1); 

function [T,Ef,conductivity,n,p,nd,ndReal,na,naReal ] = 

compensation2(Na,Ea,Nd,Ed, Eg,me,mh,MUe,MUh,dQ) 

• Initialize fixed quantities needed 

tic; 

close all; 
q = 1.60217738e-19; >; [coulomb=(V s)/ohmI 

m = 5.11003e+5; ^ [eV] 

k = 8.61733e-5; •, [eV/K] 

he = 1.23985e-4; s [eV cmj 

5 Perform crash proof tests 

if length(Na)~=length(Ea) I length(Nd)-=length(Ed) 

display('Trap level vector lengths do not agree.'); 

return 

end 

? Initialize or preallocate variables and vectors 
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T = [1:300]'; • [K] Temperature vector 
kT = k*T; 

Nc = T; 

Nv = T; 

Ef = zeros(length(T),2); « [eV] Fermi level vector 

conductivity = Ef; 
Q = Ef; 

n = Ef; 

p = Ef; 

nd = zeros(length(T),length(Nd),2); 

na = zeros(length(T) , length(Ma),2); 

Ef1 = zeros(1,11); 

Q1 = Efl; 

S Loop for each value of T 

for i = 1:length(T) 

* Initialize local loop variables 

Efv = 3*lcT(i); minimum Ef for non-degenerate semiconductor equations [eV] 

Efc = Eg - 3'kT(i); 

Nc(i) = 2* ( (2*pi*me*m*kT (i) ) / (hc'^2) ) ̂  1. 5; ^ icm'-2i 

Nv(i) = 2* ( (2*pi*mh*m*kT ( i) ) / (hc^2) )'^ 1. 5; •; [cm^-3i 

H loop to find lower and upper Fermi level bounds that represent, 

respectively, the -dQ and t-dQ non-neutral solutions 
for s = 1:2 

A = 1; 

* If i =1 set Efl to eleven equally spaced energies between 0 and Eg 

for j = 1:11 

« Compute point j 

EfKj") = ( ( j-1) 'Eg)/lO; 

n(i,s) = Nc(i)'exp ( (Ef1(j)-Eg)/kT(i)) ; 

p(i,s) = Nv(i) •e;<p ( (-Efl (j ) )/kT(i) ) ; 

for a = 1:length(Ma) 

« Drop the g for deep levels and assume the energy fills the role of g 
na(i,a,s) = Na (a) / (l»e:<p ( (Ea (a)-Efl (]) ) / kT ( i) ) ) ; 

end 
for d = 1:length(Nd) 

nd(i,d,s) = Nd (d) / (l*e;<p ( (Ef 1 (J ) *Ed (d)-Eg) / kT (1) ) ) ; 

end 
Q1(3) = p(i,s) - n(i,s) + sum(nd(i, :, s) ) - sum(na(i, :,s)) ; 

end 

^ Find the two, not necessarily neighboring values which bound the root 

: Q=0 and order them 
j = 1; 

while Ql(j) > dQ*(-])'s 

j = j + 1; 

end 
if j == 1 

Ef2 = Efl (j) ; 

Q2 = QKj); 

else 
Ef2 = Efl (j-1); 

Q2 = Q1(i-l); 

end 
j = 10; 

while Ql(j) < dQ*(-l)^s 
j = j - 1; 

end 
if j == 10 

Ef3 = Efl (j); 

Q3 = QKj); 

else 
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Ef3 = Efl(]-l) ; 

Q3 = Q1(j-1) ; 

end 

• While neither point is within 10-, of dQ*(-l)'s use a bisect oiethod 

i to locate the root Q=0 presuming that Q(Ef) decreases monotonically 

« as a function of Sf. If chaotic behavior due to rounding errors 

» kicks in then "who knows" what the result will be. The mere 

». iterations the larger the acceptable error. 
while (min([abs(Q2-(dQ'(-1)^s)),abs(03-(dQ*(-1)^s));) > dQ'(lfA/25) /10 ) 

Ef4 = (Ef2 1- Ef3)/2; - midpoint of Efl and Ef2 

n(i,s) = Nc(i) 'exp((Ef4-Eg)/kT(i)) ; 

p(i,s) = Nv(i)"exp(("Ef4)/kT(i)) ; 

for a = l:length(Na) 

na(i,a,s) = Na(a)/(1^exp((Ea(a)-Ef4)/kT{i) ) ) ; • Drop the g 

end 

for d = 1:length(Nd) 

nd(i,d,s) = Nd(d)/ (1-exp((Ef4-£d(d)-Eg)/kT (1))) ; - Drop the g 

end 
Q4 = p(i,s) - n(i,s) sum (nd ( i, :, s) ) - sum (na (i, : , s ) ) ; 

if Q4 > dQ*(-l)'s • Discard either the high or low point 

Q2 = Q4; 

else 

Ef3 = Ef4; 

Q3 = Q4; 

end 
A = A. - 1 ; 

end 

« Pick the closest bounding root 

if abs(Q2-(dQ*(-1)"s)) < abs (C3-(dQ*(-11 "s) ) 

Ef(i,s) = Ef2; 

Q(i,s) = C2; 

else 

Ef(i,s) = Ef3; 
Q(i,s) = Q3; 

end 

end 

•. Pick the average of the two bounding roots 

Ef (i,1) = (Ef(1,1) + Ef(i,2))/2; 

Recompute free carrier a.nd ionized dopant concentrations 

n(i,l) = Nc(i)'exp((Ef(i, 1)-Eg)/kT(i)) ; 

p(i,l) = Nv(i)'exp(("Ef(i, 1))/kT(i)); 

for a = 1:length(Na) 

na(i,a,i) = Na (a) / (1+exp ( (Ea (a)-Ef ( i, 1) )/kT ( i ) ) ) ; '• Drop the g 

end 

for d = 1:length(Nd) 

nd(i,d,l) = Nd(d)/(1+exp ( (Ef ( i, 1)+£d(d)-Eg)/kT(i)) ); ^ Drop the g 

end 

Q(i,l) = p(i,l) - n(i,l) sum (nd ( i, :, 1) ) - sum (na ( i, :, 1) ) ; 

» Com.pute resistivity 

conductivity(i,1) = q*((MUe*n ( i, 1)) ^ (MUh*p(i,I))) ; 

if conductivity(i, 1) <le-50 

conductivity(i, 1) = le-50; 

end 

* Ensure that the Fermi level is far enough from band edges for the 

* non-degenerate equations to apply 

if (Ef(i,l) < Efv) & (Ef(i,l) > Efc) 

display('Fermi level is too close to the band edges;'); 

display('terminating function execution.'); 

return 
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end 

end 

• Remove unneeded dimension from variable arrays which were needed for 

« generating the bounding solution values. 

Ef(:,2) = []; 

Q ( : , 2 )  =  [ 1 ;  

n(:,2) = [1; 

P C ,  2 )  =  [ ! ;  
na(:, :,2) = [] ; 

nd(:,:,2) = [1; 

conductivity(:,2) = lI; 
figure(1); 

semilogy(T, conductivity); 

title('Conductivity (>le-30)'); 

ylabel('Conductivity [l/(ohm cm)]'); 

xlabel('Temperature [K]'); 

fh2 = figure(2) ; 

scrsz = get(0,'ScreenSize ' ) ; 

set ( fh2, 'Posit ionL0 scrs2(4)/25 scr3z(3)/2 22 *scrs2(4)/25i ) ; 

subplot(2,1,1); 

semilogy(T,n); 

axis([T(l) T(end) 1 max([n;n; 10 ! ) I ) ; 

title('Free electron density'); 

ylabel('n'); 

xlabel('Temperature [K]'); 
if .i==l 

text(20,20, 'Essentially no free electrons','units'pixels') ; 

end 

subplot(2,1,2); 

semilogy(T,p); 

axis([T(l) T(end) 1 max([p;p; 10j) ] ) ; 

title('Free hole density'); 

ylabel('p'); 

xlabel('Temperature [K]'); 
if p==l 

text(20, 20,'Essentially no free holes','units','pixels'); 

end 

fh5 = figure(3); 

scrsz = get(0, 'ScreenSize') ; 

set(fh3,'Position',[0 scrsz(4)/25 scrsz(3)/2 22*scrsz(4)/251) ; 

ndLegend = num2str(Ed'); 

ndP.eal = zeros (length (T) , 2 • length (Nd) ) ; 

for d = 1:length(Nd) 

subplot(length(Nd),1,d); 

if Nd(d)~=0 

plot (T, 100-nd(: ,d) /Nd(d) , 'b-') ; 

hold on; 
delta = nd(:,d); 

offset = zeros(length (T),2) ; 

? Compute the change in the density of empty traps during cooling at 

% 0.05 K/s needed to maintain equilibrium 

for i = length(T) :-1: 2 

delta(i) = delta(i-1)-delta(i); 

\ s=l is for capture cross section of le-15 and 

\  5=2 is for capture cross section of le-21 

for s = 1:2 

if (delta ( i) 1-offset ( i, s) ) == 0 

offset(i-1,s) = 0; 

elseif (delta (i)+offset(i, s) ) < 0 

« trapping case where delta is negative and offset is also 
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« negative for residual trapping needs. The free electron 

^ concentration used is the equilibrium value and does not 

« account for photoexcication, detrapped carriers, or non-

^ equilibrium charge imbalance. Lines wrap. 

offset(i-1,s) = min([0 (delta(i)^offset ( i,s)-(nd ( i,d)-

offset(i,s))'(10'(-3-((s-1) *6)))-n(i)•(T(2)-T(i))/O.05)I); 

text (20, 40,'.Approximate trapping caseunitspixels') ; 

else 

^ detrapping case where delta is positive and offset is 

^ also positive for residual detrapping needs. Lines wrap 

offset (i-1, s) = max([0 (del ta (i) ̂offset ( i, s)-(ild (d)-

nd(i,d)-offset(i,s))'Nc(i)*(10'(-8-( (s-l)"6)))*exp(-Ed(d)/kT(i))* (T(2)-

T(l))/0.05)]); 

end 

end 

end 
ndReal(:,2*d - 1) = nd(:,d) - Dffset(:,l); 

ndReal(:,2'd) = nd(:,d) - offset (:,2); 

plot (T, 100 * ndReal (:,2'd-l)/Nd(d), •r--',T,100 * ndReal (:, 2 *d) / Md (d) ; 

legend('equilibrium'\sigma = le-:5','\sigma = le-21',C); 

legend('boxof f'); 

hold off; 

else 

text(20,20,'No electron traps at this level','units','pixels'); 

end 

ylabel ( [ ' ' - i  ' ndLegend (d, :) ' eV donor';); 

if d==length(Nd) 

xlabel('Temperature [K]'); 

end 
if d==l 

title(' Equilibrium and approx. actual fractions of \newline 

empty electron traps (ionized donors) at 0.05 K/s cooling'); 

end 

end 

fh4 = figure(4); 

scrsz = get(0,'ScreenSize'); 

set(fh4,'Position',[0 scrsz(4)/25 scrsz(3)/2 22'scrsz(4)/25 ! ) ; 

naLegend = num2str(Ea'); 

naReal = zeros(length(T) , 2*length(Na)); 

for a = 1:length(Na) 

subplot(length(Na) , 1, (length (Na)rl-a)); 

if Na(a)~=0 

plot(T,100*na(:,a)/Na(a),'b-'); 

hold on; 
delta = na(:,a); 

offset = zeros(length(T),2); 

^ Compute the change in the density of empty traps during cooling at 

*> 0.05 K/s needed to maintain equilibrium 

for i = length(T) :-1: 2 

delta(i) = delta(i-1)-delta (i); 

5 s=l is for capture cross section of le-15 and 

! s=2 is for capture cross section of le-21 

for s = 1:2 

if (delta(i)+offset(i,s)) == 0 

offset(i-1,s) =0; 

elseif (delta(i)+offset(1,s)) < 0 

i trapping case where delta is negative and offset is also 

•; negative for residual trapping needs. The free hole 

concentration used is the equilibrium value and does not 

V account for photoexcitation, detrapped carriers, or r.on-
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k equilibrium charge imbalance. Lines wrap. 

offset (i-1, s) = min ( r O  (delta ( i)-^offset ( i, s) ̂ (na ( i, a)-
offset(i, s))•(10'(-8-((s-1) - 6) ))-pli)•(T (2) -T(l))/O.05)i); 

text (20, 40, ' Appro.ximate trapping caseunitspixels; 

else 

« detrapping case where delta is positive and offset is 

«. also positive for residual detrapping needs. Lines wrap, 
offset(i-1,s) = max([0 (delta(i)+offset(i,s)-(Ma(a)-

na(i,a)-offset(i,s) ) *Nv(i) * (10' (-9-( (s-1) *6) ) ) 'exp (-Ea (a) / :<T (i) ) ' (T (2) -

T(l))/0.05) 1) ; 

end 

end 

end 

naReal(:,2*a - 1) = na(:,a) - offset(:,l); 

naReal(;,2*a) = na(:,a) - offset(:,2); 

plot (T, 100 * naReal (:, 2 "a -1) /N'a (a) , ' r— ', 7, 100 'naSeai ( :, 2 'a) / Ma (a) , ' ' ) ; 

legend('equilibrium'\sigma = le-15','\sigma = le-21',0); 

legend('boxoff') ; 

hold off; 

else 

text(20,20, 'No hole traps at this level','units', 'pixels') ; 

end 

ylabel(['- ' naLegend(a,:) ' eV acceptor']); 
if a==l 

-xlabel ('Temperature [K]'); 

end 

if a==length(Na) 

title(' Equilibrium and approx. actual fractions of \newline 

empty hole traps (ionized acceptors) at 0.05 K/s coding'); 

end 

end 

fh5 = figure(5); 

scrsz = get (0,'ScreenSize') ; 

set (fhS, ' Position', [scrsz (3)/2 scrsz(4)/25 scrsz(3)/2 22 *scrsz (-?)/2 5 • ) ; 

ndLegend = num2str(Ed'); 

for d = 1:length(Nd) 

subplot(length(Nd),1,d); 

theory = nd(:,d); 

actual = [theory theory]; 

Compute the instantaneous time rate of change [Hz] in the density of 

» empty traps during cooling at 0.05 K/s. 

for i = 1: length(T)-1 

theory(i) = 0 . 05 •( theory (i)-theory (i-^l) )/(T (2) - T(l)); 

end 

theory(end) = theory(end-1) ; 

if nd(l,d) < nd(end,d) strapping case 

theory = -theory; 

S s=l is for a capture cross section of le-15 and 

% s=2 is for a capture cross section of le-21 

for s = 1:2 

for i = 1: length(T); 

actual(i,s) = actual(i,s)* (10^(-8-((s-1)*6)))*n(i); 

end 

end 

semi logy(T, theory, 'b-', T,actual(:,1),'r— ', T, actual(:, 2)k:'); 

text(20,20, [ndLegend(d,:) ' eV trapping without photoexitation or non-

equilibrium sources'],'units','pixels'); 

ylabel('Hertz') ; 

legend('equilibrium'\sigma = le-15','\sigma = le-21',0); 

legend('boxoff); 
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elseif nd(l,ci) > nd(end,d) * detrapping case 

^ s=l is for a capture cross section of le-15 and 

« s=2 is for a capture cross section of le-21 

for s = 1:2 

for i = 1:length(T) ; 

actual (i,s) = (Nd(d)-actual(i,s) ) 'Nv(i) -(lO" (-8- ( (s-I) '6) ) ) *e:'.p(-

Ed(d)/kT (i)) ; 

end 

end 

semilogy(T, theory, ' b- ' , T, actual(:,1),'r—',T,actual(:, 2; 

text (20,20,[ndLegend(d, :) ' eV detrappingunitspixels'); 

ylabel('Hertz ') ; 

legend('equilibrium'\sigma = le-15\sigma = le-21',0); 

legend('boxoff') ; 
elseif Nd(d) == 0 

text(20,20,'No electron traps at this level','units','pixels') ; 

else 

text (20,20, 'No change in occupancy cf this level','units','pixels') ; 

end 
if d==length(Md) 

xlabel('Temperature [K]'); 

end 
if d==l 

title('Rate of change in electron trap densities during 0.05 K/s 

cooling'); 

end 

end 

fh6 = figure(6); 

scrsz = get(0,'ScreenSize'); 

set ( fh6, ' Position', [scrsz ( 3 )/2 scrsz(4)/25 scrsz{3)/2 22 'scrsz (-5) / 25 ; ) ; 

naLegend = num2str(Ea ' ) ; 

for a = 1: length(Na) 

subplot (length(Na) , 1, (length(Na)-1-a)) ; 

theory = na (:,a); 

actual = [theory theory]; 

Compute the instantaneous time rate of change [Hz] in the density of 

i empty traps during cooling at 0.05 K/s 

for i = 1:length(T)-1 

theory(i) = 0 . 05 *( theory ( i)-theory (i-^l) )/(T (2) - T (1) ) ; 

end 

theory(end) = theory(end-1) ; 

if na(l,a) < na(end,a) "trapping case 

theory = -theory; 

« s=l is for a capture cross section of le-15 and 

s=2 is for a capture cross section of le-21 
for s = 1:2 

for i = 1: length(T); 

actual(i,s) = actual(i,s)* (10'(-9-((s-1)* 6))) 'p ( i); 

end 

end 

semilcgy (T, theory, 'b-',T,actual(:,l),'r— ',T,actual(:,2),'lc:'); 

text (20,20,[naLegend(a, :) ' eV trapping without photoexitation or non-

equilibrium sources'] , 'units ', 'pixels '); 

ylabel('Hertz ') ; 

legend('equilibrium','\sigma = le-15','\sigma = le-21',0); 

legend('boxo f f' ) ; 

elseif na(l,a) > na(end,a) ^ detrapping case 

i s=l is for a capture cross section of le-15 and 

5 s=2 is for a capture cross section of le-21 
for s = 1:2 
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for i = 1:length(T); 
actual (i,s) = (Na(a)-actual(i,s) ) *Nv(i) (lO' (-3-( (s-1) *6) ) ) •exp (-

Ea(a)/kT(i)) ; 

end 

end 

semi logy(T,theory, 'b-T, actual(:,1), 'r—T,actual2), 'k:'); 

text (20,20,[naLegend(a, :) ' eV detrappingunitspixels'); 

ylabel('Hertz ') ; 

legend('equilibrium','\sigma = le-15', '\sigma = le-2i',0); 

legend('boxo f f ') ; 
elseif Na(a) == 0 

text(20,20,'No hole traps at this level','units', 'pixels') ; 

else 

text (20,20,'Mo change in occupancy of this level','units','pixels'); 

end 
if a==l 

xlabei('Temperature [K]'); 
end 

if a==length(Na) 

title('Rate of change in hole trap densities during 3.05 K/s reeling'); 

end 

end 

fh7 = figure(7); 

scrsz = get(0,'ScreenSize'); 

set ( fh7, ' Posi t ion ', [ scrsz ( 3)/2 scrsz(4)/25 scrsz(3)/2 22 *scrsz (-!)/25 ] ) ; 

plot(T,Ef,'b-'); 

axis([T(l) T(end) 0 Eg]); 

title('Fermi level'); 

ylabel('Ef [eV]'); 

xlabei ('Temperature [KJ'); 

hold on; 

for d = l:length(Nd) 

plot(T,Eg-Ed(d) , 'r--' ) ; 

end 

for a = 1:length (Na) 

plot(T,Ea (a), 'k: ' ) ; 

end 

hold off; 

figure(8); 

plot (T,Q); 

title('Charge density offset from neutral solution conditions'); 

ylabel ('Q [cm'"-^31'); 

xlabei('Temperature [K]'); 

* Normalize the ionized dopant concentrations before returning 

for a = l:length(Na) 

na(:,a) = na(:,a)/Na(a); 

naReal(:,2*a - 1) = naReal(:,2*a - 1)/Na(a); 

naReal(:,2*a) = naReal(:,2*a)/Na(a); 

end 

for d = 1:length(Nd) 

nd(:,d) = nd(:,d)/Nd(d); 

ndReal(:,2*d - 1) = ndReal(:,2*d - 1)/Nd(d); 

ndReal(:,2*d) = ndReal(:, 2*d)/Nd(d); 

end 

toe; 
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