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ABSTRACT 

Nuclear medicine imaging using a gamma camera is a sensitive tool for mapping 

various physiological and biological processes in vivo. In some respects, the 

instrumentation for gamma-ray imaging is highly developed. Nevertheless, current 

technology in nuclear medicine has some significant limitations in the area of spatial 

resolution. Scintillator-based imaging systems most likely have reached their limits of 

spatial resolution. Achieving higher spatial resolution will require the use of 

semiconductor detectors. The first part and major focus of this dissertation is the 

development of a prototype imaging system based on modular CdZnTe semiconductor 

arrays. Each modular array is approximately 1.5 mm thick, and is patterned on one 

surface into a 64 x 64 array of pixels with 380-micron pitch. We present details of the 

design, the electronics, and system performance. 

The second part of this dissertation presents results on a coincidence-type surgical 

probe. The sensitivity of a surgical probe for tumor detection is often limited by spatial 

variations in radiotracer uptake in normal tissue. We are developing a probe for use with 

"^In that uses coincidences between the 171 keV and 245 keV gamma rays for 

background suppression. The performance of a coincidence probe was compared to that 

of single-gamma probe for the task of detecting radiolabeled tumor models in a water 

phantom containing an inhomogeneous background. A single-element Nal(Tl) probe was 

placed in random locations throughout the tank; the tumor was attached to the probe in 

half of the trials. Count data were recorded in three channels: 171 keV, 245 keV, and 416 
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keV. A linear discriminant was calculated from the data. The detectability index, d', was 

derived from the data and used to compare the optimal linear discriminant against the 

single-gamma energy peaks for counting times up to 30 s. For a realistic 15 s exposure 

time, d' for the linear discriminant attains a near-perfect value of 3. In contrast, the 

single-photon channel d' is always near zero, so this charmel is worthless for background 

discrimination. Coincidence detection using linear discriminants shows promise for in-

vivo tumor localization with "'in-labelled radiopharmaceuticals. 
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CHAPTER 1 

1. INTRODUCTION 

In human society, xenophobia is the source of many wars. In the body, xenophobia 

is a useful thing and goes a long way. The immune system differentiates self from non-

self and neutralizes potentially pathogenic organs or substances that originate from 

outside the body. However, not all threats arise from the outside. Cancer is a disease in 

which the body's own cells gradually acquire the ability to grow out of control. As the 

disease progresses and tumor cells spread or metastasize from their site or origin to other 

organs, the danger to the body grows. Known cancer treatments are rarely effective once 

the disease metastasizes. Radiation and chemotherapy kill cancer cells but in many 

cases, these highly toxic treatments destroy too much normal tissue or fail to destroy all 

of the cancer leaving behind small remnants of tumor that will return. 

Medical imaging is used for the accurate diagnosis and management of disease by 

providing images of hidden body parts or organs. This is especially true in oncology, 

where diagnosis and treatment of cancer have benefited tremendously from the 

technological improvements made in medical imaging over the past two decades. 

Anatomical imaging techniques such as magnetic resonance imaging (MRI), computed 

tomography, and x-rays may not always provide the physician with enough information 

to make an accurate diagnosis of disease in its early stages because visual evidence of 

anatomical change may not be present in an image. Disease is a biological process, and 

nuclear medicine is used to image these biological processes. In nuclear medicine, a 
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gamma camera is used to image the distribution of an injected radiotracer via its gamma-

ray emissions. The radiotracer is attached to a biochemically active substance; 

absorption of the radiopharmaceutical will correspond to an indication of blood flow or 

metabolism. An activity level different from the norm in the final image may indicate 

pathology. Thus, nuclear-medicine images provide a physician with functional 

information about an organ. Nuclear medicine is diagnostically complementary to the 

anatomical techniques mentioned above and is important in the treatment and diagnosis 

of heart disease, cancer, and brain disorders. 

Even though nuclear medicine is a powerful diagnostic tool, modem gamma cameras 

employing Nal(Tl) scintillators do not provide the high spatial detail of MRI or computed 

tomography. However, due to the specificity of the tracer technique, nuclear medicine is 

a powerful tool for mapping the physiological processes of the body. Improvements in 

the spatial resolution of gamma cameras should improve the use of this functional 

imaging method, especially for the detection and treatment of cancer and the diagnosis of 

heart disease. This chapter reviews instrumentation used in nuclear medicine and 

discusses the use of semiconductor detectors as a means of improving the spatial and 

energy resolution of nuclear-medicine imaging systems. 
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1.1 Nuclear medicine instrumentation 

1.1.1 Gamma cameras 

The scintillation camera or gamma camera is the state-of-the-art gamma-ray detector 

and can be found in virtually every nuclear medicine facility around the world. The most 

common type of gamma camera is based on an original design by Anger (Anger, 1958; 

Webb, 1988). The basic Anger camera (figure 1-1) is comprised of three components: a 

collimator which serves as the image-forming optics, a flat single scintillation crystal 

(usually sodium iodide) with a diameter of 25-50 cm and a thickness of approximately 1 

cm, and an array of photomultiplier tubes (PMTs). 

Lead housing 

Photomulitplier tube (PMT) 

Light rays 

Scintillation crystal 

Pinhole aperture 

Gamma rays 

Emitting object 

PMT 

Cross section cut of 
Anger camera 

above 
•0€>0e0€>-

Figure 1-1 Anger Camera. Several PMTs view a single scintillation crystal to estimate 
the position of the gamma-ray interaction. 
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Collimators and Pinholes 

Unlike longer-wavelength visible electromagnetic radiation, photons in the energy 

range used for nuclear medicine (70 keV-511 keV) are not easily reflected or refracted. 

The only way a gamma ray can be removed from its path is by absorption or scattering. 

Therefore an image-forming device must be used that eliminates all gamma rays except 

those of interest. There are three options available: multi-bore collimators, pinholes, and 

multiple-pinhole apertures. The multi-bore collimator is usually constructed of lead and is 

placed in front of the scintillator. The collimator defines an associated field of view for 

each section of the crystal. Different types of collimators are used to provide different 

functions. There are two types of multi-bore collimators (figure 1 -2), parallel-hole and 

focusing. Of the two types, the most commonly used is the parallel-hole collimator. The 

parallel-hole collimator is fabricated from a thick block of lead, through which a large 

number of closely packed, long, thin parallel bores have been drilled. Each bore confines 

the scintillator's field-of-view to a narrow cone that is essentially a straight line through 

the object, parallel to all other lines through the object. The walls or septa of the 

collimator absorb gamma photons obliquely entering the bore of the collimator. 

Focusing collimators have the bores oriented so that they converge to a single focal 

point. These collimators are used for medium-sized organ imaging. If the focus is on the 

patient side of the collimator, as shown in figure 1-2, the collimator can be used to 

magnify the region of interest. Conversely, if the focus is on the detector side of the 
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collimator, the collimator minifies the region of interest. Such collimators are used to 

expand or contract the field of view. 

Dctector 

Pinhole 

Radioactive object 

A.) 

Collimat^j^Hl̂  Wk 
\ Radioactive object 

B.) 

Collimator Collimator 

Radioactive object 

Radioactive object 

Figure 1-2 Four basic imaging devices used in nuclear medicine: A.) Pinhole, B.) 
Parallel-hole, C.) Diverging, and D.) Converging collimators. 

A pinhole aperture is a small pinhole formed in a thin lead plate. This device 

operates in a similar manner to a pinhole camera. The pinhole defines a bundle of rays 
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that are emitted from the object and converge to the aperture plane. The image of the 

object is inverted, and the magnification is determined by the location of the pinhole 

between the source and the scintillation crystal. For a given object-to-detector distance, 

moving the pinhole closer to the object v^ill magnify the image of the object on the 

detector plane, while moving the pinhole closer to the detector will minify the image 

formed on the scintillator crystal. 

Arrays of pinholes can also be constructed. Each pinhole images part of the object 

onto the detector. These images can overlap, a technique known as multiplexing. 

Multiplexed imaging systems are also referred to as coded-aperture imaging systems 

because a computer algorithm must be used to "decode" the imaging data. The "coded 

aperture" defines the distribution of the pinholes (Barrett and Swindell, 1981). For a 

more detailed review of collimators and their uses in nuclear medicine, please refer to 

Barrett and Swindell (1981). 

Important attributes of a collimator are its spatial resolution and counting efficiency. 

Spatial resolution is the minimum feature size that can be resolved. Counting efficiency 

or sensitivity is defined as the ratio of the number of gamma rays reaching the detector to 

the number of emitted gamma rays. Generally, collimators used for 140 keV gamma rays 

stop approximately 99.9% of the incoming gamma rays and have septa thicknesses of a 

few tenths of a millimeter. The counting efficiency of these devices is quite poor; typical 

values are on the order of lO""*, meaning that one gamma ray in 10,000 emitted reaches 

the detector. 
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For a given parallel-hole collimator, the maximum spatial resolution achievable is 

obtained by placing the object as close to the face of the collimator as possible. Design 

parameters of the multi-hole collimator include its bore length and bore diameter. Spatial 

resolution of the collimator is improved by increasing the bore length or increasing the 

number of holes per unit area. At fixed bore length, collimator spatial resolution is 

improved only at the expense of counting efficiency as depicted in figure 1-3. 
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Figure 1-3 Collimator resolution versus counting efficiency. In order to obtain good 
resolution, the collimator-to-object distance z should be as small as possible, and the gap 
{Lg) between the collimator and detector should be as small as possible. Counting 

efficiency is inversely proportional to . At fixed bore length, spatial resolution is 

improved only at the expense of counting efficiency. 
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Scintillator and Photomultiplier Tubes 

The scintillator is a crystal that emits a weak flash of light after absorbing a gamma 

ray. These low-energy optical photons exit the rear of the scintillator and enter an array 

of photomultiplier tubes (PMTs) optically coupled to the plane of the scintillator. As 

shown in figure 1 -4, each PMT consists of a photocathode, a set of electrodes known as 

dynodes, and an anode. The photocathode converts the light photons into photoelectrons. 

The photoelectrons are accelerated and directed by an appropriate electric field to the first 

dynode within the PMT. A number of secondary electrons are emitted at this dynode for 

each impinging photoelectron. The electrons are accelerated and their number multiplied 

by the dynode chain in the photomultiplier tube until they reach the anode. The output of 

the photomultiplier tube is an electrical signal whose amplitude is proportional to the 

energy of the incident gamma ray. At this point, the signal is large enough to be 

processed by external electronics. The main reason for the continued use of the 

"vacuum-tube" era PMT is the high secondary amplification that results in an output 

signal that needs no further amplification and is compatible with many types of external 

electronic devices. In many aspects the PMT approaches ideal performance limited only 

by the statistics of photoemission from the photocathode. 
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Figure 1-4 Cross-sectional view of a scintillation detector. Interaction of the gamma ray 
in the scintillation crystal produces a light pulse. The photocathode collects the light 
pulse and emits photoelectrons that are amplified by the dynode chain. Amplification of 
the initial photoelectron can be as high as a million. 

Anger Logic 

The location of a gamma-ray interaction is estimated using the position-weighted 

average of the electronic pulses generated by the photomultiplier tubes in the vicinity of 

the absorption of the gamma ray. A schematic of the position-estimation circuitry for a 
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gamma camera is shown in figure 1-5. In figure 1-5, the output of each PMT is 

connected to several wires through a resistor network. The camera shown has seven 

photomultiplier tubes for illustration purposes, but modern gamma cameras can have as 

many as 91 tubes. Current pulses from the photomultiplier tubes are applied to a resistor 

matrix to form four position signals; X"^, X', Y"^, and Y". The values assigned to each of 

the resistors connected to a photomultiplier tube are functions of the distance of the 

center of the PMT over the Nal(Tl) crystal with respect to the x and y axes of the crystal, 

using the center of the crystal as the origin. The four position signals are fed into sum 

and difference circuits that result in a position estimate of a gamma-ray interaction in the 

form of three output signals: X, Y, and Z. The signal X is the x-axis position coordinate, 

the input Y is the y-axis position coordinate, and the input Z is the energy-signal input. 

The Z signal is formed from the sum of the foxir composite signals and is proportional to 

the energy of the incident gamma ray. The Z signal is used to normalize the position 

signals so that the image does not depend upon the gamma-ray energy. In addition to its 

use for normalization, the Z signal is also sent to a pulse-height discriminator. If the 

energy of the Z signal is below a certain threshold, it means that the gamma ray has been 

Compton scattered and is discarded. Reduction of Compton-scattered radiation is 

important in medical imaging because Compton-scattered photons contain no useful 

imaging information and result in a cluttered, noisy image. Compton scatter is discussed 

in more detail in chapter 2. 
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Figure 1-5 Schematic of gamma camera showing principle of operation of position-
estimation circuitry. Electrical connections are denoted by black dots. Signals from 
individual PMTs are combined to obtain X", Y"^, and Y" position signals, which in 
turn are input to difference circuits to generate x-position and y-position signals. The z-
signal is used to reject signals based on their energy (Sorenson and Phelps, 1980). 

As shown in figure 1-5, all of the X signals and all of the Y signals are combined in a 

difference circuit to produce a signal proportional to the coordinates of the gamma-ray 
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event. If the energy signal falls within the prescribed energy window, the location 

corresponding to the event within an image matrix in the computer is incremented. An 

image is generated point-by-point from the accumulation of these events. 

1.1.2 Shortcomings of the Anger Camera 

The performance of a gamma camera can be described in a variety of ways 

depending upon the imaging task. The main parameters used to describe the performance 

a gamma camera are its spatial resolution, sensitivity, and energy resolution. We will 

discuss the limitations of the Anger camera and its derivatives along with possible 

remedies in the following paragraphs. 

Resolution 

The spatial resolution of a gamma camera can be defined as the minimum object size 

that can be resolved in the final image. The resolution of a gamma camera can be broken 

down into two components: the intrinsic resolution of the scintillation crystal and 

photomultiplier tube, and the resolution due to the collimator. The intrinsic resolution 

measures the accuracy of the position detection within the imaging plane of the camera. 

Intrinsic Resolution 

Generally speaking, the intrinsic spatial resolution of the scintillation camera is 

determined by the thickness of the scintillation crystal and the number of photomultiplier 

tubes. The smaller the PMTs are, the better the estimate of the gamma-ray interaction. 
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and hence an improvement in gamma-photon localization (within limits), resulting in 

better spatial resolution. However, there are fundamental limits set by the statistical 

fluctuation in the generation of light photons between photomultiplier tubes from one 

scintillation event to the next. 

For example, consider a gamma ray with energy E interacting in the scintillation 

crystal between two photomultiplier tubes. This event will generate N light photons. 

Ideally, this light should be spread evenly between the two tubes. Since these light 

photons are Poisson distributed, the total number of light photons can vary N ± 

(where cr is defined as VtV ) from one event to the next. On average, N light photons 

will impinge upon the entrance window of the PMT. Due to the low quantum efficiency 

of the PMT in converting light photons to photoelectrons, there will be a statistical 

variation in the number of photoelectrons generated. Consequently the photomultiplier 

tube voltage will vary from one gamma-ray event to the next, even when the gamma ray 

strikes in exactly the same location. As a general rule of thumb, the intrinsic resolution is 

proportional to l/V^, where E is the gamma-ray energy (Knoll, 1999). This is because 

the mean number of light photons produced, N, is proportional to E. The relative 

fluctuation in the light photon distribution is proportional to l/4n . 

The second limitation to the intrinsic spatial resolution is the thickness of the Nal(Tl) 

crystal. The scintillation crystal tends to disperse the light. Thinner scintillation crystals 

improve the intrinsic spatial resolution because the light does not spread as much as in 
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thicker scintillation crystals so that the position estimate of the scintillation event is more 

reliable. 

Aside from using thinner scintillation crystals, the only other means of improving the 

intrinsic resolution of a gamma camera is to collect more light, or increase the quantum 

efficiency of the photomultiplier tube. 

System Resolution 

The system resolution of a gamma camera is given by the Gaussian sum of the 

intrinsic resolution and the collimator resolution (Barrett and Swindell, 1981): 

d2 _ D2 , D2 
^camera ~ ^coll' 

where Rcamera IS the camera resolution, i?, is the intrinsic resolution of PMT-scintillator 

combination, and Rc is the collimator resolution. Recall that the best spatial resolution in 

a collimator is achieved by small-diameter, long bores and a short collimator-to-source 

distance. The contribution of the collimator to total system resolution can be much larger 

than the intrinsic resolution of the detector, meaning that the collimator has to be 

carefully designed for the imaging task in mind. 

Energy Resolution 

The energy resolution of a scintillation camera is obtained by measuring the full-width 

half-maximum of the photopeak of the pulse-height spectrum (see chapter 2). The energy 

resolution is then calculated as: 



43 

FWHM 
% xlOO%, 

€ 

where Eres is the energy resolution, FWHMphotopeak is the full-width at half-maximum of 

the photopeak, ^is the photopeak energy. The quantities FWHMphotopeak and s are 

measured in units of keV. 

The limitation on energy resolution in a Nal(Tl) scintillation detector is caused by 

many different factors. They are (Sorenson and Phelps, 1980): 1.) Statistical variation in 

the number of light photons produced in the scintillation crystal per keV of energy 

deposited, 2.) Statistical variations in the number of light photons incident on the 

photocathode of the PMT, and finally, 3.) Random noise occurring in the photomultiplier 

tubes. These factors result in differences in the anode voltage out of the photomultiplier 

tube for events in which the same amount of energy is deposited in the scintillation 

crystal. 

Of the items mentioned, the weak link and biggest impediment to improving energy 

resolution in Nal(Tl) detectors, is the number of photoelectrons released from the 

photocathode. An example using a single PMT will help clarify these points. 

Consider a Nal(Tl) crystal completely absorbing a 140 keV gamma ray. 

Approximately 5100 light photons will be generated, assuming a scintillation efficiency 

of 13%. Due to light-coupling losses, only approximately 50% of these light photons will 

strike the photocathode of a PMT. Bialkali tubes used for scintillation detectors have a 

quantum efficiency of approximately 25%, meaning on average, 642 photoelectrons will 
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be released from the photocathode for each light photon striking the anode. The actual 

number, assuming Poisson statistics, will vary from one event to the next by 

approximately +^[n or ± 25 electrons. The statistical fluctuation on the number of 

photoelectrons released to the first dynode of the PMT limits the energy resolution of this 

device to slightly over 9% at 140 keV. The only way to improve energy resolution for a 

given energy is to increase the light-generation efficiency of the scintillator or increase 

the quantum efficiency of the photomultiplier tube. 

Energy resolution is important for rejecting gamma rays that Compton-scatter in tissue. 

Scattered gamma rays constitute a background source and result in a low-level haze 

across the image. Such clutter reduces image contrast and adds only noise to the image. 

As mentioned in the previous paragraph, modem gamma cameras have an energy 

resolution of approximately 9% at 140 keV. In order to improve upon the energy 

resolution of gamma cameras and reduce the amount of scattered radiation in a nuclear-

medicine image, new types of detectors such as semiconductors must be used. 

Modern gamma cameras are quite sophisticated, and have incorporated advances in 

microlectronics and computer technology, but their basic architecture has been around for 

decades. Regardless of their configuration, they are rooted in the Anger principles and 

after decades of development and refinement may be at their fundamental limits of 

performance. Future improvements in gamma cameras will require improvements in 

both the collimator and the detector. 
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1.2 Semiconductor Detectors 

Semiconductor detectors are poised to become the new foundation of gamma 

cameras. Such detectors are appealing as radiation detectors because the amount of 

ionization produced per keV of deposited energy results in low statistical fluctuation of 

the amplitude of the output signal when irradiated by monoenergetic gamma rays. 

Semiconductor detectors can also have much better spatial resolution than 

scintillators. Using standard photolithographic techniques, the slab of semiconductor 

material can be subdivided into patterns of individual cells much smaller than a 

millimeter, increasing the spatial resolution beyond the 5 mm spatial resolution currently 

achievable with a collimator-PMT-scintillator combination. The potential for obtaining 

better spatial and energy resolution with semiconductor detectors compared to 

scintillator-PMT combinations is discussed in detail by Rogulski (1993), Eskin (1997), 

and Marks (2000). 

Use of semiconductor detectors will allow development of a more flexible, compact 

imaging system than achievable with a scintillation detector. Gamma-ray detectors using 

scintillator-PMT combinations are bulky due to the large area of the scintillator crystal 

and the associated photomultiplier tube. Applications such as thyroid and breast imaging 

would benefit from smaller cameras tailored for imaging of such organs. Semiconductor-

based imaging systems will have applications as high-resolution surgical-imaging probes, 

high-resolution brain-imaging systems, compact, high-resolution thyroid scanners, and 

high-resolution animal imaging (Bennett et al., 1996; Giboni et al., 1998; Amtz et al.. 
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1999; Scheiber, 2000; Kastis et al., 2001). As the detector spatial resolution improves, 

small, dedicated semiconductor cameras can be used with collimation schemes such as 

pinholes or very high-resolution parallel-hole collimators tailored for use with the 

module. 

It is a little-known fact that the much better spatial resolution achievable with 

semiconductor detectors can also be used to increase overall system sensitivity (Rogulski, 

1993; Barber et al., 1993). Simulation studies by Rogulski (1993) show that increased 

spatial resolution will result in increased sensitivity (number of collected photons) for 

SPECT systems using multiple pinhole apertures with semiconductor detectors. Small 

pinholes can be positioned close to high-resolution detectors, allowing an increase in the 

number of pinholes that can be used without overlapping images. Since the number of 

pinholes in the imaging system increases, more photons are collected and the system 

sensitivity improves without reducing the spatial resolution of the imaging system. For 

standard nuclear-medicine imaging systems using a parallel-hole collimator, this point is 

often overlooked since the spatial resolution of such systems is limited by the bore size of 

the collimator. 

1.2.1 History of semiconductor use in gamma-ray imaging 

Semiconductor detectors have been considered promising for use in nuclear 

medicine for three decades (Hoffer et al., 1971; Kauffman and Price, 1973; Entine et al., 

1979). The best semiconductor detector materials available in terms of manufacturability 

and charge-transport properties are silicon and germanium, but these are not very 
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attractive for use in nuclear medicine. Both silicon and germanium have relatively low 

gamma-ray stopping power because of their low atomic numbers, while germanium 

requires cryogenic operation. The excellent energy resolution of germanium attracted the 

interest of many research groups in the 1970s. Many small-scale gamma cameras were 

built using lithium-drifted and high-purity (HP) germanium in the seventies (Hoffer et al., 

1971). Barber (1997) has reported on the many types of solid-state gamma cameras 

developed since the seventies. Unfortunately, the high cost of material and need for 

expensive cryogenics has inhibited further development of germanium cameras. 

More recently, attention has focused on the feasibility of room-temperature 

semiconductor materials (Eisen and Shor, 1998; Szeles, 2001; Li, 2001). Increased 

maturity of materials growth technology has resulted in the availability of high atomic 

number, room-temperature semiconductors. Examples include mercuric iodide, cadmium 

telluride, and cadmium zinc telluride. Poor charge transport properties and polarization 

effects had limited the early use of cadmium telluride detectors. Polarization is defined 

as the degradation of energy spectral performance over time under applied bias voltage. 

Recent improvements in the ternary alloy CdxZni.xTe (x = 0.8 to 0.9) have made it the 

material of choice for room-temperature applications. Development of the high-pressure 

Bridgman process (Raiskin and Butler, 1988; Butler et al., 1992) has resulted in the 

growth of CdZnTe crystals large enough to fabricate one-inch square detector material 

suitable for use in gamma-ray imaging (Butler et al., 1992; Hamilton, 1996; Matherson et 

al., 1998; Woolfenden et al., 1998), although they are expensive. 
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Medical applications of CZT-based cameras have increased in recent years. Digirad 

first exhibited a small CZT-based camera in 1995. General Electric Medical Systems 

(Zimmerman, 1996) described a CdTe camera prototype during the 1996 Society of 

Nuclear Medicine meeting. General Electric has collaborated with Imarad to create 

module-based prototypes for breast imaging (O'Connor, 2002). Siemens Medical 

Systems, using its membership in the European BIOMED consortium, has created a 

CdTe-based imaging system (Scheiber, 1999). Kastis (2002) has described a small-

animal imager based on CZT detectors. Acrorad, a Japanese company, has announced 

release of a CdTe-based small-field-of-view camera, and has demonstrated a CdTe-based 

imaging probe (Tsuchimochi, 2000). 

1.2.2 Fabrication approaches to semiconductor imaging arrays 

There are several approaches that can be used to fabricate semiconductor-imaging 

arrays. The simplest approach is to fabricate several individual detectors and connect 

them to separate amplifier chains as shown in figure 1-6. Such an approach is unwieldy 

and expensive for more than a few detectors, although it is commonly used during initial 

development of many semiconductor detector programs. 
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Figure 1-6 Individually wire-bonded CdZnTe detectors. 

Another approach is to build a crossed-stripe imaging array (McCready et al., 1971; 

Zanio, 1977; Ortendahl et al., 1982; Patt et al., 1986; Matteson et al., 1998; McConnell et 

al., 2000) with orthogonal strip electrodes on opposite sides of the semiconductor slab. 

This approach is shown in figure 1-7. Orthogonal row-and-column strip electrodes on 

opposite sides of the detector slab are used to synthesize pixels by detecting coincident 

signals on the row and column strips. In the early 70's this approach had the 

disadvantage of requiring 2n separate chains of bulky, discrete analog electronics to 

create an n-by-n array. Microelectronics technology (Jordanov, 2001) has been 

successfully applied to this problem. 
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Figure 1-7 Crossed-striped array. 

A third approach is the pixel detector. This method is the path we chose to develop a 

semiconductor-based gamma-ray imager . A pixel detector uses a two-dimensional, 

high-density gamma-ray sensor produced from a material with a large band gap and high 

mean atomic number such as CdTe or CdZnTe. One side of the detector has a grid of 

exposed electrodes patterned using photolithography; the other side has a continuous 

electrode. The readout chip or application-specific-integrated circuit (ASIC) is 

constructed from a familiar and well-understood silicon integrated circuit. For each 

pixel, the ASIC provides amplification and readout of charge due to a gamma-ray event. 

There are many different approaches to the readout electronics; these different 

approaches will be reviewed in chapter 3. 

The layout of the detector array matches the readout array so that the readout array 

and detector array can be assembled face-to-face after "flipping" one of the devices to the 

face of the other. Such assemblies are sometimes called flip-chip assemblies. The 

readout chip and the grid of electrodes on the detector chip have bumps of soft indium 
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metal on their surfaces. The most common material for the bump is indium, although 

conductive silver epoxy bumps are also used. These "bumped" contact surfaces are 

carefully aligned and compressed together. During this compression step, the indium 

bumps deform, causing the naturally occurring oxide layer on the bumps to tear and 

expose bare metal. The indium metal on the mated surfaces forms a cold weld, providing 

the necessary electrical connections between the detector and readout. The indium bumps 

also provide some mechanical integrity, although epoxy is often flowed between these 

welds to increase bonding strength. The resulting device, called a hybrid array, is 

illustrated in figure 1-8. 

This modular approach has several advantages. Such small modular assemblies can 

be configured in mosaics and arranged in configurations not possible with large planar 

detectors to acquire images of the brain, or breast for example. Small modular cameras 

also can allow higher count rates than possible with a single camera because each module 

acts as an individual camera (Rogulski, 1993). 
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Figure 1-8 Gamma-ray imaging hybrid, a.) The detector chip is made from a high-
atomic-number material such as CdTe or CdZnTe. Tiny indium-bump metal 
interconnects separate the readout chip from the detector chip, b.) Cross section of hybrid 
showing indium interconnects on readout circuit and detector chip. Only two 
interconnects are shown. In a real device, there is one interconnect for each pixel. Each 
indium bump is on the scale of 10 microns. 

1.2.3 Pitfalls of semiconductors 

Although semiconductors have a number of advantages over inorganic scintillators, 

they have yet to be used in a commercially available nuclear-medicine imaging system. 

There are two main reasons, cost and the properties of the materials themselves. Until 

the early 1990's, it was very difficult to obtain room-temperature material with the 

required resistivity and uniformity needed to build an imaging system. This fact has led 

to the development of small, modular imaging arrays that are combined in a mosaic to 

increase the overall imaging area available. 

Cost has been the major impediment to development of a clinical nuclear-medicine 

camera that uses semiconductor detectors as its core. The high cost of the semiconductor 
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material combined with the difficuhy of obtaining large volumes of suitable material has 

made it difficult to build a practical camera. Fabrication costs of building semiconductor 

arrays are high also. It is hoped that the promising medical applications of CdZnTe will 

lead to further advances in detector technology as crystal growers scale up material 

production, thereby reducing cost. The initial development cost of the readout circuit is 

also high, requiring the services of an integrated circuit designer and silicon foundry. 

However, hundreds of devices can be fabricated for the price of one foundry run, 

resulting in economies of scale (Rogulski, 1993). 

1.2.4 Applications of semiconductor arrays in nuclear medicine at the University of 

Arizona 

Researchers in the Radiology Research group have been active in developing 

imaging devices using semiconductor detector arrays for gamma-ray imaging. One of 

our group's early experiments testing semiconductors as gamma-ray imagers was 

conducted using a Hughes Ge-PIN diode array (Barber et al., 1994), a device that was 

originally constructed as an infrared imager. The 0.25-mm thick detector was operated 

over a temperature range of 80-200 K, a 500-millisecond frame time, and a bias voltage 

of 20 V. A composite spectrum taken with the Ge array and Tc-99m source is shown in 

figure 1-9. 
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Figure 1-9 Composite spectrum of Tc-99m source taken with 48x48 Ge array. The 
energy resolution is 1.5% at 140 keV. The large off-scale peak at channel 100 
corresponds to no gamma-ray events. The spike located near channel 350 is the 
photopeak. 

The energy resolution of this device is 2 keV full-width-half-maximum at 140 keV. 

Signal response of this array was found to be linear with gamma-ray energy, and the 

energy resolution was almost independent of energy because the noise was dominated by 

the multiplexer readout noise (~ 220 electrons). Figure 1-10 shows a shadow image of a 

4-mm watch gear taken with the 48 x 48 Ge array. The results from the 48 x 48 Ge 

array were highly encouraging and indicated that the multiplexer readout approach was 

feasible for gamma-ray imaging. 
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Figure 1-10 Shadow image of a watch gear taken with 48x48 Ge array. 

Although germanium has outstanding energy resolution, the fact that it needs 

cryogenic cooling severely hampers development of a germanium-based imaging system, 

so we focused our attention on developing room-temperature devices using the 

semiconductor compounds CdTe and CdZnTe. Our first room-temperature imaging 

arrays were constructed using four 48x48 CdZnTe devices that used the same Hughes 

multiplexer (Marks et al., 1996) as that used for the Ge-PIN array. The devices were 

hybridized at Hughes Santa Barbara Research Center (SBRC). Of the four arrays 

produced, two were functional and two were not. Each of the two properly working 

arrays had a number of outages along one edge and the comer (27% for one array, 17% 

for the other) due to a failure to properly correct for tilt during hybridization. The 

readout noise and conversion gain were determined to be approximately 210 electrons 

RMS and 3.2 microvolts per electron for both devices. These devices were reliable and 

showed good imaging results (figure 1-11). 
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Figure 1-11 Shadow image of gold chain obtained with 48 x 48 CdZnTe array. The 
chain is 1.75 mm wide and 0.75 mm thick. 

1.3 Intra-operative probes 

One goal of nuclear medicine is to image gamma rays emitted by tumor-seeking 

radiopharmaceuticals in order to identify regions of the body that may contain tumors. 

External imaging of radionuclides using a gamma camera is one method of tumor 

detection, but this method often fails to find small, deep tumors that may be obscured by 

other organs or by a large non-uniform radioactive background. External imaging has 

poor sensitivity, in part because gamma rays are attenuated in the body and in part 

because background activity decreases image contrast. Surgical probes subtend a large 

solid angle at a tumor, so the probe will detect a much larger fraction of emitted gamma 

rays. Barber (1989) has shown using phantom studies that a surgical probe performs 

better than a gamma camera for detecting small tumors provided that the probe can be 

maneuvered to within a few centimeters of the tumor and the background uptake of the 

radiotracer is uniform. Barber's study used a spatially uniform radiotracer background, a 
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much simpler model than encountered in the body. In practice, tumor detection using a 

hand-held radiation probe with gamma-emitting radionuclides will be degraded by spatial 

variations in background activity in normal organs. 

Since most of the counts detected by a probe arise from background activity, a small 

increase in coiints due to tumor activity will be difficult to distinguish from background 

noise. There are two main causes of background noise. The first is stochastic variations 

in counts due to Poisson statistics. The second is spatial variation in background activity 

that causes changes in the counting rate as probe orientation or position is changed 

(Woolfenden and Barber, 1990). Since single-element probes measure counts from 

tumor and background, a distant radioactive source may simulate a tumor close to the 

probe by producing an increased count rate. 

Tumor activity must be separated from background activity. Separating tumor 

activity from background activity has driven the myriad of surgical probe designs 

reported on in the literature. Background suppression can involve one of several 

methods: imaging, shielding, use of low-energy gamma rays, or dual-photon emitters. 

An imaging probe forms a high-resolution image of the radiotracer near the probe, and 

the surgeon visually discriminates between a tumor and no tumor by recognizing the 

signal and background components in an image. A clever method of background 

suppression is the dual probe (Hickemell, 1988), in which there are two collimated 

concentric detectors. The count rates of the iimer and outer detectors are compared. 

Both detectors view the same distant background, but only the inner detector views a 
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small area in front of the probe. Low-energy photon emitters such as 1-125 (27-35 keV) 

have been successfully used in radioimmunoguided surgery (Oredipe et al., 1988; Martin 

et al., 1994). Photons of such low energies are strongly absorbed in tissue, so radiation 

from distant sources is attenuated before reaching the detector. Probes that detect beta 

particles (either electrons or positrons) but not photons provide another method of 

background suppression (Daghighian et al., 1994). Beta-detecting probes can also be 

used with pure beta-emitters, although this precludes preoperative external imaging. 

Our research group has developed several multi-element probes, including ones that 

provide some imaging within the surgical field. These approaches can be used with 

many radionuclides but require a more complicated detector. Hartsough (1994) built a 

21-element miniature-imaging probe containing a position sensor. Saffer (1992,1993) 

investigated a collimatorless imaging probe that used the coincidence of the gamma-ray 

pairs emitted by In-Ill to form images without collimators or pinholes. For the purpose 

of this dissertation, probes can be classified into three groups: single-element, dual-

element, and imaging probes. They are shown in figure 1-12. 
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Figure 1-12 Different types of surgical probes: a.) Single-element probe, b.) Dual probe, 
and c.) Imaging probe. 

Single-element probes are commonly constructed of a single detector, lead shielding 

and a single-bore collimator. The detector for this probe is often a scintillator combined 

with a photodiode. The scintillator absorbs a gamma ray and re-emits the energy as a 

pulse of light that is then detected by the photodiode. 
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The dual probe (Hickernell et al.; 1988) consists of a central scintillation crystal and 

an outer, annular scintillator. A small volume directly in front of the probe is seen only 

by the inner detector, both detectors receive counts from distant sources. 

Imaging probes are multi-detector devices that form a high-resolution image based 

upon the distribution of radiotracer in the field of view of the probe; tumors appear as an 

abnormal structure in the image when compared to normal tissue. 

For a more detailed review of probes and their use in nuclear medicine, the reader is 

referred to Hickernell (1988), Saffer (1993), Martin (1994), or Hartsough (1995). 

1.4 Scope of Dissertation 

The present work reports on two different types of nuclear-medicine instrumentation: 

a prototype CdZnTe gamma camera built in our laboratory (chapters 3-6), and a non

imaging coincidence surgical probe (chapter 7). Using the probe as the detector, we 

investigate coincidence detection for tumor localization using statistical detection theory. 

Chapter 2 describes the physics of signal generation in gamma-ray detectors. The 

chapter is a compilation of material based upon my search of the scientific literatvire and 

a review of the efforts in our research group on the operation of semiconductor pixel 

arrays. I have tried to write this chapter in a self-contained maimer so that it can be read 

without frequent consultation to outside literature. Understanding the physics of these 

compound semiconductor imaging arrays is important for people working in detector 



development and also necessary for selecting detectors for specific applications. We 

discuss the hurdles overcome to realize the potential of semiconductor imaging arrays. 

Chapter 3 describes the fabrication of hybrid imaging arrays. The first part of this 

chapter describes how our imaging system requirements impact the readout circuit 

development, resulting in the current hybrid design. Next, we compare and contrast the 

various readout circuits available, and the tradeoffs involved in choosing one for gamma-

ray imaging. The remainder of the chapter describes the integration of the detector wafer 

and readout circuit. The integration of the detector and readout circuit is not 

straightforward. The difficulties lie in the labor-intensive process required to obtain a 

working hybrid. There are many screening tests needed to enhance overall hybrid yield. 

This process is described in chapter 3. Results of device screening tests are also 

included as they pertain to device selection for the final imager. Chapter 3 ends with a 

discussion of device yield. 

The subject of chapter 4 is the design and development of a low-noise, low-power 

ASIC for reading out the detector signal. Specifically, we discuss the capacitive 

transimpedance amplifier (CTIA) readout in detail, as it was the one we chose to develop 

our imager with. The first part of this chapter is theoretical, presenting material required 

for the understanding of noise and stochastic processes as it relates to readout circuits. 

The next section of chapter 4 describes the design and operation of the CTIA, along with 

a signal-to-noise analysis. The final half of chapter 4 reports results on the experimental 

characterization of our imaging hybrid. In this chapter we present unit-cell noise, gain, 
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leakage-current, leakage-current noise, and overall system noise and compare the values 

obtained to the performance predictions. 

In chapter 5 we present the hardware design of our imaging system. The core of this 

system is a modular housing that will operate up to four CdZnTe imagers in parallel. The 

final section of chapter 5 contains suggestions for future hardware designs. 

Chapter 6 is devoted to the imaging capability of our prototype camera. Images of 

standard nuclear medicine phantoms are compared to those taken with a standard gamma 

camera. 

Chapter 7 furthers the work of our group in the area of surgical probes. A CsI(Tl) 

probe is used with a dual-photon emitter, In-111 in an emulated surgical situation. We 

then evaluate the performance of this probe using standard statistical detection 

techniques. 

Chapter 8 summarizes the key results from previous chapters and identifies areas for 

future work. It discusses lessons learned from the current system and how future designs 

should change to become more cost effective, manufacturable, and better performing. 
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CHAPTER 2 

2. SEMICONDUCTOR DETECTOR PHYSICS 

Gamma-ray imaging detectors based on high-atomic-number wide-bandgap compound 

semiconducting materials have been under development for many years and used with 

limited success (Luke, 1995). The most common commercially available room-

temperature semiconductor materials used for gamma-ray imaging are; Hgl2, CdTe, 

CdZnTe. Of the three materials listed, CdZnTe produced by the high-pressure Bridgman 

growth process is currently the most popular semiconducting material for gamma-ray 

imaging (Eisen and Shor, 1998; Szeles, 2001). 

The semiconductor CdZnTe possesses many of the physical properties required for 

room-temperature gamma-ray detector applications. CdZnTe crystals offer high 

resistivity for low leakage current and reasonable charge-transport properties. In contrast 

to CdTe, CdZnTe shows no polarization effects. Polarization is defined as the change in 

spectroscopic properties of a device with applied bias voltage. Unfortunately, because of 

deficiencies in the quality of the present material, high-resolution CZT spectrometers 

have been limited to areas less than a few square centimeters, and volumes less than a 

few cm^, which makes them inefficient at stopping high-energy photons. 

The promising electrical properties of CdZnTe crystals are accompanied by poor 

crystalline quality and unfavorable mechanical properties. Large-area defects such as 

hollow pipes, grain boundaries, twins, and Te inclusions impact the electrical properties 
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of the material and limit the yield of single-crystal CZT from ingots (Szeles, 1998). Such 

defects hinder the availability of CZT detectors having uniform charge-transport 

properties for imaging applications. Table 2-1 compares the properties of semiconductor 

materials used for gamma-ray imaging. 

Today, the majority of CZT crystals used in most gamma-ray spectroscopy 

applications is grown by the high-pressure Bridgman process and contains a zinc fraction 

of approximately 10%. The addition of zinc to the compound semiconductor CdTe 

results in Cdi-xZuxTe, where x denotes the fraction of zinc in the semiconductor. By 

adding zinc to this semiconductor, the energy bandgap of the CZT increases, resulting in 

higher resistivity. High resistivity is a hallmark of this material, but as shown in Table 2-

1, the mobility-lifetime product of holes is much less than the mobility-lifetime product 

for electrons, meaning that holes are much more likely to be trapped. Only gamma rays 

that interact near the negative electrode result in collection of the full amount of charge. 

In large-area devices, this means that the total signal induced in the readout circuit 

depends strongly on the random depth of interaction. 

The trapping of holes results in a distorted gamma-ray spectrum with a long trapping 

tail towards the low-energy side of the pulse-height spectrum. This is shown in figure 2-

1. In the literature, the long tail sometimes referred to as "hole tailing". Trapping is a 

serious problem for nearly all room-temperature semiconductors because it affects the 

photopeak fraction, or number of counts in the photopeak. Most medical applications 

require a detector with good energy resolution so that Compton-scattered events 
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occurring in the patient can be rejected. Compton-scattered events would appear below 

the photopeak in the spectrum in the same region as trapped holes. If we set a pulse-

height threshold so only photopeak events are recorded, the detector is very inefficient 

and a large fraction of photoelectric events would go uncounted. On the other hand, if we 

accept more events by using a lower pulse-height threshold, we improve the detection 

efficiency but lose energy resolution and accept more Compton scatters. 

Germanium CdTe CdZnTe Hgl2 

(77 K) 

Atomic Number, Z 32 48,52 30,48,52 80,53 

Density (g/cm^) 5.32 5.85 5.80 6.40 

Bandgap energy (eV) 0.74 1.47 1.59 2.13 

Energy per electron-
hole pair 

2.98 4.43 4.46 4.2 

Electron mobility, 
(cmVVs) 

36000 1100 1100 100 

Hole mobility, |.i), 
(cmVVs) 

42000 100 100 4 

Electron mobility-

lifetime He^e (cm^A') 

0.72 0.6-3e-3 le-3 le-4 

hole mobility-
lifetime (cm^/V) 

0.84 0.3-3e-4 le-5 le-5 

Photoelectric linear 
attenuation @140 
keV 

0.72 3.22 3.07 8.03 

Table 2-1 Material properties of semiconductors used for gamma-ray imaging. 
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Figure 2-1 Room-temperature CZT pulse-height spectrum showing a long trapping tail. 
The large plateau to the left of the photopeak at low to intermediate gamma-ray energies 
is due to trapping. The large off-scale peak at the left of the spectrum is due to amplifier 
noise. 

Despite the progress made in the development of good spectroscopic-grade CZT, 

current state-of-the-art crystal growth produces considerable macroscopic nonuniformity 

in the crystals of compound room-temperature semiconductor materials. A single boule 

of CZT generally contains many crystalline regions, each a different orientation. Large 

clusters of defects are often seen along the grain boundaries of these crystals. Even in the 

absence of macroscopic defects, it is common to observe variations in material properties 

over the volume of the detector. These issues ultimately affect the hole and electron 

charge-transport properties of CZT, and therefore the spectroscopic properties of CZT. 

Currently, hole tailing is an issue in any spectroscopic application where the holes must 

travel distances longer than their trapping length. For energies of interest in nuclear 



medicine (140 keV), hole trapping is a serious problem. Various methods have been 

proposed over the past several years to solve this problem. 

The most direct method of increasing the energy resolution and charge collection 

properties of CZT is to grow defect-free crystals. Crystal growers have invested in a 

great deal of research and development to achieve better charge-transport properties in 

CZT, but it is unlikely that any room-temperature compound semiconductor will 

approach the charge-transport properties of semiconductors such as silicon or germanium 

in the near future. This means that the trapping of holes will continue to be an important 

issue for the near future. 

Outside of improving the detector material, other methods of improving the 

spectroscopic properties of compound semiconductor detectors can be assigned to two 

general classes: electronic correction and electrode design (Philippot, 1970; Malm, 1972; 

Zanio, 1977). All of these methods rely on developing a detector signal based upon 

electron-only transport. 

Verger et al. (1997) reported on an electronic class of methods comprising the 

techniques of pulse-height discrimination and pulse-height compensation. These 

methods rely on the fact that the mobility of electrons in CZT is much higher than the 

mobility of holes, resulting in different pulse risetimes, and make it possible to separate 

the components of each carrier type. In pulse-height discrimination, detector signals that 

exhibit poor charge collection characteristics are rejected. This method results in an 
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improved photopeak, but results in a lower photopeak fraction, and hence a loss in 

detection efficiency. 

In the pulse-shape compensation method, each detector signal is analyzed, and 

multiplied by a gain factor before adding the signal to the pulse-height spectrum. 

Generally, there is a tradeoff in the use of these techniques between energy resolution and 

detection efficiency. The use of pulse-height compensation is generally preferred over 

pulse-height discrimination because pulse-height compensation yields a better photopeak 

fraction. A drawback of these methods is the need for sophisticated electronics, which 

substantially increases the size and power consumption of the spectrometer system. A 

second disadvantage of these methods is that either can be affected by material 

inhomogeneity that can result in unpredictable variations in the detector signals 

(Bargholz, 1999). Crystalline imperfections such as grain boundaries, twins, or voids can 

cause reduced charge transport resulting in poor energy spectra. Lund et al. (1996) has 

investigated the effect of material homogeneity on detector spectral performance. 

Another means of mitigating the hole-collection problem is to use different electrode 

geometries. Malm (1975) demonstrated improved energy resolution with CdTe through 

the use of hemispherical detectors. These detectors were constructed with a modified 

coaxial design that uses an anode dot on one side of a cube and a quasi-hemispheric 

cathode on the five remaining sides. Although these detectors resulted in electron-only 

dominance, the non-uniform electric field created within the detector volume aggravates 

the charge transport problem because of a lower electric field near the edge of the 
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detector and long charge-transit distances for large detector volumes. The advantages of 

other types of electrode designs are discussed in papers by Mathieson (1979), Hamel 

(1998), and He et al. (1998). 

Luke (1994) demonstrated a solid-state version of a Frisch grid (Frisch, 1944), which 

was originally developed for gas detectors. A Frisch grid (see figure 2-2) consists of an 

electrode grid placed inside of the detecting medium just in front of the anode. By 

appropriately biasing the grid, electrons drift towards the anode through the grid. Positive 

ions drift in the opposite direction. According to the Ramo-Shockley theorem (section 

2.7), the induced charge on the anode is primarily from electrons moving from grid to the 

anode, therefore the pulse shape dependence on gamma-ray interaction position is greatly 

reduced. 

Figure 2-2 Cross-sectional view of a Frisch grid. A Frisch grid consists of a grid 
electrode placed inside the detection volume in front of the anode. 
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The sohd-state version of the Frisch grid developed by Luke uses coplanar electrodes 

and is shown in figure 2-3. The device is constructed with two groups of parallel strip 

electrodes. When the device is operated, the strips are biased relative to each other by 

tens of volts. The electrode strip with the higher potential is the collecting electrode; the 

electrode strip with the lower of the two potentials is the non-collecting electrode. The 

cathode is biased at a large negative potential. Except for events originating near the 

anode, the difference signal between the collecting electrode and the non-collecting 

electrode is proportional to the number of electrons arriving at the anode and independent 

of the motion of holes. The coplanar electrode technique allows a practical 

implementation of the Frisch grid on a solid-state device resulting in electron-only charge 

transport, mitigating the effects of poor hole collection. 

Figure 2-3 Coplanar-electrode detector. The structure of a coplanar electrode consists of 
a series of narrow strip electrodes formed on the detector surface (Luke, 1994). 
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He et al. (1997; 1998; 1999) demonstrated similar results using coplanar grid 

detectors. McGregor et al. (1998; 2001) demonstrated a parallel strip pseudo-Frisch-grid 

detector design. This device also uses electron transport for signal generation. Unlike 

Luke's coplanar device, Macgregor's device is a three-terminal device that requires 

signal output to only one preamplifier. This simplistic design based on electron-only 

charge transport offers an alternative method to coplanar gamma-ray detector designs. 

Researchers at the University of Arizona (Barber et al., 1997) demonstrated a 

detector design based upon a pixellated detector array and multiplexer readout. The 

detector is a slab of single-crystal semiconductor material with a single top electrode and 

a pixellated bottom electrode produced by photolithography (fig. 1-6). Barrett and 

coworkers (1995; Eskin et al., 1995; Eskin et al., 1996) have shown for pixellated 

detectors that the signal induced in the readout circuit is dominated by electrons when the 

pixel size is small compared to the detector thickness. 

This chapter reviews the physics of semiconductor detectors as related to two-

dimensional pixel arrays. The first part of this chapter reviews the physics of radiation 

interaction in CdZnTe detectors. Following this review, we describe the theory behind an 

innovative method for obtaining single-polarity charge sensing now known in the 

literature as the small-pixel effect (Barrett, 1995; Eskin et al., 1996; Eskin, 1997; Eskin, 

1999). Material on the small-pixel effect follows the arguments of Barrett and Eskin. 

Interested readers may refer to these publications for more detail. 
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2.1 Interaction of Photons with Matter 

Energy is deposited by radiation interactions in matter through several mechanisms. 

Evans (1955) and Marmier and Sheldon (1969) are standard references on this subject. 

The dominant photon interactions in gamma-ray detectors used for nuclear medicine are: 

photoelectric absorption, and Compton scatter. At low energies, Rayleigh scattering 

occiars but its cross section is low and we will ignore it. A cross section can be thought of 

as the probability of an interaction occurring two particles. The absorber presents a 

cross-sectional area (cm^) to a beam of gamma rays and some of those gamma rays will 

be attenuated. For readers wondering why we have not mentioned pair production, 

nuclear medicine uses gamma rays with energies for which pair production does not 

occur. 

2.1.1 Photon attenuation 

When ionizing radiation falls on a material we are interested in determining how much 

energy is deposited in the material, how far the radiation penetrates the material, and 

what secondary radiation occurs. All of these items depend on the cross section, a 

parameter that depends on both the energy of the radiation, and the type of interaction. 

Different interactions have different cross sections. Generally, the total cross section is 

given by the algebraic sum of the components: 

^totai ^photo ^compton ' 
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where (Tphoto is the photoelectric interaction cross section and (Tcompton is the Compton-

scatter cross section. The linear attenuation coefficient atotai is related to the cross section 

through the following relationship: 

^lotal ^'^tatal ^total (2.1) 
v ^ y 

where Na is Avogadro's number (6.02 6.02x10^^ /mol), p is the density of the material 

(g/cm^), (Jtotai (cm^) is the cross section, and A is the atomic mass number. By definition, 

the linear attenuation coefficient has units of inverse length (cm"'). 

The relative importance of photoelectric absorption and Compton scatter can be 

described in terms of how each contributes to the attenuation of gamma rays in the 

detector crystal. The probability of a gamma-ray interaction in a detector material of 

atomic number Z is proportional to Z" (4<«<5) for photoelectric interactions, and Z for 

Compton scattering (Barrett and Swindell, 1981). Beer's law describes the number of 

photons penetrating a thickness d\ 

/ = (2.2) 

where lo is the intensity of the gamma-ray flux at the surface of the slab and d is the 

thickness. Photoelectric absorption and Compton scatter independently contribute to the 

linear attenuation coefficient, so that the sum of these coefficients is simply the sum of 

the individual coefficients: 



l A  

^lolal  ^photo '^^Complon '  (2-3) 

Figure 2-4 displays the relative values of the attenuation coefficients in CdZnTe for 

energies between 10 keV and 500 keV. Lower energies are attenuated much more 

strongly than higher energies, and at low energies the photoelectric effect is the dominant 

interaction mechanism. 

Figure 2-4 Linear attenuation coefficient as a function of energy for Cdo.9Zno.1Te. 

2.1.2 Photoelectric Absorption 

The photoelectric effect occurs when a gamma ray interacts with an atomic electron 

with the ejection of the electron from the atom. The gamma photon loses all of its energy 

in the process. The electron is ejected from the atom with kinetic energy, Eg, equal to the 

energy of the gamma ray, Eg, minus the binding energy of the electron, Eb'. 
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E.=E„-E„. (2.4) 

Since a free electron cannot absorb a photon and also conserve momentum, the 

photoelectric effect occurs predominantly on bound electrons with the nucleus absorbing 

the recoil momentum. The photoelectric effect most often occurs where the coulomb 

field is the strongest, for example, in the K-shell electrons of the highest-atomic-number 

constituents. The vacancy created by the ejection of the electron will be followed by the 

downward transitions of outer-shell electrons, which results in the emission of 

characteristic x-rays from the ionized atom, for example K x-rays. If the K x-ray escapes 

from the crystal, the full gamma-ray energy is not deposited in the detector, resulting in 

"K x-ray" peaks at lower energies than the main photopeak (see figure 2-6). Transitions 

from the n = 2 to n = 1 levels are called Ka x-rays, while transitions occurring from the n 

= 3 to n = 1 levels are known as Kp x-rays. Similar absorption edges exist for all 

electronic states. Secondary transitions may also result in an Auger electron. 

2.1.3 Compton Scatter 

Production of photoelectrons is not the only interaction that can occur with gamma 

rays. Photons can also be scattered. Scattering is an interaction between incident gamma 

rays and the atomic electrons of the scattering medium, resulting in a redirection and 

change in energy of the incident radiation. Compton or incoherent photon scattering 

occurs when an incoming photon with energy Eo interacts with an electron and the 

gamma ray scatters inelastically off the electron through angle a with respect to its 
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original trajectory and departs with energy E', while the electron recoils through an 

angle (j), as shown in figure 2-5. The electron must recoil in order to conserve 

momentum. Strictly speaking, Compton scatter applies only to free electrons. In matter 

all electrons are bound. If the photon energy is high with respect to the binding energy, 

this latter energy can be ignored and the electron can be treated as a free electron (Barrett 

and Swindell, 1981). By applying the rules of conservation of momentum and energy, 

the following relations can be obtained: 

(2.5) indicates that there is a maximum energy that can be transferred to the electron, 

which occurs when a gamma ray is backscattered, 0 = 180", so 

l + y0(l-COS0)' 
(2.5) 

/
2 ^ mc , with m being the mass of the electron, and mc =511 keV. Equation 

E =—^ 
max (2.6) 
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Figure 2-5 Compton scatter. 

For monoenergetic incident photons, the location of the Compton edge is defined by 

the maximum energy deposited to the recoil electron. Compton scatter occurs in both the 

detector and any surrounding materials. 

For 140 keV incident photons, the scattered photon can have a range of energies 

from 90 keV to 140 keV. This corresponds to scattering angles ranging from 180° to 0°. 

Over the range of isotope energies used for nuclear medicine (50 keV to 200 keV), 

Compton scatter is the most common type of gamma-ray interaction in soft tissue. 

Scattered gamma rays degrade the image contrast and spatial resolution of nuclear 

medicine images. Efficient rejection of scattered gamma rays is one of the primary 

advantages that semiconductors offer over scintillators. 
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2.1.4 Pulse-Height Spectrum 

In detectors used for gamma-ray imaging, one is interested in determining the position 

and energy of the incident photon as precisely as possible. For example, in nuclear 

medicine the energy of the emitted photon is known; we would like to reject photons 

undergoing Compton scatter within the patient's body as these photons convey little 

useful information and only add noise to the image. The pulse-height histogram is the 

primary tool used to study the energy spectrum of the incident photon. CdZnTe detectors 

are electrical in nature; the interaction of a gamma ray creates mobile charge carriers and 

the total charge produced is proportional to deposited energy of the radiation. This 

follows since the amount of ionization produced is proportional to the energy deposited 

in the volume of the detector. Charge is the integral of the current, so the detector is 

connected to an integrator that produces an output voltage pulse proportional to the time 

integral of the current. If we assume the shape of the pulse does not change from one 

event to the next, the amplitude of the current pulse will be proportional to the pulse 

height of the signal. The distribution of output pulses for a large number of incident 

photons is known as the pulse-height spectrum. A histogram of these pulse heights can 

be interpreted as the probability distribution for the energy of the radiation. 

Ideal Pulse-Height Spectrum 

If we were to place a monoenergetic 140 keV gamma-ray source in front of an ideal 

radiation detector, the principal interactions will be the photoelectric effect and Compton 

scattering. The photoelectric interactions would result in the deposition of the entire 
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gamma-ray energy in the detector (unless K x-rays escape from the detector). Each of the 

pulse amplitudes would be proportional to the gamma-ray energy Ey as shown in figure 

2-6. In an ideal detector, every monoenergetic gamma photon would interact in the 

detector volume and produce a voltage pulse of the same amplitude at a single channel 

corresponding to the energy Ey. 
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Figure 2-6 Ideal pulse-height spectrum. A.) Detector pulses representing 
different types of gamma-ray interactions occurring in a detector. B.) 
Ideal gamma-ray spectrum showing location of photopeak, Compton edge, 
and Compton continuum (Sorenson and Phelps, 1980). 
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When Compton-scattered events occur, only part of the gamma-ray energy is 

transferred to the detector. If the scattered gamma ray is also absorbed in the detector, 

this event produces a pulse in the photopeak. If the scattered gamma ray escapes, the 

energy deposited in the detector is less than Ey. The energy deposited in the detector in a 

Compton-scattered event ranges from near zero up to a maximum energy E^ax 

corresponding to the energy transferred to the electron for events in which the electron 

has been scattered by 180°. The ideal spectrum includes a continuous distribution of 

pulse amplitudes due to Compton scattering ranging from nearly zero up to E^ax- This 

part of the pulse-height spectrum is called the Compton continuum. The sharp edge in 

the spectrum at E^ax is called the Compton edge. 

Actual Spectrum 

In practice, the actual pulse-height spectrum is quite different than the ideal as shown 

in figure 2-7. First, the photopeak is not a single line, but has finite width to it. This is 

caused by statistical fluctuations in the number of electrons produced in the detector per 

keV of photon energy deposited. Second, electronic noise in the readout electronics 

broadens the pulse-height spectrum. 

A typical pulse-height spectrum for a Cs-137 source is shown in figure 2-7. There 

are several features evident in the pulse-height spectrum. The large peak to the far right 

of the spectrum is known as the photopeak; it occurs when the entire energy of the 

gamma ray is deposited in the detector volume. The photopeak is generally due to a 

photoelectric absorption, hence its name. However, any combination of gamma-ray 
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interactions that result in the complete absorption of the gamma ray contributes to the 

photopeak. Related to the photopeak is the photopeak fraction, defined as the ratio of the 

number of counts in the photopeak to the number of counts contained in the pulse-height 

spectrum. 
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Figure 2-7 Energy spectrum for Cs-137 source. 

The feature labeled Compton continuum in figure 2-7 represents the range of possible 

energy deposited due to Compton-scatter events. On the high-energy side of the 

Compton plateau, the pulse heights drop off sharply, resulting in the Compton edge. For 

monoenergetic incident photons, the maximum energy deposited during a Compton-
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scatter event defines the location of the Compton edge. Backscatter peaks can occur 

when photons enter the detector after one external scattering event. 

As mentioned several times in the text, one of the most important figures of merit for 

photon-counting detectors is energy resolution. Energy resolution is the ability of the 

detector to distinguish between two different close energies. 

Energy resolution is quantified by determining the amount of spread in the photopeak 

with respect to gamma-ray energy. Most often, the energy resolution is described by the 

term full width at half maximum of the photopeak. Energies that are closer than this 

interval are usually considered irresolvable. If we denote the full width of the photopeak 

at half maximum as IsE, then the relative resolution R at energy E is 

For a Gaussian photopeak that has a standard deviation cr, the energy resolution is 

defined as (Knoll, 1989) 

FWHM = 2.35(7. (2.8) 

In general, the energy resolution is a function of the energy deposited in the detector, 

with the ratio of (2.7) improving with higher energies. 
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2.2 Semiconductor Detectors: The signal source 

An important characteristic of any material used for a radiation detector pertains to 

the production of charge carriers in it. When a gamma photon is absorbed, the number of 

electrons and holes produced by ionization should be linearly related to the energy 

absorbed. Furthermore, the best materials require only a small amount of energy to 

produce a hole-electron pair, so that the number of charge carriers produced for a given 

energy absorption is large, and the statistical fluctuations in that number are small when 

expressed as a percentage of the total number. 

The physical effects of gamma-ray interactions in a detector can be divided into a 

three-step process: charge deposition, charge transport, and charge induction (Marks, 

2000). Charge deposition is the creation of electron-hole pairs in the detector due to a 

gamma-ray interaction. Charge transport is the motion of charge under the applied bias 

voltage, and charge induction is the change in induced signal at the collecting electrode in 

response to moving charges in the semiconductor. 

2.2.1 Charge Deposition 

Gamma rays interacting in a semiconductor radiation detector produce an energetic 

electron that loses energy by ionization, producing a cascade of lower energy but still 

energetic electrons. These energetic electrons produce electron-hole pairs. The bias 

voltage that is applied to the detector produces an electric field that causes the charge 

carriers to drift in opposite directions. Electrons drift towards the positive electrode and 
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holes drift towards the negative electrode. The electrons and holes produce a transient 

increase in conductivity until these charge carriers drift to their respective electrodes for 

collection. An external circuit is used to monitor the detector's response to a gamma ray. 

The average number of electron-hole pairs created by the photoelectric absorption of a 

gamma ray with energy Ey is proportional to the deposited energy: 

where s is the average energy required to create an electron-hole pair (4.46 eV for 

CdZnTe). For typical nuclear-medicine energies of 141 keV, 28,200 electron-hole pairs 

are created. The difference between the bandgap energy of 1.5 eV and the factor s is due 

to the losses that occur in the creation of phonons. In the absence of phonons, all of the 

gamma-ray energy would go into electron-hole pair production and the variance in the 

number of electron-hole pairs created would be almost zero. If the majority of the energy 

went into the creation of phonons, the probability distribution for the number of electron-

hole pairs created would approach a Poisson distribution, with a variance equal to the 

mean number of pairs. The true number lies somewhere in between, but the Poisson limit 

defines the maximum possible variance. The Fano factor (Fano, 1947) has been 

introduced in an attempt to quantify the departure of the statistical fluctuation in number 

of electron-hole pairs from Poisson statistics and is defined as: 

(2.9) 

N 
(2.10) 
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where N is the mean number of electron-hole pairs and cr^ is the variance. A Fano 

factor F < 1 means that the creation of each electron-hole pair is not an independent 

event. Redus et al. (1998) and Bale et al. (1999) reported Fano factor values of 0.082 and 

0.099 for CZT samples containing 10 percent and 20 percent ZnTe respectively. In these 

experiments, authors assumed an average energy of 5.0 eV/pair. 

The limiting statistical resolution of a photopeak at energy E is given by; 

where we have used (2.6) - (2.9) and a little algebra to obtain (2.11). 

2.2.2 Charge transport 

Charge motion in a crystal under an applied electric field is governed by the mobility 

ju. of the charge carrier. Mobility is defined as the drift velocity per electric field, where a 

linear model of /j. is valid. The term charge carrier refers to either electrons or holes. The 

drift velocity of the charge carrier is defined as: 

where E is the electric field strength. The drift velocity is the velocity achieved by a 

charge carrier when acted on by an electric field and it includes the effects of scatter and 

trapping. Electrons accelerate in the direction of the electric field, scatter, accelerate, 

scatter, etc resulting in a random-walk process that has the appearance of a drift at 

FWHM 2. 

E 
El 
E ' 

(2.11) 

v = /^E,  (2.12) 



constant velocity in the electric-field direction. The drift velocity is linearly dependent 

upon the electric field, but as the electric field is increased, the carrier velocity begins to 

saturate. However, because of leakage current in CZT, the range of electric fields used in 

CdZnTe is well within the linear region described by (2.12). In general, as described in 

Table 2-1, the mobilities for holes and electrons are different, as are their drift velocities. 

A second parameter of importance in the description of charge transport is the carrier 

lifetime T (we ignore detrapping), the time a carrier can survive in the crystal before 

trapping or recombination. The lifetime is used to describe the trapping of electrons and 

holes and can be combined with the mobility to define a figure of merit called the 

mobility-lifetime product or //rproduct. Typical values for CZT are shown in Table 2-1. 

Multiplication of the mobility-lifetime product by the electric field E results in another 

material figure of merit known as the trapping length: 

^ = = (2.13) 

defined as the average distance traveled along the direction of the electric field before 

trapping. We will use the symbols and Ah to describe the trapping lengths of electrons 

and holes respectively. 

2.3 Charge Induction: the Ramo-Shockley Theorem 

Typical radiation detectors include two or more electrodes configured in various 

geometries at fixed potentials. Under the influence of an applied electric field, charges 
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created in the detector volume due to a gamma-ray event will move. In response to this 

charge motion, a current is induced in the detector circuit. There are many approaches to 

finding the charge distribution that forms on the detector electrodes in response to the 

motion of moving charges in the detector. One of the most convenient methods is given 

by the Ramo-Shockley theorem, first published by Shockley (1938) and then Ramo 

(1939). This theorem derives the dependence of the induced current produced by moving 

charges in an electric field. 

The Ramo-Shockley theorem is based upon the theoretical construct of calculating the 

potential distribution that forms in the detector by setting the current-carrying electrode at 

1 volt and all other electrodes at ground. Such a potential is knovm in the gamma-ray 

literature as a weighting potential. According to the Ramo-Shockley theorem, the charge 

QA induced on electrode A due to the presence of a point charge q located at position r is: 

Q,=-q^,{r) (2.14) 

where is a dimensionless scalar field known as the weighting potential. It is assumed 

that the charge motion varies slowly enough that the potential can be computed with 

electrostatics rather than Maxwell's equations. Eskin (1999) justified this assumption. 

Charges drifting through regions of large weighting fields cause the largest changes in 

induced charge on the electrode. This section starts with a derivation of the Ramo-

Shockley theorem, and then applies it to planar detectors in section 2.3.1. Finally, pixel 

detectors are discussed in section 2.3.2. Derivations of the Ramo-Shockley theorem 

similar to the ones that follow can be found in Eskin (1999). Consider a point charge 
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located at point e in the center of the detector volume among electrodes A, B, and C as 

diagrammed in figure 2-8a. We will define a surface consisting of three parts: the 

current-sensing electrode A, a surface surrounding the point charge Sg, and a surface 

surrounding the remaining two electrodes in the system B and C These surfaces form a 

composite surface S enclosing a volume V that includes everything except the previously 

defined three surfaces. Because each of the electrodes is grounded, they have zero 

potential. However, an electrostatic potential O exists due to the presence of charge e, 

but is forced to zero at the electrodes. This potential satisfies Laplace's equation 

= 0 in the charge-free region between the electrodes. Gauss's law provides the 

relationship between the potential and the induced surface charge on the surface 

surrounding charge e: 

where s is the dielectric constant. 

If we now remove the point charge from the volume and set electrode A to unit potential 

and ground all other electrodes in the system, we have the situation diagrammed in figure 

2.8b. The potential on surface Sg is labeled O',. Green's function provides the 

relationship between the scalar fields O and O' in the volume V 

(2.15) 

surface 

I S dn dn 
(2.16) 
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(a) (b) 

Figure 2-8 Diagram for illustrating weighting potentials and the Ramo-Shockley theorem, 
(a) Multiple electrodes held at ground potential and a single charge e. The potential 
throughout the shaded region between the labeled surfaces is O. (b) Alternate 
configuration in which the point charge is removed and electrode A is held at unit 
potential. The potential throughout the shaded region is O'. (Eskin, 1997) 

In (2.16), the volume V is the space between the surfaces SA, SB, and SE. In this 

volume, there is no charge and both 0 and O' are equal to zero. Therefore, the left-hand 

side of (2.16) is zero. The right-hand side of (2.16) can be divided into three surface 

integrals. On surface Sa, = 1 and = 0 . On surface Sg, and are both zero. 

The expansion of the surface integrals in (2.16) yields 
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fjv^ + (d^ fjv^ = 0. 
dn • dn ^ dn 

0,/ 

(2.17) 

The first integral is the charge induced on electrode A, • The second surface 

—o'e / 
integral in (2.17) becomes . The third integral is zero since there is no charge 

present when <[>' is applied. Rearranging these results yields 

Q A = - e ^ : ,  (2.18) 

which is known as the Ramo-Shockley theorem. In the literature, the weighting potential 

<5'^(/') is represented as 0^(/'). In order to calculate the pixel response to a distribution 

of charge rather than a point charge, the results can be integrated over the charge density 

Gatti (1982) has described a general version of Ramo's theorem for electrodes having a 

time-varying weighting field. 

In the preceding analysis, we ignored any charge existing on the pixel electrode at the 

start of an integration cycle since the circuit only sees the difference in charge between 

the start of integration and the end of integration. The charge density p(r) is the charge 

distribution at the point in time the integration capacitor is sampled. 

In a detector, the motion of the charge results in a current: 

p ( r ) :  

(2.19) 
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. dQ, 
'A =—^ = -^—rr 

dt dt 
•e VO'— . 

dt 
(2.20) 

In equation (2.20) the variable V®' is known as the weighting field (Eskin, 1997). 

The weighting field is determined by applying unit potential to the measurement 

electrode and grounding all others. Note that the electric field and the weighting field are 

distinctly different. The electric field determines the charge velocity and trajectory. The 

weighting field depends only on geometry and determines how charge motion couples to 

a specific electrode. Only in two-electrode configurations are the electric field and the 

weighting field of the same form. 

2.3.1 Planar Detectors 

In a planar detector, electron-hole pairs created due to a gamma-ray interaction will 

drift under the influence of the electric field created by the applied bias voltage (see fig. 

2-9). 

Electrode (-) Electrode (+) 

Gamma ray Hole drift 

-V. bias 

Electron 
^rlft 

L 
z = 0 z = L 

Figure 2-9 Single-element detector. 
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The weighting potential for electrode A is a linear ramp from zero to 1: 

L - z  
(2.21) 

z 

where L is the thickness of the detector and z is the interaction point of the gamma ray. 

As long as the charge carrier drifts, it induces a current in the external circuit according to 

the Ramo theorem (Eskin, 1999) 

where v is the charge velocity at time t, is the weighting field. The current generated 

in the external circuit will be proportional to the distance the charge carriers move. If the 

integration time is long enough that all carriers have drifted to their respective electrodes, 

or have become trapped along the way, the result is the well-known Hecht relation 

(Akutagawa and Zanio, 1969) that describes the position-dependent charge collection of 

single-element detectors: 

i{t) = evE^, (2.22) 

^ eNl„ , , z. ̂  eN.A. , , L-z-^ 
= l-exp(-^) +—^ l-exp( ^) 

|_ J L h 
(2.23) 

where Xe and Xh are the mean drift lengths for electrons and holes, respectively. The 

variable z, is the depth of interaction. In the absence of trapping, electrons and holes 

contribute equally to the currents on both electrodes. 
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2.3.2 Pixellated Detectors 

In pixellated detectors, the induced current no longer depends only on the distance 

carriers travel, but also on their proximity to the signal electrode. By choosing the pixel 

plane to be the anode and making the pixel dimensions small in comparison with the 

detector thickness, the signal is almost entirely due to electron transport and the effects of 

hole trapping can be reduced with no loss in detection efficiency. This is known in the 

literature as the "small-pixel" effect (Barrett et al., 1995; Eskin et al., 1995). 

In order to calculate the amount of current induced on an electrode due to the 

presence of charge in the detector volume, we must calculate the weighting potential. 

There are many different methods of calculating pixel weighting potentials. We will 

present a method first described by Castoldi (1996) and later used by Eskin (1999). The 

pertinent results are stated here without proof. The basic strategy is to construct a set of 

alternating dipoles that will produce the required potential distribution on the two 

detector surfaces. 

The solution is described using a two-dimensional array of square pixels that have a 

pitch la lying in the z^O plane, and a continuous electrode in the z=L plane. Each pixel 

is assumed to be electrically isolated from all other pixels and also electrically isolated 

from the continuous top electrode. One charge distribution that reproduces the required 

surface potential for a pixel centered at the origin is an infinite series of dipole sheets, 

each sheet having the same lateral dimensions as the pixel. Each dipole layer is located 
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at intervals of 2L along the z-axis as shown in figure 2-10. The potential at position r is 

given by (Marks, 2000) 

0(r) = 
VQ(r) 

2n 
(2.24) 

where Q(r)is the solid angle subtended by the dipole from position r. The analytic 

expression for the solid angle subtended by a square of half-width a is given by 

/ / 

q(x,j/,z) = ̂ ^tan"' 
w=0 w=0 

(a + 2mx - x) (a + 2ny - y) 

j ^ ( a  +  2 w x - x ) ^  • ^ { a  +  l n y - y ) ^  + z ^  
(2.25) 

where a is the pixel half-width. The resulting potential for (2.24) has a value V at the top 

surface of the dipole sheet, -Fon the bottom surface, and zero for points on the z equals 

zero plane that lies outside the dipole sheet. Placement of the first dipole sheet at the 

pixel with unit potential reproduces the correct potential in the pixel plane, but not the top 

electrode, so additional charges are needed. Two additional charges correct the problem 

on the top electrode, but not on the pixel electrode, so additional charges are needed. In 

order to force the function to the correct potential, an infinite series of dipole layers at 
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Figure 2-10 Diagram of multiple image charges used to create the weighting potential. 

multiples of 2L are required. The resulting weighting potential solution on the pixel 

plane is 

1 ^ 
('•) = tt- S -j"' ^ ~ ' (2.26) 

where Q is the solid angle subtended by r by each square dipole. The entity Q is 

defined as 
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Q(x, y, z) = tan -I 
( a - x ) ( a - y )  

2 2 + z 

+ tan -1 

+ tan -1 

z^l{a^^{a-y) 

{ a - x ) { a  +  y )  

: y j ( a - x ) ^  ( a  +  y f  +  

( a  +  x ) { a - y )  
(2.27) 

+ tan -1 

z^J(a + xy {a-yf+z^ 

(a + x)(a + y) 

z y l ( a  +  x f '  ( a  +  y f  +  

The series is truncated after converging to the desired accuracy but the number of 

terms varies considerably with the position vector r. This method of calculating the 

weighting potential is useful for a limited number of terms as outlined in Eskin (1999). 

Eskin (1999) recommended that weighting potentials can be more easily calculated using 

a Fourier-transform propagation technique originally defined by Kavadias (1994). Eskin 

(1994; 1999) found that all of the methods used in calculating the weighting potential 

yielded the same result. 

The reason for introducing the weighting potential is that it provides a means of 

visualizing the development of detector signals as charge carriers drift through the 

detector. Figure 2-11 shows the weighting potential plotted for a pixel with a 1:1 aspect 

ratio (defined as pixel width to pixel thickness), and for a smaller pixel with a 1:4 aspect 

ratio. Most of the signal generation occurs within a hemispherical region of size W 

roughly the size of the lateral pixel dimensions, where the weighting potential is strong 

(Eskin, 1997). Carriers moving within this "near-field" area will contribute most to the 
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total signal, while motion of carriers outside this region contribute little. The pixel 

electrode is chosen to be positive so electrons, which are unlikely to be trapped, will drift 

toward the near-field region. The fact that holes are strongly trapped in CdZnTe is of 

little importance in small aspect-ratio pixels, since holes are not likely to be generated 

within or drift into the near field. For large aspect-ratio pixels as shown in figure 2.11(b), 

all carrier motion happens within the near field, and both carriers are responsible for 

development of the signal, as is the case for single-element detectors. 

When the pixel size is small compared to the detector thickness, the charge induced 

in the readout circuit is essentially due to electrons only. The remainder of this section 

will present experimental and simulated results confirming this trend. 
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Figure 2-11 Weighting potentials shown in cross section through the pixel center. The 
values range from one at the pixel electrode to zero at the front electrode. Dimensions 
are in jam. A.) Pixel of 1:1 aspect ratio, W= 1500 )j,m. B.) Pixel of 1:4 aspect ratio, W = 
375|im. Here W refers to the lateral dimension of the pixel (Eskin, 1997). 
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The "near-field" effect has interesting implications for the quality of pulse-height 

spectra when trapping is taken into account (Eskin, 1997). As mentioned earlier, single-

element detectors exhibit a characteristic "trapping tail" due to the variation in pulse 

height with depth of interaction. A plot of induced signal vs. pixel size is shown in figure 

2-12 (Eskin, 1997). In large pixels, the induced signal and thus the pulse height, depends 

only on the distance the electrons and holes travel. Because holes are strongly trapped, 

the signal generated is due mostly to the motion of electrons and varies linearly with 

depth of interaction. In small pixels, the pulse height depends only on the number of 

electrons that drift within the near field of the pixel. The variation of pulse height with 

Figure 2-12. Variation of signal strength and pulse height spectrum with pixel size. The 
top Fig. shows the induced signal for five depths of interaction, from bottom to top: Zj/L 
= 0.1, 0.3, 0.5, 0.7 and 0.9, as a function of pixel aspect ratio W/L. In large pixels there is 
strong variation in signal strength with interaction depth, resulting in a pulse height 
spectrum with a large tail region. Small pixels suffer much less variation with interaction 
depth, with a corresponding improved spectrum (Eskin, 1997). 

Size: W/L 

Small-pixel spectrum Big-pixel spectrum 
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depth of interaction in small pixels is dependent on how many electrons are trapped 

before making it to the pixel electrode. In figure 2-12, the larger pixel exhibits a 

characteristic trapping tail. 

Eskin (1996; 1997) experimentally showed that there is an optimum pixel size; a 

pixel's spatial and energy resolution can be affected by charge transport to neighboring 

pixels due to K x-rays, scattering, photoelectron range or diffusion. Using a series of test 

pixels that ranged in size from 125 )j,m to 2000 |u.m, Eskin measured pulse-height spectra 

with Tc-99m flood illumination on the front electrode. These test pixels were fabricated 

around the edges of CdZnTe detector crystals that were processed into arrays. The 

results of these measurements are shown in figure 2-13. 

Two general trends are apparent from figure 2-13. The first is that the best spectra 

occur for medium-size pixels. In larger pixels, trapping effects prevail, resulting in pulse-

height spectra with long trapping tails. Pixels smaller than 500 )j,m should exhibit good 

spectral resolution, but due to charge spreading, lose energy. 
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Figure 2-13 Spectra of various-sized test pixels. The best spectra occur for medium-sized 
pixels. Large pixels suffer from trapping, while small pixels lose energy due to charge 
spreading (Eskin, 1999). 

Gamma-ray interactions almost always produce measurable signals in more than one 

pixel. Positive signals result from local charge diffusion and charge deposition from K-

shell X rays. Negative signals result from charge induction effects due to charge trapping. 

These features were experimentally verified by Eskin (1999) and are shown in figure 2-

14. As a result, energy resolution from small pixels is very poor. Fortunately, there is a 

solution to this problem. 
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Figure 2-14 Continuity of hole currents; measured signals on the left, Eskin's simulation 
on the right. The signal from an alpha particle incident on the 500 |j.m pixel electrode is 
sensed simultaneously in the front electrode, the pixel, and the surround. The (+) 
symbols plot the mathematical subtraction of the Pixel signal from the Front signal, 
which lies, as expected, right on top of the Surround signal plot (Eskin, 1999) 

2.4 Processing of pixel signals 

While small pixels improve energy resolution by making use of electron-only signals, 

the aspect ratio of these pixels cannot be made infinitely small due to charge sharing 

between pixels. The physical mechanisms for charge sharing include: photoelectron 

range, charge diffusion, K x-rays, and scattering. The photoelectron can have a range 

such that it escapes the pixel, and is of concern when the width of the detector pixel is 

small compared to the photoelectron range. Charge diffusion is charge spreading that 

occurs perpendicular to the direction of the electric field. Charge diffusion and 

photoelectron range are short-range processes; energy can be shared between neighboring 
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pixels (Barber et al.; 1997). In CdZnTe, K x-ray escape and Compton scatter are longer-

range processes and may deposit charge several pixels away (Barber et al., 1997). These 

processes have a detrimental effect on the pulse-height spectrum, resulting in an energy 

spectrum displaying a long tail below the photopeak. Such a tail is shown in the single-

pixel energy spectrum for Tc-99m with a 500 )j,sec integration time and -200 volt bias as 

shovm for a 125-micron pixel in figure 2-15 (Barber et al.; 1997). This spectrum, 

although it looks similar, is different than one obtained using hole signals. Trapping is 

insignificant in this spectrum because of electron-only dominance. The long tail is due to 

charge spreading effects. 

One means of compensating for this loss of charge to neighboring pixels is to sum the 

signals of several pixels together. There are two disadvantages to blind summation of 

pixel signals. First, addition of multiple pixel signals results in a larger pixel, nullifying 

the small-pixel effect because we now have a larger aspect-ratio pixel. Second, pixel 

noise increases as the square root of the number of pixels summed. 

By first using an energy threshold and then summing a small number of pixels, the 

deleterious effects of charge sharing can be mitigated and the benefits of the small pixel 

effect can be realized. Marks et al. (1996), after correcting pixels for gain and offset 

effects, summed pixels in a 15 x 16 array using a 4 keV threshold; pixels were corrected 

for gain and offset. The large size of the array was chosen in order to make 
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Figure 2-15 Spectrum from a single pixel in the 48 x 48 array showing almost 
nonexistent energy resolution due to the spreading of signal to neighboring pixels. 

corrections for charge scattering due to K x-ray escape and Compton scatter. Using flood 

illumination, a single pixel spectrum was taken with this threshold. The results are 

shown in figure 2-16. The energy resolution of this spectrum is 10 keV, degraded in part 

by the addition of noise from adjacent pixels. The noise introduced by summing only 

four pixels was low. 
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Figure 2-16 Histogram of signals above 4 keV threshold summed in a 15x16 pixel array 
with a Tc-99m (140 keV) with 0.5 mSec integration time. The 140 keV peak has an 
energy resolution of 10 keV FWHM, and 80% of the events lie within ± 14 keV of the 
photopeak (Marks et al., 1996). 

Charge recovery using pixel summation results in a much-improved photopeak 

fraction that is important for both spectroscopic and imaging applications. If narrow 

energy windows are used, any charge sharing between pixels will result in a significant 

loss of counting efficiency unless corrective techniques such as those described are used. 

In most practical nuclear-medicine applications, gamma-ray hits are expected to be sparse 

allowing the summation of pixels to be implemented in software. 
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CHAPTER 3 

3. ARRAY FABRICATION 

As mentioned in chapter 1, we are developing more compact imaging systems than 

possible with scintillators by using hybrid detectors. There are many techniques 

available for connecting detectors and their readout electronics; further development of 

these techniques is in progress. The emphasis of this chapter is on the fabrication of 

hybrid CZT arrays. 

Our brief discussion of hybrid arrays in chapter 1 ignores several difficulties. During 

fabrication, the probability of success of each processing step is less than one. A hybrid 

approach requires an elaborate arrangement of alignment and interconnects; the process 

is very labor intensive. The probability of obtaining a working array is the product of the 

probabilities of each of the intermediate steps, so achieving a high yield can be difficult. 

Limitations arise during hybridization because of the need for tight dimensional 

tolerances during the fabrication of both the readout chip and the detector array. The 

overall system design must address questions regarding mechanical packaging and 

electrical integrity of small signals. 

Nevertheless, the hybrid approach satisfies the requirement for large detector arrays 

using the integrated circuit approach. There are three major advantages of the hybrid 

approach. First, hybrids are an economical method for high-density packaging of 

detectors (as compared to thousands of separate amplifier chains). Second, the readout 
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circuits and detector materials are optimized separately in terms of function. Third, the 

hybrid approach allows for on-chip signal processing, which can result in a more compact 

imaging system. This method of packaging detectors holds great promise for nuclear-

medicine imaging and is of considerable current interest to researchers in this field. 

This chapter describes the integration of a CdZnTe detector array and its readout 

circuit. We begin the chapter by defining the system requirements and how they relate to 

specific readout and detector requirements. We then review suitable readout circuits for 

gamma-ray imaging. The remainder of the chapter covers the fabrication and process-

screening tests used to mitigate technical risk and obtain a working imager. 

3.1 System requirements for a nuclear-medicine imaging system 

In general, the hybrid design must consider several major functions: photon detection, 

charge storage, conversion of charge into a voltage, and multiplexed readout. In order to 

understand the origin of our hybrid design requirements, refer to figure 3-1, which 

defines the relationship between imaging system parameters and readout circuit 

requirements. 
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System Requirements 
• Spatial Resolution 
• Energy Resolution 
• Counting efficiency 
• Frame rate 
• Power consumption 

Hybrid performance requirements 
•Array configuration 

Pixel size 

Array size 
Resisitivity 
Buttability of readout to detector 

• Circuit architecture 
Read noise 
Unit cell size 
Integration time 

• Offset and gain variations 
• Conversion gain 

• Output voltage swing 

• Charge storage capacity 

Figure 3-1 Issues driving the design of a readout circuit. 

3.1.1 Detector requirements 

Our system was designed to image gamma-ray emissions from Tc-99m. In order to 

keep the radionuclide dose to the patient as low as possible, the detector must be able to 

stop a significant number of high-energy photons. This requirement limits the choice of 

detector material to substances having high-mean atomic numbers such as CdZnTe. A 

high-mean atomic number translates into a large linear attenuation coefficient, resulting 

in good gamma-ray stopping power. A graph of the linear attenuation coefficient of 
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Cdo.gZno.iTe was shown in figure 2-4. The photoelectric stopping power of a material is 

proportional to where Z is the atomic number of the material (Barrett and Swindell, 

1981). Higher-atomic-number materials also have high mass densities (g/cm^), allowing 

the use of thinner detector substrates. High-atomic-number materials also have large 

bandgaps. Bandgap is important because it is related to the resistivity of the material. 

Large- bandgap materials have high intrinsic resistivity. 

High-resistivity material is a requirement for room-temperature operation. High-

resistivity material allows the use of a higher bias voltage, which increases the electric-

field strength and improves the efficiency of charge collection. Use of high-resistivity 

material also results in decreased leakage current and the noise associated with it. 

High spatial resolution is another requirement of our imaging system. Semiconductor 

detectors can be patterned into small pixels using photolithography, providing improved 

spatial resolution over that available with current gamma cameras. Detectors with high 

spatial resolution can be used in conjunction with pinhole collimators to increase the 

system sensitivity as outlined in Rogulski (1993). 

Finally, technological feasibility is important in the selection of detector materials. 

Detector fabrication and crystal growth techniques for a chosen semiconductor material 

should be advanced enough to result in a high yield of detector wafers. This fact 

ultimately translates into large quantities of material being available at a reasonable price 

in order to build systems economically. 



109 

3.1,2 Readout Integrated Circuit Requirements 

Solid-state detection methods use the ionization produced in the detector as a result 

of energy transfer from the gamma photon. Regardless of the number of detector 

elements or circuit topology, the readout circuit performs a number of functions. First, 

the readout circuit integrates the charge due to a gamma-ray event. The primary function 

of the readout circuit is to provide linear gamma-ray signal conversion and amplification 

of a small detector signal. Second, the readout circuit serves as the physical interface to 

the detector. The detector produces a low-amplitude signal, so a low-noise preamplifier 

in the readout circuit is required. The readout preamplifier amplifies the detector signal 

into a usable output at the desired impedance level. These circuits also provide the 

electrical interface between the detector array and the off-chip signal-processing 

circuitry. 

Three general classes of preamplifier circuits exist (Leo, 1994): a current-sensitive 

preamplifier, a voltage-sensitive preamplifier, and a charge-sensitive preamplifier. 

Current-sensitive preamplifiers are used with low-impedance detectors and are not useful 

with high-impedance semiconductor radiation detectors. Voltage-sensitive preamplifiers 

are often used with photomultipliers or proportional counters. 

The most common type of preamplifier for use with semiconductor radiation 

detectors is the charge sensitive preamplifier (CSA). There are two main types; each type 

is shown separately in figures 3-2 and 3-3. Both types of circuits are based upon 

capacitive transimpedance amplifiers. In the resistive-feedback CSA shown in figure 3-
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2, the charge is integrated on the feedback capacitor C/. The maximum output voltage 

resistor discharges the capacitor v^ith a time constant RC. In order to achieve high gain, a 

small feedback capacitor CF is required. In order to achieve a long time constant, a large 

resistor is required in the feedback loop. Such devices are difficult to implement in 

complementary-metal-oxide-semiconductor (CMOS) technology because it is difficult to 

fabricate high-resistance CMOS resistors. Instead, such devices use a circuit that actively 

nulls the leakage current. Shaping preamplifiers are discussed again in section 3.3.4. 

Figure 3-2 Diagram of resistive-feedback charge-sensitive amplifier. In order to 
discharge the capacitor, a resistor is placed in parallel. This results in an exponentially 
decaying pulse. The output pulse usually is input into a shaping network (not shown). 

Many readout preamplifiers are a subset of a general class of circuits known as gated 

integrators, circuits that integrate for a period of time and are then reset. These circuits 

rises to a maximum of approximately and exponentially decays slowly as the 

bias 

Detector 

R 
M/V 
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use analog switches and capacitors in conjunction with operational amplifiers to perform 

various analog functions such as sample-and-hold, amplification, and integration. 

The following operational description applies to all readout circuits that use a gated-

integrating preamplifier. A gated integrator performs a transimpedance function (current-

to-voltage) and is shown in figure 3-3. Initially, the integration capacitor is reset to a 

reset 

Reset 
V, 

detector 

out 

reset 
•^nr 

/l 
/ 

v, dark 

time 

Detector 
Integration capacitor 

Detector bias voltage 

Figure 3-3 Operation of a gated integrator. The reset transistor is periodically reset to a 
known voltage Vreset- Following reset, the integration capacitor voltage ramps up as 
current is integrated, producing a voltage ramp. If a gamma ray interacts in the detector, 
a distinct current pulse results. Following a period of integration, the capacitor is reset 
and the process started over again. 

known voltage at the beginning of an acquisition period. Detector leakage current and 

current produced due to a gamma-ray event are integrated on the integration capacitor. 
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producing a time-varying voltage ramp. The output voltage corresponds to the charge 

accumulated on the capacitor. If there is no gamma-ray interaction in the detector during 

the integration period, the output voltage is due only to the leakage current and results in 

an output voltage Vdark- If a gamma ray interacts in the detector, there will be a distinct 

current pulse that results in a voltage Vp as shown in figure 3-3. Following the 

acquisition period, the capacitor is reset and the process repeated. The gated integrator is 

read out whether or not a gamma ray strikes the detector. 

The gated integrator is coupled directly to the high-impedance detector (usually by a 

small indium metal bump) to sense the electrical signal. Sufficient gain is required in the 

preamplifier to amplify low-level detector signals above the overall system noise floor. 

Oftentimes, the integration capacitor is made small to increase the gain. A key 

performance requirement of the gated integrator is low-noise operation. In the next 

section, we define how readout circuit requirements are obtained from system 

requirements, leading to a list of design requirements for the hybrid chip. 

3.1.3 Spatial resolution 

The 380-micron pixel size was chosen to minimize crosstalk due to charge spreading 

into neighboring pixels without adversely affecting total system noise due to increased 

leakage current. We determined that a pixel this size would not suffer significant charge 

loss based upon our assessment of the charge transport properties of CdZnTe and an 

analysis of the small-pixel effect (Eskin, 1997). This conclusion was reached based upon 

a combination of simulation and experiment. From a nuclear-medicine systems 
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perspective, a 380-micron pixel will not seriously compromise overall system spatial 

resolution; for the instrument described in this dissertation, system spatial resolution is 

constrained by the collimator. 

3.1.4 Charge-storage capacity 

The maximum number of electrons that can be collected without driving the output 

beyond its supply voltage is known as the charge-storage capacity. The charge-storage 

capacity is defined as 

= (3.1) 
q 

where CM is the integration capacitor size, V is the output voltage swing, and q is the 

charge of a single electron. N is the number of electrons stored. The charge-storage 

capacity is dictated by the size of the feedback capacitor and can be adjusted over a wide 

range during the readout design. We want the feedback capacitor to be large enough to 

store the integrated leakage current as well as the charge due to a gamma-ray event. The 

tradeoff is gain versus charge-storage capacity. Transimpedance gain is inversely 

proportional to the size of the feedback capacitor. For the design described in this 

dissertation, the feedback capacitor was chosen to be 60 fF, which provides a charge 

storage capacity of 375,000 electrons for a 1-volt output signal. The readout pixel 

preamplifier was designed to accommodate a maximum detector leakage current of up to 

50 pA. 
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Our nominal specification was based on using CdZnTe material with a bulk resistivity 

of 1.5 X 10 Q cm (Barber, 1995), a bias voltage of-150 volts, and a pixel area of 1.44 

current for a 1 mSec integration time will fill up approximately 20% of the charge-

storage capacity, leaving plenty of margin for signal electrons. The signal obtained for a 

141 keV gamma ray interacting in a CdZnTe detector corresponds to: 

where we have used the conversion constant for CdZnTe (4.46 eV per electron-hole pair). 

Thus, for a nominal dark current of 10 pA, the design provides adequate margin for 

the expected signal and dark current. 

3.1.5 Noise 

Noise is important because it affects the ultimate energy resolution of the detector. 

Temporal noise in a solid-state gamma-ray imaging system consists of noise due to the 

detector dark current, readout noise of the multiplexer, and noise introduced by the 

electronics. Since the signal from the detector appears as charge, noise is often specified 

using the figure-of-merit noise-equivalent charge (NEC), defined as 

X 10 cm^, resulting in an expected current of 10 picoamps. Ten picoamps of dark 

Signal = 
141xl0^eF 

s 31,600 electron - holes 
4.46eF / electron - hole 

total n,rms (3.2) 
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where Ctotai is the total input capacitance, rms is the root-mean-square noise (volts), and 

q is the charge of an electron. The noise-equivalent charge represents the amount of 

charge in the detector that would result in an output pulse with an amplitude equal to the 

output noise voltage. Noise-equivalent charge is a figure-of-merit (lower is better) that is 

specified at the input of the readout preamplifier and allows the comparison of different 

systems based on its fundamental properties. 

The noise may also be expressed in terms of an equivalent energy corresponding to the 

noise-equivalent charge. This is usually given in terms of the full-width-half-maximum 

(FWHM) of the photopeak using the relation: 

FWHM 
= 2.35NEC, (3.3) 

where £ is the energy required to create an electron-hole pair, and the constant 2.35 is 

required to convert a root-mean-square value into a FWHM value. Our initial 

specification for NEC was 200 e", set by allowing for some design margin in the 

multiplexer and based upon the fact that it would result in approximately a 10% 

degradation in the energy resolution based upon a 140 keV gamma ray. Chapter 4 

provides an analysis of noise in the readout circuit and detector. 

3.1.6 Array size 

Current detector-crystal growth technology limits the maximum practical size of 

relatively defect-free CdZnTe crystals to about one square inch. The yield of large-area 
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silicon integrated circuits was also of concern to us. Therefore, we chose to build a 25-

mm square readout chip. 

3.1.7 Settling time 

Settling time is the time required for the pixel to stabilize to a steady value prior to 

sampling by the A/D converter. The settling time was designed to be 50 nanoseconds. 

3.1.8 Buttability 

In order to cover larger imaging areas than those achievable with current devices, we 

specified that the readout be clear of bond pads on three sides in order to build imaging 

modules consisting of 2-by-n detector arrays. 

3.1.9 Power Dissipation 

The power dissipation was designed to be less than 400 milliwatts based upon 

transistor-level circuit modeling of the readout architecture. 
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A summary of our hybrid requirements is shown in table 3-1. 

Item Requirement 

Array format 4096 pixels, multiplexed in x and y, 
configured in a 64 x 64 arrangement 

Pixel size 380 |am square 

Detector interface Indium bump interconnect per pixel 

Buttability Readout shall be designed to overhang the 
detector by less than 100 jUmon three sides. 

Detector capacitance Designed for 225 fF maximum 

Detector leakage current Designed to operate at a maximum leakage of 
50 picoamps. 

Read noise < 200 electrons rms, excluding dark current 

Charge-storage capacity 375,000 electrons 

Frame rate 1000 Hz 

Number of outputs 1 per chip 

Settling time Less than 50 nanoseconds 

Operating temperature -100 ''Cto+30''C 

Power dissipation Less than 400 milliwatts 

Table 3-1 Readout integrated circuit requirements for CZT hybrid. 
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3.2 Device technology for readout integrated circuits 

The most popular technology for realizing integrated circuits uses metal-oxide-

semiconductor-field-effect transistors (MOSFETs). Field-effect transistors use a 

conductive channel whose resistance is controlled by an applied voltage. MOS circuits 

normally use two complementary types of transistors: n-channel and p-channel. Current 

is conducted by one type of carrier, either electrons or holes depending upon the type of 

channel. The basic construction of an N-channel MOSFET is shown in figure 3-4. 

gate 

drain source gate 

induced 
n-channel SiO, 

Bulk or substrate 

Figure 3-4 Basic construction of an n-channel MOSFET (Sedra and Smith, 1991). 

A slab of p-type material is formed from a silicon wafer and is referred to as the 

substrate. Two heavily doped n^ regions known as the source and drain are created in 

the substrate and have metal contacts applied to them. A thin layer (~0.1 |j,m) of silicon 

dioxide (Si02) grown on the surface of the substrate isolates the source and drain regions. 
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Metal is deposited on the top of the Si02 layer to form the gate electrode of the device. 

The MOS prefix indicates that the gate of the device has a metal-oxide structure. These 

days, gates and contacts are often made of polysilicon. Polysilicon is a material 

composed of small crystalline regions of silicon, in contrast to amorphous silicon, which 

is composed of randomly organized silicon atoms. 

The operation of the n-channel MOS transistor is based upon field-controlled charge 

flow between the source and drain terminals formed in a p-type substrate. Hence, the 

name "field-effecf transistor (Sedra and Smith, 1991). N-channel devices conduct with 

a positive gate voltage, while a p-channel device conducts with a negative gate voltage. 

Electrons conduct current in n-channel devices, while holes conduct current in p-channel 

transistors. The current flows along the channel from source to drain. The channel has a 

length L and a width W. As we will see in section 3.2.1, the channel length and width are 

important design parameters of the MOSFET. Typical channel lengths range from 1 to 

10 )am, while typical channel widths are in the range of 2 to 500 jam. It should be noted 

that MOSFETs are symmetric devices, the source and drain can be interchanged without 

any change in device characteristics. The source terminal of an n-channel transistor is 

defined as whichever of the two terminals has a more negative voltage. For a p-channel 

transistor, the source is the terminal with the more-positive voltage. 

Circuits containing both n-channel and p-channel devices are called CMOS devices, 

short for complementary MOS. CMOS technology is attractive for system integration 

because of its low power dissipation, low noise, and high functionality for both digital 
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and analog applications. CMOS technology provides high packing density and low 

power for digital applications, while simultaneously satisfying the high gain and slew-

rate requirements of analog applications. 

3.2.1 Operation of the MOS transistor 

3.2.1.1 Operation without any applied voltage 

The basic operation of a MOSFET will be described with respect to an n-channel 

transistor. Consider figure 3-4 and imagine that the gate has zero volts applied to it, the 

source has zero volts applied to it, and the drain has zero volts applied to it (figure 3-4 

shows an applied voltage). There are two back-to-back diodes formed in series between 

the source and drain. The p-n junction between the n"^ drain region and the p-type 

substrate forms one diode, while the second diode is formed by the p-n junction between 

the p-type substrate and the n"^ source region. These back-to-back diodes prevent any 

current from flowing even if a drain-to-source voltage is applied. 

3.2.1.2 Operation with a positive gate voltage 

Application of a small positive voltage to the gate depletes the region beneath the gate 

of positive mobile charges. Increasing the gate voltage attracts electrons from the n^ 

source and drain regions into the channel region. As the gate voltage is further increased, 

the number of electrons accumulated in the channel beneath the gate increase. 

Eventually, the channel becomes an n-region with mobile electrons connecting source 

and drain. The gate-source voltage for which a conducting channel will form between 
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the drain and source regions is known as the threshold voltage, V,. The value of the 

threshold voltage is controlled during fabrication and is in the range of 1-3 volts (Johns 

and Martin, 1997). 

Application of the threshold voltage to the gate means a current can flow between the 

drain and source if a voltage is applied across the drain and source. Such a device is 

called an enhancement-mode n-channel MOS transistor because a conducting channel is 

enhanced by application of the gate voltage. By reversing the doping of the substrate, 

source, and drain regions, an enhancement-mode p-channel MOS transistor is formed. A 

p-channel device uses voltages of opposite polarity to those of an n-channel device. The 

devices discussed are normally "off until the application of a gate voltage. There are 

MOS devices known as depletion-mode devices that are normally "on" without the 

application of a gate voltage. Such devices are not used for readout circuits. 

3.2.1.3 Operation with a positive gate voltage and small drain-source voltage 

Application of gate-source voltages greater than the threshold voltage results in a 

conducting channel whose conductance is proportional to the voltage difference between 

the gate-source voltage Vgs and the threshold voltage Vi. This voltage difference is 

known as the effective gate-source voltage (Johns and Martin, 1997) and is defined 

as: 

Kjr=V,-V,. (3.4) 

The charge density in the channel is given by; 
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Q, = C„AV,.-K), (3.5) 

where Coj is the capacitance per unit area and is defined as: 

(3.6) 

The parameter is the relative permittivity of Si02 (~3.9), So is the permittivity of 

free space, and fox is the thickness of the oxide layer under the gate. Equation 3.5 is valid 

only when the applied voltage to the drain and source is near zero; otherwise the effects 

of parasitic capacitance in the transistor must be accounted for. The total gate 

capacitance is obtained by multiplying Cox by the effective gate area, JVL, where we have 

previously defined W as the gate width and L as the gate length. The total gate 

capacitance is given by 

If the drain voltage is now increased above zero volts, a drain-source potential 

difference exists and a current flows from drain to source. For small values of the drain-

source voltage Vds (slightly above zero), the relationship between the drain current Id and 

Vds is the same as for a resistor. This relationship is given by (Sze, 1981; Johns and 

Martin, 1997) 

(3.7) 

and the total charge in the channel is given by: 

Q=fFLC,JF^, -F,) .  (3.8) 
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(3.9) 

where iu„ is the electron mobility near the silicon surface, and Qn is the charge 

concentration per unit area in the channel. 

3.2.1.4 Operation as drain-source voltage is increased 

As the gate-source voltage, Vgs, is further increased beyond the threshold voltage, the 

charge density in the channel increases, causing an increase in the drain current. For 

drain-source voltages up to one threshold voltage less than the gate-source voltage, the 

MOSFET operates in the triode region and the relationship between Vds and Id is given by 

(Sedra and Smith, 1991; Johns and Martin, 1997) 

If we hold Vgs constant and increase Vds, the drain current will eventually saturate. 

The saturation of Id occurs because the drain end of the channel of the MOSFET narrows 

and pinches off as shown in figure 3-5. Pinch off occurs because the drain voltage is 

higher than the source voltage; there is an increasing voltage gradient from source to 

drain, resulting in a smaller gate voltage at the drain end of the channel. This causes the 

width of the channel to decrease at the drain end. A pinched-off channel occurs for 

drain-source voltages (Sze, 1981; Sedra and Smith, 1991; Johns and Martin, 1997) 

(3.10) 
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p-substrate 

V, Pinch-off 

V. ds 

Figure 3-5 MOSFET in saturation. For a fixed value of Vgs, the channel between the 
source and drain will eventually pinch-off as Vds is increased. The reason is that as Fds 
increases, the drain to gate voltage will decrease and the gate will become less positive 
with respect to the drain. The reduction of the drain-gate voltage will reduce the electric 
field in this region of the induced channel, causing a reduction in the effective channel 
width. Eventually, there is not enough voltage to attract electrons to this region of the 
channel, and pinch-off occurs. When operating in the saturation region of a MOSFET, 
any further increase in Vds will not affect the level of drain current (Sedra and Smith, 
1991; Johns and Martin, 1997). 

At the beginning of pinch-off, the triode-region and saturation-region drain currents 

are equal. The relationship describing MOS33FET operation in the saturation region can 

be found by substituting equation (3.11) into equation (3.10), resulting in 

(3.11) 

(3.12) 



125 

For a given fabrication process, the quantity is a constant. For a given gate-

to-source voltage, the only parameter available to the designer is the transistor aspect 

ratio. The aspect ratio of the transistor, WjL, controls its conductivity. The saturation 

region of a MOSFET is important because amplifiers are constructed with transistors 

operated in this region. Typical drain characteristics of a p-channel transistor are shown 

in figure 3-6. Measured data for our test devices fabricated by Mitel will be shown in 

section 3.4 

Recall that the gate-to-source voltage controls the drain current of a field-effect 

transistor. The gain of a field-effect transistor is expressed in terms of its current-voltage 

characteristics. The parameter that expresses the gain of a MOSFET is known as the 

transconductance gm- It is defined as the ratio of the change in drain current {AIq) to the 

change in gate-to-source voltage (AVgs). Therefore, we have 

If ID is expressed in amperes and Fgs is expressed in volts, is expressed in mhos or 

siemens. It can also appear in units of amperes per volt. The transconductance of a 

MOSFET is the analog of P for a bipolar transistor. In terms of MOSFET parameters, g^ 

is given as (Johns and Martin, 1997) 

(3.14) 
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Typical P-channel IVIOSFET current-voltage characteristics 
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Figure 3-6 MOSFET I-V characteristics. 

where K' is the transistor transconductance parameter ()j,A/volt^), ID is the drain current 

()aA), and W (|a.m) and L (|im) are the respective transistor width and length. 

3.3 Readout ASIC approaches for gamma-ray detectors 

The silicon readout circuit has benefited from decades of development driven 

historically by defense applications. Microelectronics feature size has steadily decreased 
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over this same time frame, resulting in increasingly sophisticated readout integrated 

circuits. A conceptual block diagram of a gamma-ray-imaging hybrid was shown in 

figure 1-8. A gated integrator was shown in figure 3-3. 

The high-impedance detector array is connected to a temporal integrator, a separate 

one for each individual detector. A reset switch is used to reset the integration capacitor 

to a fixed voltage level, after which charge is integrated on a capacitor, which provides a 

current-to-voltage conversion. A low-output-impedance buffer amplifier feeds the 

integration capacitor voltage to a switched-FET multiplexer. The multiplexer addresses 

each individual preamplifier and routes signal voltages from the output of each 

preamplifier to the input of the output amplifier. The circuitry from the detector output to 

the multiplexer input is defined as the unit cell. The name unit cell is derived from the 

fields of integrated circuit processing and solid-state physics in which an individual 

cluster of repeated transistors is known as a cell. There are several approaches to unit-

cell amplifier design, and Augustine (1994) has analyzed several circuit topologies that 

are appropriate for a gamma-ray imaging system. We will summarize the more common 

approaches here. 

3.3.1 Source follower-per-detector (SFD) 

The SFD circuit shown in figure 3-7 is the simplest readout consisting of a total of 

three transistors in its most basic form, in the unit cell. The unit cell consists of an 

integration capacitor a reset transistor Qrst operated as a switch, and the source-

follower transistor QI. In this type of readout circuit, the integration capacitor is formed 
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from the parallel combination of the input gate capacitance (Q) of the field-effect 

transistor Qi and the detector capacitance {Cdet)'-

c  = r +r 
^int ^ '-'det • 

(3.15) 

Reset switch 
> q 

From address logic 

rst 

fd 

qi 
V, out 

Snt 

det 
^gate capacitance 

To multiplexer time 

Detector 

Figure 3-7 Source-follower-per-detector unit cell. This circuit is a three-transistor unit 
cell. The integration capacitor is formed from the parallel combination of the junction 
capacitance of the gate of the source- follower transistor and the detector capacitance. 
The circuit is reset by pulsing transistor Qrst- It then integrates for a specified time, ti„t 
and is reset. 

The gate capacitance of the source-follower transistor is designed to be larger than the 

detector capacitance. The aspect ratio of the source-follower transistor is then set by the 

required size of the integration capacitor. The size of Qm and the transistor length L, 

determine its width, W. The minimum length of the transistor is set by the design rules of 

the foundry for a given fabrication process. The SFD readout differs from other readout 
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circuits to be discussed in this section because its integration capacitor is formed by the 

gate capacitance of a transistor. The fact that the integration capacitor is formed by the 

gate capacitance limits the magnitude of the gain achievable by this device. A typical 

conversion gain value for this circuit is 1 microvolt per electron. 

Operation of the SFD begins by resetting the gate to the reference voltage by closing 

the switch transistor Qrst- Detector dark current and signal current due to a gamma-ray 

pulse are integrated on the gate node capacitance during the integration period. The 

output voltage of this device, Vout, is given by; 

Y =Y -out rsl ^ ' 
înt 

where is the reset voltage, and Q^t is the integrated charge. Each detector is 

connected to its own source-follower amplifier whose output voltage follows the input 

voltage. If Asf is the gain of the source follower {Asf < 1), the charge-to-voltage 

conversion of this circuit is jmeasured in volts per electron. The unit cell is 

read out by selecting the cell and sampling the output source follower. 

The SFD readout, like other reset integrators to be discussed in this chapter is 

susceptible to reset or kTC noise (section 4.4) unless correlated double sampling (CDS) 

is used. In any gated integrator, reset noise occurs because, before each pixel is read, the 

capacitor is reset to a voltage Vreset, which will be slightly different each time because of 
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the finite resistance of the reset circuit (Barrett and Myers, 2004). The capacitor voltage 

will have a fluctuation or uncertainty of (see section 4.3.3.1): 

where vnoise is the noise voltage, k is Boltzman's constant, T is the temperature in Kelvin, 

and C is the capacitance. Equation (3.18) can also be expressed as a noise equivalent 

charge where q is the charge of an electron: 

As a guide, a 1-pf capacitor at room temperature has kTC noise of 400 electrons. 

Since the reset noise is constant (very-low frequency) during the readout of a pixel; this 

type of noise can be eliminated by taking the difference between the capacitor voltage 

before and after signal charge is sampled. This double sampling of the capacitor is 

known as correlated double sampling (White et al., 1974; Barbe et al., 1975; Wey et al., 

1986, 1990). 

The SFD circuit has the advantage of being very simple. We ruled out this type of 

unit cell because the inherently low conversion gain of this circuit (because it is based 

upon the parallel combination of the junction capacitance of the input FET and the 

detector capacitance) makes system noise management difficult. The SFD readout has 

another limitation in that being a passive integrator, the detector is not maintained at a 

constant potential. As the leakage current and signal debias the integration capacitance, 

noise (3.16) 

nec = 4M:. 
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the detector also debiases resulting in a non-linear signal response. The main application 

of this type of unit cell is in circumstances requiring very small unit cells. Cuzin (1995) 

has investigated the source-follower-per-detector unit cell for sensing X-rays in digital 

mammography. 

3.3.2 Direct Injection (DI) 

A typical direct-injection unit cell is shown in figure 3-8. This type of unit cell 

consists of an integration capacitor (C,>,;), an injection transistor (Qi), a reset transistor, 

and a cell selection transistor. As with all gated integrators, the unit cell is operated by 

first resetting the integration capacitor. Gamma-photon-induced current and detector 

dark current are integrated on the integration capacitor through the injection transistor. 

The electron conversion gain of this circuit is determined by the size of the integration 

capacitor, and has a value of volts per electron. 
/ int 

Bus 

Cell Select 

Reset 

Vdd 

Vbias 

Injection 
transistor 

Cint 
CdZnTe 
Detecto 

.det- Cdet 

Vload 

Detector bias 

Figure 3-8 Direct-injection unit cell. 
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The primary advantage of the DI circuit is its large charge-handling capability, which 

is not a requirement for single-photon-counting systems. In the DI circuit, the integration 

capacitor is coupled directly to the output bus capacitance of the multiplexer. This limits 

the minimum size of the integration capacitor, otherwise charge sharing between the bus 

capacitance and the integration capacitance can occur, and means that the circuit will 

have a smaller transimpedance gain but a larger charge-storage capacity. The 

disadvantage of this circuit is that its performance severely degrades when the source 

current through the injection transistor is small, resulting in high input circuit resistance 

and noise in the injection transistor. 

These drawbacks make it unsuitable for applications where leakage current or event 

rates are very low. For these reasons, we did not consider the direct-injection readout 

circuit for our imaging application. The direct-injection readout circuit is not used very 

often and in many instances has been replaced by the buffered-direct-injection readout 

circuit. 

3.3.3 Buffered Direct Injection (BDI) 

The buffered-direct-injection readout circuit modifies the direct-injection circuit by 

adding an inverting amplifier in feedback between the injection transistor and the detector 

as shown in figure 3-9. The inverting amplifier reduces the input impedance of the DI 

circuit resulting in better current flow through the injection transistor. 
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Figure 3-9 Buffered-direct-injection unit cell. 

During our initial evaluation of the use of hybrid readout circuits as nuclear-medicine 

imagers, we tested a Litton multiplexer containing a BDI unit cell that performed well 

(Barber et al., 1993). However, since this circuit does not work well when event rates or 

dark current are very low, we eliminated this readout circuit from our short list of 

candidate circuits. 

3.3.4 Shaper circuits 

Shaper circuits use a combination of high-pass and low-pass filters to remove excess 

noise from the current pulse produced by the detector (Augustine, 1994). As shown in 

figure 3-10, it has a more complex unit cell than any of the previous readout circuits 

discussed. 
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Figure 3-10 Shaper readout circuit. 

The first stage of the unit cell is an integrator that transforms the current pulse into a 

voltage step. A high-pass filter differentiates the output of the transimpedance stage. 

Several low-pass filters follow the high-pass filter, shaping the pulse. The output of the 

shaper feeds a peak-hold circuit that stores the peak value of the pulse. 

The shaper has the best noise performance of all readout circuits considered because 

of the bandpass filter in the circuit. This circuit was considered technically risky for the 

development of a prototype system because of its complexity. In addition, it was 

determined that the better noise performance offered by this type of circuit would not be 

required since we expect to be dominated by noise due to leakage current (Augustine; 

1994). 
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3.3.5 Capacitive transimpedance amplifier (CTIA) 

A capacitive transimpedance amplifier is shown in figure 3-11. This circuit comprises 

an integration capacitor operated in feedback around a high-gain inverting amplifier with 

a gain of A reset switch in parallel with the integration capacitor periodically resets 

the output node to a known voltage level. Following reset, the reset switch is opened, 

allowing the detector current to integrate on the feedback capacitor. Following the 

integration period, the charge accumulated is stored on a sample-and-hold capacitor and 

analog sampled by a multiplexer where it is sent to the output video drivers. Analog 

correlated double samplers are often added to the unit cell to reduce kTC noise. 

Like the SFD, DI, and BDI readouts discussed in this section, the gain of this circuit is 

determined by the value of the feedback capacitor; extremely high gain is possible with a 

CTIA. The transimpedance gain (volts/electron) for a CTIA is 

c , ,+  
c  + c  înt  ̂"^det 

where Ayg is the open-loop gain of the amplifier. Following an integration period, the 

reset switch is closed and the process is repeated again. 
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Figure 3-11 A capacitive transimpedance amplifier unit cell. In the simplified schematic 
shown, the integrator feeds a sample-and-hold circuit. In many CTIA circuits, a 
correlated double-sample-and-hold is placed between the integrator and sample-and-hold 
sections to reduce kTC noise. 

We chose to develop a gated-integrator version of the CTIA based upon our successful 

experience with germanium PIN detectors and later CZT-based arrays (Barber et al., 

1993, 1994, and 1997). 

3.4 Hybrid Development 

Development of a gamma-ray-imaging hybrid is a significant technical challenge, 

placing very demanding requirements on both materials and technology. The ultimate 

goal of this process is to satisfy the need for large detector arrays using the integrated 

circuit approach. Because of the magnitude of the effort required, several levels of 

testing are inserted during the fabrication process to screen for defective components. 
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Figure 3-12 describes the fabrication process for a hybrid. We will cover each of these 

process steps in more detail in the following sections. Table 3-2 illustrates the various 

levels of testing required to fabricate a hybrid. At the lowest level, detector material and 

readout wafers are tested prior to assembly into a hybrid. As the level of assembly 

increases, so does the amount of time required for testing. In the case of our prototype 

design, we dedicated months to map out the detector array, find the operational ranges of 

our system, and understand problems with the device. The following section is devoted 

to the description of these tests as they relate to the fabrication process. 

Assembly Test Parameters Type of Test Effort 

Detector witness 
pieces 

Test spectra Screening Low 

Process test plug MOSFETI-V curve Screening Low 

Readout array Noise, DC Linearity, Uniformity Characterization Moderate 

Hybrid Arrays Noise, uniformity, gamma-ray response, 
energy resolution 

Performance 
evaluation 

High 

Multi-array modules Imaging System 
evaluation 

High 

Table 3-2 Component-level through system-level device testing efforts in a hybrid array. 
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Figure 3-12 Hybridization roadmap. Shown above are the major process steps in 
fabricating a CdZnTe hybrid. Detector wafers and readout dies follow separate test paths 
until they are combined into a hybrid. This labor-intensive process is necessary to 
improve final device yield. 

3.4.1 Readout fabrication and pre-hybridization testing 

The Arizona 64 x 64 readout was fabricated at Mitel, in Quebec, Canada, using a p-

well, double-metal layer, double-polysilicon layer, 3-|am CMOS process. Two 

polysilicon layers are used to realize highly linear polysilicon-to-polysilicon capacitors in 
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which a thin oxide layer is used to separate the polysilicon layers. The general process of 

design and fabrication of a readout integrated circuit is illustrated in figure 3-13. 

Figure 3-13 contains several keys to a successful readout design. The first is to 

properly define circuit inputs and outputs based upon system requirements. System 

specifications are rarely set in concrete; they can change as the result of tradeoffs made 

1.) System Analysis 

Specification 
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Test 

Readout IC 
Design 

Tradeoffs 

Preliminary 

Design 

Review 

2.) Analog Design 

Detailed Desig: i 

I 3.) Digital Design 

I 

r" 
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Foundry Tape 

and Process TC 

Control Logic 

Design 

4.) Design Layout 

Design 
Verification 

Design 

Review 

Control Logic Unit 

Layout Cells 

Route Core 

ReadoutIC Layout 

I 5.) Layout verification 

A.) Design activities in development of a readout 

iC 
test plug 

FET 

Stimulus 

FET 

Stimulus 

J 
rrz:;:rd 

Coefficients 

Foundry samples Computer Spice model of readout circuit 

B.) SPICE Model Development 

Figure 3-13 Design of a readout circuit. A.) Design activities B.) Spice model 
development of circuit coefficients used to support design of integrated circuit. 
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between cost and performance. The second is a good analog design. For our application, 

the CTIA was the best choice based upon our designer's experience. The third key is 

developing accurate MOSFET device models (figure 3-13b). 

Extensive device models exist for the computer simulation of CMOS circuits. 

However, before the models can be used, proper model parameters that describe the 

characteristics of a given device must be supplied. Generally, extensive device model 

parameters are not available from wafer manufacturers. Therefore, before a design can 

begin, devices must be tested to obtain suitable device parameters. Test plugs, which are 

foundry samples of p-charmel and n-channel FETS fabricated by the Mitel foundry, were 

measured to determine transistor parameters needed by the SPICE simulator to verify our 

design. 

3.4.2 Process verification: Transistor I-V Curves 

We measured current-voltage curves, source-follower gain, and noise parameters for 

transistors of different gate width-to-length {W/L) ratios. The test configuration for 

transistor 1-V curves is shown in figure 3-14. A computer-controlled power supply and 

200-kQ resistor were connected in series to the drain of the transistor under test. The 
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Figure 3-14 Measurement of MOS transistor current-voltage characteristics. 

source of the transistor was grounded, while the gate was connected to a DC power 

supply. The test system sweeps the supply voltage Vdd, and the computer measures the 

drain voltage, Vdrain- The drain current is calculated from the known value of the resistor. 

This test was repeated for gate voltage increments of 0.5 volts over the range of 0-5 volts. 

Typical curves are shown in figure 3-15. These characteristic curves help verify the 

Mitel fabrication process as well as provide the circuit designer with information about 

the characteristics of FETs obtained from the Mitel foundry. 
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Figure 3-15 Typical MOSFETI-V characteristic for an n-channel test transistor. 

3.4.3 Process verification: Source-follower gain 

Figure 3-16 shows the test setup used to measure source-follower gain of the Mitel test 

plugs. The drain of the source follower was connected to -3.16 volts for the p-channel 

devices, and +3.16 volts for the n-channel devices. The gate voltage, Vgate, was varied. 
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Figure 3-16 Experimental setup for source-follower gain measurements of test plugs. 

and the output source-follower voltage, Vs, of the device under test was monitored. A 

200-kQ load resistor was connected from the source of the test transistor to ground. 

Typical gain curves for the n-channel and p-channel devices are shown in figure 3-17. 

The p-channel source followers have a gain of approximately 0.78 volts/volt, while the n-

channel devices have an average gain of approximately 0.84 volts/volt. We considered 

the results of these tests acceptable. 
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Figure 3-17 Source-follower gain curves measured from test plugs. The n-channel curve 
has a gain of approximately 0.84 volts/volt, while the p-channel device has a gain of 
approximately 0.78 volts/volt. 
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3.4.4 Process verification; Transistor noise measurements 

In our application, good noise performance is a very important requirement of the 

application-specific integrated circuit (ASIC). We also needed to measure the 1/f noise 

coefficient Kf as an input parameter for SPICE simulation and verification of the MITEL 

fabrication process. IC foundries do not provide flicker-noise coefficient values. 

Consequently, the noise performance of the Mitel process was characterized. The 

dominant source of noise in MOS transistors for frequencies below 1000 Hz is 1/f noise 

(Allen and Holberg, 1987). The input-referred-voltage-noise spectral density for a MOS 

transistor can be approximated by (Allen and Holberg, 1987): 

= (volts^/Hz) (3.17) 

where Kf is the flicker noise coefficient (volt^-farad), W is the transistor gate width, L is 

the transistor gate length. Cox is the capacitance per unit area, and / is the frequency in 

Hertz. We wish to determine the process-dependent parameter Kf. Equation (3.17) can 

be rewritten as: 

log(5„(/)) = log 
K 

WLC., 
•log(/). (3.18) 

By plotting versus log(5'„(/)) and measuring the intercept, which is \og[KlWLC^^^'], one 

can extract the parameter K (Allen and Holberg, 1987). The measurement setup is shown 

in figure 3-18. 
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Figure 3-18 Experimental setup for test plug noise measurements. 

During this measurement, the gate of the transistor was connected to its drain, which 

had 3 volts applied to it. A 200-kQ resistor was connected between the source of the 

FET and ground. The input to the low-noise amplifier was connected to the source of the 

device under test. The amplifier noise was determined to be negligible. The output of 

the amplifier was connected to a spectrum analyzer that recorded noise. The power 

spectral density of the test plugs varied from 30 nanovolts per root Hertz to 300 nanovolts 

per root Hertz for the smallest n-channel FET. This is consistent with (3.17), which 

shows smaller-sized devices have larger low-frequency noise. There was approximately 

a 1-volt drop across the FET at 3 volts bias using a 200-kQ load resistor, which results in 

a FET resistance of approximately 100 kQ. Comparison of these results with the white 

noise spectral density for a 100-kQ resistor, S{f) = yl4kTR , results in a noise spectral 

density of approximately 40 nanovolts per root Hertz, and shows the results are consistent 
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24 2 with measurement. The 1/f noise parameter ranged from 2.1x 10' volt -farads for the 

n-channel device down to 4.5 xlO"^'' volt^-farad for the p-channel device. Augustine felt 

that these values were good and typical of a low-noise CMOS process. 

3.4.5 Wafer probing 

Following completion of the design and process verification measurements, we had a 

successful fabrication run. Twenty 100-mm diameter wafers were delivered, each 

containing 7 readouts (see figure 3-19). Of the twenty wafers delivered, fifteen wafers 

were selected for probe testing; the remaining five were stored for future use. 

Probe tests are functional tests of an integrated circuit. These tests provide 

information on whether individual dies are operable. A wafer prober is a machine that 

makes mechanical contact with the readout die so that electrical measurements can be 

made. Probe tests include clocking shift registers to determine switch continuity, pixel 

gain and offset maps to identify defective pixels, and light sensitivity tests to determine 

individual unit-cell function. Seven percent of the wafers tested were perfect, while 

thirty percent of the readouts tested were acceptable. The difference between acceptable 

and defective readouts is the presence of dead pixels or slightly high current drain on one 

pad. 
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Figure 3-19 Photograph of 100-mm diameter silicon wafer containing seven readout 
chips. Test structures are located on the left and right sides of the wafer about midway up 
the wafer. 

Our prototype specification requires that individual devices have no more than one 

dead row or column. An example of the results obtained during probe testing is shown in 

figure 3-20. In each of the probe tests, the output of the readout circuit was connected to 

an oscilloscope for display. Each of the current bias lines in the readout chip was 

monitored for excessive current draw. Device operability as measured by light response 

and unit-cell offset adjustment was also very good. The two devices shown were 

considered perfect, as there are no dead rows or columns. 
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Figure 3-20 Oscilloscope trace of wafer probe tests. Power was applied to the devices 
during test and the readouts clocked to ensure device operation. In the photos above, 
gain (left) and offset (right) of the readouts were measured to see that all rows and 
columns are operable. In the devices shown, the two readout chips are considered 
perfect, as there are no dead rows or columns. 

Following completion of probe testing, 7 wafers containing about 12 perfect die were 

shipped to Hughes-Santa Barbara for backside polishing, indium bump deposition, and 

dicing. Backside polishing allows the use of infrared microscopy for aligning the 

detector and readout during hybridization. Upon completion of these process steps, the 

individual dies were returned to the University of Arizona where a second round of probe 

testing determined that no readout failures occurred during this stage of fabrication. 

3.5 Practical detector fabrication 

In order to develop a prototype imaging system as well as reduce technical risk, we 

procured as many detector wafers as our budget allowed from different suppliers. Each 

detector wafer was 29-31 mm square x 1.5 - 2.0 mm thick. Digirad supplied five 
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Cd gZn.iTe wafers, and a single Cd 8Zn2Te wafer was available from the 48x48 proof-of-

principle effort (chapter 1). The company eV-Products supplied three Cd gZn iTe wafers 

of varying grade, and four wafers of CdTe:Cl were obtained from the Riga Scientific and 

Research Institute for Radioisotope Apparatus in Riga, Latvia. 

Prior to deposition of gold electrodes on the surface of the material, each detector 

wafer was polished. Surface flatness of the detector wafer is a critical parameter in the 

hybridization process. Insufficient detector flatness will result in hybridization failure. 

The detector indium bumps and the ASIC indium bumps are 15 fim x 30 j^m x 12 )am 

high. We expect a compression of approximately 50 percent, therefore the gap between 

the ASIC and detector is about 12 microns ± 2 microns. This is how we arrived at our 

flatness specification of + 2 |j,m over the central one square inch of each crystal. The 

crystals were intentionally oversized to allow for rounding of the edges during polishing. 

The remaining area of the crystal was used to provide for test structures known as 

"witness pieces" for materials characterization purposes (fig. 3-21). Gold contacts were 

placed on the front and back surfaces of the polished CdZnTe wafer. 

Six wafers had contacts applied using electroless deposition, and the seventh wafer's 

contacts were applied using vapor deposition. Surface flatness was verified using a 

WYKO 3000 interferometer. One electrode on each wafer was segmented into a 64x64 

array and test pieces of varying sizes using photolithography (fig. 3-21). Six wafers were 

sent to Santa Barbara Research Center (SBRC) for application of a barrier metal, 

deposition of indium bumps, and dicing. Indium reacts with gold, so a barrier metal is 
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used to separate the gold contacts and the indium bump. A 100-|j,m guard ring around the 

edge of the detector was used to minimize spurious current losses at the edge of the 

detector. 

il 

is 

llii 

• 

Figure 3-21 Detector wafer and witness test pieces. The center grid shows the 4096-
element detector array. Test pieces are shown around the periphery of the detector wafer. 
The 7 square test structures around the periphery of the array range from 125 microns to 
2000 microns. The test structures are separated from the surrounding metal electrodes by 
a 25-fa.m guard ring. Alignment marks are provided around each edge for sawing the 
wafer. 
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3.5.1 Indium-metal interconnects 

Indium-bump emplacement is one of the final fabrication steps prior to hybridization. 

With a large-area array like our hybrid, optimization of the hybrid design required a 

number of tradeoffs regarding indium bump size during fabrication. Large bumps result 

in more contact mating area. The use of larger indium bumps results in a more robust 

hybrid that has more tensile and shear strength in maintaining the detector chip in place 

during handling. We used 10-)am high bumps. An interferometer scan of an indium 

bump is shown in figure 3-22. Taller indium bumps are preferred for two reasons. First, 

the bump can be used to compensate for non-flatness of either the detector wafer or the 

silicon readout chip. Second, since indium stays ductile and compliant over a wide range 

of temperatures, it maintains contact between two dissimilar materials with ordinary 

coefficients of thermal expansion. This fact helps keep the hybridized device from 

delaminating as it is cooled from room temperature to -20 "C. 

There are several ways in which the indium bumps can be designed. The following 

methods have all been successful in flip-chip mating. Each one has applications to 

specific hybrid configurations, and tradeoffs are required to optimize a given 

configuration. The earliest method uses two equivalent-sized circular indium bumps on 

the detector and its mating multiplexer. The disadvantage of this method is that there is 

no provision for misalignment or slippage, requiring good operator alignment. Because 

the contact surface area of the bumps is small, this method has reduced mechanical 

strength. The one advantage of this method is very high packing density. 
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A second approach is to use two dissimilar-sized circular bumps. This method can 

account for misalignment on the part of the operator and some slippage because contact 

area is maintained with the larger bump. 

Figure 3-22 Interferometer photograph of an indium bump and its corresponding 
multiplexer bond pad. Tall, 10-|a,m high bumps were used to mitigate risk during the 
development of a prototype hybrid. The multiplexer bond pad is 50 fa.m square. In the 
center of the bond pad is an 8 fim via or through hole that makes contact with the readout 
circuit. The rectangular footprint of the indium bump has been superimposed upon the 
bond pad. A mating bump is emplaced upon the detector wafer at right angles to the one 
shown. The surfaces of the detector and multiplexer are then aligned and compressed, 
forming the hybrid. 

The final method is the crossed-rectangular bump; it is the one we chose. In this 

approach, horizontally oriented bumps are placed on one part and vertically oriented 

bumps (with respect to the x-y coordinates of the device) are placed on the mating part. 

Upon hybridization, the two bumps will form a cross. This method is intended to ensure 

uniform contact mating area regardless of misalignment or slippage during hybridization. 
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Crossed-rectangular bumps also minimize the effect of any shear stresses encountered 

during and after hybridization, resulting in a more robust imaging device. Figure 3-23 

shows the layout of indium bumps on a CdZnTe substrate. 

Figure 3-23 Indium bump on detector wafer. Twelve pixels are shown. The 10-)am high 
rectangular indium bump is laid on top of a barrier metal that isolates it from the gold 
contact. The contact resistance of the bumps is a few ohms. 

3.5.2 Hybridization 

Hybridization is the final assembly step in which the detector array and readout 

circuit are aligned and pressed together so that mating indium bumps cold-weld together 

to make a permanent electrical contact. Hybridization was performed at SBRC using a 

custom hybridization tool. Experience obtained during the 48x48 phase of our program 

(Barber et al., 1997) indicated that alignment and tilt of the detector and readout with 

respect to each other are possible problems during hybridization. To alleviate alignment 
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concerns we used infrared microscopy through the readout to align the detector and 

readout, and monitor and remove tilt. Figure 3-24 shows a simplified hybridization 

picture. There are two sets of alignment markers, one set in the upper right comer, the 

Hybridization key 

Detector array 

Readout circuit 

— Hybridization key 

Figure 3-24 Alignment of readout circuit and detector array during hybridization. Small 
alignment keys were used to aid the operator during hybridization. The operator looks 
through the readout circuit during hybridization so that the picture inverts right to left. 

other set in the lower left comer of the detector. The readout circuit contains similar sets 

of alignment markers. Figure 3-25 shows an enlargement of the hybridization keys used 

to align the readout and detector wafer during hybridization. Initially, we hybridized two 

readout circuits together to familiarize the operator with the devices and increase the 

probability of a successful fabrication. There are additional alignment keys on the 

readout die (not shown in figures 3-24 and 3-25) that allow for this possibility. 

There were two hybridization mns. In the first run, a single device was hybridized 

using the Cd.gZn^Te array and a perfect readout. This device was not mechanically 

stabilized with a procedure known as wicking. Wicking is a process in which a low-
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viscosity insulating adhesive is flowed between the mated detector and readout circuit 

using a small capillary tube. This procedure improves the strength of the device and 

keeps the perimeter bump contacts from separating upon temperature cycling during 

Guard ring 
Indium bump 

Hybridization l^ey 

V 

Gold pixel electrode 

Pixel barrier metal 
Pixel indium bump 

Saw alignment marl<s 

Figure 3-25 Detector wafer hybridization key. The hybridization key is in the lower-left 
corner of the detector wafer. A guard ring surrounds the perimeter of the detector wafer. 
There are similar alignment marks located on the readout circuit in order to aid the 
technician hybridizing the devices. 
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operation. The addition of the epoxy increases the capacitance of the assembled 

structure, a fact that needs to be accounted for during the design of the readout circuit 

(Bacci et al., 1988). 

During the 48x48 phase of our program, two wicked hybrids failed, causing us to 

temporarily abandon this procedure (Barber et al., 1997). On the program reported on in 

this dissertation, our initial Cd.sZn.aTe array functioned well during characterization tests, 

but eventually delaminated. The failure mechanism indicated that the indium bumps 

were insufficient to mechanically support the array, causing it to shear apart. 

In order to provide better mechanical stability for the hybrids, we again adopted the 

wicking process. Prior to wicking our remaining hybrids, we tested various methods of 

wicking using readouts and witness piece samples; these techniques were then applied to 

the remaining five hybrids. Table 3-3 shows how the remaining parts were fabricated 

based on a compromise of risk, labor cost, and probability of success. 

PART WICK TACK WHERE TACKED 

eV products No Yes 8 places 

4 comers, 4 sides 

Digirad 1 No Yes 4 comers 

Digirad 2 Yes No 0 

LOl No Yes 8 

L02 No Yes 8 

Table 3-3 Hybridization chart for prototype Arizona readouts. 
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Following hybridization, all arrays are mounted to ceramic daughterboards, planar 

structures that provide additional mechanical integrity, electrical contacts to the outside 

world, and electrical filtering. A photograph of the CdZnTe array mounted to a 

daughterboard is shown in figure 3-26. 

Figure 3-26 Photograph of CdZnTe hybrid detector array mounted on a ceramic 
daughterboard. The detector array is mounted with its pixel electrodes facedown so that 
only the top continuous contact is visible. 

Of the five remaining arrays, three were tested. One array that had minimal epoxy 

tacking delaminated. This array was fabricated from Digirad material (Table 3-3) and 

tacked with epoxy at each comer of the detector. This array had a crescent region of 

good pixels in the upper left comer of the array. Throughout the remainder of the array, 

there were sporadic regions of operational pixels. All other pixels were defective. 

Visible microscopy indicated that the indium bumps sheared off at the detector contact. 

It is not clear if the bump separated before or after delamination. Inspection of the 
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detector array indicates that the CdZnTe crystal cracked at all four tacking locations. We 

hypothesized that the either the array was damaged during assembly, during heating used 

to cure the epoxy tacks, or from repeated temperature cycling to -20 °C. The final two 

hybrids, LOl and L02 were fabricated from CdTeiCl material and do not function well. 

Each of these devices has low resistivity and poor charge transport properties. The 

remaining two hybrids from this run (eV-Products and Digirad) are wicked, operable, and 

have survived many temperature cycles between -20°C and room temperature. Chapter 4 

is devoted to the characterization of these devices, while chapter 6 is devoted to imaging 

studies. 
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CHAPTER 4 

4. NOISE AND DEVICE CHARACTERIZATION 

In this chapter, we report performance measurements on noise and detector properties 

of hybrid A3, a 64 x 64 380-|j,m pitch CZT under study as an imager for nuclear-

medicine applications. Results presented in this chapter are also contained in Barber et 

al. (1997) and Matherson et al. (1998). A few of the key criteria for a semiconductor-

based imaging system are gain, energy linearity, and noise. 

Noise is important in a nuclear-medical gamma-ray imaging system because we want 

to be able to detect photons of known energy. The detector introduces noise due to 

statistical fluctuations in the signal with each gamma-ray event. The noise from the 

electronics is superimposed on the signal from the detector and broadens the energy 

resolution, reducing the ability to discriminate between scattered and un-scattered gamma 

rays. CdZnTe detectors are capacitive sources of charge; the signal is produced by 

ionization. The noise of the front-end amplifier in the monolithic ASIC is dependent 

upon the detector capacitance and is typically expressed as a noise-equivalent charge, a 

term we defined in (3.2). The overall energy resolution is the result of several 

independent contributions. Reduction of the electronics noise will result in better overall 

energy resolution. 
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Our study of noise in this chapter is partially application oriented; good imaging 

performance can only be realized with an optimized readout circuit that accounts for the 

unique features of CdZnTe detectors. Understanding the physical origins of noise will 

allow development of future imaging systems that minimize its adverse affects through 

careful design. In the literature, there have only been a small number of publications on 

the noise behavior of CZT (Nemirovsky et al., 1997; Bertuccio et al., 1998; Sampietro et 

al., 2000; Luke et al., 2001). These studies were completed on individual crystals of 

CdZnTe. 

A complete description of noise in electronic systems requires not only an account for 

the origins of noise but also its statistical properties. Because of the statistical nature of 

noise, the first part of this chapter defines notation and discusses characteristics of 

stochastic processes. Thorough references for the material in the first part of this chapter 

are contained in Davenport and Root (1958), Van der Ziel (1976), Barrett and Swindell 

(1981), and Barrett and Myers (2004). 

Following our description of stochastic processes, we describe noise models for 

detectors, MOS transistors, and gated integrators. Using these introductory pieces, we 

describe the capacitance-matching criteria used to optimize the pixel unit cell of our 

readout circuit. This method of optimizing the input field-effect transistor based upon the 

detector capacitance is similar to those outlined in other publications (Goulding et al. 

1982; Radeka, 1988; Sansen et al., 1990; Chang et al., 1991). We then present HSPICE-

based performance simulations (Augustine, 1994) for the readout circuit and imaging 
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hybrid. The simulation results of section 4.5 end the theoretical portion of this chapter. 

Section 4.6 describes our ASIC. The remainder of the chapter, section 4.7, presents the 

experimental characterization of hybrid A3. 

Section 4.7 begins with an explanation and presentation of our gain measurements, 

needed in order to relate the measured noise to the measured current. We then present 

measurements on leakage current-voltage characteristics as a function of the applied bias 

voltage. Following the results of I-V measurements, we present results on hybrid noise 

and hybrid noise-correlation measurements. Our experimental characterization of this 

imaging device ends with results on ASIC DC linearity, ASIC noise, and electronic noise. 

The chapter ends with a summary of all the pertinent results for this device. 

4.1 Random Variables and Stochastic Processes 

Noise is a non-deterministic phenomenon; therefore, noise models are based upon 

statistical theory. In this section we briefly review the basic definitions and concepts of 

random variables and stochastic processes needed to analyze noise. The treatment is in 

no sense comprehensive. Only those results required for an understanding of the aspects 

of noise analysis and characterization described in this chapter are covered here. For 

readers wishing a more thorough treatment of random variables and stochastic processes, 

please consult Barrett and Myers (2004). 
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4.1.1 Definitions and notation 

The fact that all experiments are governed to some degree by chance means that we 

often must resign ourselves to a statistical description of an experiment's outcome. The 

statistical description of these outcomes requires its own notation and definitions, the 

subject of this section. Scalars and scalar-valued functions use italicized characters. 

Bold characters are used to indicate vectors and vector-valued functions. For example, 

f(r) is a scalar-valued function of a vector argument. Decorations such as tilde (~) or 

carets ('^) may be used also. Hence, v(0 could be used to designate a random variable 

corresponding to a measured noise voltage. 

Probability distributions and expected values play an important role in the analysis of 

random processes and a number of conventions are used to simplify expressions 

involving these terms. The function p(- • •) indicates a probability density function, while 

a probability mass function will be denoted as Pr(- • •) . For a given random variable x and 

a set of outcomes ^, the relation between p( - ) and Pr(- • •) is 

^ d x p ( x ) - (4.1) 

It follows that 

h 
(4.2) 

a 

Since every one of our measurements must yield a value, we have 
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CO 

Pr(-cx)< X < oo) = j p r { g ) d g  =  \ ,  (4.3) 
-co 

which says every one of our measurements must lie between -co and oo. From this, we 

obtain the cumulative distribution function defined as 

jr 
Pr(x < X) = I p r { g ) d g .  (4.4) 

—00 

If the cumulative distribution function is known, we can find the probability density 

function since 

~ ^ ? r ( x < X ) = j - \ p r ( g ) d g  =  p r ( X ) .  (4.5) 
—OO 

In the study of noise properties, expected values and moments are important. We will 

reserve the variable m to indicate means or expected values. (This is different than the 

standard convention of the Greek variable //, but we wish to avoid confusion with the 

coefficient /u, used for carrier mobility in chapter 2.) An expectation of a random 

variable is denoted as (• • •) or -£[•••]. An expectation can also be written in terms of a 

probability density function. The expected value of a function of a random variable f(x) 

is denoted as m/and is defined as 

m j  =  (/(x))^ =  E [ f { x ) \  =  ^ d x f { x ) p { x ) .  (4.6) 
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The mean value or first-order moment of a random variable is defined as the 

expectation of the random variable. For example, the mean value of a random variable x 

is given by 

=  (x) =  j x p r ( x ) d x : .  (4.7) 

The second-order moment of a random variable is denoted as mj, the mean-square 

value 

00 

m 2 = E { x ^ ) =  ^ x ^ p r { x ) d x  .  (4.8) 
—00 

Oftentimes it is convenient to study measurements that have the dc component or 

mean value subtracted from each component. The term used to describe this entity is 

known as the second-central moment or variance and the variable cs^ is reserved for its 

description 

00 

c j l = { ^ { x - m ^ f ) =  J ( x  - J ' pr{x)dx . (4.9) 
-00 

From the definition of variance, it can be seen that 

(4.10) 

The square root of the variance is known as the standard deviation and is also sometimes 

called the root-mean-square value of x. 
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Problems involving more than one random variable require the use of joint 

probability distribution functions. If two continuous random variables x and y have a 

joint probability density function p(x, y), then the joint moment of x and y is defined as 

CO 00 

(x>'")=. jck' jdy'x'"y"" pr(x,y), (4.11) 
-00 —CO 

where n + m denotes the (n + m)"' moment of the distribution function. The joint central 

moment ( ( x  -  m j ( y - r r i y ) ^  is called the covariance of x and_y. In a similar fashion, we 

can define the multivariate covariance matrix K. The elements of the covariance matrix 

for a random vector x and a mean vector m are 

(4-12) 

The above definition is implied in the matrix-valued expectation 

(4.13) 

where t denotes transpose. The diagonal elements of Kx are simply the variances of the 

respective elements of x since 

= ((^/ -K])),, 

= ((x,-[/nJ)^)^ . (4.14) 
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4.2 Characteristics of Random Variables 

Noise voltages are modeled as stochastic processes that consist of randomly-varying 

temporal functions. A stochastic process is one in which the random variable also varies 

as a function of spatial position or time (Barrett and Swindell, (1981); Barrett and Myers 

(2004)). 

4.2.1 Ensemble Averages 

A stochastic process is completely characterized if all of its probability density 

functions are known. Often, it is difficult, if not impossible to know the probability 

distributions of a stochastic process. It is more convenient to characterize the process as 

an average quantity over a certain time interval or form an average of many identical 

systems at a particular instance in time. A group of identical systems is known as an 

ensemble. Note that the ensemble is the infinite set of functions that constitute the 

random process, while a sample is one or more specific functions. Figure 4-1 shows a 

sample ensemble of random time-functions. Averages formed along the time axis of any 

one-sample function is known as a time average. Averages formed across the process, 

averaging different sample functions at one instant in time are called ensemble averages. 

Note that the ensemble is a sample from the infinity of time functions that constitute the 
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Time Average 

X,(t)' 

X2(t) 

m  

M 

m 

Xn(t) 

Ensemble Average 

Figure 4-1 Ensemble averages versus time averages. Averages "along the process" are 
called time averages, while averages "down the process" are called ensemble averages. 

the random process. Ensemble averages are useful concepts because they are directly 

related to probability density functions. However, time averages are more often 

encountered in real experiments because of the impossibility of preparing an infinite 

number of identical experimental systems. 

If the statistics of a random process are independent of time or position, the random 

process is termed stationary. If all the statistics of the random process are independent of 

time, then the random process is strict-sense stationary. If a random process has a mean 

and autocorrelation function that is independent of time or position, then the process is 

known as wide-sense stationary. Stationarity will be discussed in more detail in section 
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4.2.3. When ensemble averages are equal to time averages, a random process is said to 

be ergodic. An ergodic process is one in which the complete statistics of the random 

process can be determined from a one-sample time function of the ensemble. Proving 

ergodicity is a difficult statistical problem that is beyond the scope of this dissertation. 

For a more detailed discussion of ergodicity, see Papoulis (1991). 

Parameters such as the mean and the variance were defined in section 4.1.1. We can 

also speak of time-averaged means and ensemble-averaged means. For the n"' time 

record of the ensemble, the time-averaged mean and time-averaged mean square are 

(4.15) 

t  
2 

and 

/ + —  

(4.16) 

Similarly, we can define ensemble-averaged quantities at a given instant in time 

00 

x(t^) = E [ jc(/^,)] = J jc,'pr(x,'; )dxl 
-00 

00 
(4.17) 
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where the probability function at time t i  is described by p r ( x / ;  t j )  and E  is the expected-

value operator. 

4.2.2 Autocorrelation 

There are occasions when we wish to know how rapidly the functions of a random 

process change with time or position. The autocorrelation function, which compares two 

points in a stochastic process, is a convenient measure of such change. It is defined as: 

CO CO 

K i h ' ^ 2 )  =  ( ^ 1  ) x { t ^ ) } =  \ d x )  J d x % ) x \ t ^ ) x \ t ^ ) p r { x \ t , ) x % )) (4.18) 
—00 —00 

When ti is equal to t2, this result becomes the x^{t^), the mean-square value of x at 

time ti. As the difference of the time interval tj-t2 increases to infinity, the correlation 

between x(ti) and x(t2) decreases to zero. 

4.2.3 Stationary random processes 

Many important noise sources are modeled as stationary random processes; processes 

in which the statistics of the process are invariant with time. The autocorrelation function 

for a stationary random process then becomes: 

= (4.19) 

where r =trtj. There are two types of stationary processes usually defined, strict-sense 

and wide-sense stationary. If all the statistics of the process are independent of time the 

process is defined as strict-sense stationary. The definition of a wide-sense stationary 
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random process is less restrictive than that of a strict-sense stationary random process and 

only requires that the mean and autocorrelation function of the random process be 

independent of time. Mathematically, we can define a wide-sense stationary random 

process as: 

In equation (4.20), the difference between ti and t2 is important, not the absolute 

values of TI and T2. For a real wide-sense stationary random process, RX(t) = R(-t), that is, 

the process is symmetric in r about the origin. Strict-sense stationarity implies wide-

sense stationarity, but the converse is not true in general. We shall ignore this distinction 

between wide- and strict-sense stationarity because it is often not important in the 

analysis of noise. 

4.2.4 Power spectral density and Gaussian random processes 

Stationary random noise can also be characterized in the frequency domain. One of 

the most important features of a wide-sense stationary random process is that the 

autocorrelation function and power spectral density form a Fourier transform pair (Barrett 

and Myers, 2004). In the literature, this also known as Wiener-Kinchin theorem: 

x{ t )  = constant for all t, and 

Rx(tl, t2) =RX(t). (4.20) 

CO 

(4.21) 
—OO 
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The power spectral density represents the time-averaged power over a one-Hertz 

bandwidth as a function of frequency. If the power spectral density has equal power at 

all spectral frequencies, it is referred to as white. A white-noise process is not physically 

realizable since it has infinite power, but it is useful in modeling important intrinsic 

sources of noise such as shot and thermal noise. 

Many noise processes are often assumed to be "normal" or Gaussian. A continuous 

random variable x is said to be Gaussian or have a normal distribution if its probability 

density function is a Gaussian of the form 

An example of a Gaussian pdf is plotted in figure 4-2. For a Gaussian random 

variable, the expectation is given as x and crj is its variance. In the case of noise, the 

Gaussian distribution predicts the probability of the measured noise signal having a 

specific value at a specific point in time. A noise signal with a zero-mean Gaussian 

distribution has the highest probability of having a value of zero at any instant in time. 

(x ' -x )  

2^' 
(4.22) 
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Time 

Figure 4-2 Example of Gaussian probability distribution function with noise waveform. 

The case for assuming a Gaussian distribution for noise is loosely justified in the case 

of many electronic noise processes by the Central Limit Theorem, which states that the 

sum of a large number of independent-identically-distributed (iid) random variables with 

finite means and variances, normalized to have zero mean and variance 1, is 

approximately normally distributed (Bennett, 1956; Pierce, 1956). For an electronic 

device, the individual electrons may be thought of as providing the individual processes 

(Bennett, 1956). The assumption of a normal process results in two desirable features. 

First, a stationary normal random process is statistically determined if the mean and 

autocorrelation function are known. Second, if a normal process is input into a linear 

system, then the noise process emerging will also be normal (Barrett and Swindell, 1981). 
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4.2.5 Correlation 

Consider two correlated noise sources xi(t) and X2(t). If these two voltages are 

summed, the instantaneous output is the sum of the individual instantaneous values. The 

average output power is (Netzer, 1981): 

[x, (0 + (0]' = + 0-^2 + ^P^xx^.2 (4-23) 

where p is defined as the normalized correlation coefficient. The coefficient p can take 

any value between -1 and 1. If the value of p is zero, then the two voltage sources are 

uncorrelated. For zero correlation, x\(t) and X2(t) would sum as orthogonal vectors. 

When p is equal to 1, the two noise sources are totally correlated and can be linearly 

summed. If the coefficient p is equal to -1, then the two signals are 180 degrees out of 

phase and this implies subtraction. The relationships between xyf/) axidx2(t) are shown in 

figure 4-3 for various values of the coefficient p (Fish, 1994). 
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Figure 4-3 Plot of two random variables for different degrees of correlation. 

4.3 Basic Noise Mechanisms seen in Gamma-ray Imaging Devices 

4.3.1 Image Noise (Poisson Noise) 

In nuclear-medicine imaging, the patient receives small amounts of radioactive 

materials. As these materials decay, gamma photons are emitted from within the patient 

and captured by a gamma camera. The detectors used in gamma cameras are ideal 

photon counters, non-Poisson noise seldom arises in gamma-ray images (Barrett and 

Swindell, 1981). The dominant noise source in a nuclear-medicine image is the 

fluctuation in the number of collected gamma rays during a fixed time interval. Such 

noise is Poisson noise; it is characterized by the mean number n of detected photons 



176 

during a fixed time interval. The probability of detecting n photons during a fixed time 

interval is given by (Barrett and Myers, 2004) 

where a is the mean number of detected photons per unit time, T is a fixed time interval, 

and n is the number of detected photons. Making the assumption that the number of 

photoelectrons generated in a detector due to a gamma-ray interaction are statistically 

independent and Poisson distributed, the mean, variance, and signal-to-noise ratio for 

these photoelectrons are given by 

The more photons collected, the larger the signal-to-noise ratio and the less noise in 

the image. 

The number of counts contained in the image is limited both by the low radiation 

source intensity and by the use of absorptive collimation, which results in inefficient 

collection of emitted gamma rays. Use of collimators having larger-diameter bores or 

shorter bore lengths will increase the number of counts in the image, but such tradeoffs 

degrade spatial resolution, already limited in current nuclear-medicine instrumentation. 

Practical limitations on imaging time, acceptable spatial resolution, and the amount of 

(4.24) 

( n )  =  a T  

al = aT (4.25) 
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activity that can be safely administered to a patient are serious impediments to improving 

image quality in nuclear medicine. 

4.3.2 Shot Noise 

A current source in which the time of passage of each electron is a statistically-

independent event rather than part of a steady flow of many electrons leads to a "noisy" 

current, temporal fluctuations in current about an average value (Netzer, 1981). 

Fluctuations of this kind are called shot noise named in 1918 after Schottky reported that 

in an ideal vacuum tube there is a type of noise that exists known as the Schroteffeckt 

(Schottky, 1918). Today, this phenomenon is known as shot noise so-named because it 

sounded like rain on a tin roof Shot noise results from the fact that current is not a 

continuous flow but rather exists as a sum of discrete pulses in time. The power spectral 

density of this current is given by; 

S { v ) - q { l )  (4.26) 

where q is the charge of the electron, is the average dc current. Shot noise is 

characterized by a white noise spectrum. Because electrons are created randomly and 

their motion is independent of one another, shot noise is described by Poisson statistics. 

4.3.3 Thermal Noise 

Thermal noise arises from the thermal fluctuations in the electron density within a 

conductor. In 1928, J.B. Johnson discovered the dependence of thermal noise on 
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resistance. In the same year, H. Nyquist showed how to relate the mean-squared voltage 

across an idealized resistor to the number of degrees of freedom of electrical oscillations 

in a transmission line (Nyquist, 1928). The relationship between the mean-squared 

voltage and the resistance is known as Johnson noise or Nyquist noise and is given by: 

where R is the resistance of the conductor, k is Boltzman's constant, T is the absolute 

temperature, and Af is the bandwidth of the circuit. Thermal noise is independent of the 

material of the conductor and is constant with frequency up to microwave frequencies. 

4.3.3.1 An example of Thermal Noise: kTC Noise 

The thermal noise expression < >= AkTRhf predicts that an infinite resistance 

generates an infinite noise voltage (Barrett and Myers, 2004). This is not observed in 

practice because there is always some shunt capacitance that limits the voltage. Consider 

the simplified gated integrator shown in figure 4-4. The output voltage of this circuit is 

given by 

The periodic resetting of the metal-oxide-semiconductor switch generates reset noise. 

When the switch is closed, the thermal noise characteristics of the circuit are the same for 

( V ^ ) = A k T R ^ f ,  (4.27) 

•reset 
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any parallel RC circuit having a switch resistance Ron- The thermal noise of the reset 

transistor is given by equation (4-26) with R replaced by Ron- The frequency bandwidth 

Figure 4-4 Simplified gated integrator for calculation of kTC noise. 

Af for a parallel RC circuit is (4i?C) '. Substitution of this entity into equation (4-26) 

results in a mean-square thermal-noise voltage of 

This type of noise is known as kTC noise (Motchenbacher, 1993) and was briefly 

discussed in chapter 3. 

Notice that the result obtained is independent of the resistance of the switch and 

depends only on the temperature and the capacitance. The switch resistance affects the 

bandwidth of the circuit and ultimately the temporal variation of the noise. The switch 

resistance ranges from several ohms when it is closed to greater than a gigaohm when it 

is open (depending upon the parameters of the switch). The large open resistance of the 

switch coupled with a small integration capacitor results in a noise voltage that varies 

slowly with time. For example, in the case of a 100 fF integration capacitor and an open 
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resistance of lO"* ohms, the circuit bandwidth is 250 Hertz. In the switch-closed case for 

the same capacitance, the noise voltage changes very quickly. For the example given 

above, and a switch-closed resistance of 10 ohms, the noise bandwidth is 250 gigahertz. 

While the reset switch is open, the noise voltage will not change noticeably during the 

switch-open period. This is a very important characteristic of the reset noise that allows 

one to use a technique known as correlated double sampling in order to eliminate it. 

Since the reset noise is constant (very-low frequency) during the readout of a pixel; this 

type of noise can be eliminated by taking the difference between the capacitor voltage 

before and after signal charge is sampled. This double sampling of the capacitor is 

known as correlated double sampling and was first applied to CCDs by White (1974). 

4.3.4 1/f Noise 

In almost all electronic devices, low-frequency noise following the inverse-frequency 

power law exists in addition to the intrinsic noise sources discussed. We briefly mention 

1/f noise because it is a fundamental part of nature. An enormous amount of 

experimental data has been accumulated on 1/f noise in various materials and systems. 

Flicker or 1/f noise seems to be present in nature at all levels, and defies a basic physical 

description. Low-frequency flicker noise has zero mean and a power spectral density that 

falls off with frequency: 

• <4-29) 
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Flicker noise is most significant at low frequencies and is insignificant at high 

frequencies. Measurements of 1/f noise can be highly correlated. This type of noise is 

not really a stationary process, since the more we wait, the more noise we see. Low-

frequency flicker noise is usually approximated by a stationary process with a 1/f power 

spectral density within a frequency range offmm to fmax (Keshner, 1982; Kaulakys, 1998). 

4.3.5 Fixed-pattern noise 

Fixed-pattern noise or nonuniformity is the spatial variation in pixel output values due 

to device and interconnect variations across the sensor area. It is fixed for a given sensor, 

but varies from sensor to sensor. Fixed-pattern noise consists of offset and gain 

components. In a hybrid such as ours, the main source of fixed-pattem-noise is due to 

leakage current variation from pixel to pixel. These spatial variations are device 

dependent and do not vary with time. Fixed-pattern noise is not an issue in nuclear-

medicine imaging because it can be subtracted off using a baseline correction. Imaging 

with semiconductor-based gamma-ray devices is discussed in more detail in Chapter 6. 

4.4 Noise in gated integrators 

4.4.1 Noise-equivalent charge and Noise Models in a Gated Integrator 

Gamma-ray imagers are counting devices. The flux of gamma rays is low enough so 

that a pixel will receive at most one gamma ray within a time frame of 1 millisecond. 

The amplitude of a pixel that absorbs a gamma ray is proportional to energy of the 

gamma ray and is analogous to the pulse height obtained from pulse-processing 
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electronics used for radiation detection. If the gamma ray has enough energy to be 

classified as an un-scattered event, we wish to count it in the final image. Good energy 

resolution is one of the attractive features of semiconductor detectors. Noise reduces the 

energy resolution by broadening the pulse-height spectrum. 

In such a system, the most important sources of noise are: random noise in the readout 

circuit, electronic noise in the external electronics, and shot noise due to leakage current. 

Each of these sources affect the energy resolution of the imaging system. 

In readout circuits used for high-energy photon detection the important sources of 

noise occur at or near the detector, where the signal is very small. At this point in the 

signal-processing chain, the noise and signal are amplified by the same amount, whereas 

noise generated later in the signal-processing chain will generally be smaller than the 

signal. Therefore, most discussions of input-referred electronic noise sources are focused 

on the input stage of the unit-cell amplifier. 

In properly-designed amplifiers, noise will be dominated by the noise generated in the 

input stage (Radeka, 1988). We will assume that fact to be true in the following 

discussion. Goulding et al. (1978), Radeka (1988), Sansen et al. (1990), Bertuccio et al. 

(1993), Heanue (1993), Niemela (1996), Jakobson et al. (1997,1999), DeGeronimo 

(2001), and O'Connor (2002) discuss the optimization of electronic noise in radiation-

detector unit cells. In those papers, the circuits described were fabricated with resistive 

or gated feedback. The same principles used in the analysis of those systems can be 

applied to integrating pixel readout circuits. 
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Historically, readout circuit noise sources have been classified into two general classes 

(Goulding et al., 1982). The first class is known as parallel noise. Parallel noise sources 

add to the signal source and are modeled as current sources in parallel with the detector. 

Sources of parallel noise include shot noise due to detector leakage current. 

The second noise class is known as series noise. Series noise occurs due to 

fluctuations in voltage or current within the first amplifying stage of the readout circuit. 

Series noise is modeled as a voltage source in series with the input capacitance. Figure 4-

5 shows the small-signal noise model for a gated integrator using a MOSFET input stage. 

Reset 

n, senes 

I deal Amp 

Figure 4-5 Circuit models that show different types of noise in a readout circuit. The 
shot-noise component of the noise consists of current noise due to leakage current and 
signal generated by the incoming gamma photon. The total capacitance in the circuit is 
the sum of the detector capacitance, the feedback capacitance, and Cjn, or capacitance in 
the amplifier. The series voltage noise source is the noise due to the input stage of the 
amplifier. 
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This model consists of a parallel current source il, and a series voltage source, e] . 

The series voltage source represents the equivalent noise generator of the 

amplifier input stage, and consists of a white noise component set by the 

transconductance of the input transistor and a 1/f component that is inversely proportional 

to the input transistor area. The parallel capacitor Cm represents the input capacitance of 

the amplifier and consists of contributions from the input FET and any stray capacitance 

in the circuit. The gated integrator is modeled as an ideal noiseless amplifier having a 

feedback capacitor C/. The detector is modeled as a capacitor Cdet with a current source 

2 ' ' 

i n representing detector leakage-current noise. Incoming gamma photons ionize 

electron-hole pairs creating pulses of charge that are integrated on the feedback capacitor 

of the gated integrator. 

The noise limit to the energy resolution of a radiation detection system is expressed as 

noise equivalent charge (NEC) and was defined in equation (3.2). For convenience, we 

will review the definition of NEC. The NEC is defined as the amount of charge applied 

to the input of the gated integrator that will result in an output voltage equal to the root-

mean-square noise voltage: 

nec = , (4.30) 
q 

where Ctotai is the total capacitance present in the system, Vn,rms is the root-mean-square 

noise voltage, and q is the charge on an electron. In the analysis of detectors and readout 

circuits used in photon-counting devices, it is useful to express the noise in terms of its 
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equivalent photon energy that would produce a signal equivalent to the root-mean-square 

noise which can be related to the full-width-at-half-maximum of a Gaussian pulse height. 

The relationship between NEC and the energy resolution is given by; 

where s is defined as the average energy required to create an electron-hole pair. 

The NEC depends strongly on the characteristics of the gated integrator and the 

detector that is matched to it. The remainder of section 4.4 will describe each of the 

noise sources presented in figure 4.5 in order to develop an expression for the total noise. 

These results will be used in section 4.5 when we present the procedure used by 

Augustine (Augustine, 1994) to optimize the input transistor of our CTIA. 

4,4.2 Leakage-current noise 

All CdZnTe detectors have leakage current that increases with increasing bias voltage. 

Leakage current is a source of noise that broadens the pulse-height spectrum. The NEC 

for the leakage current is given by 

where q is the charge on an electron, ts.t is the integration time, Iieak is the leakage current 

(amperes), and y is the shot-noise suppression factor as reported on in other publications 

(Nemirovsky et al., 1997; Sampietro et al., 2000; Luke et al., 2001); The only way to 

fwhm = 235necs , (4.31) 

(4.32) 
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reduce NECkak is to use higher-resistivity detector material, shorten the integration time, 

or cool the detector. 

4.4.3 MOSFET ampliiler noise sources 

The physical operating principles of a MOSFET were described in chapter 3. Here we 

will use those principles to include sources of noise. The two sources of noise in a 

MOSFET are thermal noise and 1/f noise. In MOSFETs, 1/f noise is caused by traps due 

to crystal defects and contaminants that randomly capture and release electrons (Chang et 

al., 1991). The noise model for an MOS transistor is a voltage source in series with the 

gate of the MOS transistor as shown in figure 4-6 (Johns and Martin, 1997). 

vLif) 
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k m )  
Drain 
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( f )  =  E .  
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A.) B.) 

Figure 4-6 MOSFET circuit element and its two most-common noise models. A.) 
MOSFET thermal noise expressed as a current in parallel with the transistor. B.) 
MOSFET thermal noise expressed as an input-referred voltage in series with the gate of 
the transistor (Johns and Martin, 1997). 
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4.4.3.1 Thermal noise 

Thermal noise assumes that the system is in thermal equilibrium, which only applies 

strictly if no bias is applied to the device. When there is a bias, the carrier collisions 

produce noise called either diffusion noise or velocity-fluctuation noise. Since behavior 

of these kinds of noise agrees well with Johnson's thermal noise model, they are often 

called thermal noise as well. The thermal noise of a MOSFET is (Allen and Holberg, 

where k is Boltzman's constant, T (Kelvin) is the temperature, Req is the equivalent 

resistance of the channel, and A/is the circuit bandwidth. For a MOSFET, the 

2 
equivalent resistance of the channel is R = , where gm is the transconductance of 

the MOSFET (see equation (3.17)). Therefore, by substituting for Req in (4.32), the 

expression for the thermal noise of a MOSFET becomes 

In (4.33), the transistor bias current is affected by the transistor transconductance, g^. 

The transconductance is related to the drain current and transistor geometry by (3.17): 

1987) 

(4.33) 

(4.34) 

(4.34b) 



188 

where k' is the transconductance parameter, lo is the drain current, w is the transistor 

width, and l is the transistor length. Substitution of (3.17) into (4.33) results in an 

expression for the MOSFET thermal noise that is dependent upon transistor geometry and 

bias current 

An expression for the thermal-noise-only NEC can be obtained by substituting (4.34) 

into (4.30): 

This expression will be used in section 4.5 when we discuss noise optimization of the 

pixel unit cell. Note that NECthermai is dependent on the drain current and the transistor 

width-to-length ratio. In order to minimize (4.35) we can increase the drain current and 

use short-channel length devices (Sansen et al., 1990). 

4.4.3.2 1/f Noise 

Low-frequency noise in a MOSFET is described by: 

(4.35) 

thermal ~ 
loial thermal,ms (4.36) 

(4.37) 
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where KF is the ///-noise coefficient, A/ is the circuit bandwidth. COX is the gate oxide 

capacitance, W is the transistor width, L is the transistor length, and / is the frequency 

(Allen and Holberg,1987). An expression for the noise-equivalent charge for 1/f noise is 

obtained by substituting (4.37) into (4.30): 

Low-frequency noise in the unit cell can be minimized by using low-noise foundry 

processes or large-area transistors. 

4.4.4 Readout Noise 

Because thermal noise and 1/f noise are uncorrelated, the two sources can be added in 

quadrature. The total voltage series noise of the input FET can be expressed as (Allen 

andHolberg, 1987): 

The NEC for the driver transistor of the unit cell is given by substituting (4.38) into 

(4.38) 

iv' ia 
\ / 3^2k7^ i w 

(4.39) 

(4.29) 

readout ~ 

^total series } (4.40) 
q 



190 

4.4.5 Poisson Noise 

In addition to the previous noise sources discussed, there is also Poisson noise due to 

the discrete nature of charge carrier production. The NEC due to a gamma ray interacting 

in the detector is given by 

where Egamma is the energy of the gamma photon, f is the Fano factor, and Se-h pair is the 

energy required to create an electron-hole pair. The noise equivalent charge for 141 keV 

gamma rays is approximately 178 electrons and assumes the energy required to create an 

electron-hole pair is 4.46 eV. 

4.4.6 Total noise 

An expression for the total noise of our detector system is given by the quadrature sum 

of the individual sources. Since each noise contribution is independent, all contributions 

can be added in quadrature: 

where NECreadout is the rms input-referred noise of the input driver transistor in the unit 

cell, and includes contributions from MOSFET thermal and Hf sources. NEC electronics is 

the input-referred noise contribution of the external electronics, NECieak is the shot noise 

due to leakage current, and NECcharge is the noise caused by the statistical fluctuation in 

gamma 
(4.41) 

= pECl^ + + NEC,^ + , (4.42) electronics 
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the number of electron-hole pairs created when a gamma ray interacts in the detector. In 

(4.42), it is assumed that kTC and fixed-pattern noise have been removed by appropriate 

measures. In order to minimize (4.42), we can reduce the detector contribution to the 

noise-equivalent charge by reducing the detector capacitance and the detector leakage 

current. The other means of minimizing (4.42) is to optimize the input FET dimensions 

based upon the capacitance present in the detector-readout system. This is the subject of 

the next section. 

4.5 Optimization of the CMOS CTIA integrator 

4.5.1 General Readout Circuit Design Considerations 

CdZnTe detectors present a number of requirements on readouts that are not present 

with other types of detectors. CdZnTe detectors typically operate at very high bias 

voltages; therefore the readout circuit must be able to accommodate the leakage current 

from the detector. Our detector pixels are 380 ^m x 380 |a,m; consequently readout 

circuitry of the unit cell and multiplexing circuitry must occupy a similar area. These 

size constraints are not difficult to achieve with analog CMOS circuits. 

A consequence of the large physical size of our detectors and the high dielectric 

constant of CZT is the substantial detector capacitance. The detector capacitance is the 

dominant capacitance in our readout circuit. This capacitance occurs between the lower 

pixel electrode with respect to the substrate of the readout ASIC. The capacitance scales 

with the size and composition of the gap between the detector and ASIC. In addition we 
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used matching sets of 10 |am - 12 )j,m high indium bumps on both the detector and 

readout ASIC and assumed a 50 percent reduction in height after the bond, so that the 

interpixel gap between the ASIC and detector was approximately 10 )J.m. In order to 

obtain low-noise performance, the readout circuit must be optimized for this large value 

of capacitance. 

In optimizing the input transistor design for the readout circuit, the competing effects 

are input-referred transistor noise, gain, and dynamic range. Low-noise performance is 

important in order to fully use the available detector energy resolution. The dynamic 

range of the integrator in the unit cell is proportional to the size of the integration 

capacitor. If the integration capacitor is too small, we have very high gain, but will not 

be able to handle the leakage current from the detector without saturating the amplifier. 

In this design, it was specified that the readout accommodate up to 50 pA of leakage 

current for a 1 mS integration time. In order to handle 50 pA of leakage current, 

Augustine designed in an offset capacitor to allow offset adjustment of the CTIA in the 

unit cell. 

Our readout circuit is a passive integrator, storing the integrated leakage current in 

each pixel as well as any charge produced by any gamma ray acting in that cell during the 

integration time. Therefore we have to worry about leakage current noise in addition to 

noise of the integrator. Random noise of the gated integrator can be reduced, but not 

entirely eliminated by the appropriate design of the detector and amplifier. In the 

literature, these design techniques are often referred to as noise-matching criteria (Sansen 
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et al., 1990; Jakobsen et al., 1997). Noise-matching criteria involves optimizing the size 

of the input MOSFET transistor based upon the overall capacitance present in the 

detector and readout circuit in order to minimize the NEC. 

4.5.2 Low-noise Design of the CTIA 

Low-noise design of the gated integrator begins by knowing the detector capacitance 

and the leakage current expected. We estimated the capacitance present in our imaging 

system using methods outlined in Kavadias (1994). Barber (1994) estimated the detector 

resistivity expected based upon discussions with our material suppliers. Once we knew 

these items, we began the job of designing the readout circuit. In order to minimize the 

effect of low-frequency noise, we chose p-channel transistors because of their superior 1/f 

noise performance. P-channel transistors have from 3 to 50 times better 1/f noise 

performance than n-channel transistors (O'Connor, 2001). Our unit cell is a cascode 

version of a charge transimpedance amplifier. A general version of this circuit detailing 

the relevant circuit capacitances is shown in figure 4-7. A detailed version of our unit 

cell will be described in section 4.5.3. 
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Figure 4-7 CTIA using a cascode amplifier showing capacitances present in a radiation 
detector readout circuit. The transistors Mioad, Mcas, and Mdrtver are the load transistor, 
cascode transistor, and driver transistor, respectively. 

Cascode amplifiers are often used in gated integrators optimized for low power 

(Augustine, 1994). The cascode amplifier combines two transistors in order to obtain the 

high transconductance and low noise of a wide transistor and the high output resistance 

and small output capacitance of a narrow transistor. Since the input transistor is the 

largest in the unit cell, its dc current requirements also tend to be the largest in the 

amplifier, and the input transistor will dominate the noise level. 

The transistor design parameters that affect the noise of the amplifier are the channel 

width w, the channel length l, and the dc bias conditions of the transistor. Optimum 

capacitance matching of the input transistor is based upon writing the NEC in terms of 



195 

transistor geometry and then optimizing the NEC with respect to transistor width or 

transistor area. All known capacitances are included during this optimization. The total 

input capacitance (Ctoiai) is the sum of the parasitic capacitance (Cp), and gate-to-source 

capacitances (Cgi) (Augustine, 1994): 

r  =r  +r  
C,=C,+C,+C, , (4.43) 

where Cy is the feedback capacitance, Q is the stray capacitance, and is the detector 

capacitance, Cg is the gate capacitance, and Cox is the oxide capacitance of the transistor 

(fF/^im^). 

Augustine used HSPICE to simulate the performance of our CTIA after optimizing the 

transistor dimensions. Circuit model parameters used in the HSPICE analysis were 

obtained from MITEL, educated guesses based on Augustine's experience; the remaining 

required parameters for optimizing the circuit design were measured in laboratories at the 

University of Arizona. In order to show the effect of the different MOSFET series noise 

components on the design of the unit cell, we will present the optimization for thermal 

noise, followed by an optimization for Mf noise, and end the section with a discussion of 

optimizing the readout circuit when both 1/f and thermal noise are present. Performance 

predictions based upon Augustine's HSPICE result follow at the end of the section. 
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4.5.2.1 Thermal Noise 

The square of the thermal-noise NEC is proportional to 
m 

where Ct is the total 

input capacitance and gm is the transconductance of the input capacitor. Writing the NEC 

in terms of transistor parameters by substituting (4.34b) into (4.43) results in a thermal-

noise only expression for NEC: 

input transistor to obtain minimum thermal noise will be the minimum dictated by the 

design rules of the foundry used (Augustine, 1994). The thermal noise component of the 

preamplifier has a minimum with respect to the channel width, since increasing w 

increases the input capacitance as well as causes the thermal noise voltage generator to 

increase (Sansen et al., 1987; Augustine, 1994). In order to find the minimum NEC with 

respect to transistor width, take the derivative of (4.43) with respect to w and set it equal 

to zero. After a little algebra, the optimal transistor width is 

^^^Ihermal ^ p ^gs^^rms,thermal 

thermal 
(4.44) 

We seek the transistor dimensions wand l that minimize (4.39). 

In (4.43), the NEC,hermai is proportional to sJW/L . The optimum channel length of the 

w = (4.45) 
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4.5.2.2 7//Noise-only Optimization 

The NEC for 1/f noise written in terms of transistor parameters is (Augustine, 1994): 

where we have substituted (4.43) into (4.38) and rewritten (4.38) explicitly in terms of 

gate capacitance. The resulting expression is (from 4.43) 

In order to find the minimum NEC for 1/f noise, take the derivative of (4.46) with respect 

to Cg, set the result equal to zero and solve for the gate capacitance: 

C,=|q,. (4.48) 

The expression obtained is the standard rule-of-thumb that in order to achieve minimum 

NEC for 1/f noise, match the transistor gate-to-source capacitance to the parasitic 

capacitance. 

In terms of transistor parameters, gate capacitance is the product of the transistor area 

and Cox so that the optimal transistor area for minimum 1/f noise is: 

(4.46) 

A'£C„^ocC,C-«'+|c»' (4.47) 

WL = 
3C 

(4.49) 
2C 
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Notice that in the case of 1/f noise, the minimum NEC occurs for the transistor gate area 

WL. Larger transistors have lower 1/f noise (see (4.37)). This means that the transistor 

width or length can be chosen independently to meet requirements based upon thermal 

noise (Sansen et al., 1990). Because the expression for 1/f noise only depends on 

physical properties of the transistor, it means that 1/f noise sets the lowest-achievable 

limit for CMOS technology and cannot be improved upon without improving process 

parameters. (Sansen et al., 1990; O'Connor, 2001). 

4.5.2.3 Unit-cell Optimization for Thermal and 1/f Noise 

In the previous two examples, noise matching is accomplished by finding transistor 

widths and lengths that minimize 1/f noise and thermal noise separately. Our goal is to 

minimize the total noise-equivalent charge given by; 

= pECl„.^ + NECl, . (4.50) 

The optimal transistor dimensions for simultaneously minimizing thermal and 1/f 

noise are different because low-frequency noise is proportional to transistor area and 

thermal noise is proportional to the ratio of transistor width and length. In order to 

minimize (4.50), (4.40) is written in terms of transistor width W. Next we take the 

derivative of (4.40) with respect to W, set the result equal to zero, and solve for W. The 

optimal value of W that minimizes (4.50) is 90 fj,m. In our design, Augustine chose to 

make the transistor length {L) 5 |j,m, rather than the minimum of 3 |a,m allowed by the 

foundry process in order to be conservative. The choice of a larger channel length had a 
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negligible effect on the noise equivalent charge (Augustine, 2003). Augustine's 

predicted input-referred NEC, in electrons rms, for a 380 |um x 380 )j.m CTIA unit cell 

and an estimated detector capacitance of 500 fF, is shown in Table 4-1. Table 4-2 lists 

the relevant circuit parameters used in the HSPICE simulations of our CTIA to determine 

the predictions in Table 4-1. 

Estimated Estimated Unit Cell Unit Cell Total unit Other RSS of 
Detector Total Thermal 1/f noise cell noise readout Total 
Capacitance Capacitance Noise (e- rms) (RSS of noise Unit 

(e- rms) Thermal sources Cell 
noise and Noise 
1/f noise) and 

Other 
readout 
noise 
sources. 

500 fF 833 fF 72 e- 29 e- 76 e- 60 e- 97 e-

Table 4-1 Performance predictions for noise-equivalent charge (NEC), in electrons RMS, 
for CTIA unit cell with W = 90 )^m, L = 50 ^im, and estimated detector capacitance of 
500 fF. 

Although the input transistor is the dominant noise source for this design, other 

transistors in the design also contribute. These include contributions from the clamp 

circuit, sample-and-hold circuit, pixel-output buffer, column multiplexer, 5 x buffer, 5 x 

output-buffer kTC noise, and the column sample-and-hold kTC noise. The sum of these 
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contributions is estimated to be 60 electrons rms. The total expected ASIC noise is 97 e-. 

In addition to the analysis presented in Table 4-1, Augustine also estimated the 

performance of the readout circuit assuming that Cdet, K', and Kf were a factor of 2 

optimistic in order to determine a safety margin for the circuit design. Recalculation of 

the NEC using these worst-case scenarios results in an input-referred unit-cell rms noise 

of approximately 170 electrons rms. Based upon these results, we specified that the 

readout noise be no larger than 200 electrons rms. 
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Symbol Quantity Value How 
obtained 

Read noise read noise < 200 e-
excluding leakage 
current 

SPICE 

c, Stray capacitance 20 fF estimated 

Parasitic capacitance 225 fF- 325 fF Estimated 

offset capacitor 40 fF by design 

CF Feedback capacitor 60 fF By design 

CO:, oxide capacitance/area .71 fF/^m^ Mitel 

Kf Flicker-noise coefficient 4.5 e-26 fF/volt' Measured at U of A 

ID. Drain-to-source current 5 |jA SPICE (adjustable) 

SNI T ransconductance 4.8 e-5 (^A/volt SPICE 

Circuit noise 
bandwidth 

149 kHz by design 

W transistor width 90 |am by design 

L transistor length 5 )j,m by design 

Pixel size Pixel size 380 um X 380 um By design 

Leakage current Designed for a maximum of 50 pA at 
1 mS integration time 

50 pA By design 

Dynamic Range Maximum charge capacity 7.5e5 e- By design 

Integration time Integration time 1 mS By design 

Table 4-2 Design parameters of cascode-style charge-sensitive preamplifier used for 
noise analysis. 
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4.6 Circuit Description 

A general block diagram of the readout circuit is shown in figure 4-8. It consists of a 

CTIA pixel unit cell, column sample-and-hold buffer amplifier, and an output amplifier. 

A brief description of the ASIC operation is as follows. During each integration period, 

the charge from the previous integration period is read out from the storage buffer in the 

unit cell. Each buffer is read out row by row onto the signal line. The column sample-

and-hold buffers contain parallel paths that alternate between reading out the unit cells 

and outputting data to the signal lines, resulting in a time-varying voltage stream 

containing the pixel voltages. In addition to the sample-and-hold capacitors used for the 

signal charge, a reference row has also been designed in and is read out at the same time 

as the pixel voltages. The pixel voltages and the reference voltages are externally 

subtracted in a difference circuit in order to remove common-mode noise. Each stage of 

the circuit will be discussed in more detail in the following sections. 
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Figure 4-8 Electronics block Diagram of 64 x 64 ASIC. 

4.6.1 Pixel unit cell 

The input stage of our CTIA readout circuit is based on a single-ended cascode 

amplifier. The primary advantage of the cascode amplifier is that the circuit provides a 

large amount of gain at the input stage of the readout, avoiding system noise degradation 

at later stages. A circuit diagram of a single pixel unit cell is shown in figure 4-9. The 
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input is reset by p-channel FET MP6 connected as a switch. N-channel transistor MN1, 

p-channel transistor MPl, and p-channel transistor MP2 form the cascode amplifier. FET 

CTIA Cascode 
Integrator 

jC 
3/31 

Indium Bump 

MP2 
VCASI |C VSSA 

Correlated pouble sampler 

j| 

mn;5 

PO VS^A 

3 

Output buffer 
amplifier 

,Z] 

S2UT 

Figure 4-9 Pixel unit cell. The pixel unit cell consists of a CTIA integrator, a correlated 
double sample circuit to remove kTC noise, and an output buffer amplifier. 

MNl is the active load, transistor MPl is the driver transistor, and transistor MP2 is the 

cascode transistor. The integrator is formed by the connection of 60 fF capacitor C/ 

across cascode-transistor MP2. The output of this amplifier integrates toward the 

potential Vssa at node MN 1. 

One of the limitations of a single-cascode amplifier circuit is its low charge-handling 

capacity. In order to increase the charge-handling capacity of this device, Augustine 

added a 40 fF capacitor Co// in series with the 60 fF integration capacitor C/. The 

connection is made at the pixel input which is held at virtual ground by the amplifier. 

Without the offset capacitor, this integrator can handle up to 375,000 electrons for a 

millisecond integration time before saturating. The function of the offset capacitor can be 



understood as follows. If we pulse Cgfj with a 1 -volt step function Vo/f, the capacitor Co// 

will draw 250,000 electrons off of C/. The drawback of adding Cofj to the unit cell is 

additional capacitance, which can result in a higher noise floor. A benefit of the offset 

feature is that it can also be used to test the DC linearity of the unit cell, verifying that 

each pixel cell works properly. 

The next stage of the unit cell contains a clamp-sample-and-hold or correlated-double-

sample circuit. The output of the integrator (node MNl) is capacitively coupled to 

buffer-amplifier MN2 via a 1-pF capacitor Cd- Reset of the integrator introduces a 

thermal noise voltage onto the integrator output node MNl because of the "on" resistance 

of the FET reset switch MP6. The rms number of noise electrons introduced from the 

reset operation is (kTCj)^^. This thermal noise voltage appears across transistor Q/. 

Immediately following PRSTl, a PCL pulse on switch-transistor MPS resets the input of 

MN2 to level Vcu. The noise voltage across Cd is effectively removed by this DC restore 

action. Signal charge is then sensed as a shift in the potential when switch MPS is 

strobed by PCL. The signal is then sampled-and-held at node MN4. Buffer amplifier 

MN4 isolates the pixel cell from the column sample-and-hold. 

4.6.2 Column sample and hold 

In order to readout the charge from the pixel unit cell, the circuit contains a column 

sample-and-hold circuit consisting of two separate sample-and-hold buffers connected in 

parallel. During each integration period, while charge in the current frame is being stored 

on the integration capacitor, charge from the previous frame is being read out of the 
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ASIC. The column sample-and-hold alternates between the two parallel paths, a process 

known as "ping-ponging". A schematic of the sample-and-hold is shown in figure 4-10. 

The column sample-and-hold circuit consists of 5 transmission gates and three sample-

and-hold amplifiers. A transmission gate is a special kind of switch consisting of an n-

channel switch connected in parallel with a p-channel switch. The two switches have 

complementary clock levels so that when PSH2A is "on", the p-channel side of the 

switch is selected and the n-channel side of the switch is "off. With the p-channel side 

of the switch on, charge is stored on the 2-pF sample-and-hold capacitor Cshi connected 

to the input of source follower MP2. While Cshi is charging up, we are reading out the 

charge stored on Cshi- These two parallel paths switch back and forth to read out the 

pixel cells. Source-follower amplifier MNl isolates this circuit from the final pass 

transistor, whose function is to place the pixel outputs onto the signal bus. There are 64 

sample-and-hold circuits, one for each column. 



207 

From pixel unit Parallel source- Output Buffer 
cell Amplifier follower arnglifiers 

Transmission gate 

Figure 4-10 Column sample-and-hold circuit. The crossed set of arrows indicates that 
one source-follower amplifier is being charged up while the other one is being read out. 

4.6.3 Output amplifier 

There are two output amplifiers in this device, a DC-coupled p-channel source follower, 

and an AC-coupled 5 x amplifier. Schematics of these devices are shown in figure 4-11. 

The input for each of these amplifiers is the output of the column-sample- and-hold. 

Each output amplifier requires a 2 mA external current source. The current device uses an 

n-channel transistor located on the daughterboard. 
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Figure 4-11 Output amplifier. There are two output amplifiers for this device, a p-
channel source follower, and an AC-coupled integrating amplifier. 
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5 X Amplifier 

The 5 X amplifier is a three-transistor cascode amplifier constructed from transistors 

MNl (active load), MP4 (cascode), and MPl (driver). Transistor MP3 is connected as a 

switch and will reset the integrator when strobed by PRST2. This amplifier integrates 

more negative (towards Vssa) and starts at zero. Currently, we reset this device once per 

integration time, but it is possible to reset the amplifier less frequently. The 5 x gain in 

C 
this amplifier is realized by the ratio of —^. The output voltage offset of the amplifier 

can be adjusted by changing the potential of Vca- The 5 x amplifier requires a 2 mA 

external current source that is supplied by a transistor on the daughterboard. 

Source-follower amplifier 

Currently, we are not using the p-channel source-follower amplifier. It is 

recommended that future designs create a daughterboard that brings out both OUTl and 

0UT2 so that both amplifiers can be used. The source-follower amplifier is useful 

because we have a direct path to the unit cell. One of the issues on the current program is 

why the gain of the device is much lower than expected. Use of the p-channel source-

follower would have helped diagnose this problem. In order to connect the p-channel 

source follower, we need to add a 2 mA current source to the daughterboard, opposite in 

polarity to the one used for the 5 x amplifier. 
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Test Mode 

This ASIC also contains a test mode. The test mode will allow one to get back into 

the pixel unit cell up to node MN2; the gate of the buffer amplifier in the correlated 

double-sample circuit. This feature could be useful for many different types of 

experiments. First, in future designs it can be used to help verify the gains at each stage 

of the circuit, enabling a more thorough debugging of the imaging system. Second, use 

of this feature will allow one to sit on a single pixel and watch it integrate. This task 

could be useful in obtaining a better understanding of device physics. In order to 

implement the test mode, the 1 x p-channel source-follower output amplifier is used, 

requiring a daughterboard change. The test mode of the ASIC also requires a special 

timing diagram that will turn on one side of the transmission gate switches in the column 

sample-and-hold amplifier. If these switches are turned on and not allowed to cycle, one 

can watch the unit cell integrate. 

4.7 Hybrid A3 Experimental Results 

The test results presented in this section represent a performance survey of our 

imaging device. These tests were performed over roughly a twenty-four-month period 

beginning in 1997. Initial results were presented in Barber (1997). In order to test our 

imaging hybrid, we first had to build a complete gamma camera and computer interface. 

Details of the hardware portion of our camera are contained in chapter 5. Details of the 

computer interface are contained in Eskin (1997). 
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We are primarily interested in the noise properties of the hybrid and the ASIC and 

present results pertinent to those quantities: gain measurements, leakage current, leakage-

current noise, noise-correlation measurements, ASIC DC linearity, and charge-handling 

capacity. Data were taken at four temperatures: 0° C, 10° C, 20° C, and 30° C. Test 

results in units of electrons or amperes use the measured gain for the device at the 

temperature of the measurement. 

4.7.1. Experimental Setup 

The detector array was tested in a temperature-controlled aluminum housing filled 

with dry nitrogen. The housing provided electrical shielding as well as power and signal 

connections to the array. The array was powered up and allowed to stabilize at room 

temperature. A thermoelectric (TE) cooler was used to control the temperature of the 

imaging chip. The cooling system was not a closed-loop system. We monitored the 

temperature of the array under test with an Analog Devices AD590 temperature sensor. 

The temperature sensor was mounted to a separate daughterboard adjacent to hybrid A3. 

The temperature sensor allowed us to monitor the temperature to ± 1°C. 

In order to verify proper hybrid and ASIC operation, the multiplexer operating 

voltages were measured and adjusted to values found (from previous testing) to give 

good gamma-ray response. These values are close to the voltages recommended by 

Augustine and are the same voltages used for all imaging studies (chapter 7). The 

amplifier offset of the external electronics was adjusted so that the output of the CdZnTe 

array was within range of the A/D converter (1.5 volts to 3.5 volts) as observed on an 
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oscilloscope. Circuit bias voltages are discussed in section 5.3.2 along with schematics 

of the bias supplies. 

4.7.2 Measurement Procedure 

During these experiments, the bias voltage applied to the top electrode of the array 

was varied in negative 2-volt increments over a range of 0 to -100 volts. Temperature 

measurements were taken at each step, and zero-bias measurements were taken before 

and after a bias-voltage measurement in order to allow interpolation of the offsets. The 

two offset values obtained for each bias voltage are averaged; the average offset voltage 

for a given bias voltage is subtracted from a given bias voltage in order to determine the 

leakage current. Data were acquired every 30 seconds. Two runs were taken for each 

measurement, the first run with decreasing bias voltage, and the second run with 

increasing bias voltage. The data for each bias voltage measurement consisted of 500 

separate samples for each of the 4096 pixels in the array. 

The leakage-current noise of each pixel as a function of bias voltage was measured by 

subtracting in quadrature the temporal noise measured with zero applied bias. Zero-bias 

noise measurements were taken before and after a bias-voltage noise measurement. 

There are a total of 100 zero-bias measurements (500 samples per measurement) that 

were averaged before subtraction from each leakage-noise measurement. 

Data analysis was performed using programs written in MATLAB. The programs 

read the raw data files and convert the raw data to input-referred electrons by dividing by 
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the conversion gain (the gain measurement is outlined in 4.7.5). Once the data is in the 

form of input-referred electrons, the current-voltage response is calculated by subtracting 

off the average of the offset for each bias voltage. 

In the case of noise, the raw data values are reported as variances; the MATLAB 

'y 
program reads in the raw data values and converts the raw data into electrons by 

dividing by the square of the conversion gain. The leakage-current noise is calculated by 

subtracting in quadrature the zero-bias noise from each of the bias-noise measurements. 

In some our noise studies, we used the Fano factor as a noise figure-of-merit. The 

Fane factor, defined as the ratio of the variance to the mean, is calculated by taking the 

ratio of the measured leakage-current variance (in electrons^) to the mean leakage current 

(in electrons) at a given bias voltage: 

(4.51) 
heak  

where is the leakage-current variance, and the mean leakage current 

measured at a given bias voltage. 

Once the leakage current, leakage-current noise, and Fano factor for each bias has 

been calculated, the MATLAB program displays maps and histograms for each bias 

voltage, a total of four to the page. Data tables containing pixel statistics such as defects, 

mean leakage current, and mean noise are also computed. 
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4.7.3 Error Analysis 

Quantitative differences in data are reported as the mean and standard deviation. 

Errors in the experiments are independent and random because each measurement is 

independent of the next. The rules for error analysis can be summarized quickly: if 

independent measured quantities are added or subtracted, the measurement errors add in 

quadrature; when independent measured quantities are multiplied or divided, the 

fractional uncertainty in the measurement adds in quadrature (Bevington, 1992). The 

fractional uncertainty in a measurement is defined as the standard deviation of the 

measurement divided by the mean of the measurement. 

4.7.4 Conversion-Gain Measurement 

The signal path of our gain measurement is shown in figure 4-12. The integrated 

leakage current travels through several gain stages in the ASIC before being amplified by 

the external electronics. In order to determine the leakage current of our hybrid, we 

needed to measure the conversion gain of the entire imaging system to the point as seen 

by the A/D converter. By conversion gain, we actually mean transimpedance gain, 
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Figure 4-12 Simplified schematic for CMOS imaging device and conversion gain 
measurement. Not shown are the source-follower amps in the ASIC. The external 
amplifier has a gain of 0.5. 

because the imaging system converts an input of electrons in to an output of volts. The 

conversion gain measurement is obtained from a measurement of photopeak position. To 

measure the gain, we used a flood source to illuminate the detector array. The gain was 

measured at several temperatures, 0° C, 10° C, 15 ° C, 20° C, and 30°C. Two different 

sources of gamma rays were used: a 60 keV gamma ray from an Am-241 source, and a 

141 keV gamma ray from a Tc-99m source. During each measurement, the source was 

placed approximately 300 mm above the array and a small pinhole was used to collimate 

the source as shown in figure 4-13. 
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Figure 4-13 Experimental setup for gain measurement. An angled pinhole is used to limit 
detector counts caused by scattered radiation. 

The gain measurement uses an iterative algorithm developed by Dan Marks that is 

stored in the DSP program Muxmun2.c. Muxmun2.c sums neighboring pixel signals for 

estimating the gamma-ray energy. A flowchart of the gain measurement is shown in 

figure 4-14. The assembly-code listing of the pixel summation portion of the gain 

measurement is shown in figure 4-15. At the beginning of the gain measurement, an 

array used to store the gain values is initialized to a value of 128. The values for the gain 

are always stored as integers. Following initialization, the gain-measurement program 

searches for the peak value in a 3x3 array of pixels. Initially, all pixels are compared to a 

threshold. Any pixels that have a value less than the threshold are not used in the sum. 
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During the initial pass through the algorithm, the current gain value is obtained by taking 

the product of the previous gain value and new photopeak position. The result is then 

divided by 128. The gain measurement is iterative, as the gains are corrected during each 

subsequent pass through the algorithm. We experimentally determined that five 

iterations through the algorithm provide good results (Marks et al., 2000). One of the 

issues encountered during use of this algorithm in the measurement of gain, was that it 

failed to always converge properly. We found that the algorithm sometimes failed along 

edges of the array or in regions of defective pixels. An algorithm failure means that the 

algorithm would keep running and the program would never stop and converge. 

Generally when the algorithm failed we had to force the algorithm to converge by 

interrupting the number of times the program ran through its loop. This issue has still not 

been resolved. When the gain algorithm is operating on pixels having good charge-

transport properties, i.e. away from grain boundaries, edge effects, etcetera, the algorithm 

works quite well. Defective pixels are classified by three criteria: number of counts in a 

pixel is less than a minimum threshold when illuminated with gamma rays, number of 

counts in a pixel is greater than 10 times the array average, or number of counts in a pixel 

is excessively high when there are no gamma-rays present. 

The results of the gain measurement are stored into a buffer and are output to a file as 

a voltage. In order to convert the voltages reported by the program into a gain 

measurement, it is assumed that the production of an electron-hole pair in CdZnTe 

requires 4.46 eV. There are two salient features to Marks' algorithm. First, pixels are 

summed after comparing them to a threshold. If the signal in any pixel in a 3x3 region 
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surrounding the hit pixel is greater than the threshold set in the algorithm, then the data 

for that pixel is included in the sum. Second, data in the 3x3 region is compared to the 

central pixel. Software switches in the algorithm compare each pixel signal in a 3x3 

region to the central pixel in order to ensure that only one gamma ray is counted. These 

software switches are highlighted in figure 4-15. Specific details of the program are 

contained in Marks (2000). 
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Figure 4-14 Flow chart of gain measurement. 
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Icntr-ROWS, do Rloop until Ice; 
rl « dm(i4,m6}, r2 « pm(ilO,Tnl4); 

I fetch operands for first pixel in column{m6 and ml4 are alwaysl) 
r3=rl - r2; 
r7=din (i3 ,m6) ; 
rl3r=rl3+r4; 

subtract offset from raw data 
fetch pixel gain 
increment row counter rl3 by 1 

Threshold switch 
lcntr=COLS, do Cloop until Ice; 

rl = dm{i4,tn6) ; ifetch raw pixel signal 
• r8=r3-rl5; 'compare to threshl 

if LT jumpfPC,Cloop) (DB), else r8=r3*r7 (SSI) ; 
Iskip if not above threshl, otherwise multiply by pixel gain. 
!We could have threshl be variable to account for gain variations, 
•! but for now threshl is constant 
INext 2 instructions are processed even if jump to Cloop 
r7=dm (i3 ,ni6! , r2 = pm(il0,ml4) ; ! fetch gain and offset 
r6=-lf !r6 will be negative unless a surrounding 

!pixel signal is greater than the central pixel 
r3=0; ! initialize r3 for storing the sura of 9 pixels 
modify(i4,-69) ; !go back to start of 3x3 area 
modify(ilO,-67) ; !go back to start of 3x3 area 
modify(i3,-67) ; !go back to start of 3x3 area 
rl2=0; !rl2 counts row of 3x3, 0 to 2 

Threshold switch 

Check central pixel 

lcntrc3, do Aloop until Ice; 
,rl2=rl2+r4; 

-lcntr=3, do Bloop until Ice; 
-rl dtn{i4,m6), r2 = pm(il0,ml4) 
r7»=dm (i3, m6) ; 

•rS = 64 ; 
r9=r9-rl3; 

! f or 3 rovfs 
!increment rl2 by 1 
!for 3 columns 
;Ifetch signal and offset 

!fetch gain 
!These 6 rows are for checking if 
!we are accessing the 65th row, 

if GT rl2=rl4; 
r9=3; 
r9t=r9-rl 2; 
if EQ jump(PC,Bloop); 
r9=rl - r2; 
r9=r9*r7 (SSI); 
r2=rl4-r9; 
if LT r3=r3+rS; 
r2i=r8-rs; 

if LT rS=rl4; 
Bloop:r3-r3; 

modify(i4 , 63) ; 
modify(ilO,61); 

Aloop: -modify (i3 , 61) ; 

!which doesn't exist. We skip if 
irl3="64 (main row counter) 
land rl2=3 (sum row counter) 

and proceed to next pixel 
!subtract offset from signal 
!multiply by gain 
! Check if greater than threshZ 
! and add signal to sum 
!Check if signal is larger than 
! central pixel signal (r8) 
! and set rS positive 

!place holding instruction for loop 
IMove to start of next row 
IMove to start of next row 
IMove to start of next row 

Figure 4-15 Pixel-summation code from Muxmun2.c 
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4.7.5 Energy Linearity 

In our current imaging hybrid, the gamma-ray energy is estimated by summing 

multiple pixel signals together. Energy linearity is important when summing pixel 

signals to obtain an estimate of the energy because of the varying amounts of charge 

deposited in each pixel. We first measured energy linearity by measuring spectra on the 

48 X 48 array with 1-125 (27.5 keV), Am-241 (60 keV), Xe-133(81 keV), Co-57 (122 

keV), and Tc-99m (140 keV) to verify the pixel-summation algorithm (Marks et al., 

1996). Only events that produced charge in the center pixel were counted, and a 3.5 keV 

threshold was used to sum pixels in a 3 x 3 area. We found the results to be linear up to 

140 keV. The conversion gain can be determined from a slope of the best-fit line and the 

data is shown in figure 4-16. The conversion gain for the 48 x 48 device was found to be 

3.86 |aV/e-. 
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Figure 4-16 Plot of photopeak voltage versus gamma-ray energy demonstrating energy 
linearity. Photopeaks were taken from spectra formed by summing pixels in a 3 x 3 
pixel region. 

Having confidence in the pixel-summation algorithm based upon the results obtained for 

the 48 X 48 device, we measured the conversion gain on our 64 x 64 device using two 

sources: an Am-241 source, and a Tc-99m source. A plot of the average energy 

linearity at 20" C 64 x 64 device is shown in figure 4-17. The measurements are linear, 

but the data is only based upon two measurements. Actually, based upon the small-pixel 

effect and the physics of these devices discussed in chapter 2, I would expect that the 

results would be slightly non-linear, since there is some electron trapping. This means 

that the 60 keV data point should have a slightly smaller amplitude than shown in figure 

4-17. The slope of the line in figure 4-17 corresponds to a gain of 1.36 p,V/e- ±0.31 
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)aV/e-. A histogram of the gain slopes for the two-source measurement is shown in figure 

4-18. 

Figure 4-17 Energy linearity plot of photopeak voltage vs. gamma-ray energy. 
Photopeaks were taken from spectra formed by summing pixels in a 3 x 3 pixel portion 
of the array with some charge in the center pixel. 
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Figure 4-18 Histogram of gain as measured by slopes of best-fit line to different energy 
sources. The mean gain is 1.36 ± 0.31 microvolts/electron. 

4.7.6 Gain Histograms vs Temperature 

The results for all gain measurements versus temperature taken over a 2-year time 

frame are shown in Table 4-3. Five of the 12 measurements were taken with an array 

operating temperature of 0° C; three measurements were taken with the array operating at 

20''C. The remaining four measurements were split between lO^C and 30°C. A summary 

of the results for all gain measurements is contained in Table 4-3. 

On average, there is approximately a 28% difference in the measured transimpedance 

gain between 0°C and 30''C. Most of these differences occur along the high leakage 

regions along the crystal boundaries and near the grain boundary. One possible 
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hypothesis is that at higher temperatures, there is more trapping in areas of the crystal 

containing grain boundaries and other crystal defects (Barber, 2003). Gain histograms 

for the measurements in Table 4-3 are shown in figure 4-19. Using the standard 

deviation divided by the mean as a measure of the measurement spread, the gain varies 

approximately 20% across the array when measured at 20° C, and the variation in gain for 

Hybrid A3 Gain Measurements (microvolts/e-) 

CC lO^C 20''C 30°C 

(Am-241) 1.5 ± 0.3 (Am-241) 1.46 ±0.3 (Am-241) 1.35±0.3 (Am_241) 1.27 ±0.3 

(Am-241) 1.65+ 0.4 (Am-241) 1.45 ±0.3 (Am-241) 1.36±0.3 (Am-241) 1.22 ±0.3 

(Am-241) 1.58 ±0.2 (Tc-99m) 1.35±0.3 

(Am-241) 1.65 ±0.3 

(Tc-99m) 1.65 ±0.3 

Meani std. dev: 1.61 ± 0.3 1.46 ±0.3 1.35 ±0.3 1.25 ±0.3 

Table 4-3 Summary of gain measurements over a two-year period versus temperature. 
Measurements are reported as mean ± standard deviation. 

0° C measurements is slightly less at 17%. The gain does change slightly with 

temperature, but with a stable temperature, the gain measurement remains consistent. 

The conversion gains obtained by a least-squares fit to the energy data in section 4.7.5.1 

are consistent with the results presented in Table 4-3 and certainly fall within the 



226 

measurement error. Finally, the gain measurements are stable over time, an important 

consideration in the development of large-scale imaging systems. 

All gain mGasurements for T = 0 and 20 C 
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Figure 4-19 Histograms of 8 different gain measurements taken between 03/98 and 
03/00. 

The gain measurement is stable, but the values obtained for the gain are less than those 

theoretically expected based upon our unit-cell design. The conversion gain of device A3 
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varies from pixel to pixel with a mean of 1.35 |j,V/e and a standard deviation of 20% at T 

= 20 °C. The room-temperature (T = 20 °C) conversion gain across the array varies from 

0 to 2.7 |a,V/e. There are only forty-eight pixels that have a conversion gain greater than 

1.85 p-V/e. The majority of the pixels (3505) have a measured conversion gain ranging 

from 1.3 )j,V/e - 1.85 fj.V/e. There are several possible reasons for gain values being 

lower than anticipated. The reasons can be isolated to two general classes, the imaging 

hybrid and the ASIC. 

In the hybrid, we had to use pixel summation in order to obtain spectra because of the 

lack of photopeaks. There could be an error in the pixel-summation program, resulting in 

lower gain than expected. I do not believe this to be the case because we debugged the 

pixel-summation algorithm thoroughly and used the 48 x 48 arrays to give us confidence 

in the techniques of pixel summation before moving forward and measuring gain on to 

the 64 X 64 devices. Certainly, the gain values obtained with Mark's pixel-summation 

algorithm are very repeatable as indicated by repeated measurements with different 

energy sources over a two-year period (see figure 4-16). So I believe the results obtained 

using the pixel-summation method of measuring gain are reasonable. 

With respect to the ASIC, there are several possible reasons for low gain, none of 

which are easy to verify. First, the gain on the cascode amplifier in the unit cell could be 

less than expected because the transconductances of the transistors used to form the 

cascode amplifier are lower than expected. Second, the gain of the 5x output amplifier 

could be less than expected for the same reasons mentioned for the unit-cell gain. In the 
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future, this situation would benefit from design of a new daughterboard that has both 

output amplifiers brought out. A gain measurement using both outputs would remove 

any ambiguity about what the gain in each stage of the ASIC is. 

Another possible cause for the lower than anticipated gain in the ASIC is that the 

capacitor used to fabricate the integrators could be larger than expected. The MITEL 

foundry has a wafer-to-wafer tolerance of approximately ± 10%, and a lot-to-lot 

tolerance of ± 25% (Augustine, 2003). The standard way of making capacitors uses 

polysilicon separated by a dielectric and then another polysilicon layer. Our devices use 

capacitors fabricated as metal on polysilicon. These capacitors are fabricated on a wafer-

to-wafer basis and this process is not controlled as tightly as the standard CMOS 

processes which can result in different values of capacitance than expected (Augustine, 

2003). 

4.7.6.1 Gain Maps 

Gain maps are shown for temperatures between 0°C and 30° C in figure 4-18. The 

largest change in gain with temperature occurs around the edges of the array, specifically 

the right hand edge of the crystal as well as the top of the crystal. The diagonal grain 

boundary around row 40 and column 10 also shows a large change in gain as the array is 

cooled from 20" C to 0" C. We investigated four regions of the array in which measured 

gain varies the most with temperature. These regions are: along the grain boundary 

between rows 1-20 and columns 40-50, the leaky region between rows 28-35 and 

columns 10-20, the leaky region along the right-hand edge of the crystal between rows 
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30-40, and columns 54-64, and a region of high gain centered between rows 35-45 and 

columns 15-25. The results are shown in table 4-4. The investigation of the low-gain 

areas shows that the biggest variation of gain is due to the material properties of the 

array. The gain in each of the low-resistivity and grain-boundary regions changes 

significantly with temperature. Region 3, the high-gain region has almost zero change 

with temperature until the temperature reaches 30° C. Once the temperature of the array 

reaches 30° C, the gain in this region drops by approximately 20%. 

Region T = 0°C T= 10°C T = 20°C T = 30''C 

Region 1 

High leakage 
current, low gain in 
rows 1 -20 and 
columns 40-50 

1.41±0.37 1.3±0.33 1.2±0.39 1.1±0.3 

Region 2 
Grain boundary, 
Low gain rows 28-35 
columns 10-20 

1.72±0.22 1.41 ±0.22 1.16±0.3 1.1 ±0.2 

Region 3 

High leakage 
current, Low gain 
rows 30-40 and 
columns 54-64 

1.76±0.09 1.44±0.15 1.18±0.25 1.2±0.13 

Region 4 

High gain, low 
leakage current rows 
35-45 and columns 
15-25 

1.64±0.07 1.62±0.05 1.60±0.06 1.4±0.05 

Array average 1.61±0.28 1.46±0.28 1.35±0.27 1.25±0.35 

Table 4-4 Comparison of low- and high-gain regions of array versus temperature. 
Measurements are reported as the mean ± standard deviation. 
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Figure 4-20 Gain Maps for T = 0 "C A.) and 10 "C B.). The biggest changes in gain with 
temperature occur in the leaky areas around the edges of the detector array as well as the 
diagonal grain boundary between rows 30 to 40 and columns 10 to 20. Other large 
variations in gain with temperature occur along the right hand edge of the crystal as well 
as the top of the crystal. 
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Figure 4-21 Gain Maps for T=20 °C and T = 30 °C. The biggest changes in gain with 
temperature occur in the leaky areas around the edges of the detector array as well as the 
diagonal grain boundary between rows 30 to 40 and columns 10 to 20. Other large 
variations in gain with temperature occur along the right hand edge of the crystal as well 
as the top of the crystal. 
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4.7.7 Offset Variation/ Temporal stability 

Allowing time for the camera to warm up and the temperature to stabilize, an ideal 

semiconductor-based gamma camera will produce the same output on a pixel-by-pixel 

basis, independent of time. The overall stability of a real gamma camera is determined 

by the properties of the imaging device as well as by the stability of the drive electronics 

and data-acquisition system. In this test, we measured offset maps of the array and the 

output of the daughterboard-mounted temperature sensor with time. Offset maps are 

subtracted from the imaging array in order to determine the amount of leakage current 

that is flowing at a given bias voltage. Typical maps of the offsets and its standard 

deviation are shown in figure 4-22. These maps are acquired each time a measurement is 

made. Each map displays data from all 4096 pixels in the 64 x 64 array where the data 

for each pixel corresponds to the DC level of the pixel with zero applied bias. 
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Figure 4-22 Offset map of hybrid CdZnTe detector array at T = 20 C. All 4096 pixels are 
shown; brighter regions correspond to higher offset values. Defective columns can be 
seen at column 28 and column 30. Column 30 has very large offset values, while column 
28 has very low offset values. 

Typical temperature variations encountered during an experiment are shown in figure 

4-22. These results are obtained after the camera is allowed to warm up and stabilize for 

30 minutes. Over the course of a one-hour experiment the temperature did not shift by 

more than approximately one degree. This is quite stable considering that there is no 

closed-loop temperature control. Although the slight change in temperature can result in 

a shift in the output offsets, offsets are acquired before and after measurement of each 

data point in order to nullify the effect of changing temperature. 
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Temperature Variation vs Time of Experiment 
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Figure 4-23 Temperature variation versus time of experiment. The temperature of the 
device is fairly stable over the time of the experiment. During the time of the experiment, 
the maximum temperature shift was approximately one degree. Offsets are measured 
before and after each data point in order to nullify any affects due to temperature change. 

4.7.8 Leakage Current Measurements 

All CdZnTe devices exhibit leakage current that increases with increasing bias 

voltage. Measurements of leakage current are often used as a screening test of device 

performance. In order to use these devices as room-temperature imaging systems, we 

desire a device with as high a resistivity as possible in order to reduce leakage current 



noise. Leakage current can also be affected by detector fabrication issues such as contact 

deposition or defects in the bulk material such as grain boundaries, or Te inclusions 

which result in higher leakage current. Therefore, it is common practice to measure the I-

V characteristics of such devices as a measure of device health. We expect linear I-V 

response as the amount of current measured is proportional to the bias voltage. We 

measured the current-voltage characteristics of device A3 over a wide range of operating 

conditions and temperatures. The output voltage due to leakage current, collected by a 

pixel is 

K=C^.~ + K,„„. (4.52) 
q  

where Cg is the conversion gain, // is the leakage current, is the integration time, q is 

the charge on an electron, and Vofset is the offset voltage. By taking the difference 

between the output voltage and the offset voltage and dividing by the conversion gain, 

one can determine the leakage current as a function of bias voltage. 

4.7.9 Leakage current versus bias voltage at several temperatures 

The large number of pixels in our array allows investigation of the spatial variation of 

the leakage current. We calculated an average current for each pixel from the known bias 

voltage and the measured conversion gain for each pixel for temperatures ranging from 

0''C to SO^C. The average measured array current-voltage response versus temperature is 

shown in figure 4-24. The most important feature of these curves is that the pixel 

responses are ohmic; there are no indications of diode-like behavior. Figure 4-25 shows 
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the I-V response at low vohages and again there are no indications of diode-Hke 

behavior. These resuhs show that our photoHthographic techniques used to produce these 

detectors did not degrade the performance of the detectors. 

X 10" Hybrid A3 mean current vs bias for several temperatures 
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Figure 4-24 Current-voltage characteristics of array A3 versus temperature. The response 
of the array is essentially linear with applied bias voltage. Error bars are due to repeated 
measurements of leakage current at each temperature and are approximately ± 10%. 
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Figure 4-25 Hybrid A3 average low-voltage, current-voltage plot at T == 20 °C. This plot 
shows linear current-voltage response. 

4.7.10 Leakage current maps vs. T 

Figure 4-26 is a leakage current map of our array and shows how the leakage current 

in our imaging device varies with temperature. Lighter squares in the plot correspond to 

pixels that have higher leakage current. There are several regions of high leakage current 

surrounded by regions of very low leakage current. The structured parabolic region of 

high leakage current corresponds to a grain boundary from the IR transmission 
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photograph of the detector wafer used to make this array. There are two main high 

leakage regions in these maps. The first region has a parabolic shape that runs from the 

center of the left-hand side of the array to the bottom of the right-hand side of the array. 

The second high-leakage region occurs in the center of the right-hand portion of the array 

and extends towards the center of the array. The parabolic structure corresponds to a 

grain boundary identified in an IR transmission photograph of the wafer used to make 

this array (Barber, 1997). 

A3 Leakage (electrons) versus Temperature Bias = -100 volts 

10 20 30 40 50 03 10 20 30 40 50 60 

Figure 4-26 Leakage current variation of array A3 with temperature. In the maps shown 
above, bright pixels have the largest current. All maps have the same scale in order to 
highlight the differences in current with temperature. 
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4.7.11 Leakage current histograms versus temperature 

Although it cannot be seen from the leakage current maps, the integrated leakage 

values for this device are more than an order of magnitude lower at 0°C than at 30°C (see 

table 4-5. Figure 4-27 is a histogram of leakage current versus temperature with the array 

biased at -100 volts. When the temperature is 30° C, the distribution is fairly flat across 

the current axis. At the other temperatures, the range spans from approximately 2.5 x lO'* 

to 1.5x10^ electrons with long tails out to larger leakage values. 
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Figure 4-27 Integrated leakage current histograms versus temperature. 
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Figures 4-28 and 4-29 show the histograms of leakage current versus bias voltage for 

different temperatures. Figure 4-28 contains histograms for 0 °c and 10 °C, while figure 

4-29 contains histograms for 20° C and 30" C. Note that each graph has a different scale 

on the abscissa. Defective pixels have been removed from the histograms in each case. 

On average, between 0 "C and 10° C, there is a 3.5 x increase in the mean current. On 

average, between 0° C and 30° C, there is a 20 x increase in the mean current. 
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Figure 4-28 Histograms of leakage current versus bias, T = 0° C and 10° C. Note the 
different scales on the abscissa. 
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Histogram of current vs. bias voltage T = 20 "C 
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Figure 4-29 Leakage current histogram versus bias and temperature for T = 20° C and 30° 
C. Note the different scales on the abscissa. 
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4.8 Maximum charge storage 

Current-voltage curves can also be used to look at the charge-storage capabilities of 

this device. The linear charge capacity of this array was determined by looking at the 

variation in mean current as the bias voltage applied to the array was decreased from 0 to 

-100 volts. Figure 4-30 shows several low-resistivity pixels from this array. On average, 

this device can accumulate approximately 375,000 electrons based upon the pixels shown 

below. This value is consistent with the design goals of the readout established at the 

start of this program and is based upon a feedback capacitor of 60 fF. Variations in the 

level of saturation can be attributed to process variations in the manufacture of the 

readout ASIC. 

I-V curve showing saturated pixels 
. . . . . . .  
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bias voltage (volts) 

Figure 4-30 Dynamic range of hybrid imaging device. The lowest-resistivity pixels 
saturate between 350,000 and 400,000 electrons. The maximum variation for the pixels 
shown is on the order of ± 10 percent. 
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4.9 ASIC DC Linearity 

The DC linearity of the ASIC can be measured by plotting the output voltage Vout 

versus the offset voltage Vo//. The offset-voltage adjustment is connected to the offset 

capacitor in the unit cell. By adjusting Vojf, one can vary the output voltage over its 

dynamic range. Any non-linear behavior is an indication that a given pixel is not 

functional. A typical curve for a bare multiplexer is shown in figure 4-31 and shows good 

functional behavior. Such curves are acquired under dark conditions because the 

multiplexer is sensitive to visible light. 
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Figure 4-31 ASIC DC linearity measurement, output voltage versus offset voltage for a 
bare multiplexer. The curve shows response typical of functional devices. 
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4.10 Temporal Noise Measurements 

Temporal noise in this imaging system consists of shot noise due to leakage current, 

read (ASIC) noise, and external electronic noise. In the measurements reported here, 

read noise is the difference between the hybrid noise with zero applied bias voltage and 

the system electronics noise. In the literature, read noise is generally defined as the noise 

due to the unit cell and multiplexer. Unless otherwise noted, all noise measurements will 

be specified as a noise equivalent charge. The system electronics noise in our PC-based 

imaging system contains contributions from the A/D converter and the electronics that 

provide the timing and control voltages used to operate the imaging hybrid. Each of the 

noise components is independent and can be measured separately. The total hybrid 

temporal noise is given by 

where Ikakage is the leakage current at a particular bias voltage, q is the charge on an 

electron, at is the integration time, and is the electronics noise variance. 

In order to measure the individual noise contributions in this system, we started with 

the signal processing board and measured the standard deviation after applying a 2-volt 

battery input into the A/D converter. The battery is required because the input voltage 

range of the A/D converter is 1.5 volts - 3.5 volts. A noise measurement was taken and 

the results recorded by the computer. Several trials were taken and averaged. After 

measuring the signal-processing board, we added hardware components one at a time and 

leakage Noise, Noise, + Noise' ' rpn/hmt (rms electrons) (4.53) 
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repeated the process until the entire imaging system was operational. Once the system 

was operational, we measured noise versus bias voltage in order to determine the effect 

of leakage current on the overall noise floor. Each of the individual noise measurements 

will be discussed in more detail below. All noise measurements reported are an average 

of at least 3 separate trials (500 samples each, 1-millisecond integration time). 

4.10.1 Shot noise due to leakage current 

The purpose of this experiment was to measure the leakage-current noise as a function 

of applied bias voltage in order to correlate measured leakage current with measured 

noise current. The measured gain at the temperature of the measurement was used to 

convert the data acquired by the A/D converter into fundamental units of electrons. 

The leakage-current noise is obtained by taking the difference between the temporal 

noise at a given bias voltage and the temporal noise with zero applied bias. Electronic 

noise in imaging systems can be represented as: 

^lolahioise ~ leak ^ ^zero-hias noise ^ 

where crf^,ahwise ^^e measured noise at a given bias voltage, is the measured 

leakage current, and Mas mme the measured noise with zero applied bias voltage. 

The constant g is to be determined. This constant g is obtained by plotting the variance 

against the mean current and calculating the slope. Equation (4.54) has the form of 

y = mx + b, where m is the slope and b is the y-intercept. By taking the difference 
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between the total noise at a given bias and the zero-bias noise, one can determine the 

noise due to just leakage current. In this test, we used the calculated Fano factor of the 

leakage current as a figure of merit. The calculation of the Fano factor was defined in 

equation (4.51). All of the quantities in (4.54) are expressed in units of electrons. 

Devices that have a slope greater than one are called super-Poisson, devices with a slope 

of one follow Poisson statistics, and devices with a slope less than one are called sub-

Poisson. 

We formed the Fano factor for every pixel, and Fano-factor maps of the array are 

displayed in figures 4-32 and 4-33 for bias voltages of-80 and -100 volts. The measured 

gain of each pixel was used to convert measured values into fundamental units of 

electrons. Each of these plots shows that the mean noise is less than the current, 

suggesting sub-Poisson behavior for the noise. The measured Fano factor for the shot-

noise current in figure 4-32 is 0.73 ±0.18. The mean result of the negative 80-volt-bias 

measurement is also sub-Poisson, having a slightly higher calculated Fano-factor mean of 

0.77 ± 0.17. In order to further study this result, we have binned the array into the same 

leakage-current groups reported on in section 4.6.12. These results are shown in table 4-

5. The results do not appear to depend upon the measured pixel gain or calculated 

resistivity. Others (Nemirovsky et al., 1997; Luke et al., 2001) have reported similar 

results. Nemirovsky investigated high-pressure-Bridgman-grown detectors and reported 

that the shot noise was 25% of the measured current. Luke et al. (2001) performed 

measurements using a two-stage shaping amplifier and reported variances that are 

approximately 70% of the shot noise expected. Our results are similar to those reported 
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in the literature. In order to see if any of the pixels are correlated with each other, we 

performed correlation measurements. 

Bin Number of 
pixels in bin 

Mean 
current (pA) 

(-100 volts 
bias) 

Fano Factor Gain±cr 

|aV/e-

1 1143 110 ±3 0.73 ±0.17 1.0 ±0.3 

2 1700 22 ±3 0.8 ±0.16 1.4 ±0.2 

3 809 10 ± 1 0.7 ±0.2 1.5 ±0.2 

4 272 6.2 ± 1 0.76 ± 0.2 1.6 ±0.3 

5 172 1.3 ±0.2 0.67 ±0.2 1.1 ±0.3 

Table 4-5 Fano-factor characteristics for array by current bin. 
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Fano Factor and its Rel. Error using ivg. 20 C gain 
Fano Factor bias = -100v Fano Factor Error bias = -100 v 
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Figure 4-32 Fano-factor map with -100 volts bias computed using the average measured 
gain for each pixel at T = 20 °C. The large spike occurring at Fano factor =0 is due to 
defective pixels. 
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Fano Factor and its Rel. Error using avg. 20 C gain 
Fano Factor bias =-80V Fano Factor Error bias = -80V 
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Figure 4-33 Fano-factor map for -80 volts bias computed using pixel gain measured at 
20" C. The large spike at zero corresponds to defective pixels. The mean Fano factor is 
0.77 ±0.17. 

4.7.10.2 Correlation Measurements 

Correlation measurements were performed by collecting 10,000 frames of data with a 

bias voltage of -100 volts. Another 10,000 frames of data were collected with zero-bias 

applied to the array. Each of the 10,000 frames was averaged in order to form a mean 

100-volt bias array and a mean zero-bias array. These two arrays were subtracted in 



order to form a difference array due to the leakage current alone. Using (4.12), we 

formed the covariance matrix from the difference array. Pixels whose Fano factor 

suggested sub-Poisson behavior were chosen as test cases and examined for possible 

correlations throughout the array. We found a very slight positive correlation evident in 

this data. Figure 4-34 is a map of the correlation coefficient of a single pixel in the 

CdZnTe array versus all other pixels for several different pixels. The value of 1 shown 

in each plot is the correlation of a given pixel with itself Figure 4-35 and figure 4-36 

show 64 X 64 element correlation maps for other pixels having sub-Poisson Fano factors 

in the array. The only strong correlation in each of these maps is the pixel with itself 

Table 4-6 summarizes the statistics of the pixels chosen and their measured Fano factors. 

Possible explanations for the slight positive correlation might include common-mode 

noise. 

Currently, we do not have an explanation for the sub-Poisson results. Nemirovsky et 

al. (1997) has postulated that the surface leakage current can be modeled as a shunt 

resistor that contributes only thermal noise. Another approach (Van der Ziel, 1976) 

suggests that resistive detectors can be better modeled in a manner similar to space-

charge-limited diodes. Luke (2001) has suggested that Coulomb interactions might be 

responsible. Regardless of the explanation, more studies are needed to quantitatively 

explain this phenomenon. 
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Figure 4-34 Correlation coefficient of four different pixels with sub-Poisson Fano factors. 
Each pixel correlates with itself. There is a slight positive correlation between a pixel 
and other pixels in the array. The correlation coefficient of 1 in each plot is the 
correlation of the pixel with itself 
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5 x 5  C o v a r i a n c e  M a p s  o f  P i x e l s  4 3 8 ,  4 0 7 0 ,  1 4 3 6 ,  a n d  1 4 9 8  

Figure 4-35 Covariance maps for pixels 438, 4070, 1436, and 1498. These pixels are 
shown in table 4-6. 
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5 x 5  C o \ a r i a n c e  M a p s  o f  P i x e l s  2 4 1 ,  2 3 0 2 ,  2 3 5 7 ,  a n d  1 6 2 6  

Figure 4-36 Correlation maps of pixels 241, 2302, 2357, and 1626. These pixels are 
contained in table 4-6. 
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Pixel Calculated Fano Factor Calculated Correlation 
coefficient 

438 0.9 0.08 

4070 0.5 0.1 

1436 0.9 0.1 

398 0.5 0.1 

241 0.6 0.07 

2302 0.7 0.06 

2357 0.9 0.05 

1626 0.4 0.1 

3940 0.2 0.09 

3816 0.7 0.12 

3447 0.6 0.10 

2178 0.8 0.09 

1721 0.8 0.08 

3216 0.5 0.07 

3391 0.3 0.08 

2352 0.2 0.07 

1816 0.1 0.09 

3455 0.6 0.08 

176 0.7 0.1 

2119 0.5 0.06 

Table 4-6 Correlation coefficient for pixels having different Fano factors shown in figure 
4-35 and figure 4-36. 
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4.10.2 Zero-bias system noise 

System noise is defined as the noise with zero appHed bias voltage and consists of 

contributions from the hybrid and external electronics. Using the measured conversion 

gain for each pixel, the rms read noise was determined to be 294 electrons with a 

standard deviation of 74 electrons. A map of the read noise for this device is shown in 

figure 4-37. A histogram of the read noise is shown in figure 4-38. Black areas in this 

map correspond to dead pixels. 
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Figure 4-37 Read noise map of hybrid A3. This device has a read noise of 294 electrons 
± 74 electrons. Bright areas correspond to higher-noise pixels. Black areas correspond to 
dead pixels. 
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Figure 4-38 Histogram of read noise. Array A3 has a read noise of 294 ± 74 electrons. 

4.10.3 Electronics Noise 

PC-based imaging systems such as ours using off-the-shelf data acquisition boards 

oftentimes have poor overall noise performance because the data-acquisition boards have 

been designed for general-purpose use, not optimized for low-noise performance. In our 

system, the electronics noise is 60% of the zero-bias noise. 

In order to measure the system electronics noise, we measured the noise when the 

switch of the reset integrator was closed. This allows us to separate the noise in the 

hybrid from the down stream electronics noise. The assumption made here is that the 

noise of the shift registers in the ASIC is very low in comparison to the rest of the 

system, a reasonable one based upon the simulation data presented in section 4.5. In 
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order to convert the electronics noise to an NEC, we used an average room-temperature 

gain of 1.36 microvolts/electron. The rms average of 5 trials (500 samples, 4096 

elements per trial) is a mean of 244 electrons with a standard deviation of 12 electrons. A 

histogram of the total system noise is shown in figure 4-39. 
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Figure 4-39 Histograms comparing the system electronics noise and A/D converter noise. 
The system electronics has a mean of 244 ± 12 electrons, while the A/D converter has a 
mean of 224 ±10 electrons. The system electronics noise includes noise from the A/D 
converter. 



258 

A/D Converter Noise 

After measuring the electronics noise, we disconnected everything in the system and 

applied a 2-volt battery to the input of the A/D converter board in order to measure its 

noise. Using an average room-temperature gain of 1.36 microvolts per electron, the NEC 

of the digital-signal-processing board and A/D converter was found to be 224 ±10 

electrons. The measurement consisted of the average of 5 trials (500 samples,4096 

elements per trial). The digital-signal-processing board is over 90% of the electronics 

noise. 

4.10.4 Summary of leakage current noise versus temperature 

On average, leakage-current noise is approximately 50% of the total noise at room 

temperature. On average, leakage-current noise becomes more than 70% of the total noise 

when the temperature reaches 30° C. By cooling the device to 0° C, the noise component 

due to leakage current is approximately 7% of the total noise. 

4.11 Summary of Noise Sources 

Table 4-7 is a summary of the noise sources discussed in section 4.7.10. Table 4-7 is 

row-ordered component-by-component. The three columns consist of the component, the 

noise equivalent charge, and the percentage of zero-bias noise. The percentage of zero-

bias noise was calculated as a ratio of variances because each of the system noise 

components add in quadrature. Overall, the electronics noise is very good at slightly over 

10 percent of the hybrid zero-bias noise. The off-the-shelf signal processing board is one 
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of the highest noise components in the system and is almost 60% of the zero-bias noise. 

The ASIC is approximately 30% of the total noise and met our initial specifications. 

Component Calculated NEC based 
upon measurement 

Percentage of zero-bias 
noise based on ratio of 
variances 

External electronics -100 electrons .11 

(Square root of quadrature 
difference of system 
electronics and signal 
processing board) 

ASIC (Square root of 
quadrature difference of 
hybrid noise at zero bias 
and system electronics) 

164 ± 21 electrons .31 

Signal-processing board 224±10 electrons .58 

System electronics (A/D 
Board and external 
electronics) 

244 ±15 electrons 0.68 

Hybrid at zero bias 294±15 electrons 

Table 4-7 Comparison of noise components in imaging system at zero bias. 

4.12 Summary of Test Results 

In this chapter, the operation, design objectives, and performance of our imaging 

hybrid was analyzed. Following a presentation of the SPICE simulations for this device, 

we performed a full characterization of our imaging device. The objective of this 

analysis and performance characterization was to determine the significant noise sources 
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present, and decide what we could do to reduce their effect on imaging performance. It 

was postulated that shot noise due to leakage current was a significant portion of the total 

measured noise of this device. During our measurements, we found that the measured 

shot noise of this device was significantly lower than that predicted by Poisson statistics. 

Even though the shot noise is reduced, it is still approximately 50% of the total noise at 

room temperature. The highlights of tests run on this array are presented in table 4-8. 

All results are excellent and show that we meet the design requirements expected of the 

device. 

Summary of Test Results 

Device temperature 20" C 

Zero-bias noise 294 electrons +/ 68 electrons 

Electronics Noise 244± 15 electrons 

Unit-cell noise 164 electrons 

Gain 1.36 )aV/eIectron ±0.3 |j.V/electron 

Power dissipation ~ 400 mW 

Anomalous behavior noted: Lower gain than expected 

Sub-Poisson noise 

Table 4- 8 Summary of test results. 
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CHAPTER 5 

5. ARIZONA SEMICONDUCTOR CAMERA DESIGN 

The final board in the stack is the power supply board that supplies power to all of the 

other boards. It uses off-the-shelf power supplies wired into a PC board. 

5.4.3.1 Imager Board 

A block diagram of an imager board is shown in figure 5-19. This chapter describes 

the design of our semiconductor camera. The first part of the chapter describes the 

overall system architecture followed by the mechanical and electronic design. The final 

section of this chapter provides suggestions for future camera improvements. Our 

semiconductor camera is designed to image in conjunction with a high-resolution 

collimator or pinhole that is placed on the top face of the aluminum housing directly over 

the hybrids. Various pinholes and collimators may be interchanged in order to perform 

different experiments. 

5.1 System Architecture 

Our system design is modular and uses a Dell Pentium PC as the controller. The 

remainder of the system consists of (figure 5-1): an industry standard architecture (ISA) 
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bus expansion chassis, an aluminum enclosure that houses up to four arrays, power 

supplies, electronics to run the arrays, a high-voltage detector bias supply, and a cooler. 

The expansion chassis contains an Adtron DGS-2/16 data-generator board and four 

Bittware Blacktip data-acquisition boards. Each Blacktip board contains an Analog 

Devices ADSP21062 SHARC™ digital signal processor (DSP) with 2 megabytes (MB) 

of memory. The data-generator boards provide clocking signals that synchronize data 

acquisition and provide timing signals to the four CdZnTe arrays. Details of the data-

acquisition system are provided in Eskin (1997). 

Figure 5-1 Arizona 64x64 camera block diagram. A Dell Pentium PC controls the 
Adtron timing generator and data acquisition boards located in the expansion chassis. 
The electronics stack provides biases, level shifted timing, and amplification of video 
signals from the four arrays. A chiller provides cooling fluid used to cool the arrays. The 
four arrays are located in an enclosed aluminum housing. 
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5.2 Mechanical System Design 

5.2.1 Module Housing 

The module housing is an aluminum enclosure providing a controlled environment 

for the CdZnTe detector arrays. During operation, the detector arrays must remain dry, 

cold, and shielded from electrical noise and stray light. The arrays remain dry by 

continuously purging the housing with dry nitrogen gas, isolating them from warmer, 

more humid air in the surrounding room. The module housing also provides a separate 

high-voltage bias to the continuous top electrode of each array through single-conductor 

connectors attached to a non-conductive surface inside the housing. A high-voltage bias 

is necessary to provide the strong electric field used to separate ionized charge carriers 

that result from each gamma-ray interaction in the detector. A copper coldfmger (section 

5.3.9) provides a flat, thermally conductive layer between each daughterboard (section 

5.4.1) and the thermoelectric cooler. The coldfmger conducts heat away from the array 

to the heat exchanger (figure 5-8). Four daughterboards may be mounted on the 

coldfmger. This modular packaging concept allows construction of a larger imaging area 

out of smaller arrays and is necessary to improve yield given the current maturity of 

CdZnTe material processing. Modular packaging also allows removal and replacement 

of defective arrays. Multi-layer circuit boards known as endboards are attached to the 

end of the housing. These circuit boards route clock and bias signals to each array and 

also serve as the conduit between the analog imager and the A/D converter. 
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Although the CdZnTe detector arrays characterized in this dissertation are room-

temperature devices, a modest amount of cooling is useful for reducing thermally-

generated dark current in the detectors. The cooling system is described in section 5.2.2. 

Reduced dark current lowers noise, resulting in a better signal-to-noise ratio and 

increased signal dynamic range. A photograph of the housing with the detector arrays 

mounted in a 2x2 arrangement is shown in Figure 5-2. 
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Figure 5-2 Arizona 128x128 CdZnTe Imager. Our camera head operates four 64 x 64-
pixel arrays in parallel. Each array is mounted on its own ceramic substrate, or 
daughterboard, which also includes interconnection pads and decoupling capacitors. The 
daughterboards are mounted on a larger ceramic motherboard, which in turn is mounted 
on thermoelectric coolers for temperature control and stabilization. 
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5.2.2 Cooling System Description 

Several methods of cooling can be used; the choice of approach is dictated by the 

required cooling capacity, the desired operating temperature, power requirements, and 

expense. Fundamentally, the cooling system must provide an appropriate low-

temperature heat sink. The heat sink may be a radiator, a refrigerator, or a solid block 

cooled by a liquid cryogen. The cooling system must also thermally isolate the detector 

array from a warm environment and provide adequate thermal coupling of the detector 

array to the heat sink. Unfortunately, this requirement complicates mechanical packaging 

of the detector. The detector must be mounted such that it remains cold, is mounted 

without stress, will not be covered with condensation, and is still accessible to impinging 

radiation. Failure to heed these concepts will result in an inefficient, complicated cooling 

system. 

We investigated several methods of cooling that included closed-cycle mechanical 

refrigerators, liquid cryogens, passive radiators, and thermoelectric (TE) coolers. We 

chose to use thermoelectric coolers. They have the advantage of noiseless, gravity-

independent operation, and are compact and inexpensive. The main disadvantages of 

thermoelectric coolers are their poor efficiency in converting electrical power to cooling 

power (~ 10%), and relatively low operating temperature difference (maximum 

temperature reduction of 67 °C for a single stage) between hot and cold sides of the 

thermoelectric cooler. In the case of our semiconductor camera, this is not a 

disadvantage since a single-stage TE cooler can provide an operating temperature range 

of 233 Kelvin to 300 Kelvin. 
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5.2.3 Thermoelectric Coolers 

Thermoelectric (TE) cooling is based upon the principle that when two different 

metals are connected in series and a current is allowed to flow through the junction, one 

junction will cool and the other junction will heat depending upon the direction of current 

flow. This effect is named after James Peltier who discovered it in 1834 (Dereniak, 

1988). Figure 5-3 shows a sketch of a thermoelectric cooler. 

Figure 5-3 A thermoelectric cooler. Several TE couples are connected in parallel 
thermally to form a TE cooling module. Several TE modules may be connected in 
parallel in order to increase cooling capacity. 

In order to design a thermoelectric cooling system, three important system 

requirements must be established prior to selection of a cooler. These requirements are: 

the desired cold-surface temperature, T^-, the TE hot-surface temperature, 7h, and the 

maximum temperature difference required between the hot and cold surfaces, AT". The 

cold-surface temperature is the desired cold temperature of the part. In our system, the 

TE coolers are in contact with a copper plate. In this case, the cold surface temperature 

of the TE module is several degrees cooler than the desired cold temperature of the 

COi  D  I JL  
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copper plate in order to account for thermal losses through the heat spreader. The hot-

surface temperature is the temperature of the TE cooler hot face during operation. The 

maximum AT determines the number of cascaded cooling stages required. If Ar is 

greater than 67 "C, a dual-stage cooler will be required. 

The final and most difficult system parameter to quantify when designing a cooling 

system is the amount of heat that will be absorbed by the cold side. All thermal loads 

must be considered. These loads include conduction, convection, radiation, and joule 

heating. Once these parameters have been determined, a cooler can be selected. Figure 

5-4 shows how these parameters are related in our system. 

Aluminum Housing 

Dry Nitrogen Atmosphere 
T= 290 K 

Ribbon Cable CdZnTe Array 
T = 253 K CdZnTe Array 

Daughterboard T= 253 K Daughterboard 
Motherboard T= 253 K 

Fluid Heat Exchanger 

m jH Coldfinger 

r Tf-295K 
Insulating spacer 

+ 

Figure 5-4 Temperature relationship between various parts of cooling system. 
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5.2.4 Heat Transfer Calculations 

A carefully designed cooling system reduces radiated, conducted, and convected heat 

losses as much as is practical. In order to reduce the conducted heat load, mechanical 

supports are made from materials that are poor thermal conductors. Any connection 

between the cold surface of the detector array and the warm environment outside the 

housing creates a potential heat path that should be made as small as possible. This 

section of the chapter discusses the basics of thermal calculations. The calculation of the 

heat load is divided into parts, based on whether the heat load is active or passive. 

Following the calculation of each of the heat loads, the results are summed in order to 

give the total heat load of the device. Exact calculation of thermal quantities is quite 

complex; the calculations provided are very conservative to ensure that the cooling 

system provided us with adequate capacity. Several assumptions were made in order to 

simplify the heat load calculations. First, heat flow is assumed to be steady and flowing 

in one direction. Second, all interfaces between imager components are assumed to be 

ideal, reducing parasitic thermal resistances. 

5.2.4.1 Active heat load 

The active heat load is the power applied to the device to do work. The active heat 

load for the CZT imager is calculated by measuring the current load of the ASIC and 

multiplying it by the supply voltage. The general equation for electrical power 

dissipation is 
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Q :̂̂  = ~ = vi = l-R, (5.1) 

where gdevice is the active heat load (watts), V is the voltage applied to the device (volts), 

r is the device resistance (ohms), and i is the current through the device (amps). The 

analog circuitry of the CMOS imager draws approximately 70 mA at -5 VDC, resulting 

in a load of 350 mW. The digital circuitry draws 2 mA at -5 VDC resulting in a load of 

an additional 10 mW. The low-voltage biases and clock signals that operate the array 

generate an additional 5 mW resulting in a total active heat load of 365 mW for the CZT 

imager. An additional active load that must be considered is the heat dissipated in the 

detector crystal due to current flow. The CZT detector is biased at -100 VDC, but the 

current draw is on the order of lO's of nanoamps, so we can consider this active load 

negligible. We will round the active load up to 400 mW for use in cooling system 

design. The transistors located on the daughterboard dissipate another 200 mW, 

resulting in a total active load of 600 mW per CdZnTe imager. 

5.2.4.2 Thermal conduction 

The thermal conductivity of a material is a measure of its ability to transfer heat by 

conduction. Conduction is a transfer of heat energy arising from a temperature gradient 

between adjacent parts of the same body. The thermal power dissipated by a body is 

calculated using Fourier's law: (Dereniak, 1988) 
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Q = k[^^T, (5.2) 
\ x  )  

where k is the thermal conductivity of the material (watts/cm-°C), A is the cross-sectional 

area (cm ) of the material, x is the length of the material (cm), and KT is the temperature 

difference between the two ends of the material. The parameter Q has units of watts. 

Conductive heat loading on a system occurs through items such as wires and mounting 

screws that form a thermal path to either the ambient environment or heat sink. 

Our imaging chip is linked to the outside world through 35 single-strand copper wires. 

We required that the detector be cooled to a temperature of -20 "C. The room 

temperature is estimated to be 20 "C. Each wire is approximately 0.5 mm in diameter and 

44 mm long. Copper's thermal conductivity is 4.03 watts/cm-°C (Dereniak, 1988). The 

cross-sectional area of the wire is calculated to be 0.002 cm^. The heat caused by 

conduction of the wire is calculated to be Q= 2.6 watts. 

5.2.4.3 Convection 

Convection is the transfer of heat that occurs between a moving fluid, in our case dry 

nitrogen, and a surface. The amount of heat transfer depends upon the gas flow rate. In 

our system, gas flow is not artificially induced with a pump so free convection occurs. 

Convective loading is a function of the surface area exposed and the temperature 

difference between this surface and the gas. Systems that have small active loads and a 

small temperature difference are most affected by convection. In our imaging system, the 



detector is mounted to a 25 mm x 50 mm x 0.6 mm thick piece of machined alumina 

substrate, which has 6.25 cm^ open to dry nitrogen. Heat loading caused by convection is 

calculated using (Dereniak, 1988) 

Q = hAAT, (5.3) 

where h is the heat transfer coefficient (WW-Kelvin), A is the exposed surface area (m^), 

Ar is the temperature difference, and Q is the heat flow in watts. Accurate prediction of 

the heat transfer coefficient for a given situation is extremely complicated. For a dry-

nitrogen environment, the heat transfer coefficient h ranges from 20 - 40 W/m^-Kelvin 

(Melcor, 1988). This value is typical for a flat, horizontal plate immersed in dry nitrogen. 

We assumed that the temperature of the nitrogen environment to be 293 K; the surface 

temperature of the alumina substrates and detector array were assumed to be 253 K. The 

total exposed surface area of the hybrid, daughterboard, and sides of the motherboard is 

approximately 0.002 m^. This value is obtained from a detector surface area of 0.000645 

m^ and an open area of the daughterboard of 0.00144 m^. Use of these numbers in (5.3) 

results in a heat load due to convection ranging from 1.6 watts to 3.2 watts. 

5.2.4.4 Radiation Exchange 

In order to be complete, we must consider heat loading due to radiative exchange. 

When two objects at different temperatures are near each other, radiative heat transfer 

occurs. This occurs through electromagnetic radiation emitted from one object and 

absorbed by the other. The hot object will experience heat loss, and the cold object will 
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gain lieat as a result of the temperature difference. The relationship for heat loading due 

to radiation is given by (Dereniak, 1988) 

where: ^radiative is the radiation heat load (watts), F is the shape configuration factor 

(assume 1 for worst case), e is the emissivity (assume 1 for worst case), cr is the Stefan-

Boltzman constant (5.67 x 10"'^ W/cm^-K"*), A is the area of the cooled surface (cm^), 

Tkmbient is the ambient temperature (K), and Tcoid is the TE cooler temperature (K). 

Assuming an ambient temperature of 300 K and a TE cooler temperature of 280 K results 

in a radiation heat load of 0.07 watts for our system, a negligible number. 

Radiation heat loading is usually considered insignificant for systems operated in a dry 

nitrogen environment since other passive heat loads are much larger in magnitude. This 

quantity is significant only in vacuum environments for systems with small active loads 

operating at large temperature differences. 

The total thermal heat load is the sum of the components. We have estimated the total 

heat load to be: 

In equation (5.5), we have rounded up the total heat load in order to be conservative. We 

will use a value of 7 watts for the purpose of TE device selection. 

radiative 
(5.4) 

= 3.2 + 2.6 + 0.6 = 6.4 a; 7 watts (5.5) 
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5.2.5 TE Cooler Selection 

In order to select a TE cooler, manufacturers provide two types of universal curves 

that have been normalized for use with single-stage and two-stage thermoelectric coolers. 

The first curve allows the user to determine the maximum temperature difference that can 

be obtained between the hot and cold sides of the TE cooler by providing gtotai and the 

required hot-plate temperature Th, for a given input current. The second graph allows the 

user to determine the voltage at the input terminals of the cooler for a given input current 

and temperature difference. Figure 5-5 shows a device performance-selection graph for 

Melcor thermoelectric coolers. To use this graph, the parameters 7h, and ^totai are 

required. We required a hot-plate temperature of 25 "C and a temperature difference of 

45 "C in order to cool the detector to a temperature of-20''C. 

The heat load was assumed to be 7 watts based upon the calculations in section 5.2.4. 

Figure 5.5 is used in the following manner. Choose the selection-performance graph with 

Jh < 25°C (the hot-plate temperature) and draw a vertical line (dash-dot line) through the 

entire graph at IST = 45. Locate the intersection of M and the /opt parabola and draw a 

horizontal line from this intersection to the vertical axis (horizontal triangle line). 
/ -^max 

This axis is the normalized power absorbed by the TE cooler face. The parameter /opt 

is the current required to efficiently run the TE module, while /max is the input current 

resulting in the largest temperature difference. The A/" line intersects the /opt parabola at 

/opt = 0.6/max- Repeat this step for the intersection of A r= 45 "C and 1.0/max (black line). 
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Figure 5-5 Performance-selection graph for a TE cooler. Performance graph for selection 
of a TE cooler (Melcor, 1988). Knowledge of the temperature difference, Qc, and the hot 
plate temperature allows the user to select the operating current. Once the temperature 
difference and input current, I, are known, the operating voltage can be found from the 
AT versus voltage graph. 

These two lines bound the device operating current. Any TE cooler falling between these 

two selection boundaries is suitable. It is best to select a TE cooler which has some 

reserve, when / = /max the cooling efficiency of the TE module is poor. The next step is 

to select an operating current, /operation- As a comparative example, our system power 

supply constrained us to a total current of 9 amps. One choice would be to take the 
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average of /max and 0.6/opt. This resuhs in an /operation of 0.8/max- Locate the intersection 

of Ar = 45 "C with the 0.8/max curve and connect a horizontal line with this point and the 

axis. The values of for each of the operating currents are shown in table 
/ -^max / -^inax 

5-1. 

Imax 

Normalized 
current 

Q/ 
/ ̂ max 

Qmax 

(watts) 

Comments 

0.6Imax 0.22 29.2 Maximum efficiency 

O.SImax 0.34 18.9 Midpoint 

Imax 0.4 16.05 Minimum efficiency 

Table 5-1 TE Cooler Operating Parameters 

Divide gtotai (7 watts) by the ^7^ ratios graphically determined above. Any cooler 
/ ^max 

in the product catalog with <30 watts would suffice. Given this operating 

range, choosing TE modules having a Qmax = 30 watts results in greater cooling capacity, 

while TE modules whose gmax is on the lower end of the range results in a smaller, less-

expensive unit. For our prototype system we selected a Melcor CP 1.4-127-045L, a unit 

large enough to cool four imaging chips. The performance characteristics of this device 

are listed in Table 5-2. 
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Thot = 25V 

Imax(amps) 8.5 

Qmax(watts) 72 

Vmax(volts) 15.4 

AT„,ax (°C) 67 

Table 5-2 Melcor CP1.4-127-045L performance characteristics (Melcor, 1988) 

Model CP1.4-127-045L is 40 mm X 40 mm in size. Use of model CP 1.4-127-045L 

allows removal of approximately 25 watts of heat generated by 4 CdZnTe imagers and 

will achieve the desired operating temperature with some margin. In practice, we have 

found that we can obtain minimum operating temperature of-15 C. 

5.2.5.1 Proper mounting of the TE module 

Thermoelectric coolers can be mounted using thermally conductive adhesive bonding, 

compression, or solder. Adhesive bonding can be used for permanent attachment of the 

cooler to the heat sink; of the three methods, this one has the poorest thermal link to the 

heat sink. Solder mounts are useful for obtaining high thermal conductivity between the 

heat sink and the cooler. This method results in minimal outgassing, so it is useful for 

vacuum environments. The main disadvantage of solder and adhesive mounting is that 

they are appropriate only for small TE modules (< 20 mm), without possible failure due 

to thermal stresses (Melcor, 1988). We used compression mounting with thermal grease. 

This connection method has the advantage of not being permanent, allowing the user to 
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experiment with different TE cooler configurations. Because thermal grease is not rigid, 

it does not transmit thermal stresses to the module. One of the disadvantages of thermal 

grease is that it "creeps" and can contaminate everything. An alternative to thermal 

grease is thin indium shim stock. Indium is malleable and will create a good thermal 

path. Indium shim stock is recommended for future system designs. 

Figure 5-6 details the compression mount for our system. The TE cooler is 

sandwiched between two copper plates; one is a radiator, the other conducts cold towards 

the daughterboards. Thermal grease is placed between the TE coolers and the heat 

exchanger, as well as between the coldfmger and the daughterboard to complete the 

thermal connection. When tightening the copper sandwich, excessive torque must be 

avoided, as the TE coolers can be damaged. The recommended compression for a 

thermoelectric cooler assembly is 150-300 Ib/in^ torque per module surface area (Melcor, 

1988). For our cooler, which uses four screws to secure the TE cooler, this means the 

maximum torque per screw should be less than 4 in-lbs. 

In order to obtain good thermal conduction, each of the mechanical surfaces of the TE 

cooler must be smooth (roughness < .2 mm), flat, and clean. The recommended height 

difference between each of the coolers should be less than 0.1 mm (Melcor, 1988). 
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TE cooler Alumina motherboard 

Fluid heat exchanger 

copper plate 

Figure 5-6 Compression mounting of a TE cooler. The TE coolers are sandwiched 
between two copper plates. The plates are tightened until the cooling modules do not 
slide between the plates. The copper sandwich containing the TE coolers is known as a 
coldfmger. 

In order to avoid a thermal link between the hot and cold sides of the TE cooler, the 

steel mounting screws anchoring the cooler module to the aluminum housing are isolated 

with nylon washers. Steel screws are used because nylon screws can fracture. The 

mounting screws can be used to adjust the tip and tilt of the cooler module. The 

coldfmger surface is adjusted so that it is parallel with the surface of the mounting 

structure on which the daughterboards rest. One must be very careful when mounting the 

daughterboards on top of the cooler module. There should be no strain to the 

daughterboards; otherwise the arrays can be damaged. All contact pressures should be 

evenly distributed across the bottom of the daughterboards. 
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5.2.5.2 Heat Exchanger 

In order to dissipate heat produced by the TE coolers, a fluid heat exchanger is placed 

in contact with the hot side of the TE cooler as shown in figure 5-7. We circulated a 

mixture of ethylene glycol and water through the heat exchanger. This fluid has the 

advantage of keeping the tubes fungus free and it will not freeze. We chose copper as the 

material for a heat exchanger because of its excellent thermal conductivity. 

a 
y y y y y y y y y / y y / y / / / 

/ / / / / / /  

bl 

Hot side of TE cooler 

Input Output 

Side View Top View 

Figure 5-7 Cross section of a fluid heat exchanger. The fins shown in the side and top 
views of the diagram have been machined into the heat exchanger to increase surface area 
and heat transfer to the fluid. 

5.2.5.3 Heat Capacity 

When we are concerned with the amount of heat removal required to cool a 

component, heat capacity becomes important. The amount of heat required to change the 

temperature of an object by 1 degree is its heat capacity. The usual S5Tnbol is C, and the 

common units are joules per Kelvin (J/K). The specific heat capacity Cp is defined as the 

heat capacity per unit mass, and common units are joules per gram per Kelvin (J/g-K). 
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The amount of heat required to cause a temperature change is defined by (Dereniak, 

1988) 

Q^mc^AT,  (5 .6)  

where m is the mass rate (g/sec), Cp is the materials specific heat (Joules/gram-K), and 

AT is the difference between initial and final temperatures. We want to calculate the flow 

rate required to remove 25 Joules at the hot plate of the TE cooler with only a 1 K 

temperature rise. Let AT = 1 K, Q= 25 Joules, p= 1 gm/ml (water), and 

= 4.2 J/gram-K (water). The flow required is 

- = —^ = 7.2 ml/sec. (5.7) 
P CPATP 

The cooling fluid will exit the heat exchanger 1 K warmer than it went in. The pump 

circulates fluid at a rate of 100 milliliter/sec, so the cooling system is able to remove the 

heat generated by the TE coolers. 

5.2.5.5 Temperature Measurement 

Regulation of the working temperature of the CdZnTe arrays will improve the 

performance of the devices by removing noise associated with dark current. In order to 

monitor temperature. Analog devices AD590 temperature sensors were mounted to the 

daughterboards. 
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5.3 Electronics of a CdZnTe imager 

The electronics for all imaging devices share the following characteristics: electronic 

circuitry to transfer the signal from the array to the computer, suitable timing to operate 

the imaging device and a computer with a monitor to process and display the image. 

Several individuals contributed to the design of our camera electronics. Laurence Flath 

provided a preliminary design that incorporated a hybrid analog-digital offset correction 

stage and a variety of acquisition and storage modes, all equipped to handle the analog 

data stream of four devices. John Garcia developed a breadboard stack of electronics 

based upon Flath's initial design to be used with a DSP board. This revised design forms 

the core of our electronics. The electronics in use today is an improved version of the 

breadboard stack and has been provided courtesy of NASA Goddard Space Flight Center. 

The electronic circuitry that operates our semiconductor camera can be divided into 

several subgroups: 

1.) Waveshaping of clocks. 

2.) Bias voltage generation. 

3.) Amplification. 

4.) Filtering 

5.) Analog-to-digital conversion 

6.) Interface with the computer. 
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The architecture of our electronics system is shown as part of figure 5-1 and will be 

described in detail in section 5.3.2. The data-acquisition portion of the system consists of 

four programmable DSP boards containing analog-to-digital converters. Digital data are 

transferred directly into the DSP's central memory and then into the computer. The 

timing signals provided to the imaging arrays and to trigger the analog-to-digital 

conversion are generated by an Adtron Model DGS-2/16 board that resides inside the 

computer. The master board of the pair has a 64-kiloword memory that can be clocked 

out at rates as high as 50 Mhz. Outputs from the master board are used for data-

acquisition timing, while the 16 outputs from the slave board are used to drive the readout 

circuit. Because the Adtron boards read only sequential memory addresses, no looping is 

possible. In order to generate the necessary repetitive timing patterns required to operate 

our imagers, a Labview^"^ timing generator was developed. Details of the timing 

generator are provided in Eskin (1997). 

5.3.1 Daughterboard layout 

The design, fabrication, and description of the readout circuit have been detailed in 

chapters three and four. As mentioned in chapter 3, all hybrids are mounted to a ceramic 

daughterboard during the assembly process. In this section, we describe the electrical 

characteristics of the daughterboard and the bond-pad layout. Voltages applied to the 

chip are of two types. Fixed voltages, referred to as DC bias levels, which remain 

unchanged following power on, and clock voltages that are switched between high and 

low levels continuously in a precise order. The Arizona 64 x 64 readout has 35 input 



283 

bond pads, 13 of which are clock inputs. Of the remaining twenty-two input pads, 

eighteen pads provide bias voltages necessary to power the readout circuit. The 

remaining four bond pads are device outputs. There are two sets of output pads for this 

chip. One set of output pads provides a gain of five, the other a gain of one. The current 

configuration of the daughterboard for these devices uses only the x5 output. A 

description of all of the bond pads for operating our device is contained in Tables 5-3 and 

5-4. Table 5-3 contains a description of the clocks used to run the ASIC, while table 5-4 

contains descriptions of the biases used to run the imaging array. The first two columns 

of tables 5-3 and 5-4 provide the bond pad name and a description of its function. The 

third column of these two tables describes either the bias voltage or clock level required 

to run the readout chip. Column four provides additional constraints for each of the 

readout chip bias lines. Capacitors are used for power supply decoupling, while resistors 

are used to limit bias current to the specifications in each of the tables. All chip resistors 

and capacitors are surface mounted on the daughterboard. A schematic of the 

daughterboard is shown in figure 5-8. The daughterboard forms the interface between the 

custom readout circuit and the outside world. Connectors from the daughterboard plug 

into the endboard as shown in figure 5-2. 
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Pras Slow scanner reset 0, -5 N/A 

Psas Slow scanner advance 0, -5 N/A 

Praf Fast scanner reset 0. -5 N/A 

Psaf Fast scanner advance 0, -5 N/A 

Pel Clamp clock 0, -5 500 nSec rise/fall 

Prstl CTIA reset cloek -1, -3 500 nSec rise/fall 

Prst2 5x amplifier reset 0, -5 N/A 

Pshl Pixel sample and hold clock 0,-5 500 nSec rise/fall 

Psh2 Column sample and hold clock 0, -5 N/A 

Poff Offset clock 0,-5 N/A 

Table 5-3 Clock signal description used in the Mux 64 imager. 

Issl CTIA bias current (xl2) -60 nA (sink) 500 nSec rise/fall 

]ss2 Pixel sample/hold buffer bias current (xl 2) -6 pA (sink) 
38 k O to Vssa, Cap to Vdda 

Iss3 Pixel output buffer bias current (xl2) -12 nA (sink) 630 k O to Vssa, Cap to Vdda 

lss4 Column sample/bold buffer 1 bias -480 (iA (source) 310 k O to Vssa, Cap to Vdda 

Iss5 Column sample/hold buffer 2 bias 1.6 mA (sink) 
3.3 k O to Vdda, Cap to Vssa 

lss6 5x amplifier bias current (x2) 400pA (sink) 
9 k to Vssa, Cap to Vdda 

Table 5-4 Current bias description for Mux 64 imager 
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Veil Pixel clamp bias -1.5 Cap to Vssa 

Vcl2 5x amplifier clamp bias -2.8 Cap to Vssa 

Refl 5x reference output -3 
-2 inA (source), <20 pf, >10 k O 

Ref2 1X reference output -3 
-2 mA (source), <20 pf, >10 k O 

Voff Offset capacitor voltage -4 Cap to Vssa 

Vcasl CTIA cascode bias -1.2 Cap to Vssa 

Vcas2 5x amplifier cascode bias -1.6 Capacitor to Vssa 

Vguard Detector guard ring bias -0.9 
2.2 k O to Vssa, Cap to Vdda 

Vdda Analog power 2 -5 Cap to Vssa 

Vssa Analog ground 2 0 

Sroutf Fast scanner output tap 0, -5 (output) N/A 

Srouts Slow scanner output tap 0, -5 (output) N/A 

Vssd Digital ground 0 N/A 

Vddd Digital power -5 Capacitor to Vssd 

Ptest Test mode activate 0,-5 N/A 

Vdda Analog power number 1 -5 Capacitor to Vssa 

Vssa Analog ground number 1 0 N/A 

Sigl 5x signal output -3 
-2 mA (source), <20 pf, >10 k O 

Sig2 Ix signal output -3 -2 mA (source), <20 pf, >10 k ^2 

Table 5-4 (continued) Bias signals used in Mux 64 imager. 
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5.3.2 Electronics layout 

In this section, the electronics required to run our 64 x 64 CTIA are described. All of 

the electronics are contained on one board. It has six sections: 

1.) A video section. The video section takes the time-sequential analog data stream 
out of the detector array and provides a differential-to-single ended conversion of the 
analog video waveform. 

2.) Clock section. The clock section provides level-shifted timing signals necessary 
to run the array. 

3.) Opto-isolator section. The opto-isolator section of the electronics accepts the 
TTL clock signal from the Adtron timing generator and helps reduce noise on the 
clock signal line. 

4.) Bias section. The bias section of the electronics provides current biases and 
clock levels needed to operate the array. 

5.) Analog-to-Digital Converter Boards. 

6.) End boards. The end boards are the interface between the daughterboard and the 
analog electronics. 

5.3.2.1 Video section 

The video section takes the time-varying analog signals out of the detector array and 

provides a differential-to-single-ended conversion of the analog video waveform. This 

section also buffers the video signal and provides a stable bias current to the 

daughterboard. Schematics of the video chain are shown in figure 5-9. The amplifier 

chain uses 2N3904 transistors connected in a Darlington configuration as shown in figure 

5-9. A Darlington connection is one in which the collectors of two transistors are tied 

together in order to obtain higher gain than that available with one transistor. We found 
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this circuitry necessary because the output source follower of our imager was not able to 

drive the operational amplifier input directly. The n-channel 2N3904 transistors and 300-

ohm resistors are located on the daughterboard and are connected to the multiplexer 

outputs on the bond-pad side of the daughterboard. The 300-ohm resistors are used to 

provide a constant bias current to the output source followers of the multiplexer; the 

voltage across the 300-ohm resistor is fixed to the base-emitter voltage of the transistor. 

The 51-ohm resistor is used to "snub" or isolate the capacitance of the cable from the 

transistors on the daughterboard. Bias current for the 2N3904 transistor is set to 10 mA 

nominal. Adjustment of the bias current is accomplished using the 1-Kohm 

potentiometer. 

The video section of the electronics accepts the video signal and amplifies it such that 

it is in range of the A/D converter (1.5 volts - 3.5 volts). The use of the Darlington 

connection added an approximately 10-volt offset to the video signal. This voltage offset 

would saturate the amplifiers if it were not removed. There are a couple of ways to 

remove the unwanted voltage signal. The hybrid can be capacitively coupled to the 

amplifier (see figure 5-10). The capacitively-coupled buffers pass only the AC (time 

varying) component of the video and block the DC offset. Zero volts represents the 

average value of the fluctuations of the video signal. During the prototype phase of our 

electronics design, we implemented this method of removing the 10-volt offset. The 

signal and reference were AC coupled and routed through a pair of Comlinear closed-

loop buffers. Offset adjustment is located on the bias board and is sent to the non-

inverting terminal of the reference chain in the amplifier. The differential pair for both 
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signal and reference becomes single-ended after feeding a unity-gain Comlinear 

amplifier. AC-coupled electronics proved to be unsatisfactory because we lost all DC 

information about the video waveform. 

Operational amplifiers can also be used to remove the DC component from the video 

signal without affecting the video. Comparison of figures 5-9 and 5-10 show the front 

end of the analog chain to be the same in both cases. We have only removed the 

capacitor coupling the output of the multiplexer to the amplifier. The signal and 

reference from the multiplexer pass through a difference amplifier whose output is 

amplified by a gain of 0.5. The low gain of this output stage is necessary to properly 

place the video stream within range of the A/D converter. 
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Figure 5-9 Analog video chain. 
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Figure 5-10 AC-coupled version of analog video chain. 

5.3.2.2 Clock section 

The purpose of the clock section of the electronics is to accept clean optically- isolated 

signals generated by the Adtron clock-driver board, and level-shift, buffer, and send the 

clocks to the CdZnTe hybrid. A general schematic of the clock driver circuit is 

diagrammed in figure 5-11. 

Clock signals are level-shifted and buffered by using a combination of Harris high

speed analog switches and Elantec wide-bandwidth buffers. Zero-to-five volt TTL 
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signals are level shifted to a level of -5 volts to zero. Other clocks run in the range of 

zero to -3 volts. 

+ 15 V Vddd 

[p 

HI-201HS 

Clock 
In a 

1 K 
zp iOpF  

EL2001C 

Clock 
Out 

70 pF 
22 Ohms; 

-15 V 

Figure 5-11 Clock driver circuit. This circuit level shifts each clock before clocks reach 
the CdZnTe hybrid. 

5.3.2.3 Timing sequence 

Much of the complexity of a multiplexer-based imager revolves around the timing 

diagram. A number of events must occur in strict sequence and at precise intervals. The 

Adtron board used to generate timing signals only reads out sequential memory 

addresses; no looping or branching is possible. Pulse Editor; the software provided for 

generating timing sequences is also a linear, non-looping application. In order to 

generate the highly repetitive timing sequences used by the CdZnTe imager, a 

LabVIEW^"^ virtual instrument called Generate Timing. VI was written. The details of 

Generate Timing. VI are contained in Eskin (1997). Our intent is to describe the timing 
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used to operate the Mux64 imager. Certain functions are required in all types of two-

dimensional imagers, namely: 

1.) Frame reset. The standard frame time is 1 millisecond. A single, 

periodically recurring voltage pulse, PRSTl is required to reset the unit 

cell integrating capacitor during the readout process. The clock PRSTl 

has a high level of-1 volt and a low level of-3 volts. This signal has 

required rise-and-fall times of 500 nanoseconds. PRSTl has two 

functions. It resets the unit cell and charges up the offset capacitor, Coff. 

The clock PRST2 is the x 5 amplifier reset. In the mux64 design, the x 5 

output amplifier is capacitively coupled. It needs to be reset once per 

frame. The level of PRST2 switches between 0 volts and -5 volts. 

2.) Horizontal register clocks. Two pins define the timing for the horizontal 

register clocks. These signals are Pras and Psas. Pras and Psas supply 

the slow scanner reset and slow scanner advance signals for the row 

readout shift registers. Each of these clocks has a low level of -5 volts 

and a high level of 0 volts. Pras is set high at the beginning of each frame 

for a period of 17 microseconds. During this time, all row shift registers 

are reset and data from row one is read out onto the column bus and into 

the column sample-and-hold buffers. After a period of 17 microseconds, 

Psas toggles between high and low values at 17 microsecond intervals. 

During each clock transition, the active row is disabled, the next row is 
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enabled, and the data is "ping-ponged" from each successive row and 

passed out to the column bus. Psas ping-pongs 64 times in a frame 

period, allowing the 64 remaining rows to be read out. During the 64"' 

clock cycle, Vd2 is enabled, resetting the circuit for the next frame 

period. 

3.) Vertical register clocks. The pins Praf and Psaf are used for the vertical 

shift registers. These clocks switch between zero and -5 volts. Praf and 

Psaf operate at a much higher frequency than Pras and Psas. Praf and 

Psaf complete one cycle during the IVmicrosecond row-readout period. 

Once Psas selects a row to be read out to the column bus, Praf goes high, 

which sets the first column sample-and-hold buffer to be read onto the 

signal and reference bus lines. The remaining buffers are also reset. 

Following a period of 250 nanoseconds, Praf goes low and Psaf oscillates 

between low and high levels at 250 nanosecond intervals. During each 

clock transition, the active column sample-and-hold buffer is disabled and 

the next output buffer is enabled. This transition occurs 64 times, 

allowing the remaining 63 column buffers to be read out to the signal and 

reference lines. 

4.) Sample-and-hold clocks. In the mux64, there are three sample-and-hold 

clocks. The signal Pshl is the unit cell or pixel sample-and-hold clock 

and is used to control the unit-cell amplifier. Psh2 is the column sample-
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and-hold clock and is used to control sample-and-hold capacitor 1 (Cshi) 

and sample-and-hold capacitor 2 (Cshi) in the column sample-and-hold 

buffer. Pel is the clamp sample-and-hold clock. It is used during 

correlated double sampling (section 4.4). The sample-and-hold clocks 

switch between a high level of zero volts and a low level of -5 volts. The 

rise and fall time for the sample-and-hold clocks is 500 nanoseconds. 

A timing diagram for our device is shown in figure 5-12. This timing diagram has 

been modified slightly from that originally suggested by Augustine. The first change 

made lengthened the pulse of Pshl from 20 //Sec to 40 //Sec. This was done because 

the signal from one integration time would lag into the next integration cycle when the 

array was cooled to less than -10 "C. Increasing the pulse length of Pshl corrected 

this problem. We attribute the signal lag to insufficient charging of the sample-and-

hold capacitor. Augustine recommended that we adjust the current flowing into the 

capacitor using the current source Iss2, but this was not successful in preventing signal 

lag. Lengthening the sample pulse Pshl solved this problem and no further 

investigation on this problem was done. 

The second change to the timing diagram switched the choice of sample-and-hold 

capacitors in the column shift register by changing the phase of Psas and Psh2 in order 

to get the last row of the hybrid to function. 
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5.3.2.4 Low-Pass Filters 

The low-pass filters limit the electrical bandwidth of the signal input into the A/D 

converter located on the Bittware data-acquisition board. A schematic of the low-pass 

filter is shown in figure 5-13. Values chosen for resistance and capacitance were based 

upon SPICE simulations performed by Augustine Engineering for the expected rise and 

fall times of the video signal. The -3 dB (half-power) point for a single-pole low-pass 

filter occurs at a frequency The cable capacitance from the 

output of the low-pass filter to the A/D was estimated to be 50 pf This capacitance is in 

In 
BNC 

0 
BNC 

e-
51 Ohms r ] 

c\ 

i ! h 260 pF  ̂

c ] 
« 

Out 

Figure 5-13 Low-pass filter. The values have been chosen to set a noise bandwidth of 
15.7 Mhz for a signal rise time of 35 nanoseconds. 

parallel with the 260-pf capacitor contained in the filter. The rise time of a signal is 

defined as the time taken for the voltage to rise from 10% to 90% of its final value 

(2.2 RC). Currently the noise bandwidth is set to 15.7 MHz (1.57 -fidb) with a signal rise 

time of 35 nanoseconds. The fall time is defined in a similar way to rise time; it is the 

time required for the voltage to go from 90% to 10% of its original value. The fall time 
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chosen is seven time constants {IRC) or 111 nanoseconds. These values can be changed, 

but caution should be exercised, as this will affect the settling time of the low-pass filter. 

Too narrow a bandwidth will result in loss of signal, as the video waveform will not settle 

properly before digitization. 

5.3.2.5 Opto-Isolator Section 

The opto-isolator section takes the TTL clock signals out of the Adtron board and 

drives a Hewlett Packard high-speed, TTL-compatible, 6N137 phototransistor-

optocoupler. The use of an optocoupler reduces noise on the clock line. A schematic of 

the opto-isolator channel is shown in figure 5-14. 

+5 volts 

Impedar.ce t'fetchinc ttetrork 
for Twist-n-Flat Ritcon Cable 

330 dm 

220 pF 
Rifen Cable In 

124 Ofm :lo:k cut 7414 

74CB ^A/v 
220 ohm 

Currerit LMtir.g Fesistor 

+5 volts 

Figure 5-14 Schematic of opto-isolator. 
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The twisted-pair ribbon cable output from the Adtron board is impedance matched 

using a 124-ohm resistor in series with a 220-picofarad capacitor prior to the 

phototransistor. These values were experimentally determined and may change if 

different cable configurations are substituted. The 220-ohm resistor in series with the 

phototransistor is used for current limiting. This board can accept the 10-nanosecond rise 

time pulses having a period of 400 nanoseconds. 

5.3.2.6 Bias Section 

The bias section provides current bias and analog clock levels to the hybrid array. The 

analog clock levels are level-shifted on the clock board. A schematic of a representative 

bias channel is shown in figure 5-15. 

Figure 5-15 Bias supply design. 
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An Analog Devices ± 10-volt reference is used to provide: ± 5-volt references 

(+5V_REF, -5V_REF), clock references (CLK REF), and a -5 volt bias reference 

(BIAS_REF). These signals are outputs from low-noise operational amplifiers (OP470, 

U301). 

Clock references are inputs to U302, U303, U304, and U305. Level adjustment of 

these clocks is accomplished by adjusting the 50-Kohm potentiometers. 

Bias references are provided as inputs to U306, U307, U308, and U309. Bias 

adjustments are accomplished by adjusting the 50-Kohm potentiometers. The DC bias 

voltages are listed in Table 5-3. 

Offset adjustments are accomplished by adjusting the 50-Kohm potentiometer on 

U301. This signal provides an offset to the non-inverting input of the reference signal 

path of U106 on the video board. The Maxim MAX471 current monitors are designed to 

be probed to monitor currents to the different power supplies. They are unused as the 

power supply box contains meters to monitor current and voltage conditions. 

5.3.2.7A/D converter 

The bitsi-Arrow mezzanine card provides the analog interface to our system and 

contains the A/D converter. It plugs into the Bittware DSP board. The Arrow board is 

based upon a 12-bit, 10 Mhz analog-to-digital converter. The input to the A/D converter 

drives a 1-kiQ load resistor, which feeds directly into the buffer amplifier. The A/D 
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converter has a signal range of 1.5 to 3.5 volts. Voltages less than 2.5 volts are digitized 

as negative numbers and those greater than 2.5 volts are assigned positive values. 

5.3.2.8 Endboards 

There are two multiple-layer module end boards, one at each end of the housing. The 

endboards are shown in figure 5-1 as part of the module housing. Each module end 

board has two functions. Its primary function is to pass clock and bias signals to each of 

the daughterboards. The second function of each endboard is to transfer detector signals 

from the daughterboards to the outside world. Each endboard accepts signals from two 

forty-pin, .025" pitch ribbon cables and re-routes them to standard thirty-seven pin, 

0.100" pitch Amphenol D-connectors. The D-connectors provide the main interface for 

clock and bias signals to the arrays. Detector signals and their references are not routed 

through D-connectors; these signals are routed from forty-pin connectors on the 

daughterboard out to SMC-type connectors on the end boards. The shields of the 

detector signals, SIG and REF, connect to analog ground (Vgsa) at the end boards only. 

Video signals SIG and REF are transferred from the end board to the video board inside 

the bias electronics box. All other signals connect to the appropriate board inside the bias 

electronics box. 

5.4 Future designs 

The system described in this chapter is our first-generation semiconductor camera. 

We have learned much from this experience. Although the current system has served us 
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well, virtually the entire system could benefit from upgrades. In this section, we will 

recommend improvements to the current system in the areas of packaging, the cooling 

system, and the electronics. 

5.4.1 Packaging 

The current system, although it functions well as an imager, is too large for 

incorporation into any nuclear-medicine imaging system. It works well as a bench-top 

imaging system, but there are many future applications that would benefit from a smaller 

imaging system. The main problem is that the aluminum housing of the prototype 

imaging system is much too large; its volume could be reduced considerably. In order to 

accomplish this goal, redesign of the array packaging is necessary. The daughterboard 

concept can be improved upon considerably by making use of multiple-layer circuit 

boards and flexible interconnects. Flexible interconnects allow the reduction of product 

size, enabling the design of smaller packages by using ultra-miniature connectors. In 

addition, any board-level impedance requirements can be designed into the cable. 

Two conceptual designs of the daughterboard package are shown in figure 5-16. The 

top of figure 5-16 shows how the arrays may be mounted in a dual-in-line package. Each 

of the four CdZnTe imaging chips is mounted on a ceramic substrate populated with chip 

resistors and surface mount decoupling capacitors. The ceramic substrate is used as an 

interconnect between the imaging chip and the outside world. With this concept, the 

imaging chip is wirebonded to the ceramic substrate, which in turn is epoxied to a dual-

in-line package that contains bond pads and high-voltage bias connections. The hybrid-
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substrate combination package plugs into a socket in the imager board during operation. 

Advantages of this concept are compactness and portability. During device 

characterization, the hybrid-substrate assembly can easily be moved between the imaging 

system and test system. 

The package shown in the bottom of figure 5-16 uses a flexible interconnect as the 

conduit between the imaging chip and the outside world. The imaging chip is mounted to 

a ceramic substrate as before. Wirebonds connect the imaging chip to the ceramic 

substrate. The chip-on-flex cable contains bias resistors and decoupling capacitors and 

plugs into the ceramic substrate on one side; the other side of the connector plugs into an 

imager board. Each substrate/imager combination is bolted to a larger carrier that is open 

beneath the imaging chip. Thermoelectric coolers contact the base of each array in the 

open area of the mounting structure. The mounting structure provides mechanical 

support for the arrays as well as the high-voltage bias. This packaging concept allows 

easy mounting and demounting of the arrays. 
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Figure 5-16 Daughterboard packages for mounting CdZnTe imagers. 

Figure 5-17 provides a conceptual design of an air-cooled compact imaging package 

for arrays mounted in a 2x2 configuration. An opening is made in the circuit board so 

that the TE coolers contact the base of the imaging chip. The hot side of the TE cooler is 

in contact with a coldfinger that mounts to an air-cooled radiator. The coldfinger also acts 

as a spacer for the multiple-layer circuit board components. A fan is used to dissipate 
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heat from the finned radiator. If colder temperatures than those achievable with a single-

stage TE cooler are desired, a dual-stage TE cooler can be mounted between the heat 

exchanger and the coldfinger. The pressure of the array package against the 

thermoelectric cooler holds the entire assembly together. Springs are used with the 

mounting screws to help evenly distribute pressure along the circuit board. The outside 

perimeter of the circuit board should be reinforced so it does not bend. The entire 

imaging surface is shielded from light with an aluminum housing. In order to protect the 

array from condensation, a dry nitrogen gas port is connected to the housing. 

Thermoelectric cooler 

A 

-100 mm 

Coldfinger 

Heat Sink 

CdZnTe Arrays mounted to a 

removable carrier 

Printed circuit board 

Nitrogen port 

Aluminum housing 

Fan 

-60 mm 

Figure 5-17 Cross-sectional view of an air-cooled compact imaging system. 
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5.4.2 Cooling system 

Our current cooling system can cool the imager to approximately -20 °C. Given our 

desire to test CdZnTe over a wide range of temperatures, more capacity is needed. To 

accomplish this, better thermoelectric coolers are necessary. Since TE coolers are 

available that can dissipate up to 150 watts, a redesign of the cooling system to 

incorporate more robust Peltier modules should not be a problem. A new fluid 

circulation pump is recommended, as the current one is declining with time. The biggest 

problem with our cooling system is a lack of closed-loop temperature control. Future 

systems must incorporate a closed-loop temperature controller. 

5.4.3 Electronics 

On the current project, the biggest challenge has been the electronics. The current 

system was designed to be an imager, and the electronics support this task quite well. 

Unfortunately, the current electronics design, timing generator, and DSP board are not 

very flexible for optimizing device performance. The biggest problem with our PC-based 

electronics system is its susceptibility to noise. We will recommend methods to 

overcome these issues. 

The original idea of the breadboard stack is conceptually correct from the standpoint 

of building a compact, modular imaging system. The grounding scheme for the 

breadboard stack was a disaster. This will be discussed in section 5.4.3.6. A new 

electronics design should split the functional blocks of our camera into separate printed-

circuit cards sharing a common backplane. This would accomplish the objective of 
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of this approach is shown in figure 5-18. 
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A block diagram 

Common Backplane 

Figure 5-18 Electronics stack consisting of separately optimized electronics along a 
common backplane. 

The imager card contains the CdZnTe arrays mounted in a 2x2 configuration. It also 

contains all necessary drive circuitry to run the arrays. This card will be described in 

more detail in section 5.4.3.1. 

The second board, the timing board, would generate all of the clocks and timing 

signals required by the hybrid, A/D converter, and digital signal processing boards. Field 
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programmable gate arrays (FPGAs) or programmable logic devices (PLDs) on the timing 

board (5.4.3.3) can be reprogrammed as desired for each unique sensor. This board 

would eliminate the need for the venerable Adtron timing boards currently in use and 

provides better flexibility with regards to timing. The A/D converter board (6.5.3.2) is a 

separate board used to digitize the analog video signal from the sensor. This card 

contains a low-pass filter for limiting the noise bandwidth and the output from the 

converter is sent to the memory board. 

The memory board (5.4.3.4) can be configured in a couple of different ways. Both 

configurations would share a common ground plane with the rest of the electronics. It 

could be a digital signal processing board that would accept digitized signals from the 

A/D converter. An alternate implementation would configure this board as a buffer with 

memory that could be used to ship data to a DSP board or an external digital frame 

grabber. 

This board contains all of the circuitry required to run the sensor. This includes 

clocks, DC bias voltages, and the video output amplifier. 
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Figure 5-19 Imager-board schematic. This board contains all the necessary electronics to 
run four imagers simultaneously. The sensors are mounted on a separate substrate that 
plugs into the imager board. Different imager boards can be configured to accommodate 
different types of gamma-ray imaging devices. 

The imager board can be designed to allow manual or computer-controlled adjustment 

of the sensor bias voltages. Computer-controlled bias adjustment is a useful feature for 

examining the sensitivity of the readout chip to different biases. Manual control of the 

bias voltages can be accomplished by using potentiometers (lowest noise), while 

computer-controlled bias adjustment would use D/A converters interfaced to the 

computer bus. In the current system, the most commonly adjusted bias voltages are Veil, 

Vcl2, and Voff In the future, computer control of these biases would be very useful, 

since these are the biases that most often change from array to array. 
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The addition of several computer-monitored test points along the analog chain is a 

strong recommendation. In the current system, it is difficult (at best) to monitor certain 

test points in the electronics. My suggestions for computer-monitored test points are the 

inputs and outputs of any gain stages, the input and output of the low-pass filter, and the 

output of the A/D converter. All video amplifier outputs must have adjustable offset if 

programmable offset is not available in the A/D board. 

5.4.3.2 A/D Converter Board 

Figure 5.20 is a block diagram of the A/D board. In order to achieve low-noise 

performance, the video signals must be buffered and should drive a low-impedance 

coaxial cable to the A/D converter. 

Fast timing 

Data out 
A/D 

corverter(s) 

coax cable from 
imager board 

Low pass 
filters 

Buffer 

Figure 5-20 A/D-Converter board block diagram. 
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Most high-performance A/D converters have a small-signal input bandwidth of 

approximately 100 MHz. Single-pole low-pass filters are not adequate for properly 

bandlimiting the input signal to the A/D converter. It is recommended to use an active 

filter to provide more high-frequency attenuation of the signal going into the A/D 

converter. Desirable features of a new A/D board include a differential input stage, 

programmable gain, and programmable offset. Use of a separate printed-circuit card for 

the A/D converter allows for board upgrades as better parts become available without 

affecting the rest of the system and vice versa. 

5.4.3.3 Timing Board 

The timing board suggested here is a major departure from the Adtron boards used in 

our prototype program because it uses field-programmable gate arrays (FPGAs). Two 

FPGAs can be used. A small, fast FPGA driven by a crystal oscillator can be used to 

control pixel timing as well as provide a pixel clock. By developing a clock generator 

this way, the timing can be run at exact multiples of 60 Hz, reducing noise due to the line 

voltage beating with the video signal. Another benefit of using a custom-programmable 

timing board is that high-speed timing signals are much closer to the imaging chip, 

minimizing pickup and crosstalk between clock lines. The small FPGA provides all of 

the timing signals that control pixel timing. The pixel clock is then used to drive the 

large, slower FPGA. This large FPGA array provides all of the timing that controls what 

happens from pixel to pixel in a line and in a frame, including integration time and 

readout. The small FPGA will need to be removed from the board and reprogrammed to 
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accommodate different sensors or fix bugs in the timing. The large FPGA will store its 

configuration information in internal static RAM. The large FPGA receives its 

information on how to load the proper configuration from an external, one-time-

programmable serial EPROM when it is powered up. 

The slow gate array can also have an external port that can be connected to a 

programmer for on-the-fly modifications. This can be handy during debug. The only 

drawback to this approach is that new timing chips have to be programmed for different 

timing configurations. Programmable data generators are flexible in this regard, but all 

of the high-speed digital signals have to be wired into the array from a distance. It has 

been my experience that once the timing has been optimized for a device, the timing will 

remain constant for the life of the imaging chip. There should be some means of loading 

new timing diagrams quickly into any future system. Currently, we have to go into Pulse 

Editor, load the timing diagram from memory, download it to the array, and leave the 

pulse editor before returning to Labview. This procedure is extremely inefficient and 

should be changed for future systems. 

5.4.3.4 Memory Board/DSP 

Once the data is digitized, it needs to be processed. Currently, much of the data 

crunching is done through a Labview interface to the DSP board. In the future, imaging 

and data manipulation would be much faster if it were all done on the DSP board. A 64 

megabyte (or larger) buffer would be useful for storing data. The buffer memory can be 
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linked directly to the input of a multiple-processor DSP card. One frame of data can be 

operated on while another is acquired (similar to the current approach). 

5.4.3.5 Power Supply Board 

Currently we use large, bulky benchtop power supplies. In order to make the system 

compact, custom power supply boards should be built. One suggestion is to use separate 

linear power supplies that power the electronics via a common backplane. This would 

avoid using the noisy computer power supplies as a power source for the electronics. 

5.4.3.6 Backplane 

The backplane accepts all of the individual camera boards and allows for a common 

grounding scheme. Janesick (1995) has constructed CCD cameras using a backplane 

where each slot is unique. It is possible to design and build a common backplane. To do 

this, all signals that are shared by different cards must be daisy-chained. Each card 

passes the signals it does not use, but is free to intercept the ones it does use and then pass 

on new and different signals on the same lines. The order of the slots for each card is 

important, but it alleviates the need for unique wiring. 

The subject of grounding warrants further discussion. Ott (1988) is an excellent 

reference. A low-impedance, large-area ground plane is important for reducing noise in 

the electronics. The design of the grounding scheme needs to be thought out carefully 

during the layout of each circuit card. In a two-sided printed circuit card, at least one 

complete layer should be dedicated to the ground plane and the other side used for 
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interconnects (Kester, 1997). Components should be placed on the ground-plane side of 

the board; the other side can be used for signal traces. In practice, only 70% - 80% of a 

layer is available because part of the ground plane needs to be removed to allow for 

signal and power crossovers (Kester, 1997). All integrated-circuit (IC) ground pins 

should be soldered directly to the low-impedance ground plane in order to minimize 

series inductance and resistance (Fish, 1994). Use of IC sockets is not recommended 

with high-speed devices because of stray capacitance; for prototypes, use individual pin 

jacks. Power supply pins should be decoupled directly to the ground plane using low-

inductance, ceramic, surface-mount capacitors. These capacitors should be located as 

close as possible to the IC's power pin. This practice was followed during the design of 

the daughterboard. 

In multiple-layer printed circuit boards, separate ground planes can be designed into 

the board (as in the endboards), resulting in low-impedance ground planes. There are 

many advantages to using multiple-layer assemblies. Power can have its own plane(s), 

which results in an inherent decoupling capacitance between adjacent power and ground 

planes. From an AC point of view, a power plane is equivalent to a ground plane. Signal 

traces can be sandwiched between ground and power planes to isolate them and reduce 

crosstalk. During the prototype phase of such boards, signal traces should be put on the 

outside layers of the board as much as possible to allow for board modifications. 

In systems containing multiple printed-circuit-boards (PCBs), the best way of 

minimizing ground impedance is to use a common backplane (sometimes known as a 
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motherboard) for interconnection between cards, thus providing a continuous ground 

plane to the motherboard. The connector on the motherboard should have at least 40% of 

its pins dedicated to ground (Ebben, 1996), and these should be tied to ground plane on 

the motherboard. This practice was followed during the initial breadboard electronics 

design. 

In order to complete the grounding scheme, there are two possibilities. The backplane 

ground can be connected at several points to chassis ground. This is a multi-point ground 

and is common in digital systems. It can be used in analog and mixed-signal systems 

provided digital ground currents are small. The second approach is to connect the ground 

plane to a single-point ground located at the power supply. 

In the single-point ground approach, low-ground impedance is maintained all the way 

through the printed circuit boards, the backplane, and the chassis. It is critical that good 

electrical contact be made where the grounds connect to the chassis. The single-point 

ground approach is common in mixed-signal systems that have analog and digital signals 

on the same board. 

On mixed-signal boards, the best approach is to physically separate the analog 

components from the digital components. A board can be separated into a noisy section 

containing a digital section, clock drivers, and a timing section; a bias section that 

separates the digital and analog sections, and an analog section that contains video 

processing circuitry. Separate ground planes are required for the analog and digital 

components (Ebben, 1996). The two ground planes should not overlap in order to 
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minimize capacitive coupling between the two. It is best to keep the two ground planes 

separate until analog and digital ground tie together at the power supply. The 

connections between the ground plane, power supplies, and single-point ground should 

be fabricated from multiple bus bars or wide copper braid for minimum resistance and 

inductance. In this scheme, it is recommended to insert back-to-back Schottky diodes 

between the digital and analog ground planes in order to prevent damage that may occur 

due to voltage differentials between the two ground planes. 

The same approach is used to distribute signals to and from the camera head. Clocks, 

biases, and video signals are separated by ground traces in order to shield them. In the 

current system, we chose to bring the video out on a separate coax cable, which is a 

common and acceptable alternative. The preamplifier should be located as close as 

possible to the imaging chip. This ensures noise pickup is as small as possible. 

The best method of shielding is to enclose the imager in a metal housing as was done 

on this project. The electronics should also be enclosed in aluminum housing. The cable 

from the electronics to the camera head should be a shielded or coaxial cable. Cable 

shields should be tied to analog and digital ground at a common point. It is suggested 

that ground-plane-to-chassis jumpers be installed in the camera head and on the 

electronics boards. The use of these jumpers is optional and can be experimented with 

during system debug. The jumpers allow the single-point ground and the chassis ground 

to be separated if necessary. 
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5.4.3.7 Device Testing 

The imaging system previously described was designed to be compact and avoid the 

use of a fluid heat exchanger. In order to optimize device performance, a flexible test set 

up that operates over a wide range of temperatures is also required. Conventional 

laboratory dewars, which are wired to external timing sources, can be subject to external 

noise pickup. The approach described here uses laboratory dewars and the electronics 

design described earlier in this section. A block diagram of this approach is shown in 

figure 5-21. 

Figure 5-21 is similar to the test system used for the 48 x 48 phase of our research 

program. The electronics are mounted as sideboards. A temperature-controlled 

chiller/pump is used to control the temperature of fluid pumped to the array inside the 

dewar. Lab dewars can be purchased with diameters in excess of 20 cm allowing for 

easy insertion and removal of the arrays for testing. The arrays are mounted inside the 

dewar in a similar manner as those described in section 5.4.3.1 except that only one array 

is mounted inside the lab dewar. One advantage to building separate test and imaging 

systems is that it avoids the bottleneck between imaging experiments and device testing 

(a problem in the past). Modification of this arrangement can also be used to build a self-

contained 2x 2 imaging system. 
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Figure 5-21 Block diagram of proposed test system. 
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CHAPTER 6 

6. IMAGING RESULTS 

This chapter describes imaging experiments that demonstrate the ability of a CdZnTe 

imager to perform diagnostic nuclear medicine imaging. The detector array is comprised 

of a 0.15 cm thick slab of CdZnTe which has a 64 x 64 array of 380 jam square pixel 

electrodes on one side, which was produced by photolithography; the other side has a 

continuous electrode biased at -100 volts. Initial tests show that our prototype imager 

functions well, with more than 90% of its pixels operating. Phantom images obtained 

have a spatial resolution of 1.5 mm, limited by the collimator bore. 

6.1 Imaging methods 

The performance of a gamma-ray imaging camera can be described in a variety of 

ways such as energy resolution, count-rate performance, sensitivity, and spatial 

resolution. In order to evaluate the imaging performance our detector array, we obtained 

emission images of two standard nuclear-medicine phantoms: the Picker thyroid phantom 

and the Hoffman brain phantom. Thyroid phantoms test the resolution of hot and cold 

defects. The Picker phantom is a thyroid-shaped vessel that is filled with radioactive 

liquid. The two lobes of the phantom are oriented 30 degrees with respect to each other. 

Its linear dimensions are 10 cm x 10 cm. The right lobe is deeper than the left lobe; there 

are three cold spots of 6 mm, 9 mm, and 12-mm diameter respectively. When the 

collimated semiconductor array views the phantom, regions of larger volume appear 
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brighter than those of smaller volume, corresponding to the projection of the activity onto 

the surface of the detector array. For this imaging test, we injected the phantom with 50 

mCi of ^^""Tc and imaged each section of the phantom for 300 seconds. 

The 2-D Hoffman brain phantom (fig. 6-2), like the thyroid phantom, is also hollow. 

Its volume is a highly structured representation of a transverse slice of the human brain. 

Because of its fine structural detail, it can be used for resolution measurements. There 

are three depths of activity in this phantom; the minimum feature size is on the order of 2 

mm. The Hoffman phantom is also filled with a mixture of water and Tc-99m for 

imaging. For this imaging test, we filled the phantom with 110 mCi of ^^""Tc and imaged 

each section for 180 seconds. 

Tc-99m is the most commonly used radionuclide for nuclear medicine. Tc-99m has a 

6-hour half-life and emits a 140 keV gamma ray. Image data were corrected for decay by 

increasing the imaging time. 

The 64x64 CdZnTe array was operated at a bias voltage of -100 volts and an 

integration time of 1 millisecond for all of the imaging tests described. The temperature 

of the array was stabilized at approximately -10 °C. Each image is a mosaic produced by 

mechanically scanning a phantom over a single CdZnTe hybrid as shown in figure 6-1. 
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Figure 6-1 Image acquisition with a CdZnTe array. We acquired phantom images by 
stepping the phantom in x and y over the collimated detector array. Labview^"^ software 
modules performed histogram window setting and on-the-fly image acquisition. 
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Each image was formed through a high-resolution parallel-hole collimator having a 

1.22-mm bore diameter (substantially coarser than the array itself, which had a 380-|im 

pitch) and a bore length of 31 millimeters. The collimator was separated from the 

detector by about 5 mm, resulting in a calculated collimator resolution of about 1.5 mm at 

10 mm from the collimator face. The collimator efficiency was calculated to be 

approximately 6x10"^. 

Figure 6-2 Photograph of Hoffman brain phantom. This hollow phantom is filled with a 
mixture of radionuclide and water. It simulates a transverse slice of the human brain. 
The smallest feature size is approximately 1-2 mm, making it a good test of spatial 
resolution. 



323 

6.2 Experimental Procedure 

Prior to imaging, the imaging system was cahbrated. The cahbration consisted of 

cooHng down the array, warming up the electronics, and taking a flood image. A 

daughterboard-mounted temperature sensor was used to verify temperature stabilization. 

Temperature variation during the experiment was approximately ± 2° C. The chosen 

operating temperature was chosen by trial in order to reduce the amount of dark current 

produced by each detector. Warmer temperatures resulted in portions of the array 

saturating. Cooler temperatures resulted in difficulty maintaining temperature 

stabilization over the entire imaging period. Power was applied to the array while it 

cooled down, and the electronics were allowed to warm up for at least an hour prior to 

imaging. 

Array biases were set to those experimentally proven to provide good gamma-ray 

response and the values are the same ones used in chapter 4 for device testing. The 

functions of these biases were explained in chapter 5. During the time the image was 

collected, the electronics were ac coupled, so the DC voltage level of the array required 

adjustment such that it was in range of the A/D converter (minimum level of a pixel as 

viewed on the oscilloscope was adjusted to be at 1.5 volts with respect to ground.) The 

next step in calibration was to acquire a flood image. 



6.2.1 Flood Image Acquisition 

Flood images are a method of determining the uniformity of the detector response as a 

function of position. A flood image is an image taken with each pixel in the array 

viewing a uniform source. It is used to characterize detector non-uniformity for 

variations in gain and response. Once the image is taken, it is stored; any future image is 

divided by this image to obtain a "flood-corrected" image. The key requirement of the 

flood image is that each pixel contains enough counts in it to provide a uniform 

background. We found that flood images containing approximately 150 counts per pixel 

provided a uniform background. Flood images are taken by positioning a point source 

above the detector array without the collimator in place. An image of this point source is 

taken for a period of 2-5 minutes, depending upon the activity of the source. For the 

images collected in this chapter, we used a 5-mCi point source located approximately 140 

centimeters above the detector array. With reference to figure 6-3, a flood image is 

acquired in the following manner. 
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Figure 6-3 Muxmaster display window. Muxmaster is a four-panel display used for 
imaging. From this window the operator can histogram, look at energy spectra, set 
spectral windows for image collection, along with saving and recalling images. 

Mux64 is the main program for our 64x64 imager; a complete description of this 

program is contained in Eskin (1997). Muxmaster is the master control panel for the 

Mux64 system. To collect an image, this is the only window needed. We have 

documented the imaging procedure here with future graduate students in mind. The 

procedure defined below and the program description contained in Eskin (1997) should 

be sufficient to allow future students to begin imaging fairly quickly. Open Muxmaster 
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by double clicking with the left mouse button on the Muxmaster virtual instrument 

shortcut in the desktop of the computer display. A LabVIEW virtual instrument window 

will appear. The Muxmaster window is divided into 3 areas as shown in figure 6-3. The 

first region in the Muxmaster display that requires operator input is selection of the digital 

signal processing (DSP) board. The operator can toggle the display to address 1 of 4 

DSP boards: Art, Barbara, Clark, or Darlene. Each board accesses a separate CdZnTe 

array. Depressing the right-pointing arrow located in the upper left corner of the display 

starts Muxmaster. This action will reset the DSP board and load the version of the DSP 

program specified in Re-load DSP Program file name. Press Re-Load DSP Program and 

wait 2 seconds for the Data-valid indicator to turn green. If the Data-valid indicator is 

red, continue pressing the Re-load DSP Program button until the Data-valid indicator 

turns green. Further operator intervention will not be required unless the system needs to 

be restarted because of some error. 

Once the Muxmaster virtual instrument is running, the first step in acquiring a flood 

image is to run Make Baseline table without a gamma-ray source present. This control is 

located in the second panel of the left column of figure 6-3. This routine averages 

multiple frames to find the mean voltage level for each pixel. The operator may select 

from: number of frames to average, offset, and gains. 

The Frames Average control selects a power of two from 1 to 65,536 frames that are 

averaged and stored in the img buffer. We found that averaging 4096 frames results in a 

stable baseline table in a reasonable amount of time. Offset is added to the baseline table 
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prior to its display. Positive values of offset display the center of the noise peak in the 

spectral display at the bottom of the Muxmaster window. The value of offset is up to the 

preference of the operator. 

Gain is always set to 1, which equates to histogramming at the full resolution of the 

12-bit A/D converter. It is recommended that Make Baseline Table be updated frequently 

to account for any drifting pixel values. It does not invalidate any window settings or 

stored values. For the images acquired in this chapter, the baseline table was updated 

approximately every 5 minutes. 

Incoming data is then processed by one of the histogram routines with the source 

present (for a flood image, there is no collimator in place). The operator is presented 

with a choice of "histogram method" pull-down menu selections. Select standard 

histogram for greater resolution, or fast, coarse histogram for greater speed. These 

images were acquired with the standard histogram routine. Adjust the histogram time 

(300 seconds for our images) and press the Run Histogram button. Once histogramming 

is complete, move the cursor around the image display window (top window of figure 6-

3) and examine pixel spectra to ensure the data appear valid (no double noise peaks, etc.). 

Once a histogram has been acquired, energy windows need to be set for every pixel. 

The Set Windows panel is used for finding photopeaks and for setting spectral windows. 

There are several methods available from the drop-down lists in the control panel, 

allowing the user to input the required value. The spectra from current CdZnTe arrays are 

so poor that a photopeak is not visible. The Set Counts from the Top and Low Window 
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methods were implemented as a way around this. This method scans down from bin 511, 

summing counts until the number equals or exceeds the number in the counts from the 

top control. The Low Window was set to have a photopeak fraction of 1.0. This sets the 

lower value of the spectral to window according to the value of the Photopeak Fraction 

control; in this case 100% of the photopeak bin location. Images are recorded by 

summing up counts above the Low Window cursor. In our images we set the number of 

counts to be anywhere from 250-500 counts per pixel. Following this procedure results 

in a flood image that has the characteristic of constant sensitivity across the array 

(necessary because of the large differences in sensitivity of each pixel). Pressing the Set 

Windows button will then set the spectral windows as outlined above. Marks (2000) has 

more detailed descriptions of functions in this window. 

The final control panel of Muxmaster used for imaging is the Generate PC Image 

Panel, which recalls spectra from histogram memory and integrates under the spectral 

windows to form a count-rate image. To store a flood image, turn the Store Flood Image 

toggle switch to on and press Generate PC Image. To view the flood image, select Image 

Source (located above the upper left corner of the image display area in the center of the 

Muxmaster virtual instrument) and select "stored flood image" from the pulldown menu. 

It will be displayed in the image viewer area. An example of a flood image is shown in 

the center of figure 6-3. 

The procedure to acquire a count-rate image is very similar, except that the Flood 

Image toggle switch is turned off and the collimator is placed over the array. To collect 
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an image, move each section of the phantom over the coUimator and press "Generate PC 

Image". The just-imaged tile of the phantom can be displayed from the image source 

pull-down menu by selecting "Flood-corrected image". The image can be save in 

memory by pressing the "Save Image" button. Once the entire phantom has been imaged 

and stored, the individual phantom sections may be tiled together to form a composite 

image. This was the method used in this work. In the future, it would be worthwhile to 

tile the images in Labview. Labview has a stand-alone image viewer module that could 

be configured to make a complete image. 

6.3 Imaging Study Results 

6.3.1 Thyroid Phantoms 

The first emission image of a Picker thyroid phantom obtained with our CdZnTe 

detector array is shown in figure 6-4. The source activity used to acquire this image is 

50mCi. Histogram windows were set with flood illumination such that every pixel had 

500 counts in it. Each section of the phantom was imaged for five minutes. The image 

was flood corrected. Source decay was corrected during the procedure. The thyroid 

image in figure 6-4a is unprocessed, except that nearest-neighbor averaging has filled in 

one dead row and one dead column. The middle image in figure 6-4 has been processed 

with a 3x3 median-window filter. All lesions are clearly seen. There are a total of 13 

million counts in the image. The count density for the composite image was calculated to 

be 170,500 counts per square centimeter. Using a collimator efficiency of 6.3 x 10"^ and 
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a source activity of 50 mCi, the detector efficiency was calculated to be approximately 

forty percent using: 

TotalCounts v = 
B - A - T - S  

where r| is the detector efficiency, B is 3.7 x 10^ disintegrations/second/ mCi, A is the 

source activity in mCi, T is the image acquisition time in seconds, and S is the collimator 

efficiency. 
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Figure 6-4 Picker thyroid phantom. A.) The phantom contained 50 mCi of Tc-99m when 
imaging began. The image was formed with a parallel-hole collimator with 1.22 mm 
pitch. The mosaic image was obtained for 5 minutes at each imaging position. The filling 
tubes are faintly visible at the bottom of the image. B.) Median-window-filtered image of 
top image. It is slightly blurred due to the filtering, but the hot and cold spots are sharply 
imaged. C.) Clinical image of thyroid phantom obtained with a Picker gamma camera. 
The thyroid phantom was placed upon the face of the collimator. Phantom was filled 
with 2 mCi of Tc-99m and imaged for 5 minutes. The image contains 1.2 million counts. 
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6.3.2 Hoffman Brain Phantom 

Our intended appHcation of this device is for high-resolution SPECT brain imaging. 

With this in mind, we acquired an image of the 2-D Hoffman brain phantom, as shown in 

figure 6-5. The image shown is unprocessed except that dead rows and columns have 

been filled in by nearest-neighbor averages. In addition, pixel values higher than 1200 

counts were set to 1200 in order to eliminate any grossly defective pixels. The Hoffman 

phantom has a total of 40,000,000 counts in it, resulting in a count density of 150,000 

counts per square centimeter. The detector efficiency was again calculated to be 

approximately forty percent. 
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Figure 6-5 Emission image of Hoffman phantom. When imaged, the phantom had an 
activity of 44 mCi of Tc-99m. The mosaic image was obtained for 3 minutes at each 
imaging site. The image has approximately 40 million counts in it, resulting in a count 
density of 150,000 counts per square centimeter. 
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Figure 6-6 Image of Hoffman phantom obtained with a commercial gamma camera. The 
phantom was placed on the face of the collimator and imaged for five minutes. There are 
a total of 40,000,000 counts in the image. 
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6.4 Discussion and Conclusions 

Although results from the laboratory prototype have demonstrated that the single 

64x64 CdZnTe array produces excellent images, more work is needed in developing an 

imager consisting of a number of these arrays. It is clear from this work that high-

resolution semiconductor detectors provide much better images than those obtained with 

scintillators, and that the count rate capabilities of such systems are far superior to 

scintillators. The results presented here demonstrate the viability of semiconductor 

detectors as an alternative to scintillator based gamma cameras. Table 6-1 presents a 

summary of the images presented in this chapter. 

Table 6- 1 Summary of Imaging Experiments 

Image Thyroid 2-D Hoffman 

Total Counts 13,000,000 40,000,000 

Count Density 170,500 150,000 

As the maturity of fabrication techniques increase, better detector material should 

result in lower-cost semiconductor imaging systems. This will directly impact the 

availability and performance of semiconductor-based clinical nuclear-medicine imagers. 
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CHAPTER 7 

7. TUMOR DETECTION WITH A COINCIDENCE-TYPE PROBE 

7.1 Introduction 

The previous six chapters have concentrated on the design, development, and 

characterization of a modular semiconductor camera. The goal of this chapter is to 

determine the efficacy of coincidence detection with In-111 for tumor localization using a 

non-imaging surgical probe as the detector. 

In-Ill pentetriotide has been widely used for imaging tumors that express 

somatostatin receptors, including various neuroendocrine tumors (Waddington et al., 

1994; Waengberg et al., 1996; Klutman et al., 1998). Neuroendocrine tumors in 

particular may be difficult to detect, since tumors may be quite small yet produce marked 

physiological effects. Surgical resection is generally the preferred therapy. Adams et al. 

(1998) showed the feasibility of intraoperative tumor detection of endocrine tumors using 

"'in pentetriotide. Benjegard et al. (1999) investigated the ability of different detectors 

to detect "'in-labeled tumors in a body-phantom model. Both of these studies used 

energy windows set for the two '"in photon peaks of 171 and 245 keV. 

Dual photon emitters such as In-Ill can be used with a single-element probe by 

collecting photons in third energy window, centered at 416 keV (171 keV + 245 keV). 

This window will record a count when 171 keV and 245 keV photons are collected in 

coincidence. The count rate in the single-photon energy windows will fall of with 
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distance as 1/R , where R is the source-to-detector distance (section 7-2). The 

coincidence channel has a 1/R'' falloff with distance from the source (section 7-2), 

effectively suppressing distant background (Matherson et al., 1993). 

We report on an experimental evaluation of a non-imaging single-element probe, 

used with the dual-photon-emitting radiotracer In-111 in both single-photon and 

coincidence mode, to detect simulated small tumors in a phantom model. The task of the 

probe was to detect a small simulated tumor in a water phantom in which dissolved 

radioactivity represented the background due to normal tissue activity. We repeated the 

experiment for uniform and non-uniform activity backgrounds. The data obtained in the 

experiment were analyzed using signal detection theory and presented in the form of 

receiver operating characteristic (ROC) curves. 

7.2 Coincidence detection 

"'in decays by electron capture to "'Cd. Two gamma rays are sequentially emitted 

by the excited "'Cd, a 171 keV (probability .902) photon, and a 245 keV (probability 

.94) photon. There is a mean delay of 123 nanoseconds between emission of the two 

gamma rays (Browne and Firestone, 1986). Coincidence detection is the measurement of 

the counts in the 416 keV sum peak resulting from both photons simultaneously striking 

the detector within a user-definable time period. Our approach makes use of the time 

constants in the electronics; no coincidence detection circuitry is required. It is important 

to note that the two emitted photons in "'in have energies different enough that the sum 
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peak can be distinguished from either of the single energy peaks. A "'in spectrum is 

shown in Figure 7-1. 

7.2.1 Sensitivity with source distance 

For a single-gamma-emitting point source, the flux falls off as 1/r^, where r is the 

distance from the detector to the source. The probability of a photon striking the detector 

is determined by the solid angle subtended by the detector. For a point source, the 

probability of a single photon striking a detector is given by 

p = 
an ' 

(7.1) 

Figure 7-1 Energy spectrum of ln-111 source in contact with surgical probe. The sum 
peak is labeled at 416 keV. 
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where the detector area Ad is projected on the direction of flux, and r is the source-to-

detector distance. Coincidence detection requires that both photons from a single decay 

strike the detector. The probability of detecting two gamma rays in coincidence is 

proportional to the product of the solid angles for two individual events, 

p = ^ — (7 2) 
' 16;r' 16;rV' ' 

Notice the inverse-fourth-power falloff with source distance. This feature of 

coincidence detection greatly suppresses noise due to background activity in the body. 

Such background noise is currently a big limitation in probe performance (Woolfenden 

and Barber; 1989). Figure 7-2 shows the point source response as a function of source 

distance for the energy peaks shown in figure 7-1. A 0.73 |j,Ci '"in source was placed at 

various distances from the detector. Distance is measured from a point within the crystal 

located approximately 7 mm behind the face of the probe. Count rate versus distance was 

measured in the energy windows at 171 keV, 245 keV, and 416 keV. The count rates for 

the 171 keV and 245 keV energy windows follow an inverse-square response, while the 

count rate for the 416 keV energy window falls off as the inverse-fourth power. 

7.2.2 True coincidences versus accidental coincidences 

A coincidence detector measures true as well as accidental coincidences. True 

coincidences occur when one nucleus decays and both photons hit the detector while 

accidental coincidences involve photons from two separate nuclei. Accidental 
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coincidences result from 2 separate decays in the source striking the detector 

simultaneously. For In-Ill, coincidences seen at the detector can arise from 171 keV-

171 keV interactions, 245 keV-245 keV interactions, and 171 keV-245 keV interactions. 

The first two types of accidental coincidences can be rejected by setting proper energy 

windows. The rate of true coincidences rt is proportional to the source activity s. 

The rate of true coincidences is 

where S is source activity in Becquerels, the SI unit of activity that corresponds to one 

disintegration per second; rjyi is the probability of emission for the 171 keV line (.902), 

r]y2 is the probability of emission for the 245 keV line (.940), rjdi is the quantum 

efficiency of the detector for 171 keV, 77^2 is the quantum efficiency of the detector for 

245 keV, and aq is the solid angle as previously defined. The rate of accidental 

coincidences is 

where 6t is the coincidence time interval. Thus accidental coincidences vary as the square 

of the source activity while true coincidences vary linearly with source activity. Equation 

7.4 also shows that the rate of accidental coincidences is linearly proportional to the 

coincidence time interval dt, which is a consequence of the electronics and the 

scintillation decay. The electronics contribution to the coincidence interval is dominated 

by the amplifier shaping time constant at. Through proper choice of the shaping time 

rt = s%iriy2ridirid2a^i, (7.3) 

Ra - Rl7lR245St - riyiT]y2Vdl'nd2Af^St, (7.4) 
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constant AT, one can effectively adjust the coincidence time interval to reduce the 

number of accidental coincidences (Matherson et al., 1993). 

Figure 7-2 Point source response for a scintillation probe using a 0.73 )aCi In-111 source. 
The fitted slopes are -1.95 and -1.97 for the 171 keV and 245 keV lines respectively. 
The coincidence peak has a fitted slope of -4.01. 

It follows from equations 7.3 and 7.4 that the ratio of true coincidences to accidental 

coincidences is 

Our probe counts coincidences in the sum peak of the energy spectrum using the time 

constant of the Nal(Tl) crystal and a simple preamplifier, so coincidence detection 

electronics are not required. As shown in equation 7.5, a low source activity and a short 

• 

R t / R a °c 1 /S5t. (7.5) 
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coincidence time interval will (as long as St is greater than 100 nSec) maximize the ratio 

of true to accidental coincidences. The relationship between the coincidence time 

interval, St, and the amplifier shaping time constant, AT, is not obvious, and we chose to 

determine it experimentally. We evaluated accidental coincidences as a function AT. 

In order to avoid the complexity of multiple possible sum peaks with In-Ill, we used 

^^Cr (320 keV, 10 |a.Ci) as a convenient single-photon source to produce accidental 

coincidences by measuring counts within the 320 keV and 640 keV windows. By 

varying AT and measuring the number of counts within each of the windows of the 

energy peaks, the coincidence time constant, for a particular setting of the amplifier 

can be found. Too small a shaping time constant results in a very broad spectrum. We 

found a reasonable setting of the amplifier shaping time constant to be 1 |j,s. This setting 

resulted in acceptable spectra. Figure 7-3 shows a plot of the sum peak coincidence time 

constant against the amplifier shaping time constant for ^'Cr. Too small a shaping time 

constant results in a very broad spectrum. We found a reasonable setting of the amplifier 

shaping time constant to be 1 (j,s (Matherson et al., 1993). This setting resulted in 

acceptable spectra. 

Our presentation of coincidence detection theory and the experimental results obtained 

indicate that coincidence detection techniques show promise for background 

discrimination. We used the results from our probe characterization as a guide for 

instrument settings in a simulated surgical experiment (see section 7.4). 
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Figure 7-3 Sum peak coincidence time constant plotted against amplifier shaping time 
constant for Cr-51. The best-fit line is described by the relationship Tcoincidence= 

0.60 'Tshaping amplifier 0.44. 

7.3 Performance assessment 

To detect a tumor, one must distinguish between two hypotheses: the null hypothesis 

Ho, that no tumor is present, and the alternative Hi, that there is a tumor present. 

Bayesian statistical methods are optimal for this task (Barrett, 1991). The detection task 

involves taking a counting sample for a fixed integration time. Detection means 
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determining that a specific sample of counts is high and statistically significant. 

Measured counts from the detector in the probe are used as data for making this decision. 

The probe data consists of a random noisy background and a possible signal. Probe 

signals are ordered as an M x 1 column vector g. In our surgical simulation, there were 

two classes of data: those where the tumor was present, and those where the tumor was 

absent. Since we are trying to decide between the two hypotheses of whether the tumor 

is present or absent, we can rewrite the data received under each hypothesis as (Helstrom, 

1968): 

Hr, : g  =  n  
M ^ (V.6) 
H j  : g  =  s  +  n  

where n  is an M x 1 noise vector given hypothesis Ho and s  the signal vector. Each 

observation is generated according to the conditional probability densities p{g\H„) and 

P(^ 1^/) • III signal detection, the binary decision parameter (/= 0 for signal absent, and i 

= 1 for signal present) limits the experimental observations to one of four scenarios (Van 

Trees, 1968): 

1 H o i s  true; choose Ho. 

2,  Hq is true; choose HI. 

3,  Hi is true; choose Ho. 

4, h i is true; choose h i .  
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The first and fourth ahernatives correspond to correct choices. The second and third 

akernatives correspond to errors. In medical terminology, when we decide the tumor is 

present when in fact it is not, we have committed a type I error, also known as a false 

positive. When we decide a tumor is absent, but it is actually present, we have created a 

type II error, also known as a false negative. The purpose of a decision criterion is to 

attach a value judgment to weight each decision criterion by its cost or risk. One well-

known decision rule for accomplish this task is the Bayes risk criterion (Helstrom, 1968; 

Van Trees, 1968). It is the most complete binary decision rule, and the rule that requires 

the most information (Myers, 1985). A Bayes test is based upon two assumptions. The 

first assumption is that the experimental outputs are governed by probability assignments, 

Po, the probability of hypothesis Ho, and Pi, the probability of hypothesis Hi. These are 

known as a priori probabilities (Van Trees, 1968). The a priori probabilities reflect our 

knowledge of how likely we are to see tumor or no tumor before we actually conduct the 

experiment. The second assumption is that we assign a cost value to each of the four 

alternatives above: Cy is the cost of deciding Hi when Hj is true. The expected value of 

the cost is defined as the risk. We seek to minimize the risk given by 

R  =  ( H ,  \ H , )  +  C , , P ,  ( H ,  I H , )  +  C M H , \ H , )  +  C M H ,  \  H , )  (7.7) 

We have assumed that the decision rule must divide the observation space into two 

distinct non-overlapping regions Zq and Z/ (Hickernell, 1988). These regions contain all 

possible observation points, because we require either Hq to be true or Hi to be true. The 

conditional decision probabilities can be expressed in terms of the decision regions and 

the conditional density functions of the data: 
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P { H , \ H . ) = \ p i g \ H , ) d g  (7.8) 
Z,. 

where ^p{g\H.) is the conditional probability of the data given hypothesis //,. 
z,. 

Substituting P{H^ | //q) = 1 - P{H^ \H^^) , P{Hq \H^)- \-P{H^ | //,), and using (7.7) we 

get 

R = C^P„+C,,P,+ \[(C,,^CMP(g\H,)-(C,,-C„)P,p(g\H,)Yg (7.9) 
Z| 

The first two terms in (7.9) are constants, leaving the integral to be minimized by 

choice of the region Zy. The integral in (7.9) is minimized by choosing Z/ to be the set of 

values g that make the integrand negative. Thus the region Z/, where Hi is chosen, is the 

region for which 

{C,,-C,,)pig\H,)P,>{C,,-C,,) Pig I H, )Po, (7.10) 

where we have assumed that the cost of making an error is greater than the cost of a 

correct decision so that the cost differences in (7.9) are both greater than zero. The 

decision rule is to choose Hi when 

p {g \ H , )  ̂  P , {C, , -CJ 

p { g \ H , )  i ^ ( C o , - C „ ) '  
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where the quantity ^ ^ is known as the hkehhood ratio and will be defined by 
p { g \ h ^ )  

calculating a scalar function of the data L(g). The likelihood ratio is defined by (Myers, 

1985; Barrett, 1991) 

L{g)^ (7.12) 
p { 8 \ h , )  

where P(g|Hi) is the likelihood of the data with respect to hypothesis i (i = 0 or 1). Note 

that L(g) is a random variable since it depends on the measured data. A decision is made 

by comparing the likelihood ratio to a threshold, A/. The threshold A, depends upon the 

prior probabilities of the two hypotheses and on the costs assigned to incorrect decisions. 

Hypothesis H\ is decided when the likelihood ratio is greater than the threshold, and 

hypothesis /fo is chosen when L(g) is less than the threshold (Barrett, 1991). 

Although Bayesian methods are optimal, in practice they are difficult to implement 

because one does not usually know the probability density functions necessary for 

computing the likelihood ratio. Costs and probabilities are difficult to know a priori. In 

our research efforts, we have used linear discriminants because it is much easier to 

compute the means and covariance matrix from the data set g and form a linear 

discriminant than it is to know p{g \ H.) and form the likelihood ratio. The data consist 

of a set of probe signals represented by a two-component column vector g. The two 

components of g are the sum of the counts contained in the 171 keV and 245 keV energy 

windows, and the number of counts contained in the 416 keV energy window (sum peak). 
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In our surgical simulation, there were two classes of data: those where the tumor was 

present, and those where the tumor was absent. The subscripts t and nt denote tumor 

present and tumor absent. 

7.3.1 Linear Discriminants 

Linear discriminants are an important class of discriminant functions (Lachenbruch, 

1975; Barrett et al., 1991). These functions are much easier to implement than 

likelihood-ratio tests, and are appealing from both an analytical and practical point of 

view. Given a two-channel data vector g we can form the mean for each channel, ) 

and ). The covariance matrix under each hypothesis can also be calculated from the 

data set g.  Knt is the covariance matrix for no tumor, and Kt is the covariance matrix 

when a tumor is present. Each covariance matrix will be IxZ, where l is the number of 

channels in the probe. For our coincidence probe, each covariance matrix will be 2x2 in 

dimension. The average covariance matrix is given by 

+-K'''. (7.13) 
2 2 

The covariance matrix K includes both the effects of Poisson noise and variations due 

to background. Using the means of the data and the covariance matrices, the optimal 

linear operator can be computed. For the case of a two-class task (tumor present or tumor 

absent) with equal probabilities for each class, the optimal linear operator is (Barrett, 

1991) 
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(o = K-'l^, (7.14) 

where 

AS-{«,.)-(«„) (7.15) 

The entities K, i^gj . ) ,  and ) have already been defined. The quantity is the 

signal vector. The optimum linear discriminant X{g)  is then obtained from each data 

vector g by forming the scalar product where t denotes transpose. When the means 

and covariances are estimated from the data, this function is sometimes referred to as the 

Fisher discriminant function (Fukanaga, 1972). The scalar product indicates that g is 

linearly projected down to a one-dimensional feature space A (see figure 7-4). The 

variable 1 is compared to some threshold and hypothesis Ho or Hj is chosen 

depending on whether the test statistic is greater or less than the threshold. The optimal 

linear discriminant is the desired replacement for the likelihood ratio (Barrett et al., 

1991). 

7.3.2 Performance metrics 

Once we find an optimal discriminant for a given problem, it is important to determine 

how well it works. For the coincidence probe, we used area under the receiver operating 

characteristic (ROC) curve (AUG) and a figure of merit derived from the ROC curve, da-

A ROC curve is a plot of true positive fraction (TPF) versus false positive fraction (FPF) 

as a function of decision threshold (Metz, 1978; Patton, 1978). The fraction of tumor 
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sites in which the count exceeded a numerical threshold is denoted the true positive 

fraction, and the fraction of no-tumor sites in which the count exceeded the same 

threshold was denoted the false positive fraction. In order to see how a ROC curve is 

generated, consider a hypothetical test that yields a single feature value, labeled X, that is 

used for separating a test into one of two classes, where class 1 is "no tumor" and class 2 

is " tumor". Figure 7-4 shows a plot of probability densities for each class, where 

p(/l|class 1) is the conditional probability that a feature value of X is obtained given that 

the test was from class 1, and p(Alclass 2) is the conditional probability that the test was 

from class 2. Figure 7-4 also shows the mean and variance for each class, and a possible 

decision threshold, labeled /It, has been placed along the feature axis. If the threshold is 

moved towards smaller feature values, both the TPF and FPF increase. If the threshold is 

moved towards larger feature values, both the TPF and FPF decrease. A sample ROC 

curve for this test is shown in Figure 7-5. Each point on the ROC curve represents a 

specific TPF and FPF for a given decision. The curve passes through the origin and point 

(1,1), as any ROC curve must. The diagonal line TPF = FPF on the ROC plot is called 

the "chance line" and would be the ROC curve obtained if each distribution were 

identical and completely overlapped. A system with such a ROC curve is worthless. The 

best data-gathering system is the one that provides the most area under the ROC curve 

(Barrett et al., 1991). If the decision-making ability of a system were perfect, the two 

distributions would never overlap, and the ROC curve would run completely up the left 

axis and across the top of the plot. 
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Figure 7-4 Probability densities for a two-class problem. 

Also shown in figure 7-5 are three hypothetical operating points A, B, C. Point A of 

figure 7-5 would be the operating point for a conservative threshold. Very few false 

positives are recorded, but very true few positives are recorded as well. Point B is the 

operating point for a moderate threshold; both the true positive and false positive 

fractions increase. 
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Figure 7-5 Sample ROC curves. As the area under the ROC curve increases, so does the 
discriminatory power of the system. The diagonal line is known as the "chance" line and 
would be the ROC curve obtained if each distribution were identical and completely 
overlapped. A system with such a ROC curve is worthless. 
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Finally, point C is the operating point for a liberal threshold. The true positive fraction is 

high, but so is the false positive fraction. 

Several figures of merit can be derived from the ROC curve such as d^, d, and area 

under the ROC curve (Myers, 1985; Barrett, 1996; Abbey, 1998). In our experiment, we 

chose the figure of merit d' defined by 

< x > 2  - < x > ,  
«« =—I 2 2 ^ (7.16) 

a, +^2 

where <x>i is the mean of the test statistic for data class /, and a, is the variance for data 

class i. This criterion measures the difference in means normalized by the square root of 

the average variance. Note that d' is equal to zero for a worthless system because the two 

distributions completely overlap and cannot be separated; the ROC curve lies directly on 

the 45° chance line. If there is no overlap between the two distributions then d'^ co and 

the system is perfect for separating two classes. If 07 = 02= a, then d' reduces to (Myers, 

1985; Fiete, 1987; Abbey, 1998) 

(7.17) 

and the ROC curve will be symmetric. This figure of merit is also known as the 

detectability index (Barrett, 1998). If the underlying distributions of x are normal, then 

AUC is related to J' by (Abbey, 1998) 
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d'=2err'{2AUC-\), (7.18) 

where er/"' (•) is the inverse of the error function. AUC is equal to 1 for a perfect system 

and AUC = 0.5 for a worthless system. Also, AUC is theoretically equal to the 

probability of a correct response in a two-alternative, forced-choice test (Abbey, 1998). 

Each of these figures of merit is independent of the decision threshold chosen. Figure 

7-5 shows ROC curves for four tests with different da values. Test 4 has the highest da 

value and can separate the two classes the best. 

We have shown that the ROC curve can be generated from a set of feature values. We 

will present performance in terms of ROC curves and use J' as a summary figure of 

merit. 

7.4. Experimental Procedure 

7.4.1 Phantom 

We measured the detection performance of our probe using a water phantom 

containing dissolved '''in and a small, simulated organic tumor also permeated with 

'"in. The phantom was a 30 cm x 30 cm x 60 cm glass tank with 0.5 cm thick walls 

containing 40 liters of water. Background activity in the tank was approximately 23.5 

nCi per cm^ for each of the background experiments. In order to obtain a variable 

background, various sized Nalgene bottles were filled with differing levels of activity in 

order to simulate normal background variation encountered in the human body. One 4-
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liter bottle containing no activity was added to the tank in order to simulate a "cold" 

region. Our simulated tumor was a 1.3 g, 1.0 cm^ piece of Playdoh™ impregnated with 

approximately 120 nCi of "'in. Tumor activity was to 5x background activity in each 

experiment. The experimental arrangement is shown in figure 7-6. 

7.4.2 Probe 

The probe consisted of a cylindrical Nal(Tl) scintillation crystal 1.0 cm in diameter 

and 1.0 cm long that was coupled to a photomultiplier tube by a fiberoptic light guide 

encased in a flexible sheath. An electronics chain consisting of a preamplifier, amplifier, 

single channel analyzer, and counter was connected to the photomultiplier tube. A 

personal computer was used to provide on-line data acquisition and display. Count data 

was recorded in three different energy windows: 171 keV, 245 keV, and 416 keV. Sets 

of data were taken in the tank for uniform and non-uniform backgrounds. In each case, a 

data run consisted of 100 counting samples of 60 seconds duration in different locations 

throughout the phantom. Each data run was repeated twice: once with the simulated 

tumor mounted to the face of the probe, and again without the tumor. Source and 

background data were collected at the same location for each run during the uniform 
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Figure 7-6 Experimental setup for characterizing the performance of a coincidence 
surgical probe, "'in was dissolved in the tank to provide a uniform background. For the 
variable background experiment, nalgene bottles were placed in the tank and filled with 
varying amounts of activity. In both cases, total tank activity was approximately 23.5 
nCi/cm^. During experiments with the source, the organic tumor was attached to the face 
of the probe. Tumor activity was approximately 5 x background activity. The tumor was 
a 1.3 g, 1 cm^, spherical mass of clay. 

background experiment. For the variable background experiment, data was taken for 100 

random background locations, followed by 100 random locations with the tumor attached 

to the face of the probe. Data obtained from each experiment was considered noise free 

and was used for synthesizing data for other counting times. By using the 60-second 
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observed counts to estimate the count rate at each location, we could synthesize data for 

shorter counting times. The synthesis was performed according to: 

where Pois(x) indicates a Poisson-distributed random variable with mean x, N6o is the 

observed number of counts at 60 seconds, and Nt is the synthesized number of counts at 

T seconds. Scatter plots of the initial data for uniform and non-uniform backgrounds are 

shown in figure 7-7. Data derived from the 60-second count data is shown for counting 

times ranging from 1 to 30 seconds in figure 7-8 through figure 7-10. We agree there is 

some error in assuming that 60-second count data is noise free when used for generating 

data for counting times of 30 seconds. However, the error is small. For example, the 

error in the count rate for 30-second count data is less than one percent. In each of the 

plots shown, the two experimental variables are the sum of the counts in the two singles 

channels (171 keV + 245 keV) and the counts contained in the sum peak (416 keV). 

Poisson noise was added to the total number of counts, corresponding to the specified 

count time. Using this data, we formed an optimal linear discriminant as described in 

section 7.3. The values of the two-feature discriminant obtained were used to plot a 

receiver operating characteristic (ROC) curve. As previously mentioned, area under the 

ROC curve varies from 0.5 for a worthless system to 1.0 for a perfect system. 

N j .  =  P o i s  •  
V 60 j' 

(7.19) 
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Figure 7-7 Sum of 171 keV and 245 keV peaks plotted against sum peak (416 keV) for 
uniform (upper plot) and non-uniform (lower plot) backgrounds. Counting time is 60 
seconds. Data shown was used to generate data for other counting times ranging from 1 
to 30 seconds. 
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Figure 7-8 Scatter plots for 15-second (A) and 30-second (B) count data. Sum of single 
channel peaks (171 keV + 245 keV energy windows) are plotted against the sum peak 
channel (416 keV) for uniform and non-uniform backgrounds. 
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Scatter plots- 10 second counting time 
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Figure 7-9 Scatter plots of sum of singles peak channel versus sum peak channel counts 
for 5-second (C) and 10-second (D) counting times. 
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Scatter plots- 3 second counting time 
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Uniform background 

; No Tumor 
-|- Tumor 

+ 
2200 

% 1400 

1200 

Non-uniform background 

5000 

JO 0) 

o 
O) 
E 
CO 
H— 
o 

E 3 
CO 

0 1 2 3 4 5 6 7 8  

Sum peak (416 keV) 

No Tumor 
-I- Tumor 

3000 

+. 

1000 

E.) 
2 3 4 5 6 7 8 9  

Sum peak (416 keV) 

Figure 7-10 Sum of singles peak channel plotted versus sum peak channel for counting 
times of 1 second (E) and 3 seconds (F). 
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7.5 Performance Results 

Histograms of the test statistic used to generate ROC curves for uniform background 

tests are shown in figure 7-11 through 7-13 for counting times ranging from 1 to 30 

seconds. ROC curves are provided with the histograms for comparison. Figure 7-14 

through 7-16 contains similar plots for an inhomogeneous background. 
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Figure 7-11 Uniform background histogram plots of the test statistic and ROC curves for 
counting times of 15 seconds (A) and 30 seconds (B). 
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Figure 7-12 Uniform background histogram plots of the test statistic and ROC curves for 
counting times of 5 seconds (C) and 10 seconds (D). 
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Figure 7-13 Uniform background histogram plots of the test statistic and ROC curves for 
counting times of 1 second (E) and 3 seconds (F). 
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Figure 7-14 Inhomogeneous background histogram plots of the test statistic and ROC 
curves for counting times of 15 seconds (A) and 30 seconds (B). 
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Figure 7-15 Inhomogeneous background histogram plots of the test statistic and ROC 
curves for counting times of 5 seconds (C) and 10 seconds (D). 
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Figure 7-16 Inhomogeneous background histogram plots of the test statistic and ROC 
curves for counting times of 1 seconds (E) and 10 seconds (F). 
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Figure 7-17 compares the ROC curves for the optimal linear discriminant, sum peak, 

and sum of singles channel for a 15-second counting time. Inspection of the ROC curves 

shows that the sum-of-singles channel is essentially worthless for detection as the AUC is 

always near 0.5, independent of exposure time. The coincidence sum-peak channel 

shows good discriminatory power, while the AUC for the two-feature discriminant is best 

at nearly 1. 
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Figure 7-17 Histograms and ROC curves comparing the sum of single's channel, the sum 
peak, and the optimal linear discriminant. The histogram of the single's channel shows 
no separation between the tumor and no tumor data, while the sum peak shows better 
discriminatory power, and the optimal linear discriminant is the best discriminator. The 
ROC curve for the sum of singles channel follows the 45° diagonal, indicating how poor 
it is for discrimination. The AUC for the sum peak is greater than 0.75, while the AUC 
for the optimal linear discriminant is approximately 0.95. 
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Figure 7-18 is a plot of detectability index versus counting time. The detectability 

index was derived from the ROC curves and is used as a summary comparison of the 

optimal linear discriminant, the sum peak channel, and the sum of singles channel. For 

counting times of less than 10 seconds, the coincidence probe is limited by Poisson noise, 

so that performance improves with longer counting times. Both the sum peak and the 

optimal linear discriminant rise monotonically with exposure time, the optimal linear 

discriminant achieving a near-perfect detection of 3. The majority of the discriminatory 

power resides in the optimal linear discriminant. The coincidence channel shows good 
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Figure 7-18 Detectability index versus counting time for a water-tank test of a 
coincidence probe. This plot compares the optimal linear discriminant, sum peak 
channel, and sum of single's channel. Larger values of the figure-of-merit d' correspond 
to increased detection performance. 
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discriminatory power. Beyond exposure times of 20 seconds, however, the fluctuations 

in the background and tumor activity limit the performance of the sum channel so that it 

does not achieve perfect detection performance. For reasonable counting times during 

surgery, the coincidence probe should be effective for discriminating between tumor and 

no-tumor sites. Finally, a simulated d' versus tumor distance from the probe face is 

plotted in figure 7-19. It has a characteristic falloff with distance as expected. 
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Figure 7-19 Detectability index versus simulated tumor distance from probe face. The 
plot has a fitted slope of approximately -4. 
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Hartsough (1994) has shown that the type of background often affects probe 

performance. In evaluating the coincidence probe for a uniform background using an 

optimal linear discriminant, we found that the area under the ROC curve increased 

monotonically with exposure time, achieving an AUC very near 1 for just a 10 second 

exposure (figure 7-12 D). For the case of a non-uniform background, we found the AUC 

to be very near 1 for a 15 second exposure time (figure 7-14 A), slightly longer than that 

for a uniform background, but still clinically plausible. For counting times of less than 

10 seconds, the coincidence probe is limited by Poisson noise, so that performance 

improves with longer counting times. At counting times of 30 seconds, essentially 

perfect detection performance is obtained. 

In contrast, the single-photon channel can be considered worthless for background 

discrimination, as the AUC is always near 0.5 (figure 7-17). Comparison of the optimal 

linear discriminant, the sum peak channel, and the 245 keV singles channel shows that all 

of the discriminatory power resides in the sum peak channel. Even the coincidence 

channel alone shows good discriminatory power. Beyond exposure times of 20 seconds, 

however, the fluctuations in the background and tumor activity limit the performance of 

the sum peak channel so that it does not achieve perfect detection performance. For 

reasonable counting times during surgery, we have shown that the coincidence probe 

should be effective for discriminating between tumor and no-tumor sites. 

Hartsough's simulations (1994) showed that the coincidence probe did not perform as 

well in non-uniform backgrounds as we have experimentally determined. We believe the 



reason was his assumptions. In order to compare the coincidence probe to probes using 

Tc-99m, he used biodistribution data for 24 hours post-injection. Monoclonal antibody 

uptake will be poor 24 hours following injection (Woolfenden, 1997). Background 

activity in the body would still be very high. By waiting 3-5 days after injection, 

background tissue would have lost some of the dose through excretion while tumor 

uptake would remain high. 

7.6 Conclusions 

We have shown in simulations in a water phantom that a coincidence probe is 

effective in detecting tumors in an inhomogeneous background distribution. Such 

background variations are the rule, and not the exception, in tumor detection tasks using 

intraoperative probes and a major reason for poor probe performance. Our coincidence 

probe is insensitive to distant background sources, because its response to point sources 

falls off as the inverse fourth power of the source distance. Although the sum-peak 

channel alone is effective for discriminating between tumor and no-tumor sites, the best 

performance is obtained using a test statistic formed from the linear discriminant. The 

single-peak channels were shown to be worthless for discriminating far-field background 

activity from tumor activity. All commercially available gamma probes typically use 

only single-peak channels. 

Coincidence probes can only be used with a radiotracer having coincident emissions 

such as "'in. However, the availability of "'in-pentetriotide for neuroendocrine tumor 

detection means that coincidence probes may find immediate practical application. Other 
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radiotracers that can be used in tumor detection and that have coincident emissions 

include: (53% coincident fraction between Te K x-rays or a Te K x-ray and a 35.5 

keV gamma ray) and (64% coincident fraction between a Te K x-ray and a 157 keV 

gamma ray). 

Our development of the coincidence detection technique included characterization of 

the probe, computing an optimal linear discriminant, and simulating a surgical 

environment using a water phantom. The coincidence technique is applicable to any 

existing hand-held surgical probe with relatively modest changes in electronics and data 

handling. Design of a probe to be used with our coincidence detection algorithm should 

be relatively straightforward since this technique can be used with any kind of detector. 

Data collection and analysis can be achieved by connecting the probe to a portable 

computer containing the discriminant algorithm that will display the results to a surgeon 

via audible and visual displays. The next step towards refining this technique is clinical 

evaluation in surgery. Clinical evaluation is the aim of a future research project. 
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CHAPTER 8 

8. SUMMARY AND CONCLUSIONS 

The main goal of this work was to develop and characterize a high-resolution 

gamma-ray imaging system using CdZnTe detectors and CMOS readout circuits. The 

system was designed for room-temperature operation. A secondary goal of this work was 

to demonstrate the background-suppression capability of linear discriminants when used 

with Indium-111. This chapter is composed of two sections. The first section 

summarizes the results reported in this research. The second section discusses 

recommended topics for future research. 

Chapter 2 is an introduction to semiconductor detector arrays that use the small-pixel 

effect to overcome the trapping of holes. A survey of the relevant physical processes in a 

semiconductor gamma-ray detector was given. We also presented the model for the 

response of a pixel to moving charge within the detector as it relates to array detectors. 

Methods of recovering charge lost to neighboring pixels through threshold-based pixel 

summation are also given. These models were presented elsewhere (Marks, 2000), but 

have been included as a necessary part of a semiconductor-based imaging system 

description. 

Chapter 3 described the labor-intensive process of mating a semiconductor array to its 

corresponding readout circuit. In this chapter, we explained the device-screening process 

and tests used to mitigate risk during the fabrication of CZT imaging hybrids. Wafer 



probe data and device screening results were presented as well as yield data on our initial 

hybrids. 

Chapter 4 was devoted to noise and stochastic processes related to the design and 

characterization of our readout circuit and hybrid. The treatment in this chapter has been 

restricted to subjects related to noise analysis of the detector front-end electronics. In this 

chapter we presented the optimization of our unit cell with respect to noise performance. 

One of the key results of this chapter was that we found leakage-current noise to be less 

than that predicted by Poisson statistics. 

Chapter 5 described the electronic design of our first-generation CdZnTe camera and 

should be of interest to future students as it is self-contained. We discussed the evolution 

of three sets of electronics and the whys behind those designs as a guide for future 

students. The last section of chapter 5 contained suggestions for improving future 

generations of system electronics. 

Chapter 6 presented the first mosaic images obtained with a modular semiconductor-

based imaging system. Initial imaging tests showed that hybrid A3 is an excellent 

imager, phantom images have a spatial resolution of 1.5 mm, limited by the collimator 

bore. These images demonstrated the potential of semiconductor-based gamma cameras. 

Chapter 7 described the theory and results obtained from a coincidence-type surgical 

probe. In this chapter we showed that use of the coincidence channel with an optimal 

linear discriminant performs much better than the sum of the single's channel for the task 
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of tumor detection in a water-based phantom. We showed that the coincidence-type 

surgical probe is relatively insensitive to distant background radiation sources. 

8.1 Future Work 

8.1.1 Detectors 

One of the common denominators for all semiconductor-based gamma cameras is the 

availability of structurally perfect CdZnTe material. Cost is still a significant impediment 

to the widespread use of semiconductor detectors in gamma-ray imaging. The cost of a 

small volume (1.5 cm^) is still several thousand dollars. Further investigations are 

needed for alternative materials to CdZnTe. 

The physics of various processes within CdZnTe is still an open avenue for research. 

We found that leakage-current noise was less than that predicted by Poisson statistics. 

This is a question that is not currently understood within the gamma-ray imaging 

community. 

Another important avenue of future research is to understand the properties of 

electrode contacts. To date, there have been very few studies that identify and separate 

the role of radiation detector contacts relative to the performance of radiation detectors. 

It is assumed that our detector contacts are blocking, but we do not know how well our 

blocking contacts function. This is an important research topic especially in relation to 

the sub-Poisson noise we currently obtain with these devices. 
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8.1.2 Device hybridization 

Hybridization is still one of the most expensive and labor-intensive parts of 

fabricating imaging arrays. The mainstay of this process has been indium-bump bonding. 

This technology is expensive and it is difficult to find reliable non-aerospace contractors 

that perform this service. More research effort needs to go into bonding technologies that 

are less expensive. Our group has investigated alternative bonding technologies, but 

much more research is needed in this area. Some of the more promising alternatives are: 

screened conductive epoxies, solder bumps, and gold-ball adhesives. 

8.1.3 Readout circuits 

The initial cost of developing readout electronics is a significant component in the 

total cost of a semiconductor-based nuclear-medicine imaging system. Such a system 

will comprise hundreds of imagers operated simultaneously. Our current readout circuit 

is a "beast" in the sense that it requires so many external clocks and biases in order to 

operate. The next generation of readout systems will incorporate more on-chip 

processing, using a "smart-sparse" approach to read out only those pixels with gamma-

ray hits. This will ease the burden of processing on the external electronics. 

Improvements in CdZnTe material uniformity should allow the use of on-chip timing 

generators in which a single clock line and control voltage is provided to the hybrid. The 

required voltages and clocks necessary to operate the hybrid can be derived on chip from 

these two input lines. Investigation of on-chip clock and bias generators and 

implementation of on-chip clock and bias generation could simplify the external 
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electronics significantly, allowing the development of much more portable imaging 

systems than we currently have. 

8.1.4 Coincidence probe 

The experiments in chapter 7 showed the promise of using the coincidence channel 

and a linear discriminator. The next logical step in the evolution of this project would be 

to build a probe and pulse-processing system that could be used in clinical trials. 

Investigation of non-linear discriminants for background suppression is also a possible 

future research topic. 



380 

REFERENCES 

C Abbey (1998). Assessment of Reconstructed Images, Ph.D. Dissertation, Univ. of AZ 

Adams S, Baum RP, Hertel A, et. al. Intraoperative gamma probe detection of 
neuroendocrine tumors. J. Nucl. Med. 1998; 39: 1155-1159. 

W Akutagawa and K Zanio (1969). Gamma response of semi-insulating material in the 
presence of trapping and detrapping, J. Appl. Phys., 40(9), 3838-3854. 

P E Allen and D R Holberg (1987). CMOS Analog Circuit Design, Saunders College 
Publ, NY 

H 0 Anger (1958). Scintillation camera, Rev Sci Instr 29 27-33. 

Y Arntz, J Chambron, B Dumitresco, B Eclancher and V Prat (1999). A portable 
cadmium telluride multidetector probe for cardiac function monitoring, Nucl Instr Meth 
Phys Res A 42S 150-157. 

F L Augustine (1994). Multiplexed readout electronics for imaging spectroscopy of 
high-energy x-ray and gamma photons, Nucl Inst Meth Phys Res A 353 201-204. 

S Augustine (1994). System analysis for a readout integrated circuit for a gamma photon 
detector array, Private communication. 

S Augustine (2003) Private communication. 

C Bacci, S Centro, M De Giorgi and R Martinelli (1988). A hybrid charge sensitive 
amplifier for high capacitance detectors, Nucl Inst Meth Phys Res A 273 321-325. 

G.Bale et al. (1999). Cooled CdZnTe detectors for X-ray astronomy, Nucl. Instr. Meth. 
Phys. Res. A, 436, 150-154. 

D F Barbe (1975). Imaging devices using the charge-coupled concept, Proc IEEE 63 
38-67. 

H B Barber, H H Barrett, J M Woolfenden, K J Myers and T S Hickernell (1989). 
Comparison of in vivo scintillation probes and gamma cameras for detection of small, 
deep tumours, Phys Med Biol 34 (6) 727-739, lOP Publ Ltd. 

H B Barber, et al. (1991). Comparison of Nal(TI), CdTe, and Hgli surgical probes: 
physical characterization, Med Phys 18 (3), Am Assoc Phys Med. 



381 

H B Barber, et al. (1993). A gamma-ray imager with multiplexer read-out for use in 
ultra-high-resolution brain spect, IEEE Trans Nucl Sci 40 (4). 

H B Barber, et al. (1993). Design for a high-resolution SPECT brain imager using 
semiconductor detector arrays and multiplexer readout, Physica Medica IX (2-3). 

H B Barber (1994). Private communication. 

H B Barber, et al. (1994). Semiconductor arrays with multiplexer readout for gamma-ray 
imaging: results for a 48x48 Ge array, Nucl Instr Meth Phys Rsrch A 353 361-365. 

H B Barber, et al. (1997). Semiconductor pixel detectors for gamma-ray imaging in 
nuclear medicine, Nucl Instr Meth Phys Rsrch A 395 421-428. 

H B Barber (1997). Private communication. 

H B Barber, et al. (1997). Use of CdZnTe pixel arrays with multiplexer readout to map 
detector crystal properties, 1997 IEEE Nuclear Science Symposium nd Medical Imaging 
ConferenceRecord, 1, 286-290. 

H B Barber (2003). Private communication. 

C Bargholz et al. (1999). Model-based pulse shape correction for CdTe detectors, Nucl 
Instr Meth A434: 399-411. 

H H Barrett and W Swindell (1981). Radiological Imaging The Theory of Image 
Formation, Detection, and Processing 1, Academic Press. 

H H Barrett, et al. (1991). Linear discriminants and image quality, Butterworth-
Heinemann Ltd. 

H H Barrett, J D Eskin and H B Barber (1995). Charge transport in arrays of 
semiconductor gamma-ray detectors, 75 (1), Am Phys Soc. 

H H Barrett and K J Myers (2004). Image Science: Foundations of Image Science, John 
Wiley and Sons, New York. 

S A Benjegard, et al. (1999). Evaluation of three gamma detectors for intraoperative 
detection of tumors using in-labeled radiopharmaceuticals, J Nucl Med 40 (12). 

W R Bennett (1956). Methods of solving noise problems, Proc IRE. 

P R Bennett, K S Shah, M R Squillante, J A Heanue and B H Hasegawa (1996). 
Evaluation of CdTe for use in a prototype emission/transmission CT imaging system, 
IEEE Trans Nucl Sci 43 (4). 



382 

G Bertuccio and A Pullia (1993). A method for the determination of the noise parameters 
in preamplifying systems for semiconductor radiation detectors, Rev Sci Instr 64 (11), 
Am Inst Phys. 

G Bertuccio, et al. (1998). Experimental analysis of current noise spectra in CdTe 
detectors, Part of SPIE Conf on Hard X-Ray, Gamma-Ray, and Neutron Detector Phys 
3768, 402-408. 

P R Bevington and D K Robinson (1992). Data Reduction and Error Analysis for the 
Physical Sciences, McGraw-Hill, NY. 

E Browne and Firestone (1986), Table of Radioisotopes, John Wiley and Sons, New York 

J F Butler, C L Lingren and F P Doty (1992). Cdi.xZnxTe gamma ray detectors, IEEE 
Trans Nucl Sci 39 (4). 

A. Castoldi, E. Gatti, and P. Rehak (1996). Three-dimensional analytical solution of the 
Laplace equatuion suitable for semiconductor detector design, IEEE Trans. Nucl. Sci., 43 
(1), 256-265. 

Z Y Chang and W Sansen (1991). Effect of 1/f noise on the resolution of CMOS analog 
readout systems for microstrip and pixel detectors, Nucl Instr Meth Phys Rsrch A 305 
553-560, Elsevier Sci Publ. 

F Daghighian, et al. (1994). Intraoperative beta probe: a device for detecting tissue 
labeled with positron or electron emitting isotopes during surgery, Med Phys 21 (1), Am 
Assoc Phys Med. 

W B Davenport, Jr and W L Root (1958). An Introduction to the Theory of Random 
Signals and Noise, McGraw-Hill Book Co, Inc. 

G. DeGeronimo et al. (2001). Front-end Electronics for imaging detectors, Nucl Instr 
Meth Phys Rsrch A 471 192-199 

E. Dereniak (1988). Optical Detection 566 Course Notes, Optical Sciences Center, 
University of Arizona. 

T. H. Ebben, (1996). Low Noise CCD Electronics Short Course, SPIE 

Y. Eisen and A Shor (1998) CdTe and CdZnTe materials for room-temperature X-ray 
and gamma-ray detectors. Journal of Crystal Growth, 184/185: 1302-1312 

G Entine, et al. (1979). Cadmium telluride gamma camera, IEEE Trans Nucl Sci NS-26 
(1). 



383 

JD Eskin, H H Barrett and H B Barber (1995). Recovery of spectral information from an 
imperfect detector using the expectation maximization algorithm, Nud Sci Symp and Med 
Img Confl994 IEEE Confl 50-154. 

JD Eskin, H B Barber and H H Barrett (1996). Variations in pulse-height spectrum and 
pulse timing in CdZnTe pixel array detectors, Hard X-Ray/Gamma-Ray and Neutron Opt, 
Sensors, and Appl, Proc SPIE 2859 46-49, Richard B Hoover; F Patrick Doty; Eds. 

JD Eskin (1997). Semiconductor Gamma-Ray Detectors For Nuclear Medicine, 
Dissertation, Univ of AZ. 

JD Eskin, H H Barrett and H B Barber (1999). Signals induced in semiconductor gamma-
ray imaging detectors, J Appl Phys 85 (2). 

RD Evans (1955). The Atomic Nucleus, McGraw-Hill, New York 

U Fano (1947). Ionization yield of radiations. 11. The fluctuation of the number of ions, 
Phys. Rev., 72 (1) 26-29. 

RD Fiete (1987). The Hotelling Trace Criterion used for System Optimization and 
Feature Enhancement in Nuclear Medicine, Dissertation, Univ. of Arizona 

P J Fish (1994). Electronic Noise and Low Noise Design, McGraw-Hill Inc. 

O R Frisch (1944). Isotope Analysis of Uranium Samples by Means of Their a-ray 
Groups, British Atomic Energy Report BR-49. 

K Fukunaga (1972) Introduction to Statistical Pattern Recognition, Academic Press, New 
York. 

E. Gatti, G. Padovini, and V. Radeka (1982). Signal evaluation in multielectrode 
radiation detectors by means of a time dependent weighting vector, Nucl. Instr. Meth, 
193, 651-653. 

K L Giboni, E Aprile and I Rochwarger (1998). Schottky CdTe detectors for imaging in 
nuclear medicine and astrophysics. Part of the SPIE Conf on Hard X-Ray and Gamma-
Ray Detector Phys and Appl, San Diego, CA 3446. 

F S Goulding and D A Landis (1982). Signal processing for semiconductor detectors, 
IEEE Trans Nucl Sci NS-29 (3). 

L A Hamel, et al. (1998). An imaging CdZnTe detector with coplanar orthogonal anode 
strips, Mat Res Soc Symp Proc 487 211-216, Mat Rsrch Soc. 

W J Hamilton et al. (1996). P-I-N High-energy Photon Detectors, J. Elect. Mat, 25 
1286. 



384 

N E Hartsough, H H Barrett, H B Barber, J M Woolfenden (1993). Intraoperative tumor 
detection: relative performance of single-element, dual-element, and imaging probes with 
various collimators. lEEENucl. Sci. Symposium. 1993, 1236-1240. 

N E Hartsough (1994). Performance Evaluation of Gamma-Ray Imaging Devices for 
Tumor Detection: Choosing the Optimal Design, Dissertation, Univ of AZ. 

N E Hartsough, H H Barrett, H B Barber and J M Woolfenden (1995). Intraoperative 
tumor detection: relative performance of single-element, dual-element, and imaging 
probes with various collimators, IEEE Trans Med Img 14 (2). 

Z He, G F Knoll, D K Wehe and J Miyamoto (1997). Position sensitive single carrier 
CdZnTe detectors, Presented at the 1996 IEEE Nucl Sci Symp Med Img Conf Anaheim, 
CA, Nov. 3-9, 1996. To appear in: Nucl Instr Meth Phys Rsrch A, 1997. 

Z He, G F Knoll, D K Wehe and Y F Du (1998). Coplanar grid patterns and their effect 
on energy resolution of CdZnTe detectors. Presented at the 1997 IEEE Nucl Sci Symp 
Med Img Conf, Albuquerque, NM, Nov 9-15, 1997. To appear in: Nucl Instr Meth Phys 
Rsrch A, 1998. 

Z He, et al. (1999). 3-D position sensitive CdZnTe gamma-ray spectrometers, Nucl Instr 
Meth Phys Rsrch A 422 173-178, Elsevier Sci. 

J A Heanue (1993). CMOS readout electronics for an emission-transmission medical 
imaging system, M.S. Thesis, University of California, Berkeley. 

C W Helstrom (1968). Statistical Theory of Signal Detection, Pergamon Press. 

T S Hickemell (1988). Statistical Decision Making With A Dual-Detector Probe, 
Dissertation, Univ of AZ. 

T S Hickernel et al. (1988). Dual detector probe for surgical tumor staging, J. Nucl. Med. 
29 1101-1106. 

T S Hickemell, H H Barrett, H B Barber, J M Woolfenden and J N Hall (1990). 
Probability Dodeling of a surgical probe for tumour detection, Phys Med Biol 35 (4) 539-
559. 

P B Hoffer, MD; R N Beck, BS and A Gottschalk, MD (1971). The role of 
semiconductor detectors in the future of nuclear medicine, the proc of a symp 
cosponsored by the Argonne Cancer Research Hospital and the Soc of Nucl Med Feb 12-
13, Soc of Nucl Med Inc. 

C G Jakobson and Y Nemirovsky (1997). CMOS low-noise switched charge sensitive 
preamplifier for CdTe and CdZnTe x-ray detectors, IEEE Trans Nucl Sci 44 (1). 



385 

C G Jakobson, G Asa, S Bar Lev and Y Nemirovsky (1999). Low noise CMOS readout 
for CdZnTe detector arrays, Nucl Instr Meth Phys Rsrch A 428 113-177, Elsevier Sci. 

J Janesick (1995) CCDs, electronics and optimization short-course notes, SPIE, 
Bellingham, Wa. 

D A Johns and K Martin (1997). Analog Integrated Circuit Design, John Wiley and Sons, 
New York. 

J Johnson (1928). Thermal Agitation of Electricity in Conductors, Phys Rev, 32 97 

V T Jordanov et al. (2001). Multi-electrode CZT detector packaging using polymer flip-
chip bonding, Nucl Instr Meth Phys Res A, 458 511-517. 

G A Kastis, et al. (2001). Gamma-ray imaging using a CdZnTe pixel array and a high-
resolution, parallel-hole collimator, IEEE Trans Nucl Sci 47 (6). 

G.A. Kastis et al. (2002) Tomographic small-animal imaging using a high-resolution 
semiconductor camera, IEEE Trans Nucl Sci 49(1):172-175. 

Kaufmann and Price (1973). Semiconductors in Medicine, LFS Atomic Energy 
Commission Conf 730321, available from NTIS, Washington, D.C. 

B Kaulakys and T Meskauskas (1998). Modeling 1//noise, Phys Rev E 58 (6), Am Phys 
Soc. 

S Kavadias, K Misiakos and D Loukas (1994). Calculation of pixel detector capacitances 
through three-dimensional numerical solution of the laplace equation, IEEE Trans Nucl 
Sci 41 (2). 

M S Keshner (1982). 1/f Noise, Proc. IEEE, 70 (3) 212-218 

W Kester (1997). A grounding philosophy for mixed-signal systems. Electronic Design 
Analog Applications Issue, June 23, p 23. 

S Klutman et al.. Somatostatin receptor scintigraphy in postsurgical follow-up 
examinations of meningioma. J. Nucl. Med., 1998; 39 1913-1917 

G F Knoll (1999). Radiation Detection and Measurement, Third Edition, John Wiley and 
Sons, New York. 

P A Lachenbruch (1975). Discriminant Analysis, Hafner Press, Div of Macmillan Publ 
Co, Inc. 



386 

W R Leo (1994). Techniques for Nuclear and Particle Physics Experiments, Second 
Edition, Springer-Verlag, New York. 

L.Li et al. (2001) A new method for growing detector-grade cadmium zinc telluride 
crystals. IEEE Nuclear Science Symposium/Medical Imaging Conference Record 2396-
2400. 

P N Luke (1994). Single-polarity charge sensing in ionization detectors using coplanar 
electrodes, Appl Phys Lett 65 (22) 2884-2886. 

P N Luke (1995). Unipolar charge sensing with coplanar electrodes ~ application to 
semiconductor detectors, IEEE Trans Nucl Sci 42 207-213. 

P N Luke, M Amman, J S Lee and P F Manfredi (2001). Noise in CdZnTe detectors, 
IEEE Trans. Nucl Sci, 48 282 

J C Lund et al. (1996). The use of pulse-processing techniques to improve the 
performance of CdZnTe gamma-ray spectrometers, IEEE Trans Nucl Sci, 43(3). 

H L Malm (1972). A mercuric iodide gamma-ray spectrometer. Paper presented at the 
13''' Scintillation and Semiconductor Counter Symp - Washington, March 1-3'^'', 1972. 
To be published in IEEE Trans NS-19 (3). 

H L Malm, et al. (1975). Gamma-ray spectroscopy with single-carrier collection in high-
resisitivity semiconductors, Appl Phys Lett 26(6) 344-346. 

D G Marks (2000). Estimations Meth for Semiconductor Gamma-Ray Detectors, 
Dissertation, Univ of AZ. 

D G Marks, H B Barber, H H Barrett, J Tueller and J M Woolfenden (1999). Improving 
performance of a CdZnTe imaging array by mapping the detector with gamma rays, Nucl 
Instr Meth Phys Rsrch A 428 102-112. 

D G Marks, et al. (1996). A 48x48 CdZnTe array with multiplexer readout, IEEE Trans 
Nucl Sci 43 (3), 1253-1259. 

P Marmier and Sheldon (1969). Physics of Nuclei and Particles, Volume I, Academic 
Press, New York. 

E W Martin (1994). Radioimmunoguided surgery (RIGS) in the detection and treatment 
of colorectal cancer, Med Intelligence Unit. 

K J Matherson, et al. (1993),. Intraoperative coincidence probe for tumor detection with 
' ̂ 'in-labeled monoclonal antibodies. IEEE Nuclear Science Symposium; 1312-1316. 



387 

K J Matherson, et al. (1998). Progress in the development of large-area modular 64x64 
CdZnTe imaging arrays for nuclear medicine, IEEE Trans Nucl Sci 45 (3). 

E Mathieson (1979). Lateral distribution of cathode charge in a multiwire proportional 
chamber, Nucl. Instr. Meth., 159, 29-32. 

J L Matteson, et al. (1998). Position-sensitive CZT detector module, Part of the SPIE 
Conf on Hard X-Ray and Gamma-Ray Detector Phys and Appl, San Diego, CA, 3446. 

D S McGregor et al. (1998). CdZnTe Semiconductor Parallel Strip Frisch Grid Radiation 
Detectors, IEEE Trans Nucl Sci, 45 443-449 

D S McGregor and R A Rojeski (2001). High-resolution Ionization Detector and Array 
of Such Detectors, United States Patent 6175120. 

McConnell et al. (2000). Three-dimensional imaging and detection efficiency 
performance of orthogonal coplanar CZT detectors, Proc SPIE, 4141 157-167 

McReady et al.(1971). Clinical tests with a prototype semiconductor camera, Brit J.Rad 
44:58 

Melcor (1988). Thermo-electric cooler application notes, Melcor, NJ 

C E Metz (1978). Basic principles of ROC analysis, Sem Nucl Med VIII (4), Grune and 
Stratton, Inc. 

C D Motchenbacher and J A Connelly (1993). Low Noise Elect Sys Design, John Wiley 
and Sons, NY. 

K J Myers (1985). Visual Perception in Correlated Noise, Dissertation, Univ of AZ. 

Y Nemirovsky, G Asa, C G Jakobson, A Ruzin and J Gorelik (1997). Dark noise 
currents and energy resolution of CdZnTe spectrometers, J Elect Mat 27 (6). 

Y Netzer (1981). The design of low-noise amplifiers, Proc IEEE 69 (6). 

A Niemela (1996). Low-noise electronics for high-resolution CdZnTe and CdTe X-ray 
detection systems, J. Physiquie IV, 6 (C4), 721-731. 

H Nyquist (1928). Thermal Agitation of Electrical Charge in Conductors, Phys Rev 32 
110 

M.K. O'Connor et al. (2002) CZT detector for scintimammography: Evaluation in 
phantom and patient studies, J Nucl Med 43(5):289P 



388 

O'Connor et al. (2002). Prospects for charge sensitive amplifiers in scaled CMOS, Nucl 
Instr Meth A, 484 713-725 

O A Oredipe, R F Barth (1988), S E Tuttle et al., Limits of Sensitivity for the 
radioimmunodetection of colon cancer by means of a hand held gamma probe. Nucl. 
Med. Biol. 15 , 595-603. 

Ortendahl et al. (1982). Operating characteristics of small position-sensitive mercuric 
iodide detectors, IEEE Trans Nucl Sci, NS-29(1): 784-788 

Ott (1988). Noise Reduction Techniques in Electronic Systems 2"'' Edition, Wiley-
Interscience. 

A Papoulis (1991). Probability, Random Variables, and Stochastic Processes, Mc-Graw 
Hill Publishing 

B E Patt, A Del Duca, R Dolin, C Ortale, (1986). Mercuric Iodide x-ray camera. IEEE 
Trans. Nucl. Sci., 33, 523-526. 

D D Patton (1978). Introduction to clinical decision making, Sem Nucl Med VIII (4), 
Grune and Stratton, Inc. 

J C Philippot (1970). Automatic processing of diode spectrometry results, IEEE Trans. 
Nucl. Sci., 17 (3), 446-488. 

J R Pierce (1956). Physical sources of noise, Proc IRE. 

V Radeka (1988). Low-noise techniques in detectors, Ann Rev Nucl Sci 38 217-77. 

E Raiskin and J F Butler (1988). CdTe low-level gamma detectors based on a new 
crystal growth method, IEEE Trans. Nucl. Sci., 35 (1), 81-84. 

S Ramo (1939). Currents induced by electron motion, Proc IRE, 27, 584-586. 

R H Redus et al. (1998). Fano factor determination for CZT, Mat. Res. Soc.Symp. Proc., 
Semiconductors for Room-Temperature Radiation Detector Applications II, 487, 101-
107. 

M M Rogulski (1993). Technical and Economic Feasibility of a High-Resolution Brain 
SPECT Imager, Dissertation, Univ of AZ, Tucson. 

M M Rogulski, H B Barber, H H Barrett, R L Shoemaker and J M Woolfenden (1993). 
Ultra-high-resolution brain spect imaging: simulation results, IEEE Trans Nucl Sci 40 
(4). 



389 

J R Saffer, H H Barrett, H B Barber and J M Woolfenden (1992). Surgical probe design 
for a coincidence imaging system without a collimator, Butterworth-Heinemann Ltd. 

J R Saffer (1993). Collimatorless Coincidence Imaging, Dissertation, Univ of AZ, 
Tucson. 

M Sampietro, G Ferrari and G Bertuccio (2000). Current noise spectra in CdTe 
semiconductor diodes, JAppl Phys 87 (10), Am Inst Phys. 

W Sansen (1987). Integrated low-noise ampHfiers in CMOS technology, Nucl Inst Meth 
Phys Rsrch A 253 427-433, Elsevier Sci Publ. 

W M C Sansen and Z Y Chang (1990). Limits of low noise performance of detector 
readout front ends in CMOS technology, IEEE Trans Cir Sys 37 (11). 

C Scheiber et al. (1999) Heart imaging by cadmium telluride gamma camera European 
program BIOMED consortium, Nucl Instr Meth A 428: 138-149. 

C Scheiber (2000). CdTe and CdZnTe detectors in nuclear medicine, Nucl Instr Meth 
Phys Rsrch A 448 513-524. 

W Schottky (1918). Uber spontane Stromschwangkungen in verschieden 
Elektrizitatsleitem, Annalen der Physik, 57 541-567 

A S Sedra and K C Smith (1991). Microelectronic Circuits, Third edition, Saunders 
College Publishing, Philadelphia. 

W Shockley (1938). Currents to conductors induced by a moving point charge, J. Appl. 
Phys., 9, 635. 

J A Sorenson and M E Phelps, Physics in Nuclear Medicine. Grune and Stratton, New 
York, 1980. 

W E Smith and H H Barrett (1986). Hotelling trace criterion as a figure of merit for the 
optimization of imaging systems. Reprinted from J Opt Sac Am A 3 717, Opt Soc Am. 

S M Sze (1981). Physics of Semiconductor Devices, Second edition, John Wiley and 
Son, New York. 

C S Szeles and E Eissler (1998). "Current issues of high-pressure Bridgman growth of 
semi-insulating CdZnTe", in Semiconductors for Room Temperature Radiation Detector 
Applications II, James RB, Schlesinger T, Siffert P, Dusi W, Squillante MR, O'Conell M, 
Czin M, eds. Material Research Society Symposium Proceedings, Mat. Res. Soc. 487 3-
12 



390 

C Szeles, SE Cameron, JO Ndap, and WC Chalmers (2001) Advances in crystal growth 
of semi-insulating CdZnTe for radiation detector applications, IEEE Nucl Sci 
Symposium/Med Imaging Conf Abstract R14-1, 189. 

M. Tsuchimochi et al. (2001) Performance of a small CdTe gamma camera for 
radioguided surgery, Proc SPIE 4508: 74-87. 

A Van Der Ziel (1976). Noise In Measurements, John Wiley and Sons. 

H L Van Trees (1968). Detection, Estimation, and Modulation Theory, John Wiley and 
Sons. 

L Verger, J P Bonnefoy, F Glasser and P Ouvrier-Buffet (1997). New developments in 
CdTe and CdZnTe detectors for X and gamma-ray applications, J Elect Mat 26 (6). 

L Verger, N Baffert, M Rosaz and J Rustique (1996). Characterization of CdZnTe and 
CdTe:Cl materials and their relationship to X- and gamma-ray detector performance, 
Nucl Instr Meth Phys Rsrch A 380 121-126, Elsevier Sci. 

W A Waddington, B R Davidson, A Todd-Pokropek, P B Boulos and M D Short (1991). 
Evaluation of a technique for the intraoperative detection of a radiolabelled monoclonal 
antibody against colorectal cancer, Eur J Nucl Med 18 964-972. 

B Waenberg et al.. Intraoperative tumor detection of somatostatin-receptor-positive 
neuroendocrine tumors using indium-Ill labeled DTPA-D-Phe-1-octreotide. Br. J. 
Cancer 1996 ; 73 770-775 

S Webb (1988). The Physics of Medical Imaging, Inst of Phys Publ, Bristol and 
Philadelphia. 

H M Wey and W Guggenbuhl (1986). Noise transfer characteristics of a correlated 
double sampling circuit, IEEE Trans Cir Sys CAS-33 (10). 

H M Wey and W Guggenbuhl (1990). An improved correlated double sampling circuit 
for low noise charge-coupled devices, IEEE Trans Cir Sys 37 (12). 

M H White, D R Lampe, F C Blaha and I A Mack (1974). Characterization of surface 
channel CCD image arrays at low light levels, J Solid-St Cir SC-9 (1). 

J M Woolfenden and H B Barber (1989). Radiation detector probes for tumor 
localization using tumor-seeking radioactive tracers, AJR 153 35-39, Am Roentgen Ray 
Soc. 

J M Woolfenden and H B Barber (1990). Design and use of radiation detector probes for 
intraoperative tumor detection using tumor-seeking radiotracers, Nucl Med Ann, Raven 
Press, Ltd, NY. 



391 

J M Woolfenden, et al. (1998). Modular 64x64 CdZnTe arrays with multiplexer readout 
for high-resolution nuclear medicine imaging, Mat Res Soc Symp Proc 484, Mat Rsrch 
Soc. 

K Zanio (1977). Use of various device geometries to improve the performance of CdTe 
detectors, Revue De Physique Appliquee 12 343. 

R E Zimmerman (1996) Society of Nuclear Medicine meeting report. 


