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for Spectroscopic X-ray Imaging
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Abstract—Next generation high-flux x-ray imaging technology is
expected to advance towards multi-color or spectroscopic imaging
and will significantly expand the capabilities of the technique
in a multitude of applications. Spectroscopic x-ray imaging will
require energy-sensitive detector arrays. In this work we evaluated the applicability of pulse-mode CdZnTe detector arrays to
high-flux spectroscopic imaging. To study the material and device
performance limitations of currently available CdZnTe detectors
under high-flux x-ray irradiation we designed a 2D monolithic
CdZnTe test array and associated test system. The detector arrays
were 16 16 pixel devices with 0.4 mm 0.4 mm area pixels on a
0.5 mm pitch and were fabricated using 8.7 mm 8.7 mm 3.0
mm CdZnTe single crystals. We measured the high-flux performance of over 1200 such arrays with various bulk CdZnTe crystal
properties using a 120 kVp x-ray source and our custom built test
system.
We studied the various static and dynamic charge collection
effects typically not observed in low-flux applications. These included dynamic polarization, static charge steering and dynamic
lateral polarization and charge steering. In parallel with the
experimental effort we developed a dynamic charge transport and
trapping model to describe the experimentally observed static,
dynamic and transient phenomena.
6
For the first time we demonstrated
2 count-rate for several hundred such CdZnTe
detector arrays. In addition we demonstrated good
short
term count-rate stability of the detector arrays.
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Index Terms—Cadmium compounds, semiconductor radiation
detectors, x-ray detectors, x-ray image sensors.

I. INTRODUCTION

I

MPROVEMENTS in the crystal growth and device fabrication technology of CdZnTe x-ray and gamma ray
detectors and detector arrays enabled the proliferation of
this room-temperature semiconductor detector technology
into many applications including industrial monitoring and
gauging, medical and industrial imaging, nuclear safeguards
and non-proliferation, transportation security and safety, and a
range of scientific applications [1], [2]. One large application
area where CdZnTe detector technology has not yet made many
inroads is high-flux x-ray imaging. These applications such as
state of the art Helical Multi-Detector Computed Tomography
(MDCT) require very fast data acquisition and hence use
fast-response current-mode detectors to operate in the tens and
flux range. There is
hundreds of millions of
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however a rapidly growing interest in energy-selective pulse
mode detectors to enable high-flux high-speed multi-color or
spectroscopic x-ray imaging including MDCT. Semiconductor
detectors offer excellent energy resolution, and the device
fabrication technology is mature enough to fabricate segmented
electrode devices for high spatial resolution imaging arrays.
Detector arrays for these applications require
a) room-temperature or near-room temperature operation to
avoid bulky, power hungry and maintenance heavy refrigeration systems,
b) short transit time of the x-ray induced charge carriers
through the detector crystal to minimize pile-up and maximize count-rate,
c) negligible charge trapping to minimize space-charge formation and polarization of the device, and
d) sufficiently fast and accurate readout electronics to enable
the processing of the large number of signals without significant count-rate degradation.
In this paper we discuss our efforts to evaluate the applicability of pulse-mode CdZnTe detector arrays to high-flux spectroscopic imaging and to establish the material and device performance limitations of currently available CdZnTe crystals and
detectors for such applications.
In our experimental approach we developed a test platform
to characterize the pulse-mode response of CdZnTe monolithic
detector arrays to high-flux x-ray irradiation. In addition we designed and built a custom x-ray characterization system to study
the flux dependence, linearity, response uniformity and stability
of the detector arrays. We used the test system to survey the
detector response in a wide range of material and device parameters and operation conditions.
We complemented our experimental work with the development of a dynamic charge transport and trapping model to describe the experimentally observed static, dynamic and transient
phenomena.
In this paper we discuss the performance of two-dimensional
(2D) 16 16 pixel monolithic CdZnTe detector arrays operated
in pulse mode. We demonstrate for the first time larger than
count-rate performance of the arrays
15
in the
x-ray energy range. In addition we demonshort term (1 hour) count-rate stability of the
strate good
detector arrays. We describe the device fabrication technology
that enables the industrial-scale manufacturing of these devices.
We also describe the device configuration and a custom probe
array that allows testing of the devices before bonding them to
the readout chip. In addition we discuss our test system employing 8-channel fast bipolar front-end application specific integrated circuits (FE-ASIC), a count-rate correction technique
and the data acquisition and x-ray source control modules.
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Fig. 1. Typical monolithic CdZnTe detector array. This example shows a
16 16 pixel 2D array using a 34 mm 34 mm 5 mm CdZnTe crystal.
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We also discuss experimental results on static and dynamic
charge transport phenomena such as detector polarization,
static charge steering and dynamic lateral polarization and
charge steering.

II. DETECTOR ARRAY DESIGN AND FABRICATION CHALLENGES
Design and fabrication of CdZnTe monolithic detector arrays
pose significant and unique challenges for the manufacturers
of these devices. Unlike most semiconductor devices where
typical device length-scales are in the micron range, x-ray
and gamma-ray detectors require comparatively large device
volumes to achieve satisfactory detector efficiency. The thickness of CdZnTe monolithic detector arrays is typically in the
2–15 mm range with need for even larger thicknesses. Detector
crystal surface areas are currently in the 10 mm 10 mm to
40 mm 40 mm range with continuously increasing demand
for larger surface areas. A typical CdZnTe monolithic detector
array is shown in Fig. 1. The device consists of a full-area
electrode on one surface (typically the entrance window of the
photons) and a segmented electrode at the opposite surface. The
large surface area and the large individual detector elements
100
to 2.5
or pixels that are typically in the 100
mm 2.5 mm range require very uniform surface processing
and electrode deposition technology to ensure uniform device
response. The large thickness of these devices requires the
development of macroscopic scale advanced side surface processing and passivation techniques. The fabricated detectors are
bonded directly to a Read-Out Integrated Circuit (ROIC) chip
or to an interface board as illustrated in Fig. 2. Because CdZnTe
detector arrays are sensitive to high temperature exposure typically a low-temperature interconnect technology is employed
that maintains the detector temperature during hybridization in
the 60–150 range.
Another set of unique design and fabrication criteria are dictated by the charge transport properties of CdZnTe detectors. In
order to ensure that the entire volume of the detectors are active,
depletion of the crystals is required to mm and cm depths to ensure that the radiation induced charge is collected from the entire volume of the crystal. Depletion to such macroscopic depths
requires electrically compensated semi-insulating crystals with
range and the
bulk electrical resistivity in the
application of blocking electrodes such as Schottky barrier and
p-n junction type contacts. In such high resistivity electrically
compensated CdZnTe crystals the Fermi level is in the middle

Fig. 2. Typical structure of CdZnTe detectors arrays.

of the band gap [3]. Contact induced band bending in such devices can be perilous to the operation of the device by activating
deep-level traps and inducing catastrophic charge trapping and
space-charge formation in the proximity of the contact. Such effects are particularly important in high-flux x-ray applications
where the rate of charge injection can approach the charge removal rate from the device. The contact barrier structure in
CdZnTe detectors has to be carefully designed and tailored to
the electrical compensation condition of the bulk crystal to minimize contact-induced trapping and defect charging effects. In
order to achieve the deigned barrier properties of the electrical
contacts state-of-the-art semiconductor device processing techniques need to be implemented in the fabrication line. Today
CdZnTe device fabrication technology employs a combination
of industry standard wet and dry device processing techniques
such as low-damage wire saw slicing and dicing, wet chemical etching, chemo-mechanical polishing, advanced ex-situ and
in-situ surface cleaning, photolithography, physical and chemical vapor transport for electrode deposition and surface passivation [3].
In addition to the critical electrical properties of the contacts, the electrode films also have to have excellent adhesion
properties and appropriate mechanical properties to enable the
hybridization of the detector arrays to the read-out integrated
circuits and packaging of the integrated assemblies. Manufacturers of CdZnTe detector arrays face very similar challenges
to those found during integration of other semiconductor devices. The chosen interconnect and packaging technology has
to ensure long-term stability and low failure rate of the devices
during thermal cycling and other environmental conditions encountered during usage of the device in the field.
High-flux high-speed x-ray imaging applications pose the following requirements for monolithic CdZnTe detector array design and fabrication:
A. Detector Response
• High response speed to minimize pile-up and dead time.
• High count-rate limitation to enable high-flux operation.
Typical applications require count-rates in the 5 –100
range.
• Good response uniformity including count-rate uniformity,
gain uniformity and energy resolution uniformity.
• Good short- and long-term stability.
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Fig. 3. Electrode configuration of the 256-pixel 2D CdZnTe detector arrays
used in this study.

B. Device Fabrication
• High quality crystals with uniform charge transport properties that allow operation under high-flux charge injection
conditions without device polarization effects.
• Low noise devices. Most of the detector noise originates
from surface, interface and subsurface defects. Minimizing
the concentration of such electrically active defects is a key
requirement for device fabrication.
• High breakdown voltage. High response speed of detector
arrays requires short transit time of the photon induced carriers which in turn requires high applied bias. Increasing
the breakdown voltage of CdZnTe devices is a primary goal
for advanced device fabrication technology.
C. Device Testing
• Considering the finite yield of both detector and read-out
chip fabrication it is important to develop and implement
CdZnTe detector array testing prior to hybridization.
CdZnTe detector crystals and Read-Out Integrated Circuit
(ROIC) chips failing to meet specifications are screened
out in this process.
D. Hybridization
• CdZnTe detector arrays are sensitive to high temperature
exposure. Typically low-temperature interconnect technology that maintains the detector temperature during
bonding in the 60–150 range is employed to hybridize
the detector array to the ROIC chip and/or interface board.
E. Read Out Integrated Circuit
• High-speed signal processing to enable high count-rate,
high dynamic range good linearity operation without serious pile-up and electronics dead time.
• Multi-channel parallel readout for efficient processing signals from multiple pixels in parallel.
• To obtain the energy information from the signal amplitudes multiple energy bin counting is required.
III. DETECTOR ARRAY CONFIGURATION AND FABRICATION
The 2D 256-pixel detector arrays used in this study were fabricated from 8.7 mm 8.7 mm 3.0 mm CdZnTe single crystals grown by the high-pressure electro-dynamic gradient freeze
technique [4]. The 0.4 mm 0.4 mm pixels form a 2D 16 16
array on a 0.5 mm pitch. The pixel array is surrounded by a
0.1-mm wide guard electrode to eliminate possible side-surface
leakage current, breakdown and electric-field distortion effects
(Fig. 3).
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More than 1200 individual CdZnTe crystals were fabricated
into pixilated detector arrays. After the material was cut to 3 mm
thick slices using a multi-wire saw single crystal pieces were
selected for dicing some of which contained twin defects. Either fixed abrasive blade saw or multi-wire saw was used for
dicing out the 8.7 mm 8.7 mm 3.0 mm CdZnTe single crystals for detector fabrication. The crystals were first chemically
etched in a Br-methanol solution to remove damage from slicing
and dicing. The 8.7 mm 8.7 mm area surfaces of the crystals
were polished using a proprietary chemo-mechanical polishing
process. In the next step photo-resist mask was deposited on the
polished surface to form the pixel electrodes and guard electrode
using, a standard photolithography technique. The Pt electrodes
were deposited using DC sputtering. In the next step the exposed
CdZnTe surface between the pixel electrodes and on the sides
of the device between the opposing electrode surfaces was passivated by depositing a high-resistivity film using a proprietary
process. Finally, the side surface of the device was encapsulated
with an epoxy-based coating.
Probe testing CdZnTe detector arrays with small-area segmented electrodes is a challenging task. It requires careful design of the probe tips, minimizing the applied force and mechanically hardened electrode structures. When small size springloaded probe tips are used very high local force is applied to the
thin Pt and Au electrodes (typically 1000–5000 Å thick) at the
probe tip contact area. The probe can easily scratch or punch
trough the thin metal layer and can cause catastrophic damage
to the Pt-CdZnTe interface or to the crystal itself as illustrated in
Fig. 4. This damage region becomes a significant noise source
causing performance degradation of the device.
In order to enable the reliable and reproducible testing of
the CdZnTe detector arrays without the risk of damaging the
detector array before permanently bonding the device to the
readout chip, an interface substrate was designed as shown
in Fig. 5. This substrate has matching pixel size and pitch to
the CdZnTe detector array on one surface. In this arrangement
the probe pins are contacting the thicker more robust substrate
pads rather than the delicate CdZnTe array pixels. The pads on
the opposing surfaces of the substrate are connected with filled
vias. The matching array of smaller area pads is used for probe
testing. The pad size and distribution on this side of the substrate matches the ROIC ASIC chip pad size and distribution.
In this case we matched the CdZnTe detector array pad pitch
and distribution to the NOVA R&D Inc. Hilda chip (16 16
array on 0.5 mm pitch) [5]. The substrates were bonded to the
CdZnTe monolithic detector array using proprietary Ag-epoxy
flip-chip or Z-bond™ technology [6].
The design of the ceramic substrate was validated and the
substrates were carefully inspected using white light interferometric microscopy as illustrated in Fig. 6.
IV. PROBE TEST SYSTEM
Fig. 7 shows the top view of the pin probe array and socket
designed to probe test the CdZnTe detector array and substrate
assembly. The extra space at the left side is to accommodate the
section of the substrate where the pads for the guard electrode
are located. The pins are spring loaded gold studs with a round
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Fig. 4. Typical pin probe damage to the metal electrode and CdZnTe detector. The diameter of the probe damage is around 50  .

V. MEASUREMENT AND DATA ACQUISITION SYSTEM

Fig. 5. CdZnTe detector array bonded to an interface ceramic substrate that
enables reliable probe testing of the device and facilitates bonding of the device
to a ROIC chip at a later stage of manufacturing.

tip. For the current device the pins are arranged in 16 16 array
on a 0.5-mm pitch. However, they can be customized for any
other geometrical arrangement as required by the CdZnTe detector array and interface substrate configuration. The pin probe
array is mounted on an interface circuit board with connectors
to connect to the front-end readout electronics boards (FE-ASIC
boards).
Fig. 8 shows the schematic arrangement of the probe system.
An alignment socket is used to accurately position the CdZnTe
detector array over the pin array. A conductive rubber or foam is
used to gently push the device against the pin array and ensure
reliable electrical connection for all 256 channels. The same is
used to connect the device to the high voltage (HV). The socket
and devices are covered with a Tungsten electrical and radiation
shield with a window for the x-ray radiation. The pin array and
alignment socket is integrated into a printed circuit board and
the channels are fanned out to a series of connectors at the other
side of the circuit board. The 32-channel front end electronics
boards are connected to the interface board in a perpendicular
geometry.

Fig. 9 shows the circuit diagram of the measurement and
data acquisition system. We used the eV-230B 8-channel
bi-polar ASIC that contains a charge sensitive preamplifier and
shaping amplifier (FE-ASIC). The peaking time of the five-pole
shaping amplifier is 190 ns and the pulse width is 800 ns. Four
FE-ASICs are integrated on a 32-channel readout board and
the selected signal is fed to a buffer amplifier through a 32:1
multiplexer. Eight such 32-channel boards are used to read
out the 256 detector pixels. After another 2:1 multiplexing the
analog signal arrives to a comparator and a buffer operational
amplifier. The analog signals from the operational amplifiers
are fed to a 4-channel multi-channel analyzer (MCA) (Multiport II by Canberra) for amplitude analysis.
The comparators in each group generate trigger pulses for the
analog signals above a threshold. The triggers from each pixel
are counted by a field programmable gate array chip (FPGA)
from all four channels simultaneously over a user defined collection period (frame, selectable from 1 ms to 1 min). Once all
256 frames have been collected the FPGA sends them to the host
PC over a SPI/USB interface for data processing, storage and visualization. The second output of the comparator is wired to a
DAC that sets the global threshold voltage for all comparator
groups above the noise level at 15 keV.
The measurement settings such as detector bias voltage,
signal threshold and integration time are loaded from the data
acquisition PC trough the FPGA and via the USB port. The
host PC controls the x-ray source as well via an RS232 serial
interface. The x-ray flux (tube current and voltage) and data
acquisition time and measurement sequence are programmed
by the user using a graphical interface developed in LabView.
x-ray generator mounted in a
We used a 120 kVp, 400
lead-shielded enclosure to perform the throughput, count-rate
uniformity and stability studies of the fabricated 256-channel
monolithic detector arrays. We designed a single-hole collimator system to ensure that the entire array is exposed
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Fig. 6. White-light interferometric microscope image of the ceramic substrate. The left pane shows the entire substrate. The right pane shows the close-up of one
Au pad.

2

Fig. 7. 16 16 pin probe array and socket employed to test the CdZnTe detector arrays through the interface ceramic substrate (left pane). The two pins
at the left hand corners are maintaining the connection to the guard electrode.
Detector arrays mounted to the ceramic substrate (right pane).

uniformly to x-rays and no part of the alignment socket is
irradiated.
A typical measurement sequence consists of an x-ray flux
at
sweep by ramping up the tube current from 0 to 400
a selected fixed tube voltage in the 60–120 keV range. When
maximum flux (tube current) was achieved counts were collected at fixed current for preset period of time for stability test.
The data acquisition system also allows the collection of gamma
ray spectra if the measurement is performed with a radioactive
source. The system can collect spectra from four pixels at the
time and the entire detector array is tested in a programmed automatic sequence.
VI. RESULTS
The typical pixel counting response of the CdZnTe detector
arrays to increasing x-ray flux is shown in Fig. 10 for 3 different
bias voltages. At high bias (900 V) the response is linear in the
entire dynamic range. At moderate bias (600 V) some nonlinearity occurs at higher x-ray flux. At low bias (300 V) the device demonstrates a space-charge formation caused polarization
at relatively low x-ray flux. In an extensive experimental study

Fig. 8. Probe test system schematics.

(over 1200 individual CdZnTe detector arrays were fabricated
and tested) we evaluated the 1) count-rate limitation (dynamic
range), 2) linearity, 3) response uniformity, and 4) stability of the
devices. For this aim we designed the testing protocol illustrated
in Fig. 11. To test the dynamic range (count- rate limit) and linearity of the device the pixel counts were measured against a
gradually increased x-ray flux (#1 and #2). The pixel-to-pixel
counting uniformity is evaluated at the maximum flux (#3). This
is visualized as a count-rate histogram where the width of the
histogram is a quantitative measure of response uniformity of
the device. The count-rate stability of the devices was measured
by collecting counts for a preset period of time at the highest flux
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Fig. 9. Measurement and data acquisition system.

Fig. 11. Schematic illustration of the testing protocol of the 16
CdZnTe monolithic detector arrays.

2 16 pixel

Fig. 10. Typical single-pixel counting behavior of the fabricated 256-channel
CdZnTe detector arrays as a function of x-ray flux (tube current) for three different bias voltages.

(#4). In the current study only short-term stability was evaluated
and the preset time was 1 hour.
Fig. 12 shows the typical spectral performance of an indiradiation. The full-width
vidual pixel in a detector array to
half maximum (FWHM) energy resolution is 4.7% at 122 keV.
The peaking time was 190 ns and the threshold was set at 15
keV for this measurement. The single pixel response of the device clearly shows the typical small pixel effect, although the
geometry was not optimized for achieving the highest possible
energy resolution. Because the pixel linear dimensions (0.4 mm)
are too small for the chosen device thickness (3.0 mm); as expected a high-energy shoulder and broadening deteriorates the
energy resolution of the 122 keV photopeak.
The throughput, response uniformity and stability of the
16 16 pixel CdZnTe monolithic detector arrays were tested

2

Fig. 12. Typical single-pixel pulse-height spectrum of the 16 16 pixel
CdZnTe monolithic detector arrays measured with a Co radioactive source
at a low 37 counts/s rate.
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Fig. 13. Test result for a typical 16 16 pixel CdZnTe monolithic detector array. The left pane shows the count-rate as a function of flux (tube current). This
is followed by stability and uniformity tests at constant maximum tube current. The right pane shows the counts distribution at maximum current indicating the
response uniformity of the device.

according the above protocol. Fig. 13 shows a typical test result. The left pane shows the count data collected from the 256
pixels. In the first segment the x-ray flux was increased linearly
to the maximum achievable at the highest current of our x-ray
). In the next segment the maximum photon flux
tube (400
was maintained for a period of time (1 min in this example).
In the first segment we see the typical nonlinear increase of the
count-rate. In the second segment, where the photon flux was
constant the count-rates of the individual pixels did not change
appreciably indicating good short-term device stability. In this
example all 256 pixels show closely the same flux-dependence.
The maximum count-rate of individual pixels varies between
. The right
600,000 counts/s/pixel and 1.1
pane of Fig. 13 shows the count-rate distribution histogram
of the device. This distribution is close to Gaussian and is
standard deviation. The average
characterized by a
. Considering
count-rate is about 8.5
effective cross sections of the individual
the 0.5 0.5
detector elements (pixels) this count-rate corresponds to about
. The count-rate is limited by the
3.4
shaping time of the amplifier and the electronics dead-time and
is significantly less than the throughput of the CdZnTe detector
device.
The first segment of the test where the counting rate of the
individual pixels was measured as a function of the x-ray flux
(tube current) provides a nonlinear response curve (regions #1
and #2 in Fig. 11). At higher flux, where the photon arrival frequency approaches the shaping time of the bi-polar shaping amplifier, the pulse pile-up and electronics dead time depresses the
measured counting rate from the true event rate. Although, our
counting system has a variable dead time (i.e., the width of the
comparator output pulse depends on the signal amplitude of the
front-end amplifier and hence on pulse pile-up), the entire signal
chain behaves as a fixed dead time non-paralyzable system. The
relevant effective dead-time of the system is somewhat shorter
. We found that
than the width of the bi-polar pulse
the classical model for non-paralyzable counting rates does not
describe satisfactorily the observed dependence of the counting
rate on the photon flux [7]. The dependence in our counting
system can be better described by the bi-parameter nonlinear
function

Fig. 14. Count rate dependence on x-ray flux (tube current) of a single pixel.
The experimental data (squares) were fitted with the classical non-paralyzable
(dashed line, R = 0:99497) and paralyzable (dotted line, R = 0:99599)
and the modified non-paralyzable model (full line, R = 0:99974).

where
is the effective electronics dead time proportional to
is the x-ray tube current
the pulse width of the bipolar signal,
is the event
and is a proportionality constant. Note that
rate in the detector and that this formula approaches the asymptotic value of the classical non-paralyzable model at high photon
. Fig. 14 shows the counting rate dependence
flux
of one pixel on the x-ray flux (tube current). We fitted the classical paralyzable and non-paralyzable models [7] as well as our
model described by the above equation to the experimental data.
Fig. 14 clearly shows that our non-paralyzable model (#2) describes the dependence the most accurately.
The raw count-rate non-uniformity of the device shown in
Fig. 13 is worse than what is typically acceptable in x-ray
imaging applications. Nevertheless, because all pixels of the
device show the same count-rate dependence on the photon-flux
it is relatively straightforward to develop an effective calibration and non-uniformity correction in the downstream data
acquisition system or image reconstruction software. In addition, the simple functional form of the flux dependence
allows the measurement of the true throughput of the CdZnTe
detector array independent of the electronics dead-time caused
count-rate deficit at higher photon flux.
Fig. 15 illustrates the uniformity and non-linearity (flux dependence) correction applied to another device. The individual
pixel count-rate vs. photon-flux (tube current) curve was fitted
by the bi-parametric nonlinear response curve discussed above.
The curves were then normalized to the average as shown in the
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Fig. 15. Non-linearity (dead-time) and uniformity correction of the count-rate flux dependence for a typical 256-pixel CdZnTe monolithic detector array.

bottom left pane of Fig. 15. Note that this correction is flux independent and provides calibration in the entire photon-flux range
over 6 orders of magnitude. The top right pane of Fig. 15 shows
the count-rate distribution after application of the flux-independent normalization. The width of this distribution is now only
. Such response uniformity is well within the realm of
high-flux x-ray imaging applications.
Finally the bottom right pane in Fig. 15 shows the flux dependence of the count-rates of all 256 pixels after the nonlinearity
and uniformity corrections. This correction allows the measurement of the true count-rate capability of the CdZnTe detector
array independent of the dead-time of the readout electronics.
The average of the maximum count-rates (at the highest photon
corresponding to a true avflux) is 4.2
for this deerage pixel count-rate of 16.8
tector.
We have successfully fabricated several hundred arrays with
such performance as part of our development program. The
count-rate for 120 kVp
larger than 15
x-ray irradiation demonstrates an unprecedented performance
of CdZnTe monolithic detector arrays that exceeds the performance we demonstrated earlier for CdZnTe devices by a factor
of 3 [8]. While the uncorrected response non-uniformity is
, after correction we regularly achieve better than
count-rate uniformity. The short-term stability (1 hour) of the
.
devices was better than
VII. DISCUSSION
A. Polarization
Depending on the type and concentration of electrically active lattice defects, some devices show a rapid decline of the

Fig. 16. Count-rate performance of a CdZnTe monolithic array showing premature polarization.

count-rate at a critical photon flux. This device polarization phenomenon is caused by the formation of space charge in the
volume of the CdZnTe crystal due to the trapping of the charge
carriers generated by the x-ray photons. The polarization occurs
at a photon flux and bias voltage where the rate of electron-hole
generation by the x-ray photons exceeds the removal rate of this
charge by drift and recombination.
countTo achieve the exceptional
rate performance of these devices, several material selection and
device design criteria have to be considered. In order to avoid
space-charge build up in the CdZnTe crystal that would lead to
the collapse of the electric field and catastrophic device failure
(polarization) it must be ensured that the charge generated by
the x-ray radiation is removed from the device at a sufficiently
high rate through drift and recombination.
Fig. 16 shows the performance of a CdZnTe detector array
for which device polarization takes place once the x-ray flux
the count-rate desurpasses a critical value. Above
creases as the x-ray flux increases. This is a typical polarization
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phenomenon: the space-charge built-up in the device collapses
the electric field and drastically reduces the signal amplitude
from the detector. In order to gain understanding of the polarization phenomenon we studied the critical flux for polarization
is the maximum of the counts-flux curve) as a funconset (
), carrier mobility-lifetime products
tion of x-ray energy (
,
), bias voltage ( ), and temperature ( ) both exper(
imentally and theoretically. The critical flux can be described at
lowest order by the

equation where is the device thickness, is the detector area,
the elementary charge,
is the dielectric constant, is the
is the residence time of holes in hole
bias voltage and
traps [9]. This equation was developed by recognizing that the
space charge build-up by the slow carriers i.e., holes in CdZnTe
is responsible for the collapse of the electric field and the onset
of polarization. Our experiments confirmed that the transport
properties of the holes are indeed the most critical parameter
controlling the critical x-ray flux of the CdZnTe devices. The
above equation is the outcome of the theory where we first calculate the critical amount of charge from holes that required to
collapse the internal electric field underneath the cathode in a
depth characterized by the absorption of x-rays of certain energy. Next we calculate the rate of charge injection to the absorption depth for a given x-ray energy and for a given photon
flux. This injected charge is removed by drift to the electrodes.
As holes are the slow moving particles the hole transit time controls the removal rate of the injected charge from the device. If
the injected charge within one hole transit time exceeds the critical amount of charge required to collapse the electric field polarization occurs. The solution of this charge balance equation
yields the above equation for the critical flux needed for polarization. The complete theory of polarization in CdZnTe detectors is given in [10]. The central role of hole transport is captured in the above equation by the expression in the parentheses
describing the stop-and-go nature of hole transport and the resulting reduction of the effective hole drift velocity. Because the
) is typically much longer
residence time of holes in traps (
than their lifetime ( ) the holes spend much less time in the
free state than in the trapped state causing strong reduction of
their effective drift speed.
Fig. 17 shows the experimental validation of the above equation. The critical flux was measured as a function of the applied
was determined from the maximum of the counts vs.
bias.
flux curve averaged over all 256 pixels in the device. A fit of
vs. the bias voltage results in a quadratic
the experimental
dependence as predicted by the equation above [9].
According to this equation the critical flux for polarization
onset is a function of the ratio of the hole lifetime ( ) and
). As the hole
the residence time of holes in the traps (
lifetime decreases (increasing hole trap concentration) and
the residence time of holes increases (deeper hole traps) the
critical flux decreases. In order to evaluate this prediction

Fig. 17. Critical flux of polarization onset as a function of bias voltage.

experimentally we performed a survey of device response as
a function of electron mobility-lifetime product (
) in the
range and hole
in the (1.5 –
(1.0 – 9.0)
range. The experimental results confirmed
7.0)
that hole lifetime is the dominant material parameter controlling the onset of polarization in CdZnTe detectors. We also
have to point out that the critical flux has a strong temperature
dependence due to the strong temperature dependence of the
) [3].
hole residence time in the traps (
B. Static Charge Steering
In addition to the polarization phenomenon we studied the
count-rate response uniformity of the 256-channel CdZnTe detector arrays. We can categorize the spatial count-rate non-uniformity to long-range and short-range non-uniformity. Longrange spatial response non-uniformity is typically associated
with structural defects that cause charge trapping and recombination and lead to charge transport non-uniformity in CdZnTe
devices. The transport non-uniformity is caused either by nonuniform trapping and recombination or by non-uniform electric field distribution due to the presence of structural defects
such as grain boundaries, twin planes, and sub-grain boundaries
decorated with Te inclusions. Fig. 18 illustrates the count-rate
non-uniformity caused by a series of twin planes that intersect
the volume of the CdZnTe crystal. The twin planes run from
the cathode to the anode surface. These planes are decorated
range. The
with Te inclusions of diameter in the 15 – 35
effect of the decorated twin planes is to increase count-rates in
the volume of the crystal containing the planes and reducing the
count-rate in the immediate vicinity of the twin planes. It is to
be noted that the count-rate non-uniformity shown in Fig. 18
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Fig. 20. Dynamic lateral steering and polarization phenomenon in CdZnTe
monolithic detector arrays. The circles indicate the irradiated area.

2

Fig. 18. 2D contour map of the count-rate uniformity of 16 16 CdZnTe detector array. The high count-rate region at the x = 3 4 mm position coincides
with a location of a twin defect in the crystal.

0

flux-dependent phenomena.) It can be understood in terms of
the charge up of small structural defects. The charged defects
cause lateral drift (steering) of the passing charge clouds away
form one pixel to the neighboring pixels. As a result some
pixels gain counting efficiency at the expense of neighboring
pixels.
C. Dynamic Lateral Steering and Polarization

Fig. 19. 3D count-rate distribution map of a typical 256-channel CdZnTe
monolithic detector array.

often can be corrected and does not necessarily lead to unusable
monolithic arrays.
Short-range response non-uniformity occurs on length-scales
commensurate with the size of pixels in twin-free single crystal
CdZnTe detectors as show in Figs. 13, 14 and 18 and can
pixel-to-pixel count non-uniforamount to as much as
mity. Short-range non-uniformity is characterized by a broad
count-rate distribution and a large variation of this distribution
from one detector to another. In contrast we found that the average count-rate of all pixels in a single detector varies less than
3% from one device to another. This important characteristic
of the short-range response non-uniformity phenomenon shows
that the charge clouds induced by the x-ray photons are not
lost through trapping and recombination but rather collected
by neighboring pixels. As a result typically low counting-efficiency pixels have high counting-efficiency neighbors as seen
in the 3D plot in Fig. 19. Further we found that the phenomenon
is nearly completely independent of photon flux and occurs
even at very low x-ray fluxes. These findings suggest that
this phenomenon is a result of static charge steering in the
device. (We use the word static to distinguish it from dynamic

Fig. 20 shows a very interesting flux-dependent dynamic
phenomenon that occurs in CdZnTe crystals having low hole
mobility-lifetime product. Here the 8.7 mm 8.7 mm area
256-channel monolithic CdZnTe detector array was irradiated
through a 5-mm diameter hole. Fig. 20 shows the grey-scale
counting-rate map of the irradiated pixels. At low photon flux
all the illuminated pixels are responding to the irradiation as
show in the left pane of Fig. 20. As the photon flux increased the
counting rate of the inner pixels increases while the counting
rate closer to the edge of the illuminated area dramatically
reduces as shown in the right pane of Fig. 20. As the photon
flux is increased the number of counting pixels is gradually
shrunk to a handful of pixels in the center of the irradiated area
while the counting rate of these pixels increases. Once a critical
flux is surpassed the counting rate of the center pixels also
decreases until the entire irradiated area undergoes polarization.
This phenomenon is reversible. If the x-ray irradiation flux is
reduced the outer pixels recover and start to count again. At
low fluxes the uniform counting efficiency is achieved again.
The phenomenon can be understood in terms of a dynamic
lateral steering and polarization phenomenon [11]. Under
high-flux x-ray irradiation conditions as the photon flux is
increased a localized positive charge builds up under the irradiated area due to strong hole trapping in the crystal. This positive
space charge creates a lateral electric field that is perpendicular
to the transport direction of the charge clouds generated by the
x-ray photons. Because the space charge is positive it steers
the electron clouds from the periphery of the irradiated area towards the center. As a result, the counting rate of the peripheral
pixels decreases and the center pixels increases. As the x-ray
flux increased further the device undergoes polarization and the
counting rate of the innermost pixels show rapid decrease with
increasing photon flux. As the x-ray flux decreased the spatially
localized holes are removed through drift and recombination
and the device returns to normal operation.
VIII. SUMMARY
The performance of 2D CdZnTe monolithic detector arrays
designed for high flux x-ray imaging applications was studied.
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The 2D CdZnTe monolithic arrays were 16 16 pixel devices
having 0.4 mm 0.4 mm area pixels on a 0.5 mm pitch and were
fabricated using 8.7 mm 8.7 mm 3.0 mm CdZnTe single
crystals grown by the high-pressure electro-dynamic gradient
freeze technique. The CdZnTe detector arrays were bonded to
a ceramic substrate to allow performance testing of the individual arrays before bonding to the read-out chip. The devices
were probe tested in a system consisting of a custom 16 16
pin probe array, and a 256 channel read-out electronics utilizing
8-channel fast bipolar ASIC chips and computer controlled 120
kVp x-ray source.
In order to assess the true throughput of the CdZnTe detectors independent of electronics dead-time a nonlinear correction
method was implemented. We demonstrated for the first time
average pixel count-rate
larger than 15
for CdZnTe monolithic detector arrays. This ultra high flux performance was achieved for several hundred individual monoshort term
lithic arrays. In addition we demonstrated good
(1 hour) count-rate stability of the detector arrays.
We performed an extensive survey of the device response in
a wide range of material and device parameters and operation
conditions and established that the hole mobility-lifetime is the
key material charge transport property that governs the critical
x-ray flux for the onset of device polarization.
We also developed a dynamic charge transport and trapping
model to describe the experimentally observed static, dynamic
and transient phenomena.
We studied the various static and dynamic charge collection
effects typically not observed in low-flux applications. These included dynamic polarization, static charge steering and dynamic
lateral polarization and charge steering.
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