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Ultra High Flux 2-D CdZnTe Monolithic Detector
Arrays for X-Ray Imaging Applications

Csaba Szeles, Stephen A. Soldner, Steve Vydrin, Jesse Graves, and Derek S. Bale

Abstract—The performance of 2-D CdZnTe monolithic detector
arrays designed for high flux x-ray imaging applications was
studied. For the first time we have obtained 5 x 10° counts/s/mm?
count-rate for a CdZnTe pixelated detector array. This count-rate
is more than twice the highest count-rate ever achieved using a
CdZnTe detector array. Such excellent performance was demon-
strated for more than 600 individual CdZnTe detector arrays.
The 2-D CdZnTe monolithic arrays were 16 x 16 pixel devices
with 0.4 mm X 0.4 mm area pixels on a (0.5 mm pitch and were
fabricated using 8.7 mm X 8.7 mmx 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 with the Z-bond™ technique. This enabled
performance testing of the individual detector arrays before
bonding to the read-out ASIC chip. The detector arrays were
characterized in a custom designed test system. The measurement
and data acquisition system consisted of a 16 X 16 pin probe head
and 256-channel read-out electronics controlled by a host PC.
We utilized our 8-channel fast bipolar ASIC chip and computer
controlled 120 kVp x-ray source. In order to measure the true
throughput of the CdZnTe devices a counts correction method was
developed and implemented that compensates for the counting
system non-linearity caused by pile-up and amplifier shaping time
effects. Survey of detector array performance as a function of
CdZnTe charge transport properties showed that the maximum
achievable count-rate of these detectors strongly depends on the
hole charge transport properties of the crystals.

Index Terms—Cadmium compounds, semiconductor radiation
detectors, x-ray detectors, x-ray image sensors.

1. INTRODUCTION

MPROVEMENTS in the crystal growth and device fabrica-
I tion technology of CdZnTe x-ray and gamma ray detectors
and detector arrays enabled the proliferation of this room-tem-
perature semiconductor detector technology into many appli-
cations including industrial monitoring and gauging, medical
and industrial imaging, nuclear safeguards and non-prolifera-
tion, transportation security and safety, and a range of scientific
applications [1], [2]. There is a growing interest in the poten-
tials of pulse mode CdZnTe detector technology for high-flux
high-speed energy selective or hyper-spectral x-ray imaging.
The energy sensitivity opens up a range of intriguing new poten-
tial applications for this detector technology in medical, indus-
trial and security imaging and tomography. These applications
require:
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a) short transit time of the x-ray induced charge carriers

through the detector crystal,

b) negligible charge trapping to minimize space-charge for-

mation, and

c) sufficiently fast and accurate readout electronics to enable

the processing of the large number of signals without sig-
nificant count-rate degradation.

In this paper we discuss the performance of two-dimen-
sional (2-D) 16 x 16 pixel monolithic CdZnTe detector arrays
operated in pulse mode. We demonstrate the unparalleled
5 %108 counts/ssmm® count-rate performance of the arrays
in the < 120 keV x-ray energy range. This figure is more
than twice the highest count-rate ever achieved with CdZnTe
detector arrays [5]-[7]. 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 effective testing of the
devices before bonding them to the readout chip. In addition
we describe our test system employing eV-230B 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.

II. DETECTOR ARRAY CONFIGURATION AND FABRICATION

The 256-pixel detector arrays were fabricated from 8.7 mm
x 8.7 mmx 3.0 mm CdZnTe single crystals grown by the
high-pressure electro-dynamic gradient freeze technique [3].
The 0.4 mmx 0.4 mm pixels form a 2-D 16 x 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 and electric-field distortion effects.

The detector elements were cut from CdZnTe single crystals;
some containing twin defects. More than 1000 individual
CdZnTe crystals were fabricated into pixelated detector ar-
rays. After the material was cut to 3 mm thick slices using
a multi-wire saw, single crystal pieces were selected for
dicing. A fixed abrasive blade saw was used for dicing out
the 8.7 mmx 8.7 mmx 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 x 8.7 mm area surfaces of the crystals
were polished using a proprietary chemo-mechanical polishing
process. Photo-resist mask was first 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. Once the photo-resist mask
was lifted-off the exposed CdZnTe surface between the pixel
electrodes and on the sides of the device between the opposing
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Fig. 1. 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 readout chip (ASIC) at a later stage of manufacturing.

Fig. 2. Infra-red image of the Z-bond™ fibers in the epoxy medium and the
substrate pads.

electrode surfaces was passivated by depositing a high-resis-
tivity film using a proprietary process. Finally, the side surface
of the device was encapsulated with an epoxy-based coating.

Probe-testing CdZnTe detectors and detector arrays with
small-size segmented electrodes is a challenging task. It re-
quires careful design of the probe tips, the applied force and
mechanically hardened electrode structures. When small size
spring-loaded probe tips are used very high local force is ap-
plied to the thin Pt and Au electrodes (typically 1000-5000 A
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. 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 de-
tector array and without the need to permanently bond the device
to the readout chip, an interface substrate was designed as shown
in Fig. 1. 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 op-
posing surfaces of the substrate are connected with filled vias.
In our case the ASIC pad pitch and distribution is identical to
the CdZnTe detector array (16 x 16 array on 0.5 mm pitch). The
substrates were bonded to the CdZnTe monolithic detector array
using the proprietary Z-bond™ technology [4]. This technology
uses conductive fiber filled epoxy as the bonding medium. The
fibers are aligned parallel to each other and perpendicular to the
electrodes and substrate pads in a magnetic field and the epoxy
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Fig. 3. Prototype 8.7 x 8.7 x 3.0 mm? volume 16 X 16 pixel CdZnTe detector
arrays. The pixels are 0.4 X 0.4 mm? area on a 0.5 mm pitch.

Fig. 4. 16 X 16 probe pin array and socket employed to test the CdZnTe de-
tector arrays through the interface ceramic substrate. The two pins at the left
hand corners are used for connection to the guard electrode.
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Fig. 5. Probe test system schematics.

is cured to a given hardness level (Fig. 2). Although the tech-
nique relies on a random distribution of the fibers for the current
pixel area (0.4 mm x 0.4 mm) and gap size (0.1 mm) it provides
100% connectivity between the pixel electrodes and the sub-
strate pads and 0% shorting between the pixels. This was val-
idated by bonding two substrates back-to-back and measuring
the connectivity and neighboring pixel shorting. Resistance in
the lateral direction between the pixels is larger than 10' Q.
Fig. 3 shows a series of the CdZnTe monolithic detector arrays
with some bonded to the substrates.
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Fig. 6. Measurement and data acquisition system.

III. PROBE TEST SYSTEM

Fig. 4 shows the top view of the probe pin 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
tip. For the current device the pins are arranged in 16 X 16 array
on a 0.5-mm pitch. However they can be customized for any
other geometrical arrangement as required by the CdZnTe de-
tector array and interface substrate configuration. The probe pin
array is mounted on an interface circuit board with connectors
to the front-end readout electronics boards (FE-ASIC boards).

Fig. 5 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.

IV. MEASUREMENT AND DATA ACQUISITION SYSTEM

Fig. 6 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. Four FE-ASICs are integrated

RS232

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 at
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 col-
lection 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 vi-
sualization. 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.

A typical measurement sequence consists of an x-ray flux
sweep by ramping up the tube current from 0 to 400 A at a
selected fixed tube voltage in the 60—120 keV range. When max-
imum flux (tube current) was achieved counts were collected at
fixed current for a preset period of time as a stability test.

The data acquisition system also allows the collection of
gamma ray spectra if the measurement is performed with a
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Fig. 7. Counts distribution in a CdZnTe monolithic detector array irradiated
through a pinhole collimator. In the top plot the beam collimator and detector
side shielding was removed resulting in the detection of scattered photons from
the enclosure walls. With the scatter shield in place photons are only detected
in the pixels under the pinhole collimator.

radioactive source. The system can collect spectra from four
pixels at a time and the entire detector array is tested in a
programmed automatic sequence.

We used a 120 kVp, 400 ;A x-ray generator mounted in a
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 col-
limator system to ensure that the entire array is exposed
uniformly to x-rays and no part of the alignment socket is
irradiated.
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Fig. 8. Typical single-pixel pulse-height spectrum of the 16 x 16 pixel CdZnTe
monolithic detector arrays measured with a 57 Co radioactive source.

Theoretical response Normal device

/s \
’ S

m ’
o 4
O 7,
S ,
2 / /
- Drifting devices
c
>
o]
(&] /
Polarizing device A ¢ @
M—

Increasing x-ray flux Constant x-ray flux

Fig. 9. Schematic illustration of the testing protocol of the 16 X 16 pixel
CdZnTe monolithic detector arrays.

V. RESULTS

Fig. 7 shows the validation of the collimator and scatter shield
design. First we used a pinhole collimator to validate the design
of a scatter shield. Without the scatter shield photons scattered
off the enclosure wall bypass the pinhole collimator and enter
the CdZnTe crystal from the sides producing spurious counts
primarily in the edge pixels. With the scatter shield in place pho-
tons are only counted by the pixels directly under the pinhole.

Fig. 8 shows the typical low-flux (100 counts/sec) spectral
performance of an individual pixel in a detector array to 57Co
radiation. The full-width half maximum (FWHM) energy res-
olution is 4.7% at 122 keV. The peaking time was 200 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 [5]. Because the pixel
linear dimensions (0.4 mm) are too small for the chosen de-
vice 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 x 16 pixel CdZnTe monolithic detector arrays were tested
according to the protocol schematically illustrated in Fig. 9.
In the first segment of the test the count-rate of the individual
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Fig. 10. Test result for a typical 16 X 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 a constant maximum tube current (400 pA). The right pane shows the counts distribution at maximum current

indicating the response uniformity of the device.

pixels was measured by gradually increasing the x-ray flux
(tube current) to a maximum at a constant rate. For a well
behaving pixel this results in a nonlinear response curve at
higher flux where the photon arrival frequency approaches
the peaking time of the bi-polar shaping amplifier (#1). In
this regime the count-rate of the system is limited by pulse
pile-up and electronics dead time. This simple effect can be
approximately described with the

co-afo-on(3)

bi-parameter nonlinear function, where Cj is a measure of the
relative detection efficiency of the pixel and ¢ is a parameter
proportional to the inverse of the signal pulse width. Depending
on the type and concentration of electrically active lattice de-
fects some devices show a rapid decline of the count-rate at a
critical photon flux (#2). 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 gener-
ated by the x-ray photons. The polarization occurs at a photon
flux where the rate of electron-hole generation by the x-ray pho-
tons exceeds the removal rate of this charge by drift and recom-
bination.

The count-rate uniformity of the device is measured at
the maximum x-ray flux that a particular device can operate
(#3). The count-rate uniformity is visualized as a count-rate
histogram where the width of this histogram is a quantitative
measure of response uniformity of the device.

To assess the stability of a given device we operate the device
at the maximum count-rate for an extended period of time and
measure the count-rate variation over time. The width of the
histogram of the count-rate differences at the end and at the
beginning of the stability test gives a quantitative assessment
of the device stability (#4).

Fig. 10 shows test results from a typical 16 x 16 pixel
CdZnTe monolithic detector array. The left pane shows the
count data collected from the 256 pixels per the test protocol
described above (Fig. 9). In the first segment the x-ray flux
was increased linearly by increasing the tube current at a
constant rate to the 400 pA maximum. The proportionality
of the count-rate (and hence photon flux) to the tube current

ey

was verified by placing a detector at a larger distance from the
x-ray source and performing the tube current ramp at very-low
count-rates. In the next segment the same photon flux was
maintained for a period of time (1 to 60 min). 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 excellent device stability. In this example, all 256
pixels are operating and show similar non-linear flux-depen-
dence of the count rates. The maximum stable count rates
range from 600,000 counts/s/pixel to 1,100,000 counts/s/pixel.
The right pane of Fig. 10 shows the count-rate distribution
histogram of the device. This distribution is close to Gaussian
and is characterized by a 10% standard deviation. The average
count-rate is about 850,000 counts/s/pixel. Considering the
0.5 x 0.5 mm? effective cross sections of the individual detector
elements (pixels) this count-rate corresponds to about 3,400,000
counts/s/mm? at the highest photon flux at 400 pA tube current.
The maximum count-rate is limited by the ~ 100 ns transit
time of the carriers and 190 ns peaking time of the amplifier
and the resulting pulse pile-up and electronics dead-time and
is significantly less than the throughput of the CdZnTe detector
device.

The raw count-rate non-uniformity of the device is worse
than what is typically acceptable in x-ray imaging applications.
Nevertheless, because all pixels of the device show nearly the
same count-rate dependence on the photon-flux it is relatively
straightforward to develop an effective calibration and non-uni-
formity correction in the downstream data acquisition system
or image reconstruction software. In addition the simple func-
tional form of the flux dependence allows the measurement of
the true throughput of the CdZnTe detector array independent
of the pulse pile-up and electronics dead-time caused count-rate
deficit at higher photon flux.

Fig. 11 illustrates the uniformity and non-linearity (flux de-
pendence) correction applied to the same device. The individual
pixel count-rate vs. photon-flux (tube current) curve was fitted
by the bi-parametric nonlinear response curve (a pair of C, ¢g
values was obtained for each pixel). The individual pixel counts
were then re-normalized to the curve generated by substitution
of the average Cy, ¢ values into the above equation as shown
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Fig. 11. Non-linearity and uniformity correction of the count-rate flux dependence for a typical 16 x 16 pixel CdZnTe monolithic detector array. The histogram

in the top-right pane uses finer binning than Fig. 10.
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Fig. 12. Pixel response average at low photon flux demonstrating a linear
photon flux and detector response as a function of tube current. Pixel response
at high photon flux and a linear fit to the low count-rate regime compared to
the corrected pixel response as a function of tube current.

in the bottom left pane of Fig. 11. Note that this correction is
flux independent and provides excellent calibration in the en-
tire photon-flux range over 6 orders of magnitude. The top right
pane of Fig. 11 shows the count-rate distribution after applica-
tion of the flux-independent normalization. The width of this
distribution is now only £0.2%. Such excellent response uni-
formity is well within the realm of high-flux x-ray imaging ap-
plications.

Finally the bottom right pane in Fig. 11 shows the flux depen-
dence of the count-rates of all 256 pixels after the nonlinearity
and uniformity corrections (The correction yields the C(¢)

Cod/do linear dependence). This correction allows the estima-
tion of the true count-rate of the CdZnTe detector array indepen-
dent of pulse pile-up and the dead-time of readout electronics.
Because we determined that the tube current is proportional to
the photon flux the linear response of detector to the photon
flux represents a good estimate of the true detector count-rate.
The average of the maximum count-rates (at the highest photon
flux) is 1,250,000 counts/s/pixel corresponding to a count-rate
of 5,000,000 counts/s/mm?.

In order to verify that this count-rate is indeed the true
rate of charge clouds crossing the detector depth and that our
generic exponential count-rate correction is only correcting
for pulse pile-up and electronics induced count deficiencies
and does not induce artificial detector efficiency corrections
we performed the following measurements. First we measured
the detector response under low flux conditions by placing
the detector at a larger distance from the x-ray source. The
measurement shown in Fig. 12 shows a linear dependence of
the detector count-rate on the x-ray tube current in the entire
0400 pA current range. This data shows a) that the x-ray
flux is proportional to the tube current and b) that the detector
response is linear in the 0-200,000 counts/s/pixel range. We
can use this detector linearity range to project the expected
true detector count-rate under high-flux conditions. This is also
illustrated in Fig. 12. Here we measured the detector response
under high flux conditions (by placing closer to the x-ray
source) in the entire x-ray flux (tube current) range. We fitted
a straight line to the 0-200,000 counts/s/pixel linear response
range of the count-rates and projected to the maximum flux
(400 p1A). The projected linear response overlaps the corrected
experimental response curves within experimental error. This
result suggests that our non-linear count-rate correction ac-
counts only for pile-up and electronics dead-time corrections
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and that the corrected (linearized) response curves represent
the true count-rate response of the CdZnTe detector arrays.
Of course these measurements are not measuring the absolute
efficiency of the detector. Photon escape and thin dead layers
underneath the electrodes may not produce measurable pulses
and the detector count-rate could be somewhat lower than the
rate of photon interaction in the device. We estimate however
that the latter effect is very small and only a small percentage
of photons is lost to detection due to dead-layers in our devices.

We have successfully fabricated over 600 arrays with such
excellent performance as part of our development program.
The 5 x 10° counts/s/mm? count-rate demonstrates an unprece-
dented performance of CdZnTe monolithic detector arrays that
is more than twice the performance ever demonstrated with
CdZnTe devices [6]-[8].

VI. DISCUSSION

To achieve the exceptional 5 x10° counts/s/mm? count-rate
performance of these devices, several material selection and de-
vice 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.

For the employed 120 kVp x-ray source the mean energy
of the photons is about 60 keV and the mean of the absorp-
tion profile is about 0.2 mm deep in the CdZnTe device. Since
we applied negative bias to the full-area electrode (cathode)
the average travel distance of holes is 0.2 mm while the av-
erage travel distance of electrons is 2.8 mm. The typical room
temperature electron and hole mobilities in CdZnTe are p, =
1000 cm?/Vs and pj, = 50 cm?/ Vs, respectively. We estimate
that the average hole transit time is ¢, = 133 ns and the av-
erage electron transit time is t. = 93 ns at the 900 V applied
bias. Hole transit time is obviously the count-rate limiting factor
for this energy range. As a rule of thumb the period of the ar-
rival rate of x-ray photons has to be about 10 times longer than
the longer of the transit times of the charge carriers (holes in
our case). The t;, = 133 ns transit time of holes allows about
1/10t, = 7.5 x 10° photons/s photon rate over the cross sec-
tion area of the charge cloud generated by the x-ray photon.
For 60 keV photons the diameter of the induced charge cloud
is less than 30 pm. So the ¢, = 133 ns hole transit time allows
a 1.0 x10° photons/s/mm2 x-ray flux. Clearly the transit time
of charge carriers is not the throughput limiting factor for our
device.

In contrast the , = 190 ns peaking time of the bi-polar
shaping amplifier limits the count-rate for each readout channel
(i.e., each pixel) above 1/10¢, = 5 x 10° counts/s. We clearly
see this effect in Fig. 10 as a deviation from linear dependence of
the count-rate on the photon flux above 5 x 10° counts/s. As dis-
cussed above it is straightforward to describe the non-linearity
induced by the electronics and apply a correction scheme to es-
timate the true count-rate of the detector itself (Fig. 11).

In order to understand the material requirements to achieve
the 5 x 106 counts/s/mm?* count-rate we performed a survey of
the count-rate performance of CdZnTe crystals with various
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Fig. 13. Count-rate performance of a CdZnTe monolithic array showing pre-
mature polarization. The hole p7;, of this device was in the (1.5 - 2.0) X
10=% cm?/V range.

charge transport properties and structural perfection. Perfor-
mance of crystals with electron mobility-lifetime product (p7e)
in the (1.0 — 9.0) x 1072 cm?/V range and hole p7y, in the
(1.5 — 7.0) x 107> cm?/V range were evaluated. In addition
we studied the effect of twin boundaries decorated with Te
inclusions on the count-rate uniformity by comparing the
performance of crystals with and without twins.

The survey of the device performance as a function of elec-
tron- and hole-mobility-lifetime products shows strong depen-
dence of the maximum throughput on the crystal charge trans-
port properties. Fig. 13 shows a typical example of a low hole
transport CdZnTe device with a maximum throughput of the
pixels around 4 x10° counts/s/mm?. Above this maximum the
count-rate decreases as the x-ray flux increases. This is a typical
polarization phenomenon: the space-charge built up in the de-
vice collapses the electric field and drastically reduces the signal
amplitude from the detector. As the signal amplitude falls below
the threshold of the comparators the count-rate of the detector
reduces dramatically.

Experimental evidence shows that the drift mobilities of elec-
trons and holes vary less than 20% from ingot to ingot and from
tip to heel of the CdZnTe ingots. Consequently mobility vari-
ation is not a major component in maximum count-rate limi-
tation. Instead the range of electron and hole mobility-lifetime
products of the various crystals studied is caused by the vari-
ation of the carrier lifetimes of the crystals. Using the p. =
1000 cm?/Vs and j;, = 50 cm?/Vs mobility values as above
the electron and hole lifetimes in the studied crystals varied in
the 7. = (1.0-9.0)x10 s and 77, = (0.3—1.4) x 10~®s range.
Carrier lifetime is inversely proportional to the carrier capture
and recombination rates on defects and the concentration of the
electrically active defects. Shallow levels do not retain captured
charge for long times and emit it through thermal ionization.
Deep level defects with thermal ionization energy larger than
0.4 eV on the other hand retain charge for long times and are
only emptied through recombination. Since the x-ray induced
electron and hole pairs are separated in the electric field they
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cannot sustain recombination in the entire volume of the device.
The density of majority and minority carriers are both low in
semi-insulating CdZnTe under equilibrium conditions and are
also not very effective recombination sources.

Under high-flux x-ray irradiation conditions however the
generation rate of free carriers is high and their concentration
could be many orders of magnitude higher than in equilibrium.
Under these conditions dynamic trapping and recombination
effects tend to dominate the device behavior. Due to the large
difference between the electron and hole mobility-lifetime
products (low mobility and abundance of hole traps) strong
hole trapping is anticipated to occur in CdZnTe radiation detec-
tors. As a result a positive space charge builds up close to the
cathode (x-ray entrance electrode) of the device. As the density
of trapped holes increases dynamically with the radiation flux
the electron recombination rate increases proportionally in
this region. The combination of the reduced internal electric
field (induced by the space charge) and increased electron
recombination rate causes the loss of charge from the charge
clouds generated by the x-ray radiation and depressed signal
amplitudes. The reduced signal amplitudes in turn lead to lower
count-rates as a larger fraction of the signals fall below the
signal threshold of the readout electronics. The critical flux
characterizing the onset of polarization (position of the max-
imum in Fig. 13) in such a scenario obviously depends on the
concentration of hole trapping defects and hole mobility-life-
time product of the particular CdZnTe crystal.

The dominant role of hole transport properties was sup-
ported by the material survey. We found that devices fabri-
cated from crystals with 1.5 x10™° cm?/V mobility-lifetime
product showed strong polarization at lower photon flux as
illustrated in Fig. 13. Crystals with 7.0 x10™° c¢m?/V hole
mobility-lifetime product did not show polarization in the
photon-flux range accessible with our test system and produced
the 5 x10° counts/s/mm? count-rate capability illustrated in
Fig. 11. Our survey did not reveal strong dependence of the
polarization behavior on electron mobility-lifetime product.
We continue to study this problem both experimentally and
theoretically. Results from the material survey and theoretical
modeling of the polarization phenomenon have been submitted
for publication to this journal.

VII. STRUCTURAL DEFECTS

Structural defects cause charge trapping and recombination
and lead to charge transport non-uniformity in CdZnTe devices.
The charge transport non-uniformity is caused either by non-
uniform trapping and recombination or by non-uniform elec-
tric field distribution due to the presence of structural defects
such as grain boundaries, twins, Te inclusions, dislocations and
sub-grain boundaries. Fig. 14 illustrates the count-rate non-uni-
formity caused by structural defects. In this case a series of twin
planes intersect the volume of the CdZnTe crystal. The twin
planes run from the cathode to the anode surface. These planes
are decorated with Te inclusions of diameter in the 15-35 pym
range. The effect of the decorated twin planes is to locally in-
crease count-rates in the volume of the crystal containing the
planes and reducing the count-rate in the immediate vicinity
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Fig. 14. 2-D contour map of the count-rate of 16 X 16 CdZnTe detector array.
The high count-rate region at the + = 3 — 4 mm position coincides with a
location of a twin defect in the crystal. The low count-rate at the left edge of
the detector is caused by the slight misalignment of the scatter shield in front
of the detector. The tungsten shield with a square hole of the same area as the
detector was used to reduce excess counts at edge pixels from scattering events
in the chamber.

of the twin planes. The low count-rate in the leftmost pixels is
caused by a slight misalignment of the square tungsten scatter
shield in front of the device.

It is to be noted that the count-rate non-uniformity shown in
Fig. 14 often can be corrected and does not necessarily lead to
unusable monolithic arrays.

VIII. SUMMARY

The performance of 2-D CdZnTe monolithic detector arrays
designed for high flux x-ray imaging applications was studied.
We demonstrated for the first time 5 x10° counts/s/mm?
count-rate for these detector arrays. This figure is more than
twice of the highest count-rates demonstrated for CdZnTe
detector arrays previously [6]-[8]. This ultra high flux per-
formance was achieved on an industrial scale and over 600
individual monolithic arrays were fabricated with such a perfor-
mance. The 2-D CdZnTe monolithic arrays were 16 X 16 pixel
devices having 0.4 mm X 0.4 mm area pixels on a 0.5 mm pitch
and were fabricated using 8.7 mm x 8.7 mm x 3.0 mm single
crystals grown by the high-pressure electro-dynamic gradient
freeze technique. The CdZnTe detector arrays were bonded
to an interface ceramic substrate with the Z-bond technique
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 x 16 pin probe head,
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
devices a nonlinear correction method was implemented to
account for pulse pile-up and the electronics dead-time effects.
Survey of detector array performance as a function of CdZnTe
charge transport properties showed that the maximum achiev-
able count-rate of these detectors strongly depends on the hole
charge transport properties of the crystals.
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