IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 56, NO. 4, AUGUST 2009

2321

New Two-Dimensional Solid State Pixel Detectors
With Dedicated Front-End Integrated Circuits for
X-Ray and Gamma-Ray Imaging
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Abstract—New two-dimensional (2D) position sensitive solid
state pixel detectors with dedicated multi-channel mixed-signal
front-end readout integrated circuits (ICs) have been developed
for x-ray and gamma ray imaging. These pixel detectors were
designed to be versatile and accommodate many types of position-sensitive solid-state sensors. These 2D pixel detectors are
designed to address the needs of a wide range of photon counting
applications with high energy resolution imaging, high spatial resolution and for fast photon counting with simultaneous multiple
energy binning capability. The first family of these pixel detectors
is intended for spectroscopy applications with sensors such as
Si, Ge, GaAs, HgI2 , PbI2 , Se, CdTe and CdZnTe in a variety of
configurations to detect and image x-rays and gamma-rays of
energies up to 1.3 MeV. The second family is developed for fast
photon counting with simultaneous energy binning. They can
be used with similar solid state sensors. The third family is for
50
high spatial resolution imaging with resolution down to 50
micron.
Index Terms—Detector arrays, electronic circuits, energy resolution, gamma-ray detectors, gamma-ray spectroscopy, imaging,
integrated circuit design, semiconductor detectors, semiconductor
radiation detectors, signal processing, small animal imagers, solid
state detectors, SPECT/CT instrumentation, X-ray imaging, X-ray
spectroscopy.

I. INTRODUCTION
PPLICATIONS of position-sensitive two-dimensional
solid-state radiation detectors have grown rapidly in
recent years as a consequence of parallel advances in detector
materials science and low-noise microelectronics design [1],
[2]. The sensor and signal processing components of a detector
module have increasingly assumed monolithic forms, i.e.,
pixel or strip arrays and multi-channel mixed signal integrated
circuits (ICs), respectively. Whereas the concept for a given
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Fig. 1. The two-dimensional (2D) hybrid detector development roadmap.

detector application often revolves around the characteristics
and capabilities of a sensor array, actualizing an instrument design assumes that the matching readout electronics are already
available or will be developed as part of the program. As such,
it has become generally recognized that multi-channel mixed
signal readout ICs are an essential and integral part of a hybrid
detector unit.
Therefore, we have developed advanced position sensitive
pixel detectors consisting of two-dimensional (2D) solid-state
sensor arrays hybridized with dedicated mixed signal readout
ICs. The three pixel detector families developed are:
1) The first family, 2D pixel detectors for spectroscopy, is
based on the one-dimensional (1D) RENA-3 (Readout
Electronics for Nuclear Applications) detector [3], [4] and
called DANA (Detector Array for Nuclear Applications)
and DANA-2.
2) The second family, developed for fast photon counting with
energy binning is based on the 1D XENA (X-ray Energybinning Applications) and XENA-2 [5], [6] pixel detectors and called HILDA (Hyperspectral Imaging with Large
Detector Arrays) and HILDA-2.
3) The third family includes high spatial resolution imaging
pixel detectors called MARY-N100 and MARY-N50,
which are electron-collecting versions of the original,
hole-collecting MARY (Mammography) detector, and
are designed for 100 m & 50 m spatial resolution,
respectively [7].
An overview of these pixel detectors is shown in Fig. 1; their
functionality and features are presented below. Preliminary
test results are discussed. These pixel detectors can be used for
applications as diverse as medical imaging such as radiography,
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Fig. 4. Design layout (left) and photograph (right) of the DANA IC.
Fig. 2. A 2D CZT solid state sensor bump bonded on top of a 2D mixed signal
multi-channel readout ASIC (Application-Specific Integrated Circuit) with
matching identical pixel array geometry.

Fig. 3. A two dimensional pixel detector array developed by using the threeside abuttable pixel detector with support wedges to allow closer spacing between the individual detectors.

computed tomography (CT), single-photon emission computed
tomography (SPECT) and positron emission tomography
(PET); baggage inspection; munitions imaging; industrial
inspection; non-destructive inspection; non-destructive testing
and astrophysics.
II. HYBRID PIXEL DETECTOR DESCRIPTION
Fig. 2 shows a hybrid CdZnTe (CZT) solid state pixel detector
design where the sensor is bump bonded on top of its dedicated
mixed signal readout IC with matching pixel array geometry.
Together they form the hybrid solid-state pixel detector. Several bump bond technologies can be used to bond the sensor
array on top of its dedicated readout IC such as indium, gold
stud, or solder bump bond technologies. For our work with the
DANA and HILDA detectors, we have used a low-cost gold stud
bonding technique. For the very fine pitch of the MARY-N pixel
detector, indium bump bonding is currently the only proven option.
These hybrid 2D pixel detector units can be tiled in two-dimensions to form large arrays as demonstrated in Fig. 3. The
three side abuttable version shown in Fig. 2 will require support wedges to overlap the gap on top of the wire bond sides as
shown in Fig. 3.

III. DANA AND DANA-2 PIXEL DETECTORS
The DANA pixel detector is a
, 500- m
pitch array of channels with a charge sensitive amplifier/shaper,
trigger output and sparse readout intended for use in flip-chip
connection with a spectroscopy-grade 2D solid-state sensor
pixel array. It is in effect a 2D incarnation of the 1D RENA-3; it
also takes heritage from an earlier 2D pixel detector developed
for x-ray astrophysics [8]. The advantages of this 2D pixel
detector include lower input capacitance and noise, finer pixel
pitch, more compact sensor-readout assembly and ease of tiling
array units into large-area 2D arrays (Fig. 3). On the other
hand, its format entails the challenges of fitting the complex
circuitry of the RENA-3 within each unit cell area, fabricating
the matching sensor pixel array, and finding a solution for
reliable, high quality and cost-effective IC-sensor bonding.
In the 2D pixel detector design the sensor pixels are connected directly onto the readout IC input pixel pads using a
suitable bump bond technique. In this case the charge bundles
created inside the solid-state sensor are directly input into the
pixel detector’s preamplifier through the bump bond. This technique results in ultra low input capacitance for small pixel sizes
and avoids charge transportation on a lossy medium such as a
printed-circuit board.
Fig. 4 displays images of the DANA and DANA-2 pixel detector layout and the actual fabricated DANA die. The array of
16 16 channels is clearly recognizable in both images by the
light-colored input pads for the sensor signals. The area below
this array contains global circuits and, along the bottom edge
of the die, the chip’s wire-bond pads. Fig. 5 shows the block
diagram for a single readout channel of the pixel detector. The
channel consists of a charge-sensitive input amplifier with an
active feedback circuit for continuous-reset operation and two
user-selectable feedback capacitances for input signal ranges of
150 keV and 800 keV maximum; a gain amplifier with digitally
adjustable gain and offset; a shaper with eight user-selectable
shaping times; a peak detector; a trigger comparator, whose
externally supplied threshold is common to all channels; and
readout control logic that allows for a high degree of flexibility
in selecting the channels to read. The DANA pixel detector had
a power distribution problem that caused a baseline variation
across the channel array and thus prevented us from setting uniform trigger thresholds. This has been improved in the design of
the new version, DANA-2, which has recently been fabricated.
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Fig. 5. Block diagram for a single signal chain of the DANA and DANA-2 pixel detectors.

TABLE I
KEY SPECIFICATIONS FOR THE DANA AND DANA-2 PIXEL DETECTORS

Fig. 7. Photograph of a bare HILDA IC die (left) and of a HILDA pixel detector
mounted inside a CQFP package for testing. The CZT sensor bump bonded on
top of the readout IC on the right is 3 mm thick.

to the next to some degree; we believe that this variation is related to the power distribution problems discussed above. The
range of noise levels was seen to be 0.7 keV to 1.0 keV input
referred rms noise for the low energy range for a CZT detector.
These are preliminary results and expected to be improved in
DANA-2 pixel detectors with better power distribution.
IV. HILDA PIXEL DETECTOR DESCRIPTION

Fig. 6. DANA pixel detector test pulse spectra using a single pixel with 0.8 to
6.0 fC charge input per pulse. (The settings are: Channel: 241; Gain: 31; and
Peaking time: 1 s.)

The key specifications of the DANA and DANA-2 pixel detectors are summarized in Table I. The testing and evaluation of the
DANA-2 pixel detector will be starting as soon as the hybridization of the pixel detectors is completed. Test results obtained
from the DANA readout IC operated with test pulse signals are
presented here. The first results are obtained from the DANA
pixel detector by using the test pulse input. These pulses are
generated on the evaluation system board. The test pulse spectra
for the low energy range are shown in Fig. 6. The results for the
high energy range are similar and not shown here. Noise performance was measured by calculating the width of the pulses
shown in Fig. 6. The noise results vary from one energy level

The HILDA (Hyperspectral Imaging with Large Detector
16, 500- m pitch array of
Arrays) pixel detector is a 16
channels designed for high-rate photon counting and multiple-energy binning up to eight energy bands. Like the DANA,
with which it shares the layout geometry shown in Fig. 4, it
is intended for use in flip-chip connection with a matching
2D sensor pixel array. The main applications envisioned for
this pixel detector are CT scanning, baggage and munitions
inspection.
Fig. 7 shows various photographs of the fabricated HILDA
die and pixel detector mounted onto a ceramic quad flat pack
(CQFP) carrier for testing. Table II summarizes the key features
and specifications of HILDA.
Fig. 8 shows the design of the first HILDA CZT sensor pixel
side. The array size is 16 16 and the pixel pitch is 0.5 mm
0.5 mm. The overall sensor area is 8.7 mm
8.7 mm including the guard ring. The optimum sensor thickness can vary
depending on the energy of the x-rays imaged, from 1 mm to
about 5 mm for HILDA.
Fig. 9 shows a block diagram for a single channel of the
HILDA IC. The charge-sensitive input amplifier has two user-
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TABLE II
KEY SPECIFICATIONS OF THE HILDA PIXEL DETECTOR

Fig. 10. HILDA/DANA and HILDA-2/DANA-2 Evaluation System with
mother and daughter boards. The HILDA or DANA pixel detector (HILDA is
shown here) inside a CQFP package is placed in a commercial test socket on
the daughter board shown on the left on top of the mother board.

Fig. 8. The CZT sensor array designed for the HILDA and HILDA-2 pixel
detectors by eV Products. All dimensions are in mm.

Fig. 9. A block diagram of a HILDA readout channel.

selectable input ranges (200 and 600 keV) and an active feedback element whose transconductance is continuously variable
to allow optimizing pulse decay times to the application requirements. It is followed by a gain amplifier with digitally adjustable
gain and offset. The amplifier output is distributed to eight comparators, each of which is paired with a 16-bit counter. Readout
control and configuration circuits complete the channel.

Fig. 10 shows the HILDA and DANA pixel detector evaluation system. It consists of a motherboard and a daughter board,
which houses a single HILDA or DANA pixel detector. The
motherboard provides power regulation and bias generation
for the pixel detector; a DAC-controlled detector HV supply; a
field-programmable gate array to control the detector configuration, data acquisition, and readout; and a fiber-optic interface
to a PC for system control. Both the motherboard and daughter
board are shared between HILDA and DANA, but the system
firmware and software are different.
The first version of the HILDA pixel detector worked well
and the test results are presented here.
The linearity of the amplifier response as a function of input
pulse height was measured with the help of the on-board pulser
and the pixel detector’s pulse counters. The pixel detector’s
six-bit gain DACs were all set to a mid-level setting of 31 in
the 600 keV range setting, the offsets were calibrated to a baseline voltage of 2.5 V. The pulser amplitude was varied between
5 fC and 20 fC in steps of 5 fC. For each amplitude setting,
we varied the comparator threshold voltages in steps of 10 to
20 mV (depending on the amplitude) and counted for 5 ms at
each step. From these data we determined, for each cell, the
threshold at which the number of counts had fallen to half the
value expected from the pulse frequency, using linear interpolation between the nearest steps. The differences between these
voltages and 2.5 V were taken as the amplifiers’ output amplitudes. This approach yields better and more relevant results
than determining the signal amplitudes at the analog test output
by observing them on an oscilloscope, for example. The results
show a deviation from linearity that amounts to no more than
2% for all but six of the 256 channels; the average nonlinearity,
including these six channels, is 1.1%. Fig. 11 displays the results for channels 0 to 127 of the 256 channel pixel detector;
the plot for the remaining channels is not significantly different
from this.
We bonded 3-mm-thick CZT sensor arrays to HILDA ICs and
measured their spectral performance, count rate response, and
spatial resolution. For the first measurement, mapping the spectrum of the x-ray generator, the tube voltage was set to 140 kVp,
the tube current to 0.35 mA and the detector bias to 600 V. The
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Fig. 11. Output amplitude as a function of input pulse height for test pulses applied to channels 0 to 127 of a HILDA IC.

Fig. 12. Spectrum of NOVA’s Pantak x-ray generator operating at 140 kVp.
The blue curve, using the left and bottom axes, shows the modeled spectrum;
the red data points (top and right axes) were measured with the HILDA pixel
detector. The dashed vertical lines indicate the four energy thresholds used in
later measurements.

HILDA signal range was set to 200 keV, and the input amplifier
feedback adjusted to give a pulse width of 250–300 ns, measured at 10% of the pulse height. Two comparator and counter
levels were used to create a window discriminator by setting
their thresholds 10 mV apart and subtracting the counts obtained at the higher threshold from those for the lower threshold.
Fig. 12 shows, for one HILDA pixel, the spectrum measured
by varying the thresholds of this window discriminator, along
with a modeled spectrum for our x-ray generator. The tungsten K line is clearly discernible in the measured spectrum,
with a shoulder on its high-energy side that can be attributed to
the K line. The detector energy resolution, which is limited by

pixel-to-pixel charge sharing and by incomplete charge collection, broadens these lines compared to the modeled spectrum.
For measuring the detector count rate as a function of the
x-ray flux, we set the threshold voltages for the first four comparator levels to 0.12 V (level 0), 0.18 V, 0.24 V and 0.3 V (level
3) relative to the signal baseline; these settings are indicated by
the dashed lines in Fig. 12 and correspond roughly to energy
thresholds at 30, 45, 60 and 75 keV. Fig. 13 shows the count
rates as a function of x-ray flux from a single pixel of the detector, along with the true photon rates estimated from the modeled spectrum (dashed lines). As the flux increases, the counts
in levels 0 and 1 saturate due to pulse pile-up. By contrast,
for level 3, we see the response increase faster than expected,
because pile-up increasingly allows smaller pulses to combine
and cross the higher threshold. In Fig. 14, we present the raw
x-ray count rates, without any kind of uniformity correction, for
comparator level 0 for all 256 channels. The maximum count
rates range from 1.4 to 1.9 million counts per second per pixel;
by dividing the detector into 64 groups of two by two pixels
and summing the counts for each group, we get peak rates of
counts per mm per second. The inset in
Fig. 14 shows flood-corrected x-ray transmission images of a
logic IC in a dual-inline package acquired simultaneously in the
four energy bands formed by the thresholds indicated in Fig. 12.
The images are arranged clockwise in order of increasing energy
threshold starting from the top left.
To determine the detector’s spatial resolution properties, we
measured its edge spread function (ESF) by placing a thin Nb
, 50 mm 50 mm, thickness 27 m, mounted on a
foil (
Al support plate) in the beam path above
0.05 thick,
the detector, oriented so that the foil’s edge intersected two to
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Fig. 13. High-flux response as a function of x-ray tube current for the counters
associated with the four lowest-level comparators of one HILDA channel. The
x-ray generator was set to 140 kVp, the HILDA signal range to 200 keV, and
the gain to 6.6 (nom.). Thresholds were set at 0.1 V, 0.2 V, 0.25 V and 0.3 V.

Fig. 15. The measured ESF data (solid circles) are shown with the best-fit analytical ESF, modeled as a cumulative normal distribution (solid sigmoid line).
The corresponding Gaussian line-spread function is also shown, scaled to offset
it from the other data.

Fig. 14. Detector count rate from comparator level 0 for all 256 channels on
the HILDA pixel detector under test. The inset (bottom right) shows images of
a packaged logic IC acquired simultaneously in four energy bands.
Fig. 16. The MTF of the HILDA detector is illustrated at the solid curve with
open circles. The ideal detector MTF, showing a sinc function for 0.5 mm pixel
dimensions, is indicated by the dashed line.

three columns of detector pixels. The experiments were done
with the same threshold settings as above and with the x-ray
source current set within the linear range of the detector’s count
rate response. The counts of photons transmitted through the
foil were averaged over 1000 frames of 20 ms each, for each
threshold level, and normalized by the flood counts acquired
with the aluminum plate alone. We then used the image data
to calculate ESFs, one of which is shown in Fig. 15, along with
the corresponding x-ray image of the Nb foil (inset).
The ESF data were fitted to an analytical model, a cumulative normal distribution, to overcome limitations due to the
small number of pixels. The fit function, which fits the edge data
quite well, was then used to calculate the detector’s modulation
transfer function (MTF), shown in Fig. 16 by the solid line and
open circles. It is a close match to the theoretical best resoluof an ideal detector system with a 0.5 mm aperture
tion
(dashed curve), demonstrating excellent spatial resolution of the
HILDA detector.
The HILDA-2 IC, which was recently fabricated, features
minor improvements, aimed mainly at noise reduction. We report here preliminary test results from this new IC. We measured
the amplifier response to test pulses of different amplitudes by

varying one comparator threshold in small (5 mV) steps and observing the counts in the corresponding counter. Fig. 17 shows
an example of such a count profile. The data were fitted with a
cumulative normal distribution, indicated by the red curve. The
mean value and sigma obtained from this fit were used, respectively, to determine the amplitude and noise level of the amplifier output signal.
The linearity of this reponse is presented in Fig. 18 for the
same channel that provided the data shown in Fig. 17. The
dashed line represents a linear least-squares fit. The slope of
the linear fit is used as a conversion factor in converting the
sigma values for the fit in Fig. 17 from volts to fC. The resulting
input-referred rms noise level is 0.14 fC on average over all
channels; that corresponds to 900 electrons, or 4.0 keV (in
CZT).
V. MARY AND MARY-N PIXEL DETECTOR DESCRIPTION
Like the original MARY IC [7], MARY-N50 is a solid-state
pixel detector readout IC with a 192 384 array of 50 50
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TABLE III
KEY SPECIFICATIONS OF THE MARY-N50/N100 PIXEL DETECTORS

Fig. 17. HILDA-2 amplifier response to a 16 fC test pulse signal, as measured
by one of the comparator/counter pairs in the channel in question. The measured
data are indicated by blue diamonds; the red curve represents a fit with a cumulative normal distribution.

Fig. 19. Photograph of a MARY IC.
Fig. 18. HILDA-2 linearity measurement.

micron pixels operated in current mode with time-delayed integration (TDI) using a charge-coupled device (CCD) charge
transfer technique; MARY-N100 has a 64 192 array of 100
100 micron pitch. The test results and images produced using
the original MARY Si, CdTe and CdZnTe pixel detectors have
been published previously [7]. Various solid state sensors, such
as silicon or GaAs PIN photodiode array, CdTe, or CZT, can be
bump bonded onto MARY-N50/N100. It is also possible to deposit sensor material such as amorphous Se or PbI on top of
the IC. This technique can reduce cost significantly. The basic
element of the array is a TDI group of eight pixels. Charge is
integrated through eight shifts of position and then presented to
an output buffer through a multiplexer and eventually to the external system. This accumulate-and-shift operation occurs continuously.
MARY-N also offers a staring imaging mode. In this mode
the full pixel detector is read out without TDI; this can be used
to produce staring images of objects and is also useful in testing,
calibrating and monitoring the chip and the solid state pixel
sensor mounted on top.
The standard features of the MARY-N50 and MARY-N100
pixel detectors are shown in Table III. Fig. 19 shows a photograph of a fabricated MARY die. These pixel detectors are being
tested and evaluated at present.

Fig. 20. Diagram of hole and electron charge collection design systems for
MARY (top) and MARY-N50/N100 (bottom), respectively.

Fig. 20 describes the charge collection system for the MARY
and MARY-N pixel detectors, respectively. The major difference between these two pixel detectors is that MARY collects
holes because it was designed for silicon pixel sensors and
MARY-N collects electrons because it is designed for solid
state sensors that have higher electron than hole mobility, such
as CZT, CdTe, HgI and Se detectors.
A sophisticated MARY-N50/N100 pixel detector evaluation
system has been developed (Fig. 21). As in the DANA and
HILDA evaluation systems, the IC and sensor have been placed
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Fig. 23. MARY pixel detector images of a 2 cm long mosquito fish taken at
room temperature using 0.15-mm-thick CdTe and CZT arrays bump bonded
onto MARY. The x-ray generator was run at 30 kVp and 40 mA.

Fig. 21. MARY-N50 and MARY-100 Evaluation System mother and daughter
boards.

mammography system used. The thinnest thread on the top right
is 0.40 mm diameter nylon fiber and the smallest specks seen on
the right bottom are 0.16 mm diameter Al O spots. Both these
features show significantly higher contrast in MARY pixel detector images with 150 micron thick CZT.
Fig. 23 shows two images of a 2 cm long mosquito fish taken
with the original MARY IC and 0.15 mm thick CdTe and CZT
pixel sensors. Both images show the fish’s skeletal structure and
fins in fine detail, with slightly better contrast obtained from the
CZT detector. These images show fine detail and exceptional
contrast for such a small and low contrast object unprecedented
by digital x-ray imagers at the time they were taken. In fact, they
may be still as good as if not better than the present commercial
digital x-ray imagers. Although both images look similar, under
careful inspection the CZT image shows more detail and higher
contrast due to its lower leakage current. With the new electron
collecting MARY-N pixel detectors we expect to increase the
thickness of the CZT and thus increase the contrast further.
VI. SUMMARY

Fig. 22. Comparison of contrast between the central ACR phantom image
taken by a digital mammography system (University of Toronto) and sections
taken by a MARY pixel detector (NOVA), which are shown on the two sides.
The improvement in the contrast and the spatial resolution are clearly visible.
The size of the MARY images is limited by the size of the (single) detector
used to acquire them.

on a daughter card. The daughter card, which includes the
mounted MARY-N IC can be seen in Fig. 21 towards the left
of the center of the PCB. This has the advantage that it makes it
easier and lower cost to make new daughter cards for different
tests and applications.
The MARY-N pixel detectors with electron collection are expected to have significantly improved performance compared
to the original hole-collecting MARY pixel detector [7]. For
example, the excellent contrast obtained in imaging an ACR
(American College of Radiologists) mammography phantom
(Fig. 22) with the original MARY IC and a 150 micron thick
CZT sensor—the small thickness was used to reduce the effects
of hole trapping in CZT—is expected to be improved significantly by the electron collecting MARY-N pixel detectors, because thicker CZT (0.3 to 0.5 mm) can be used. The masses
shown on the left from top to bottom are 0.75, 0.50 and 0.25 mm
thick. The bottom mass is the smallest one included in the ACR
phantom which is virtually invisible in the commercial digital

We have developed three innovative complementary families
of two-dimensional solid-state pixel detector arrays. All these
detectors have the same hybrid structure. The pixelated sensor
is bump bonded onto the matching active area of the dedicated
readout integrated circuit. This technique has two major and important benefits: 1) ultra low coupling capacitance to achieve
lower noise and higher energy resolution, and 2) ultra compact
size and volume. A variation on the hybridization is to directly
deposit the sensor material onto the active area of the readout
integrated circuit. Although, this is a new technique we have
achieved preliminary success and more work is being planned,
such as Se deposition on top of a MARY-N50 ASIC.
The three complementary families of two-dimensional hybrid
solid-state pixel detectors are listed below:
1) DANA-2: Spectroscopy pixel detectors with photon
counting. These pixel detectors are mainly developed for
spectroscopic imaging such as gamma camera and SPECT
applications;
2) HILDA-2: Fast high rate pixel detector with energy binning output. These pixel detectors are for fast multi energy or hyperspectral counting applications such as photon
counting simultaneous multi energy imaging CT and baggage scanning; and
3) MARY-N: High spatial resolution pixel detectors for fine
pitch imaging applications operating in both staring and
TDI modes developed for applications such as digital
mammography.
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