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Abstract—Two 2.25-cm® CdZnTe gamma-ray spectrometers
with three-dimensional (3-D) position sensitivity were constructed
and tested. By using 11 X 11 pixellated anodes and depth-sensing
techniques, individual spectral data for each of ~4800 voxels
were collected throughout the detector volume. Energy resolu-
tion of 1.11% and 1.14% FWHM at 662 keV were obtained for
single-pixel events from these two detectors, respectively. Spatial
variations of electron mobility-lifetime product, energy resolution,
photopeak efficiency, and total efficiency have been observed
and analyzed. This analysis provides a direct observation on
the uniformity of detector response (due to material, weighting
potential, and electric field distribution) in 3-D. Possible defects in
the detector are identified. The impact of the spatial variation of
detector response on a CZT gamma-ray spectrometer is discussed.

Index Terms—CdZnTe, CZT, gamma-ray spectroscopy, ioniza-
tion energy, position sensitive, spectrometer, trapping, weighting
potential.

1. INTRODUCTION

HE spectroscopic performance of large volume CdZnTe

room temperature gamma-ray detectors has been greatly
improved using the three-dimensional (3-D) single polarity
charge-sensing technology [1]-[6]. However, detector material
nonuniformity and electron-trapping variation along the lateral
direction can still degrade the energy resolution. The 3-D
position-sensitive CdZnTe gamma-ray spectrometers allow us
to study directly the variation of 3-D detector response down to
the limit of the position resolution (1.27 x 1.27 mm in lateral
direction and 0.25 mm in depth at 662 keV) over the whole
detector volume.

Two identical 3-D position-sensitive CdZnTe detectors (#2.2
and #2.3) were fabricated by eV-Products [7]. Each 1.5 X 1.5 X
1.0 cm® detector employs 11 x 11 pixellated anodes and a
conventional planar cathode. The cathode and the 121 anode
pixels were wire bonded to and read out through the VAS2/TAT?2
ASICs developed by Ideas ASA [8]. Detailed information about
the detectors and the electronics can be found in another paper of
our group [6]. Both detectors were irradiated by an uncollimated
10 pCi 137Cs gamma-ray point source located 5 cm from the
cathode surface. The pixel location provides the interaction’s
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lateral coordinates, while the ratio of the cathode to anode sig-
nals (C/A ratio) [9], [10] and the electron drift time [3]-[6] are
both used to obtain the interaction depth.

Since this study focuses on the spatial variations in the de-
tector response, only single-pixel events are analyzed. Although
both the C/A ratio and the electron drift time can be used for
single-pixel events, due to limited timing resolution (~40 ns),
the depth resolution using the electron drift time was estimated
to be ~0.8 mm. The C/A ratio depth-sensing method achieved
~0.25-mm depth resolution at 662 keV and, thus, was chosen
for this study. This 3-D position-sensing technique divides the
whole volume of the detector into 11 x 11 x40 voxels. Individual
spectra from each voxel can be retrieved from these 3-D-CZT
spectrometers [1]. The effects on photopeak centroids, photo-
peak counts, and energy resolution due to electron trapping, ion-
ization energy, and weighting potential can then be studied down
to the limit of the position resolution. Such analysis of the 3-D
detector response can be used to identify possible defects in the
detector and to assess the quality of the crystal and the detector
fabrication.

II. ELECTRON TRAPPING

When a gamma ray interacts inside a CdZnTe detector, elec-
tron-hole pairs are generated. Since the cathode is biased at
—2000 V and the anode pixels are at virtual ground, the elec-
trons drift toward the anode, while the holes drift toward the
cathode. Because of their poor mobility and lifetime, the holes
do not contribute to the signals during the 1 us electron collec-
tion time. The signals on both the cathode and the anode pixel
are only dependant on the movement and collection of the elec-
trons. Due to the small pixel effect [11], the signal on the anode
pixel is nearly independent of the interaction depth and only pro-
portional to the number of electrons collected, while the signal
on the cathode is dependent on the interaction depth. Thus, for
single-pixel events, the ratio of the cathode signal to the anode
signal can be used to determine the interaction depth [12]. How-
ever, the C/A ratio depth can be affected by electron trapping.

Fig. 1 shows an illustration of the four trapping cases consid-
ered in this paper. Case I is a normal pixel with 10% uniform
bulk electron trapping along the whole depth under this pixel
(the detector is placed with the anode at the top and the cathode
at the bottom). Case II is a pixel with an electron-trapping de-
fect at depth d and all electrons under this pixel passing through
this defect will be trapped by a certain percentage. Case Il is a
pixel with a severe electron trapping at depth d, that all electrons
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Fig. 1. Four pixels with different electron-trapping properties.
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Fig.2. Experimental results from one normal pixel, case I of Fig. 1. (a) Anode
spectra photopeak centroid versus C/A ratio depth; please note that the y axis
is offset from 0 and the actual change in the photopeak centroids is only ~6%.
(b) Photopeak counts versus C/A ratio depth. (c) Anode spectra FWHM at 662
keV versus C/A ratio depth. (d) Total counts versus C/A ratio depth.

will be trapped. Case IV is a pixel with an electron-trapping de-
fect smaller than the pixel size at depth dy. The experimental
results from typical pixels of these four different trapping cases
are presented in Fig. 2, Fig. 5, Fig. 6, and Fig. 7, respectively,
and discussed in the following subsections.

A. Case I: 10% Uniform Bulk Trapping

In case I, because of the bulk electron trapping, the electrons
will contribute to the cathode signal before they are trapped,
while these trapped electrons will not contribute to the anode
signal. Therefore, the C/A ratio will have a certain systematic
shift over most of the interaction depth as discussed in [12].
However, the relation between the C/A ratio and the true depth
should be linear over most of the interaction depth.

To observe the changes in the photopeak centroids, in the
photopeak counts and in the total counts for different pixels
and different interaction depths, an uncollimated 10 xCi '37Cs
source was placed 5 cm from the cathode surface. Sorted by
the pixel location and the interaction depth derived from the
C/A ratio, the collected single-pixel events were recorded in
~4800 energy spectra for each voxel corresponding to a volume
of 1.27 x 1.27 x 0.25 mm within each detector. Since most
voxel spectra have very sharp photopeaks (~1.0% FWHM at
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Fig. 3. Illustration of the relation between the true depth and the C/A ratio
when there is a trapping defect.

662 keV), the 662-keV photopeak can be easily located, and the
photopeak centroid, the energy resolution, the photopeak count,
and the total count are measured for each voxel spectrum.

As can be seen from Fig. 2(a), for normal pixels having no de-
fects but only bulk electron trapping, the photopeak centroid de-
creases smoothly from the anode to the cathode due to uniform
electron trapping. In Fig. 2(b) and (d), the decrease in the counts
from the cathode side to the anode side is expected as discussed
in [13], because the detectors were irradiated from the cathode
side. The FWHM from all depths remains nearly unchanged de-
spite some statistical fluctuation, as shown in Fig. 2(c).

B. Case 1I: x% Trapping Defect at Depth dy

In case II, there is a trapping center at depth dy which traps x%
of the electrons passing through it. Let us simplify the situation
by not considering the bulk electron trapping and assuming ideal
weighting potential that the weighting potential remains zero
from the cathode surface (d = 1) to the anode (d = 0), then
rises from zero to 1 on the anode surface. Then

for d < dy, %:d}iﬁ(ﬂ:d 0
- .
~ g
:%x%”l‘lfioi%xdo- @

In the equations above, Ny is the original number of electron-
hole pairs created by the gamma-ray interaction, and d is the
interaction depth.

As a result of (2), the C/A ratio between depth dy and the
cathode will be larger than normal because the cathode signal
is larger than the corresponding anode signal due to the elec-
tron-trapping defect at depth dj, and those events close to the
cathode will have a calculated C/A ratio even larger than 1.0,
as we can see from Fig. 3. This change in the C/A ratio depth
relation with the actual depth will affect the photopeak centroid
and photopeak counts as a function of the C/A ratio depth.

As shown in Fig. 4(a), the relation between the normalized
photopeak centroid as a function of the C/A ratio depth will
have an abrupt change at the defect depth dy. In the real data,
this change may be smoothed out by other factors such as finite
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Fig. 4. If there is a trapping defect at depth dy, (a) is the relation between the
normalized photopeak centroid and the C/A ratio and (b) is the relation between
the normalized photopeak counts and the C/A ratio.

depth resolution. But the change of slope in the relation is still
present. If one still takes C/A ratio = 1.0 as the cathode and
only selects the events with C/A ratio values varying from 0
to 1.0 for the electron-trapping analysis, the events from near
the real cathode side (1.0 — 1.z) are discarded. This results in
underestimation in the calculated electron trapping.

Fig. 4(b) shows that the relation between the normalized pho-
topeak counts versus the C/A ratio depth has an abrupt change
and the photopeak counts between the cathode and the defect
depth dy will be lower than what would be observed without
the defect, because the thickness of the region between depth d
and the cathode derived from the C/A ratio (do — 1.0) is thinner
than the thickness of the real depth region (dy — 1.z).

Fig. 5 shows a pixel observed with such an electron-trapping
defect at a certain depth. The change of slopes in the photopeak
centroid versus the C/A ratio depth is not very prominent but
still visible. The decreases in the photopeak counts, and in the
total counts are quite clear. However, no significant degradation
in the energy resolution can be observed.

C. Case IlI: 100% Trapping Defect at Depth d

In case III, if there is a severe electron-trapping defect at a
certain depth under the pixel, all events that occur between this
defect and the cathode cannot be recorded by the system. A pixel
with such a defect is also observed and the photopeak centroids,
the photopeak counts, the FWHM and the total counts are shown
in Fig. 6.
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Fig.5. Experimental results from one pixel with electron-trapping defect, case

II of Fig. 1. (a) Anode spectra photopeak centroid versus C/A ratio depth. (b)
Photopeak counts versus C/A ratio depth. (c) Anode spectra FWHM at 662 keV
versus C/A ratio depth. (d) Total counts versus C/A ratio depth.
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Fig. 6. Experimental results from one pixel with a defect that electrons cannot
pass through, case III of Fig. 1. (a) Anode spectra photopeak centroid versus
C/A ratio depth. (b) Photopeak counts versus C/A ratio depth. (c) Anode spectra
FWHM at 662 keV versus C/A ratio depth. (d) Total counts versus C/A ratio
depth.

D. Case IV: Trapping Defect Smaller Than the Pixel Size at
Depth d

In case IV, if there is an electron-trapping defect smaller than
the pixel size at depth dy, only part of the events occurring be-
tween depth dy and the cathode are affected by this defect. The
change in the C/A ratio should be somewhat between case I and
case II, and the change in the photopeak centroids and the pho-
topeak counts will not be as evident as in case II. However, the
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Fig. 7. Experimental results from one pixel with a small size electron-trapping

defect, case IV of Fig. 1. (a) Anode spectra photopeak centroid versus C/A ratio
depth. (b) Photopeak counts versus C/A ratio depth. (c) Anode spectra FWHM
at 662 keV versus C/A ratio depth. (d) Total counts versus C/A ratio depth.

photopeaks between depth dy and the cathode will be broad-
ened because some events will have electron trapping and some
will not. As a result, the energy resolution will degrade after
depth dy, as shown in Fig. 7(c). Such a small electron-trap-
ping defect can significantly degrade the energy resolution of
the corresponding pixel. However, with 3-D position-sensing,
those events affected by such a defect can be discarded.

Overall, for detector #2.2, we observed quite smooth and con-
sistent relationship between the photopeak centroid and the C/A
ratio depth, and the relationship between the electron drift time
and the C/A ratio depth for most of the pixels. This result indi-
cates that the material of this detector is quite uniform.

III. VARIATION OF IONIZATION ENERGY

As we showed in (1) and (2) in the previous section, the C/A
ratio is independent of the number of electrons generated and,
thus, independent of the variation of ionization energy. If the
ionization energy changes along the depth underneath one pixel,
the C/A ratio will not be affected and thus the photopeak counts
will not be affected. However, if the ionization energy varies at
different locations within the crystal, the number of electrons
generated by the deposited energy will vary, and the photopeak
centroid may have nonsmooth shape if the ionization energy
changes in a scale comparable to or larger than the scale of
the depth resolution, as shown in Fig. 8(a). No such nonsmooth
shape in the photopeak centroid plots was observed in either de-
tector. If the ionization energy changes in a scale smaller than
the depth resolution, we may observe worse energy resolution at
certain depths, as shown in Fig. 8(b). Similarly, in the lateral di-
rection, if the ionization energy changes in a scale comparable to
or larger than the pixel size, we should observe large variations
in the photopeak centroids among the pixels. If the ionization
energy changes in a scale smaller than the pixel size, we should
see worse energy resolution from the pixel.
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Fig. 8. Illustration of the effect of variation in ionization energy. (a) The scale
of variation is comparable to the depth resolution. (b) The scale of variation is
much smaller than the depth resolution.
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Fig. 9. Illustration of the degradation in energy resolution for all depths due
to surface defect.

However, if there is a surface defect underneath the pixel
anode, which affects the collection of electrons onto the pixel
anode, the signal from all depths will be affected and have worse
energy resolution at all depths as shown in Fig. 9. We cannot
tell whether this degradation in energy resolution for all depths
is due to the surface defect or due to the small-scale variation in
ionization energy throughout all depths underneath this pixel as
discussed in the previous paragraph and Fig. 8(b).

Such defects were observed in detector #2.3 (except Fig. 10,
all other results in this paper are obtained from detector #2.2).
As shown in Fig. 10(a), the pixels in the region marked by the
dotted lines have smooth relation between the photopeak cen-
troid and the C/A ratio depth, no abrupt change in the curve. This
indicates there is no large-scale variation in ionization energy.
However, these pixels have bad energy resolution for nearly
all the depths, as can be seen in Fig. 10(b). This is either due
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Fig. 10. Experimental results for upper half pixels on one detector, arranged
in the geometrical location of the pixels on detector #2.3. For each pixel, the
axis is the C/A ratio depth index. (a) The relation between the anode photopeak
centroid and the C/A ratio depth. For each pixel, the y axis is photopeak centroid
measured in ADC channel (origin not at 0). (b) The relation between the anode
FWHM (%) and the C/A ratio depth. For each pixel, the y axis is the energy
resolution FWHM at 662 keV in units of percentage with a minimum at 0% and
a maximum at 2.5%.

to surface defects or small-scale variation in ionization energy
throughout all the depths under these pixels. Such performance
degradation cannot be corrected even with 3-D position sensing.
However, by discarding the events coming from the bad regions
in the data processing and thus sacrificing the active detector
volume, the good energy resolution of the good regions can still
be retained.

For good pixels, the energy resolutions are around 1% for all
the depths and the fluctuation of the FWHM is due to statistical
variation. This shows that the bulk electron trapping/detrapping
does not significantly degrade the energy resolution. Otherwise,
the energy resolution should be worse on the cathode side be-
cause the electrons coming from the cathode side undergo more
trapping/detrapping processes.

Since the electronic noise is around 6-keV FWHM and the
energy resolutions for good pixels are around 7-keV FWHM
for all depths, we can also draw a conclusion that the small scale
variation in the ionization energy, if any, should not exceed 0.5%
FWHM for those good pixels—/72 — 62/662 = 0.5%.

IV. WEIGHTING POTENTIAL

For pixels on the periphery and at corners of the anode
surface, weighting potential is an important factor for the
detector response. Due to the change in weighting potential for
the pixels near the edge, the events coming from the anode side
will have smaller signal than for central pixels, while the events
coming from the cathode side remain the same, as can be seen
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Fig. 11. Simulation results of the effect of weighting potential on edge pixels.
(a) The relation between the normalized weighting potential and the normalized
depth. (b) The relation between the normalized anode photopeak centroid and
the normalized depth.

in Fig. 11(a). As a result, the photopeak centroids shown in
Fig. 11(b) seem to have smaller change from the anode to the
cathode because the larger change in weighting potential (from
the anode side to the cathode side) compensates the signal loss
due to the electron trapping.

Since the amount of electron trapping is determined from the
change in the photopeak centroid from the anode side to the
cathode side, the smaller change in the photopeak centroid on
peripheral pixels makes the calculated electron trapping smaller
than it actually is. If the exponential relation of the electron trap-
ping from the cathode to the anode side (excluding the region
very close to the anode) is used to calculate the electron mo-
bility-lifetime product [14], the (17). will be overestimated for
the peripheral pixels, as can be seen in Fig. 12(a). Please note
that the data for the pixels in the lower left corner is unreliable
due to a major crystal defect in this region.

V. VARIATION IN (;LT )e AND ENERGY RESOLUTION

The statistical result of (7). shown in Fig. 12(b) was ob-
tained from the 9 x 9 central pixels only, so that the overes-
timated (u7). values of the peripheral pixels do not bias our
results. The mean (u7). value and its standard deviation are
5.3 £0.54 x 1073 cm?/V.

Because the whole detector thickness is divided into ~40 C/A
ratio indexes, the transformation from the C/A ratio index into
the true interaction depth could have up to 2.5% round-off error
from discretizing, resulting in up to 2.5% systematic error in the
measured (u7).. However, the relative standard deviation from
the different pixels is ~10%, significantly larger than the mea-
surement error (up to 2.5%). Therefore, the variation in the mea-
sured (7). from different pixels is likely due to the nonuniform
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Fig. 12. Experimental results of the electron mobility-lifetime product
(10~ c¢m?/V) for all the pixels of detector #2.2. (a) Pixel map of the (p7).
value. Darker color corresponds to lower (y7).. (b) Histogram of the (u7).
distribution for all the pixels.

electron trapping in the lateral dimension. Even with single po-
larity charge-sensing techniques and methods to compensate for
electron trapping, such as relative gain [15] and depth sensing
[10], the variations in (u7), will result in variations in electron
trapping and, thus, a broadening of the photopeak for events oc-
curring at the same depths, but under pixels spread in the lateral
direction. However, by doing 3-D correction of electron trap-
ping, this variation can be mitigated to the size of the position
resolution.

By comparing the (47). map shown in Fig. 12(a) and the
energy resolution map shown in Fig. 13, no clear correlation
between the (7). and the energy resolution can be found. It
indicates that the bulk electron trapping is not the major reason
for energy resolution degradation.

VI. SUMMARY AND CONCLUSION

Two 1.5 x 1.5 x 1.0 cm® CdZnTe detectors (#2.2 and
#2.3) constructed by eV-PRODUCTS have been tested using
VAS2/TAT2 ASICs. Gamma-ray spectra of a *7Cs source
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Fig. 13. Experimental results of the energy resolution FWHM (keV) at 662
keV for all the pixels (the spectra from all depths are aligned and combined
for each pixel) of detector #2.2. Darker color corresponds to worse energy
resolution.

were collected from ~4800 voxels of both detectors. This
paper demonstrates that the detector response can be analyzed
in 3-D using 3-D position-sensitive CdZnTe spectrometers.
Variation in photopeak centroid, electron mobility-lifetime
product, electron drift time, energy resolution, photopeak
efficiency, and total efficiency in 3-D have been observed.

Possible effects of various electron-trapping defects, the vari-
ation in ionization energy, any surface defects, and the varia-
tion in weighting potential have been discussed. The 3-D de-
tector response can be used to identify possible defects in the
detector. The experimental results show that large lateral size
electron-trapping defects do not significantly degrade the en-
ergy resolution of the corresponding pixels, but small ones do.
However, with 3-D position sensing, the events coming from the
bad region can be discarded. It has also been discussed that the
small-scale variation in the ionization energy, if any, should not
exceed 0.5% FWHM for most pixels.

It has been shown that bulk electron trapping/detrapping does
not significantly degrade the energy resolution with the help of
the 3-D position sensing and correction. No clear correlation
between (7). and energy resolution was observed in these de-
tectors.

Detector #2.2 has good uniformity over most of the volume,
while detector #2.3 has possible surface defects or small-scale
ionization energy variation in one-fourth region of the volume.
Both detectors have achieved good energy resolution (close to
1.1% FWHM at 662 keV) after correction for 3-D detector re-
sponse. The variation in electron trapping in lateral direction has
been observed and the advantage of 3-D position sensing, espe-
cially in reducing the impact of material nonuniformity has been
discussed.
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