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Abstract— An experimental method was described to calibrate
the depth of interaction (DOI) of high-energy y-ray in large-size
thick pixel CdZnTe detector. The experimental results indicated
that the ratio of the cathode and anode amplitude strongly
showed linear relationship with the DOI of incidence y-rays and
the detector. The correlation coefficients were optimized. Based
on the experimental calibration of DOI, the photoelectric effect
signals from the depth range where the energy resolution and the
photopeak location are high were screened out to draw the energy
spectrum. In this way, the energy resolution of the CdZnTe pixel
detector was improved to 0.707% for '’Cs@662 keV. Further
combined with the anode rise time, the electron mobility of
CdZnTe in 2-D (1 mm accuracy) and 3-D (2 mm x 2 mm x 1 mm
accuracy) scales was calculated. At different pixel positions and
depths in CdZnTe detector, the electron mobility varies between
1000 and 1150 cm?/(V-s).

Index Terms— Carrier mobility, CdZnTe detector, depth of
interaction (DOI), energy spectrum correction, gamma ray
detector.

I. INTRODUCTION

dZnTe is widely considered a comprehensive and
Cpromising semiconductor in radiation detection and
imaging [1]-[3]. For its high atomic number, high resistivity,
and suitable bandgap, CdZnTe detector delivers good energy
resolution, decent spatial resolution, and high detection effi-
ciency and has been widely used in nuclear medicine [4], space
applications [3], nuclear safety monitoring [5], and other fields.
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In CdZnTe, the holes are easily trapped, resulting in
incomplete charge collection and low-energy tailing of the
characteristic energy peak. The CdZnTe detector usually
adopts the electrode design that collects a single polarity car-
rier [6]-[11] to reduce incomplete hole collection for imaging
and high-energy y -rays’ detecting applications. Among them,
pixel, grid pixel, and coplanar grid array electrodes are typical
schemes that can obtain the 2-D interaction position on the
anode plane by the triggered pixel. However, direct detection
cannot get the depth of interaction (DOI) perpendicular to the
electrodes. The DOI of y -rays in the detector is significant for
improving energy resolution, Compton imaging, and detecting
high-energy y -rays. The DOI information is obtained based
on one-to-one correspondence between the DOI and the ratio
of the cathode-to-anode signals. There are detailed theoretical
derivations in [12]-[14]. Based on this, they further calculated
the carrier mobility lifetime product [12], [15]. In [16], they
calibrated the DOI using a simulation tool and considered
using a linear function with an exponential term suitable
for fitting the experimental results. In [17] and [18], they
used electron signal rise time to correct the anode signal
pulse height to make the induction signal measurement more
accurate. The rise time correction makes sense for DOI
because DOI is proportional to the signal rise time. This article
designed a calibration experiment to calibrate the relationship
between the DOI and the cathode and anode signals of the
thick CdZnTe pixel detector with a simple function and studied
the fitting parameters to optimize the depth reconstruction
effect. Based on the analysis of DOI, the energy spectra of
the CdZnTe pixel detector with high-energy y -rays incident
on the cathode in different depth layers were studied, and
the method to improve the energy resolution was explored.
Furthermore, a way to calculate the 3-D mobility of electrons
in the crystal directly with DOI and carrier drift time was
found.

II. DEPTH CALIBRATION EXPERIMENT

When y -ray incidents and deposits its energy in a CdZnTe
pixel detector, the electron clouds generate and drift toward
the electrode driven by the external electric field. As the 3-D
interaction positions of the rays in the crystal are different,
the electron cloud’s drift path and diffusion degree vary
accordingly. The amount of induced charge in the anode and

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/


https://orcid.org/0000-0002-2834-5911
https://orcid.org/0000-0002-1598-1556

1774

Fig. 1.
detector.

Pixel arrangement and detailed size of the anode of the CdZnTe pixel

Tungsten collimator Equipment shell

Radioactive source

Long distance

Imm slit

Precision ]Iﬁg

Fig. 2. Schematic of the depth calibration experiment.
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cathode depends not only on the energy of the y-ray but
also on the 3-D interaction position. In addition, the crystal
defects will also affect the amount of induced charge. It is
necessary to study the characteristics of the induced signal at
different depths and pixels to achieve better energy resolution.
The scale of the studied CdZnTe pixel detector is 22 mm X
22 mm x 15 mm, of which the thickness is 15 mm, and
the electrode area is 22 mm x 22 mm. The anode pixel
arrangement is 11 x 11, and Fig. 1 shows the exact pixel size.
The ORTEC 672 Spectroscopy Amplifier tests the induced
signals of the cathode and anode. LeCroy Waverunner 610Zi
oscilloscope measures the signal rise time of the preamplifier
signals connected to the anode pixels.

The depth calibration experiment was designed to quantita-
tively analyze the relationship between the DOI of radiation
and the amplitude of the anode and the cathode. Fig. 2 shows
the experimental scheme. The two tungsten blocks can atten-
uate the intensity of the incident y -rays by more than 95%,
and the slit between them constrains the incident direction
of the y-ray so that y-rays can only be incident in the
direction parallel to the slit. The width of the slit determines
the accuracy of depth calibration. It was 1 mm in this article.
By adjusting the precision lifts, the upper surface of the
collimating slit and the anode of the detector were made in
the same plane. The collimation slit was adjusted to align
to different depths on the side of the detector by adding
1-mm standard gauges. The dimensional tolerance of the gauge
blocks is 0.0005 mm. Therefore, the height error of gauge
blocks can be ignored.

To make the energy deposition uniform in each depth layer
of the CdZnTe detector, 1*’Cs and °°Co were used as the radia-
tion source for depth calibration. The plane with DOI = 0 mm
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Fig. 3. Energy spectra response of the CdZnTe detector when y-rays of
(a) ®°Co and (b) ¥7Cs are incidents at different depths, respectively.

is defined as the cathode plane and DOI = 15 mm is defined
as the anode plane. The energy spectrum response of the
CdZnTe detector when y -rays of ®°Co and '*’Cs are incident
at different depths is shown in Fig. 3. Each energy spectrum
was obtained by adding up spectra from all active pixels.

In Fig. 3, the legends “DOI = x mm” represent the position
of the center plane of the collimating slit. Fig. 3(a) shows
the depth energy spectra of ®Co, the photopeak near the
anode and the cathode has a relatively high peak position
and energy resolution. The photopeak positions shift to the
left, and the energy resolution reduces slightly at a distance of
9-11 mm from the detector cathode. In Fig. 3(b), showing the
depth energy, the peak positions of characteristic energy peak
gradually shift to the left and widen between 10 and 15 mm,
whereas for depth from 0 to 10 mm, there are slight changes
in energy resolution and photopeak position. The reason for
different trends of ®°Co and '3’Cs depth energy spectra when
DOI > 11 mm is due to the fact that the weighting potential
starts to rise near the anode and the collimator has different
attenuation degrees for the intensity of different energy rays.

III. THEORY AND ANALYSIS

According to the Shockley—Ramo principle, the induced
charge of the cathode or anode is related to the carrier charge
and the weighting potential difference of the start and end
positions. In semiconductor detectors, both electrons and holes
will contribute to the cathode- and anode-induced signals
which are calculated by (1) and (2), and the schematic is shown
in Fig. 4

Qanode = —[e X Ap(e@anode)+h x Ap(h@anode)] (1)
Qcathode = —[e x Ag(e@cathode)+h x Ag(h@cathode)].

)

Among them, e and h are the charges carried by electrons
and holes, respectively, in which e has a negative value
and & has a positive value. Agp is the weighting potential
difference between the beginning and end positions of the
carriers. Agp(e@anode) and Ag(e@cathode) represent the
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Fig. 4. Schematic of cathode and anode weight potential and induced signal.

change in the weighting potential of electrons at the anode and
the cathode, respectively. Ap(h@anode) and A¢(h@cathode)
represent the change in the weighting potential of holes at the
anode and the cathode, respectively.

The trend in the depth energy spectra of '3’Cs can be
explained. When the y -ray deposits its energy near the anode,
the differences in weighting potential between the start and
end positions of the carrier drift distance are more prominent
in the depth range of 1 mm, so the photopeak widens until
there is no energy resolution ability.

To calculate the ratio of the cathode- and anode-induced
signals generated by a photoelectric event, divide (2) by (1)
and we get the following equation:

Qcathode [—e x Ag(e@cathode)+h x Ag(h@cathode)]
Qanode  [—e x Ap(e@anode)+h x Ap(h@anode)].
(3)

In the CdZnTe detector, the hole mobility lifetime product
is about one-hundredth of the electrons. Therefore, the drift
distance of the hole is relatively short, and the difference in
weighting potential of hole drifting is relatively tiny compared
with that of the electrons. The contribution of the hole to the
cathode-induced signal and anode-induced signal is small and
can be ignored. Discard the contribution of the hole in (3) and
assume that the drifting ability of electrons is strong enough
so that they can eventually drift to the anode. The formula
will simplify to

Qcathode

Qanode
QOcathode N

[—e x Agp(e@cathode)]
[—e x Ap(e@anode)]

[Agp (e @cathode)]
Qanode [Ap(e@anode)]

Qcathode _ [p(e@cathode@initial)]

Qanode [l — ¢(e@anode @initial)]’

Among them, ¢ (e @cathode @initial) represents the weight-
ing potential of the electron on the cathode where it generates.
¢ (e@anode@initial) represents the weighting potential of the
electron on the anode where it generates. For the amplitude of
the output of the shaping amplifier proportional to the amount
of induced charge, cathode to anode ratio (CAR) is defined
as (Qcathode/Qanode) and calculated with the amplitude of
the shaping amplifier signal of the cathode and anode. The red
line in Fig. 5 represents the CAR calculated using (4). It has
a one-to-one correspondence with DOI.
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Fig. 5. Relationship between the weighting potential of the cathode and
anode and the anode and cathode signal ratio.
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Fig. 6. CAR statistical distribution of (a) single pixel and (b) all pixels in
different depths. The calibration source is 3’Cs.

Based on the above theoretical derivation, the events in the
photopeak range of '*7Cs and %°Co in Fig. 3 were used to
calculate CAR and establish the relationship between DOI
and CAR. Fig. 6 shows the calibration results of '¥’Cs at
different DOIs. Fig. 6(a) shows the CAR distribution of a
single pixel, and Fig. 6(b) shows the CAR distribution of
all pixels. The horizontal axis of each subgraph is CAR,
and the vertical axis is DOI. The color from blue to yellow
in Fig. 6(b) represents CAR counts at that position from
less to more. Fig. 7 shows the calibration result of *°Co.
From Figs. 6(a) and 7(a), it can be found that within the
depth range of DOI <11 mm for a single pixel, the CAR
distribution curve at each depth is Gaussian-like, and the peak
value of the curve changes with DOI. In the depth range
of DOI > 11 mm, the CAR values are distributed in a wide
range independent of DOI. Figs. 6(b) and 7(b) also prove
that CAR and DOI have a one-to-one correspondence when
DOI < 11 mm for all pixels, and CAR cannot determine DOI
when DOI > 11 mm. The possible reason for this phenomenon
is as follows. The weighting potential slope of the cathode is
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Fig. 7. CAR statistical distribution of (a) single pixel and (b) all pixels in
different depths. The calibration source is %Co.

larger than the anodes in most crystal regions, and therefore,
the cathode signal triggers the threshold. During experiment
signal acquisition, the cathode signal is the trigger signal.
Whereas in depths close to the anode, the slope of the anode
weighting—potential curve increases rapidly. The anode signal
generates before the cathode signal in the amplification system.
But the cathode signal is still used as the trigger signal. Under
this circumstance, the anode signal can be lost in whole or
part, and CAR has nothing to do with DOI. The linear and
first-order exponential function was used to fit the relationship
between the DOI and the peak of the CAR distribution in the
range of DOI < 11 mm. The fitting function is as follows:

Linear : DOI = slope x CAR + intercept  (5)
Exponential 1 : DOI = a x exp(CAR x b). (6)

The fitting parameters, the corresponding error bars, and
R? distribution obtained by '’Cs and ®Co are shown in
Figs. 8 and 9, respectively.

To verify the theoretical calculation effect of each calibra-
tion parameter within the range of DOI > 11 mm and the
consistency of calibration parameters and theoretical parame-
ters, the curve of DOI was calculated when CAR takes value
from O to 1 and the average of all pixel fitting parameters.
The corresponding DOI value is shown in Fig. 10. The
calculated DOI value can better meet the actual situation
(the crystal thickness is 15 mm) using the linear fitting
parameters obtained from the '*’Cs calibration experiment.
What is more, the intercept and slope of CAR-DOI calculated
theoretically are —15.48571 and 15.38745, respectively, and
the experimental results can also correspond well with it. The
linear fitting parameters obtained from the '*’Cs calibration
experiment were used to calculate the DOI in the following
contents.

IV. DISCUSSION
A. Energy Spectrum Correction Based on the DOI

The high-energy radioactive source '*’Cs was placed near
the cathode of the detector to explore the energy spec-
trum characteristics of the detector at different depths and
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methods that can improve the energy resolution of the detector.
Fig. 11(a) illustrates the energy deposition of *’Cs@662 keV
y -ray through the photoelectric effect (only a pixel response
at a time) at different thicknesses of the detector, where the
horizontal axis is the ray energy, and the vertical axis is
the DOI calculated by CAR. It is found that where DOI
> 11 mm, the closer the DOI to the anode, the lower the peak
position and broader width of characteristic energy. Whereas
when DOI <11 mm, the characteristic energy distribution
is concentrated, and the Compton edge and the Compton
backscattering peak are clear. Fig. 11(b) draws the energy
spectrum at different depths using the scatter diagram in
Fig. 11(a) with an accuracy of 1 mm in depth direction.
The photopeak location and energy resolution of the energy
spectrum in Fig. 11(b) are shown in Fig. 11(c) and (d),
respectively. It is found that the photopeak position and energy
resolution show superiority and then inferiority with increasing
DOI. The highest peak position and the energy resolution
appear in the central part of the detector. With the help of
Fig. 4, the reason for performance changes in the depth energy
spectrum can be illustrated. When y -rays incident near the
cathode, the drifting distance of the electron cloud is long
and the degree of electron trapping is more significant. The
weighting potential difference in electron drifting is close to
1 in this circumstance. Therefore, induced charge is only
slightly lost, and photopeak is slightly lower. When the y -
rays incident on the central part of the detector, the drift
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distance of the electron cloud is significantly short, with the
weighting potential difference in electron drifting still close
to 1. The theoretical yield of induced charge is large, and
the charge loss is slight, so the photopeak is the largest here.
When the y -rays incident near the anode, the trapping of the
electron cloud is minor, but the weighting of the anode has
risen to a high level, and the weighting potential difference
in electron drifting is significantly less than 1. The induced
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charge reduced considerably, and the photopeak position was
also lower. From the degree of reduction of the photopeak
position and energy resolution near the anode and cathode
in (1) and (2), the conclusion is that the weighting potential
difference in carrier drifting has a more significant influence
on induced charge than carrier trapping.

Based on DOI calibration and the study of energy spectrum
characteristics of detectors at different depths, a method was
proposed to improve energy resolution. Choose the photoelec-
tric effect events from depths where the energy resolution and
photopeak position are high to form the energy spectrum.
The data were not changed during screening retaining their
originality and authenticity.

Fig. 12 shows comparison of the detector’s test energy
spectrum (blue), photoelectric effect energy spectrum (red),



1778
Sliced Mobility
1400 T T
1200 1
. [} . (] 3 . . * * * ¢ . °
e ©
1000 f 1
<
“g 800| ]
&
£ 6001 1
)
=)
= 400 1
200 | 1
0 L L 1
0 5 10 15
Distance from cathode (mm)
Fig. 13.  2-D electron mobility of the CdZnTe detector (depth accuracy
is 1 mm).

and photoelectric effect energy spectrum with deep screening
(yellow). The test energy spectrum includes the Compton
effect, multiple scattering photons, etc., and these events
trigger more than one anode pixel at a time. The photoelectric
effect spectrum was drawn by screening events triggered by
only a single pixel in the test spectrum. The depth screening
spectrum screened the photoelectric effect events within the
depth range of DOI = 0-8 mm based on prior experience
in Fig. 11. It can be seen intuitively from Fig. 12 that
just screening photoelectric effect events can significantly
reduce the Compton plateau and increase the peak-to-Compton
ratio (PCR). Further screening based on DOI can effectively
improve the energy resolution of the detector. The calculation
shows that for the test energy spectrum, the photoelectric
effect spectrum, and the depth-screened photoelectric effect
spectrum, the PCR is 5.64, 11.35, and 14.55, respectively, and
the energy resolution enhancement for the photoelectric effect
and depth screening is 0.2% and 14.2%, respectively.

B. Calculation of Carrier Mobility Based on the DOI

In most cases, the carrier mobility u is a fixed value in the
crystal. Combining the DOI and the rising time of the induced
signal on the charge-sensitive preamplifier, the mobility at
different depths and voxels in the CdZnTe bulk crystal can
be further calculated. The carrier mobility can be calculated
by the following equation:

_ dain D - duin
K=TET 1v

Among them, ¢ is the drift time of the carriers, D is the
detector thickness, V is the applied bias on the cathode, and
daie 1S the drifting distance of the carriers, which equals
D — DOI for electrons and DOI for holes. The '*’Cs incidents
from the cathode and collects the induction signal of the
cathode and anode together with the rise time of the anode
signal. Because of ignoring the effect of the short drifting

@)

IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 69, NO. 7, JULY 2022

Mobility mapping (cm?/(V-s))

DOI=0.5mm DOI=5.5mm DOI=10.5mm
2 . 1000 2 ™ 1000 2 ™ 1000
4 4 4
6 ] s00 6 L 5 6 = 5
e . 8 . 500 ¢ 3 500
10 0 10 0 10 0
2 6 10 2 6 10 2 6 10
DOI=1.5mm DOI=6.5mm DOI=11.5mm
2 ' 1000 2 - 1000 2 ' 1000
4 4 4
6 = s00 O = 6 =
8 L 5 8 % 500 3 5 500
10 0 10 0 10 0
2 6 10 2 6 10 2 6 10
DOI=2.5mm DOI=7.5mm DOI=12.5mm
2 - 1000 2 W 1000 2 w
3 i i 1000
6 . 500 6 = 54 6 =
6 1 ¢ . 500 9 1 500
10 0 10 0 10 0
2 6 10 2 6 10 2 6 10
DOI=3.5mm DOI=8.5mm DOI=13.5mm
2 ™ 1000 2 ™ 1000 2 [} 1000
4 4 4
6 = s00 6 . 5 6 -
P ) 5 8 . 500 ¢ 1 500
10 o 10 0 10 0
2 6 10 2 6 10 2 6 10
DOI=4.5mm DOI=9.5mm DOI=14.5mm
2 I 000 2[ ™ oo 2[0 1000
4 4 4
6 L s00 0 O 5 6 - 500
8 L g 5 500 9 ]
10 0 10 0 10 0
2 6 10 2 6 10 2 6 10

Fig. 14.  3-D electron mobility of the CdZnTe detector (voxel accuracy is
2mm x 2 mm x 1 mm).

TABLE I
MEASURED MOBILITY IN CDZNTE DETECTOR

Detector size Anode Electron I\z/lobility Ref
(mm x mm x mm) structure (%) clerence
22x22x%x15 Pixel 1000-1150 Present work
10 x 10 x 10 Pixel 1000 [20]
59%59%5 Pixel 906.4 [21]
10 x 10 x 10 Coplanar grid 1379+114 [22]
10x10x 5 Plane 1118-1173 [19]
5x5x1 Plane 1050 [23]
9.3x82x5.1 Plane 968 [24]
5x5x1 Plane 960-1100 [25]
10 x 10 x 10 - 990.9-1312.5 [26]
5x5x1.8 - 1148 [27]

distance of the holes here, the mobility calculated by (7) is
regarded as electron mobility.

Among all the detector pixels, three pixels with high noise
levels are disabled during the test. The positions of the disabled
pixels are dark blue squares in the subimages of Fig. 14. From
Figs. 13 and 14, the electron mobility of the CdZnTe crystal
is about 1000-1150 cm?/(V-s), and the electron mobility
fluctuates in a small range in different regions of the crystal.
This result is consistent with the results obtained by our
group in previous experimental tests [19]. Table I shows the
comparison of the electron mobility obtained by our calcu-
lation and the experimental results tested by other research
groups. The calculated electron mobility is within the range of
experimental results, which also proves the high reliability of
the calculation. After DOI > 11 mm, the calculated mobility
decreases at the lower left corner of the detector, and there
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is a slight decrease at the upper right of the detector. It is
speculated that the defect density of the single crystal in the
lower left part close to anode may be higher than that of other
detector regions. The trapping or scattering here is severe,
which deteriorates the carrier transport performance. Based
on the DOI and drifting time, the electron mobility can be
directly calculated, and at the same time the crystal defects’
existence can be preliminarily judged.

V. CONCLUSION

This article calibrated the relationship between the DOI
and the ratio of cathode and anode signals for thick CdZnTe
detectors using high-energy ray sources. The calibration exper-
iment showed a strong linear relationship, and the optimal
fitting parameters were obtained. The linear calibration means
signal analysis can be simpler and faster for nuclear medicine
and industrial applications. The energy spectrum was drawn
based on DOI analysis by screening the photoelectric effect
signals within the depths with high energy resolution and
characteristic peak position. The CdZnTe detector achieves an
energy resolution of 0.707% for '¥’Cs@662 keV of a 14.2%
improvement and increases the PCR from 5.64 to 14.55.
This screening method provides technical support for precise
nuclide identification applications. Based on the DOI and
drifting time, the 2-D and 3-D electron mobility of the CdZnTe
crystal was calculated, which is almost within the range
of 1000-1150 c¢cm?/(V-s). This delivers a new method for
direct mobility testing. Mobility mapping may provide a new
roadmap for crystal defeats evaluation for bulk single-crystal
semiconductors.
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