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Study on the Energy Spectrum Response of a CdZnTe Detector
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In order to study the energy spectrum response of a CdZnTe detector, we firstly measured the
temperature dependence and the bias dependence of the main characteristic parameters for both
a quasi-hemispherical detector and a CAPture™ plus detector. Secondly, we designed a low-noise
readout circuit for the CdZnTe detector and measured the noise. Finally, we evaluated the energy
spectrum response of the detector to different radioactive sources at different temperatures by
connecting the detector to the readout circuit. The research showed that both detectors had low
leakage current and junction capacitance, as well as good stability in temperature and bias; the
quasi-hemispheric detector had a smaller leakage current and junction capacitance compared to the
CAPture™ plus detector; under zero input capacitor, the noise of the readout circuit was 612e,
with the noise slope being 5.44e/pF; at room temperature(20 °C), the energy resolutions of the
detector reached 3.84% and 1.36% for X-rays from ***Am (59.5 keV) and gamma-rays from 37Cs
(662 keV), respectively; the signal-noise ratio of the output signal reached 31:1 with the rise time
being 90 ns; at low temperature, the energy resolution reached 3.41% for the X-rays from 2*'Am
(59.5 keV); the detector achieved an excellent spectrum response and was able to distinguish clearly

the energy peaks of *?Eu and ??°Ra.
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I. INTRODUCTION

The CdZnTe detector is a new type of compound semi-
conductor detector with advantages such as high energy
resolution, high intrinsic detection efficiency, high sensi-
tivity, the ability to work at room temperature and in-
sensitivity to humidity, overcoming the shortcomings of
both scintillation detectors and high-purity germanium
detectors in energy spectrum measurements [1,2]. Cur-
rently, with the growth technology of CdZnTe crystal be-
ing relatively mature [3,4], the application of the CdZnTe
detector, which is a development trend in the future, has
become a research hotspot [5-7]. The study of the energy
spectrum response of the CdZnTe detector can provide
a theoretical basis and technical support for its applica-
tion in the fields such as nuclide recognition, radiation
imaging, uranium exploration, high-energy physics and
environmental monitoring. The main factors that affect
the energy spectrum response are the stabilities of the
characteristic parameters and the noise from the read-
out circuit [8].

Consequently, we carried out research on the energy
spectrum response and compared the results with those
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for a quasi-hemispherical detector and a CAPture™

plus CdZnTe detector. Firstly, we measured characteris-
tic parameters such as the leakage current and the junc-
tion capacitance according to the principle of a unique
variable at different temperatures and biases. Secondly,
we designed a readout circuit with low noise and a folded
structure for the detector and then measured the noise
at different temperatures. Finally, we evaluated the en-
ergy spectrum response and the output waveform of the
detector to a variety of radioactive sources by connecting
the detector to the readout circuit at different temper-
atures, thus realizing a deep study of the basic physical
characteristics of the CdZnTe detector and the design of
front-end nuclear electronics, as well as the effect of the
energy spectrum response. Considering the application
environment for the CdZnTe detector, we set the bias
range from 100 V to 400 V and the temperature range
from —30 °C to 60 °C when measuring the leakage cur-
rent. Because the junction capacitance, which only re-
lates to the thickness of depletion zone and has little to
do with temperature change, is an inherent property of
the detector, we set the bias range from 50 V to 450 V
and the temperature at 20 °C and —30 °C when measur-
ing the junction capacitance. The main characteristics
of the two detectors are shown in Table 1.
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Table 1. Characteristics of the two detectors.

Detector Manufacturer

Size Anode area Growth method

Quasi-hemispherical Northwestern Polytechnical

detector University

mm X 4 mm X 2 mm 0.28 mm

2 Vertical Bridgman method

CAPture™ plus detector eV Company

4mm X 4 mm X 2 mm

2

16 mm* High-pressure Bridgman method

2 I C) i =

Fig. 1. Principle of the leakage current measurement.

II. CHARACTERISTIC PARAMETERS OF
THE DETECTOR

1. Leakage Current Measurement

The leakage current, which relates to temperature and
bias and determines the noise of the detector, is the
stable current passing through the detector when it is
not irradiated [9]. The principle of the leakage current
measurement and the results are, respectively, shown in
Fig. 1 and Fig. 2. The direct measured values of the
leakage current are the readings of the high-sensitivity
electrometer A when the detector is protected from light
under a certain temperature and bias. During the mea-
surement, the entire measurement device is electrically
shielded, the detector is placed in a strictly dry environ-
ment, and the bias is slowly adjusted to avoid hysteresis.

Firstly, under the same bias, the leakage currents de-
crease obviously with decreasing temperature. When
the temperature is low, the difference between the leak-
age currents of the two detectors is small. Therefore,
an electric cooling sheet can be used to measure low-
energy gamma rays. Secondly, at the same tempera-
ture, the leakage currents increase with increasing bias.
The leakage currents of the quasi-hemispheric detector
increase linearly with increasing bias and those of the
CAPture™ plus detector increase more obviously with
increasing bias at a higher bias. Therefore, the bias
voltage can be set as the value corresponding to the to-
tal depletion thickness of the detector. Thirdly, at the
same bias voltage and temperature, the leakage current
of the quasi-hemispheric detector is smaller than that of
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Fig. 2. Results of leakage current measurements at tem-
peratures of (a) 60 — 30 °C, (b) 20 - 0 °C, and (c)—10 — —30
o

C.

the CAPture™ plus for two reasons. One is the differ-
ence between the electrode structures. The anode of the
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Fig. 3. Principle of the junction capacitance measurement.
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Fig. 4. Results of the junction capacitance measurements.

quasi-hemispherical detector is a dot with a diameter of
600 um while that of the CAPture™ plus detector is a
bottom surface with an area of approximately 16 mm?,
so the latter has larger leakage current. The other is
the difference between the methods used for the crystal
growth and doping. With different dopings, the crystal
of the quasi-hemispherical detector is grown through the
vertical Bridgeman method while that of the CAPture™
plus detector is grown through the high-pressure Bridge-
man method. Finally, both detectors have comparatively
small leakage current with good stability in temperature
and bias; thus, the CdZnTe detector can be applied in
X-ray detection systems with high energy resolution.

2. Junction Capacitance Measurement

The junction capacitance is the dielectric capacitance
of the electrode and the semiconductor material [10].
The smaller the junction capacitance is, the larger the
output pulse amplitude of the detector, the shorter the
rise time, and the lower the noise are. The principle of
the junction capacitance measurement is shown in Fig. 3.
We used the arm-changing method of an alternating-
current bridge to directly measure the junction capac-
itance. Thus, we were able to avoid the relative error
caused by resistance. In the Fig. 3, R3 and R4 are known

resistors; CO is an adjustable standard capacitor; Cx is
the capacitor to be measured; G is a balance indicator.
Through derivation we can infer that

Cr = R3-CO-R4™*. (1)
Cd = C—-C1. (2)

During the measurement, the measuring device is elec-
trically insulated and dry, the frequency of the bridge
signal is within the range from 10° to 10° Hz, and the
signal is less than 10% of the bias, the bridge is consid-
ered to have reached equilibrium when the reading of the
balance indicator can no longer decrease.

The results for the junction capacitance are shown in
Fig. 4. Firstly, under the same bias, the junction ca-
pacitance is little affected by the temperature change.
Secondly, at the same temperature, the junction capaci-
tance decreases with increasing bias, and when the bias
reaches a certain level (for example, 350 V), the junction
capacitance reaches a small fixed value. Therefore, the
bias value should be reasonable if the detector noise is
to be reduced. Thirdly, at the same temperature and
bias, the junction capacitance of the quasi-hemispherical
detector is smaller than that of the CAPture™ plus
detector, which results from the difference between the
electrode structure and the packaging technologies. Fi-
nally, both detectors have comparatively small junc-
tion capacitances with good stability in temperature
and bias. In addition, under the same conditions, the
quasi-hemispherical detector has a slightly smaller leak-
age current and junction capacitance as well as better
performance, compared to the CAPture™ plus detec-
tor. Thus, the follow-up research only focused on it.

III. DESIGN OF THE READOUT CIRCUIT

1. Design Principle

Considering the weak output signal [11], we designed a
low-noise charge-sensitive amplifier with a folded struc-
ture as a readout circuit for the CdZnTe detector, as is
shown in Fig. 5. In order to obtain a larger voltage signal,
we employed three 0.1-pF capacitors connected in series
as the feedback capacitor Cf. Thus, the charge sensitiv-
ity ACQ can be expressed as (R8 + R9) (R8-Cf)~! =
1.02 x 1014 v/C.

In order to couple the charge fully and reduce the low-
frequency noise, we employed a 10-nF capacitor C1 as
the AC coupling capacitor sharing the voltage with the
readout circuit. The time constant 71 of the discharge
circuit, which is composed of R1 and C1, can be ex-
pressed as R1-C1 = 0.5 ms. Similarly, the time constant
72 of the discharge circuit formed by the feedback resis-
tor Rf (five 1 G resistors in series) and Cf equals 0.167
ms, and the time constant 73 of the differential mold-
ing circuit formed by C2 and R7 equals 3.2 us, which is



Study on the Energy Spectrum Response of a CdZnTe Detector — Yuandong L1 et al. -805-

Dretector

Fig. 5. Principle behind the readout circuit.

so much smaller than both 71 and 72 that no pole-zero
can be produced. When the junction capacitance of the
detector equals the common source input capacitance of
the input stage Q1, the signal-to-noise ratio can reach its
maximum, so we employed a junction field-effect transis-
tor (2N4416) as Q1.

The bias circuit formed by resistors R4, R5, and R6
sets the static operating point. R6, R3, and transistor
Q3 constitute a constant current source. The operating
voltages of Q3 and R6 are 0.6 V and 2.6 V respectively,
so the operating current of R3, Q3 and transistor Q2 is
ImA. R2, R4, and transistor Q2 constitute a constant
current source guaranteeing that the current through R2
is 5 mA. Consequently, the current entering the drain of
Q1 through R2 is 4 mA, which is within the range of
the saturated drain current and sets the drain voltage of
Q1 to 4 V to reduce the noise of Q1. R6, R3, and Q3
form a constant current source as an active load for Q2
to improve the open-loop gain of the circuit.

The signal passing through Q4 is amplified by using a
common-collector in order to improve the signal-to-noise
ratio. Because 71 and 72 are large, amplifying the signal
directly will lead the output of the amplifier to a full-
amplitude overload at a high counting rate. Therefore,
the signal passes through a differential shaping circuit
composed of C2 and R7 first and is then amplified by an
ADB829 operational amplifier [12].

2. Noise Measurement

The equivalent noise charge of the readout circuit is
measured according to the measurement method rec-
ommended by the International Electrotechnical Com-
mission [13]. We firstly placed the readout circuit in a
metal shield with all input ends and output ends passing
through the BNC interface in order to shield the inter-
ference from the measurement environment. We then
placed a metal shield in a constant temperature box.

=== \\ T T T ~

l .
|+"‘ l y/ | A - —] |
| | A= |
| _| |— | Amplifying |
l r 3|Ii|p|||g circuit ]

—

}

-..___

Fig. 6. Measurement schematic for equivalent noise charge.
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The measurement schematic is shown in Fig. 6.

When no signal input exits, the root-mean-square
value V,, of the output voltage is measured, and the
noise linewidth FWHMyvy in voltage can be expressed
as

FW HMnv = 2.355V,. (3)

After some deduction, the equivalent noise FWHMye
in electrons can be expressed as

FW HMye = 2.355V0 - (Acq - q) . (4)

In order to evaluate the noise, we firstly disconnected the
detector from the readout circuit and set the time con-
stant of the amplifying shaping circuit to be the same as
that of the differential shaping circuit composed of C2
and R7. Next, we changed the capacitance Cj, of the
readout circuit input end at different temperatures (50
°C, 20 °C, 0 °C and — 30 °C) and finally converted Vj,
to an equivalent noise charge. We then plotted the re-
lationship between the equivalent noise charge and Cj,
in Fig. 7. At room temperature, the noise of the read-
out circuit is 612e under zero input capacitor, with the
noise slope being 5.44e/pF; at —30 °C, the noise is 383e
under zero input capacitor, with the noise slope being
4.52e/pF. The noise of readout circuit can be seen to be
effectively reduced by lowering the temperature.

In order to measure the relationship between the
equivalent noise charge and the time constant at different
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temperatures, we connected the detector to the readout
circuit and then changed the time constant of the ampli-
fying shaping circuit continuously. The results are shown
in Fig. 8. At different temperatures, the readout circuit
has lower noise when the time constant of the amplify-
ing shaping circuit is set from 1 to 20 us, thus indicating
that the time constant of the next stage multichannel
analyzer should be set within the range from 1 to 20 us.

In addition, the average ionization energy of CdZnTe
detector is about 5 eV, so the detector can generate
about 1180e for the X-rays from *Fe (5.9 keV). Because
the junction capacitance of detector is about 8 pF and
the noise of the readout circuit is about 427e at —30 °C,
we can infer from above results that the detector has
the ability to detect X-rays from *°Fe effectively, thus
providing a research basis for the application of CdZnTe
detectors in low-energy X-ray detection.

IV. ENERGY SPECTRUM RESPONSE AND
APPLICATION

1. Emnergy Spectrum Response to Low-Energy
X-rays

We adopted 24 Am (59.5 keV) to measure the energy
spectrum response from low-energy X-rays. We firstly
connected the detector to the readout circuit and placed
them inside a metal shield. Then, we opened a small
square hole with an area of 4 x 4 mm? on the shield
and pasted an aluminized film on the shield to reduce
the absorption of X-rays. Finally, we placed the 24! Am
facing the detector at a separation of 5 cm. During the
measurement, we set the measurement time to 100 s,
the temperature at 20 °C, the bias to 300 V, and the
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shaping time to 1.5 us. The energy spectrum measured
using a multichannel analyzer is shown in Fig. 9, with
the resolution being 2048. At room temperature, the
resolution can reach 3.84% for X-rays from 24! Am (59.5
keV), thus providing a research basis for the development
of a high-resolution X-ray detection system.

2. Energy Spectrum Response to High-Energy
Gamma-rays

We adopted 137Cs (662 keV) to measure the energy
spectrum response of high-energy gamma-rays. Because
the CdZnTe detector suffers from low detection efficiency
for high-energy gamma-rays, we had to prolong the mea-
surement time appropriately. Using a method similar to
that mentioned above, we set the measurement time to
30 minutes and the bias to 350 V, with other experimen-
tal conditions unchanged. The energy spectrum is shown
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Fig. 12. Energy spectrum of **' Am at —20 °C.

in Fig. 10. The resolution of detector reaches 1.36% for
137Cs. The detector has more advantages for high-energy
gamma-ray measurements, which is determined by the
electrode structure of the detector. The anode of the
quasi-hemispherical detector is a dot with a diameter of
600 wm, and the cathode is composed of the top surface
and four side faces, thus leading to a small charge capture
effect of the detector and better peak shape as shown in
Fig. 10, providing a research basis for the development
of a high-energy gamma-ray measurement system.

3. Output Waveform

We connected the readout circuit to the detector and
put them in a metal shield, after which we measured
the output waveform of the gamma-rays from 37Cs by
using an oscilloscope. The results are shown in Fig. 11.
According to Fig. 11(a), the root-mean-square value of
the equivalent noise is 4.4 mV, the pulse amplitude is 137
mV, and the signal-to-noise ratio is as high as 137/4.4 ~
31:1. The frequency characteristic of the detector can be
evaluated by using the rise time of the signal. According
to Fig. 11(b), the rise time is 90 ns, indicating that the
detector has excellent output frequency characteristic.

Fig. 13. Nuclide identification instrument.

4. Energy Spectrum Response at Low Temper-
ature

Lowering the temperature can reduce both the leakage
current of the detector and the noise of the readout cir-
cuit, which can improve the overall system performance.
We adopted 2*!Am (59.5 keV) to measure the energy
spectrum response and set the temperature at —20 °C.
The result is shown in Fig. 12. The energy resolution
of the detector can be seen to have been improved from
3.84% to 3.41% at room temperature, with reduced noise
of 256e, thus providing a research basis for the develop-
ment of an X-ray fluorescence logging instrument.

5. Applications

Common nuclide recognition detectors include Nal
(T1) detectors and LaBr3 (Ce) detectors [14], but the Nal
(T1) detector suffers from poor energy resolution, and
the LaBrg (Ce) detector suffers from strong interference
generated by inherent nuclides (!*®La and 22"Ac) [15].
According to the above research results, the CdZnTe de-
tector has many advantages, such as high energy reso-
lution, small size, the ability to measure broad energies,
good detection efficiency and energy resolution, and the
ability to work at room temperature, thus making it good
for detecting both low-energy X-rays and middle-energy
X-rays with a broad prospect in nuclide identification
applications. The real object of a nuclide identification
system based on the CdZnTe detector developed in this
paper is shown in Fig. 13.

52Ey and 2?°Ra were adopted to evaluate the de-
tector’s capability to identify nuclides. '52Eu can emit
gamma-rays with many energy: 121.8 keV, 244.7 keV,
344.3 keV, 778.9 keV, 964.1 keV, 1085.8 keV, 1112.1 keV,
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and 1408.0 keV. 226Ra can emit gamma-rays with an en-
ergy of 186 keV, and its one decay daughter 2'4Pb can
emit gamma-rays with energies of 242 keV, 295 keV and
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352 keV; another decay daughter 2'4Bi can emit gamma-
rays with an energy of 609 keV [16]. Thus, the nuclide
recognition ability of the CdZnTe detector can be evalu-
ated by using these two radioactive sources.

During the measurement, we placed the three radioac-
tive sources facing the detector at a distance of 5 cm.
We prolonged the measurement time to 150 minutes to
obtain more counts and set the measurement tempera-
ture to room temperature, the bias to 380 V, and the
shaping time to 1.5 us. Next, we evaluated the energy
spectrum response and finally fitted the peak position of
152Fu to the channel number linearly. The results are
shown in Fig. 14 and Fig. 15. The detector can be seen
to achieve a high resolution for high-energy gamma-rays
and an excellent, linear energy spectrum response reach-
ing 0.9999, making it easy to distinguish between the
energies of 1°2Eu and 226Ra clearly. In addition, because
of the limitation of the budget, the size of the adopted
detector is merely 4 x 4 x 2 mm?. If we adopt a CdZnTe
detector with a size of 10 x 10 x 10 mm?, the detection
efficiency should increase 31.25 times, thus shortening
the experimental time to 4.8 minutes.

V. CONCLUSION

Our research shows that both CdZnTe detectors have
small leakage current, small junction capacitance, and
good stability in temperature and bias. Under the same
conditions, the quasi-hemispheric detector has a smaller
leakage current, a smaller junction capacitance, and bet-
ter performance compared to the CAPture™ plus detec-
tor. The designed readout circuit has low noise and good
performance; the detector achieves high energy resolu-
tion and high energy linearity for both low-energy X-rays
and high-energy gamma-rays. The detector has a good
energy spectrum response at room temperature. At low
temperature, its performance will be further enhanced,
making possible its wide application.
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