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Abstract: Nuclear detectors for x-ray and gamma-ray spectroscopy and imaging are a vital tool
in many homeland security, medical imaging, astrophysics and other applications. Most of these
applications require room-temperature operation due to the operational constraints imposed by a
cryogenic cooling system. CdZnTe (CZT) has been the main material with the desired detection
properties, and CZT crystals have been used commercially for three decades. However, CdZnTe
still suffers from long-standing issues of high densities of performance-limiting intrinsic defects
such as Te inclusions and networks of dislocation walls (sub-grain boundaries). A recently invented
new quaternary material CdZnTeSe showed excellent material properties for radiation detection.
The material was found to be free from dislocation networks, possess reduced Te inclusions, and
have better compositional homogeneity. Virtual Frisch grid detectors were fabricated from crystals
taken from a CdZnTeSe ingot that was grown by the traveling heater method. The detectors were
fabricated from an as-grown ingot, bypassing the post-growth annealing process commonly practiced
for industrial-grade CZT. The performances of the detectors were studied with different Frisch
grid lengths using an amplifier shaping time ranging from 1-6 ps. The detectors showed high-
quality spectroscopic performance with an as-measured energy resolution of ~1.1% at 662 keV for
an optimum Frisch grid length of 3 mm. The charge collection was observed to enhance for longer

check for Frisch grids.
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The development of Cd;_4Zn,Te (CZT) has been revolutionary in the semiconductor
Academic Editor: Antonio Ereditato industry for X- and gamma-ray radiation detector applications. As a room temperature
radiation detector material, CZT has proven to be instrumental for technological advances
in radiological and nuclear detection, particularly for applications in the field where com-
pact low-maintenance instruments are needed. CZT has been used for homeland security,
non-proliferation, gamma telescopes, high energy physics, medical imaging, and other
applications such as the mining industry [1-7]. As a result, the material has dominated
the commercial market for more than three decades, although it still possesses several
critical materials-related issues. The widespread deployment of detectors based on CZT,
especially for large-volume devices, has been impaired due to the presence of high con-

centrations of intrinsic defects such as sub-grain boundary network and secondary phases
(especially Te inclusions), which are known to be detrimental to detector performance [8-11].
The compositional inhomogeneity in CZT ingots is another major disadvantage of the mate-
rial [12] because it compromises the overall yield of detector-grade crystals. The presence of
This article is an open access article  Nigh concentrations of these defects and compositional inhomogeneity eventually severely
distributed under the terms and ~ hampers the yield of high-quality detector materials and in turn increases the production
conditions of the Creative Commons  COst of high-performance detectors. These defects are typically generated during the growth
Attribution (CC BY) license (https://  and subsequent cooling process. The reduction in these defects has proved to be non-trivial
creativecommons.org/ licenses /by / due to the poor thermo-physical properties of the material. Thus, the quest for a cost-
40/). effective alternative material is being actively pursued globally by the research community.
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Because of the stringent material properties essential for room-temperature operation, only
a handful of materials have evolved as potential alternates to CZT. Thallium bromide
(T1Br) has been considered as a strong contender to replace CZT [13-16]. However, after
more than two decades of intense research, TIBr still shows unresolved issues of contact
degradation and device polarization, and various approaches are being investigated in an
attempt to resolve these issues [15,16]. In more recent years, cesium lead bromide (CsPbBr3)
has become the most promising perovskite material for room-temperature nuclear detector
applications [17,18]. However, ion migration and defects under an applied electric field
affect the device stability over time [19]. Thus, achieving high-performance and low-cost
for a semiconductor-based nuclear detector operable at room temperature continues to be a
major challenge.

Historically, selenium has long been known as an effective lattice hardening element
in the CdTe/CZT matrix, resulting in a drastic reduction of the dislocation density and
sub-grain boundary network, as originally reported by the substrate community for night-
vision applications [20-24]. Selenium-contained CdTe/CZT material was also found to
have better compositional homogeneity compared to CZT [23,24]. To avail the advantages
of adding selenium in CdTe/CZT, we developed CdxZn;_xTeySe;y (CZTS) for radiation
detector applications. The addition of selenium to the CZT matrix was found to have
several advantages regarding the material properties and successfully mitigated most of
the defects that are present in present-day CZT. The resulting quaternary material CZTS was
observed to be free from sub-grain boundary networks with reduced density /smaller size
of Te inclusions [25-29]. The CZTS ingots also possessed better compositional homogeneity
for ingots grown by either the vertical Bridgman technique or traveling heater method
(THM) [25,27-29]. In addition, the density of electrically active defects and trap states
responsible for degradation of detector performances were also reduced as compared
to CZT [30,31]. The mechanical hardness of the quaternary material was reported to be
enhanced as compared to conventional CZT material [32]. Therefore, detectors based
on CZTS have the potential to outperform CZT for both homeland security and medical
imaging applications [27,31]. Because of the superior material properties compared to CZT,
the new CZTS material quickly attracted attention by researchers, and it is currently under
active research by several groups [31,33-35]. Very recently, another selenium-based new
material CdMnTeSe has been explored for radiation detector applications [36].

After producing CZTS ingots with various compositions of selenium, the composition
with 10 atomic % of Zn and 2 atomic % of Se was found to be the optimum for the best
detector performance [37]. The band gap of CZTS was reported to decrease with increasing
amount of selenium [22], and a lower bandgap has a detrimental effect on the leakage cur-
rent and noise in operating devices. Hence, the concentration of selenium was optimized so
that a minimum amount of selenium could be used to eliminate most sub-grain boundaries
in CZTS and provide for a low concentration of Te inclusions. For the entire concentration
range of selenium considered (1.5 at. % to 7 at. %), the material was found to be free
from sub-grain boundary networks. High concentrations of Te inclusions were observed in
CZTS containing selenium at about 1.5 at. %, while CZTS containing 2-7 at. % of selenium
showed very low concentration of Te inclusions. The charge transport properties were also
found to be superior for Cdg9Zng 1 Tep 9sSeq g2 as compared to other studied compositions,
so this investigation focused on 2.0 at. % Se [37]. Here, we report the results of a study of
the detector performance of an as-grown Cdg9Zng 1 Teg 9gSe o2 crystal fabricated from an
ingot grown by the THM technique.

2. Materials and Methods

Detectors with the virtual Frisch grid (VFG) geometry were fabricated from an as-
grown two-inch diameter Cd 9Zny 1 Teg 9gSep o2 ingot grown by the traveling heater method
(THM). Bar-shaped VFG detectors employ a large geometrical aspect ratio. The end faces
of each detector are metallized and serve as anode and cathode. The dark resistivity
and electron mobility-lifetime product [(1T)e] values of the Cdg9Zng 1 Tep 9gSep 02 detector-
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grade material is in the range of 1-3 x 10! ohm-cm, and 4-5 x 1073 cm?/V, respectively.
After cutting the desired size of the detector sample using a programmable diamond-
impregnated wire saw, all sides of the sample are carefully lapped on successive grit size
SiC paper. Care was taken to maintain all the sides of the sample perpendicular to each
other. The sample was then successively polished in an alumina suspension with reduced
particle sizes on a felt pad, and finally polished with 0.05-um alumina suspension to a
mirror-like finish.

Bromine-methanol etching is a routine step for cleaning the surface prior to CZT
electrode deposition process. The bromine-methanol etched surfaces are known to increase
the dark current due to a higher surface leakage current. The higher surface current is
caused by a residual Te-rich surface remaining after bromine-methanol etching of CdTe-
based samples. Dulff et al. [38] reported very high surface leakage current for 1% Br-
methanol solution etched surface as compared to as-polished surfaces of CdZnTe detector.
To reduce the thermal noise of the fabricated detector, we opted to fabricate the detector on
as-polished surfaces. Figure 1a shows a typical virtual Frisch grid detector sample with
gold contacts placed on the two ends of the detector. Gold contacts were deposited on
the end faces using a gold chloride solution by the electroless deposition process. The VFG
detector was assembled by wrapping the side walls of the detector sample with insulated
Kapton tape, followed by wrapping with copper tape, which acts as the Frisch ring/grid as
shown in Figure 1b. The cathode side was irradiated with the gamma source for all detector
measurements. The Frisch grid ring and the cathode are electrically joined together and
are connected to the ground of the detection system. The induced signal was measured
through an eV Products A4039 preamplifier and an Ortec 672 shaping amplifier. A MCA-3
series /P 7882 card from FAST ComTec was used to register the spectra. The shaping time
used for all the spectra was 2 or 3 ps. In this present study, detector performances were
evaluated with different Frisch grid lengths between 2-8 mm. All the measurements were
carried out at room temperature conditions of between 21-23 °C.

1
| Kapton tape wrapped
. on the side walls

S
T

Copper Frisch grid

@ 'Sy

Figure 1. (a) Frisch grid detector sample with gold contacts on the end faces and (b) fabricated virtual
Frisch grid detector. The detector was fabricated from as-grown Cdg 9Zng 1 Tep 9gSeq o2 ingot. Detector
dimensions: ~4.5 x 4.5 x 10.8 mm>3.

3. Results and Discussion

The performance of the detector was evaluated with an amplifier shaping time rang-
ing from 1 ps to 6 ps for the Frisch grid length of 2-8 mm. The best energy resolution
obtained was for the VFG detector with a 3-mm Frisch grid length and shaping time of 2 ps.
The variation of the energy resolution at 662 keV from a '3’Cs source with different Frisch
grid lengths is shown in Figure 2 for an amplifier shaping time of 2 and 3 pus. The energy
resolution at 662 keV was ~1.0 to 1.1% for the detector with a Frisch grid length of 3 mm
and shaping time of 2 pus as shown in Figure 2. The applied operating bias was 3000 volts.
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Figure 2. Energy resolution at 662 keV versus Frisch grid length for the Cdg9ZngTeg9gSep.02
VEG detector.

The Peak-to-Valley (P/V) ratio and Peak-to-Compton (P/C) ratio for the 662-keV pulse
height spectra registered for the detector with different Frisch grid lengths (2 mm to 8§ mm)
for a 2 ps and 3 us shaping time are illustrated in Figure 3 for an applied bias voltage of
3000 V. The Peak-to-Compton ratio (P/C) for both shaping times is observed to be almost
constant for different Frisch grid lengths as shown in Figure 3, while the Peak-to-Valley ratio
(P/V) was found to increase with the Frisch grid length. Similar behavior was also observed
for large-volume CZTS based detectors with a size of ~2.3 cm? [39]. Both the P/V and P/C
ratios were reported to increase with the Frisch grid length for a CZT detector with a length
of 14 mm [40]. The rate of the increase is reported to be high for the Frisch grid length up
to 6 mm. For 6-12 mm long Frisch grids, the rate was more moderate [40]. An intrinsic
photopeak efficiency was also reported for the CZT Frisch grid detector with increased
Frisch grid length [40]. In the present case for CZTS, the sharp increase in P/V ratio for
Frisch grid lengths up to 7 mm indicates increased charge collection in the photopeak,
since the counts in the valley showed relatively little change for the range of Frisch grid
lengths considered in this study. It is expected that an extension of the grid length up to
near 10 mm (i.e., approximately the full thickness of the detector) will begin to cause a
decrease in the P/V ratio and an increase in the width of the 662-keV photopeak.
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Figure 3. Peak-to-Valley (P/V) ration and Peak-to-Compton (P/C) ratio plot as a function of Frisch
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grid length for the Cdg9Zng 1 Teg9gSep g2 VFG detector, (a) for a 3 ps and (b) 2 us shaping time.

The detector performance was evaluated with different acquisition times while the de-
tector was biased at 3000 V. The pulse height spectra acquired for different acquisition time
at different time interval for the uncollimated '3”Cs source is shown in Figure 4. The source
was placed ~3 mm away from the cathode side of the detector. The shaping time used for
all the detector response was 2 us. Each spectrum was collected for a certain acquisition
time, and after interval of 5-10 min, the second spectrum was collected for different acqui-
sition time while the applied bias was kept constant at 3000 V. The pulse height spectra
for acquisition times of 10, 20, 30 and 1000 s are shown in Figure 4a—d. The measured
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Counts (a. u.)

Counts (a. u.)

energy resolution of the 662-keV peak was ~1.0-1.1%. The peaks labeled as “pulser” show
the electronic pulse, and the sharpness of the electronic pule indicates very low electronic
noise of the device. It is important to note that all the pulse height spectra presented here
are as-measured, and the device was fabricated from as-grown CZTS ingot. No post-growth
annealing process was employed as opposed to the conventional route for CZT technology.
The very well resolved peak in the spectrum with 10-s acquisition time illustrates the high
sensitivity of the detector. No drift of the peak position (channel number) or degradation
of the device performance was observed for different time interval and acquisition time,
demonstrating that the detector is free from any charge polarizing effect. The pulse height is
generally known to degrade and shift towards the lower channel with time under constant
applied bias due to the polarization effect [41]. The CZTS-based detectors were very stable
with time under the applied operating bias. The excellent energy resolution of the detector
demonstrates the very high quality of the detector material. It is to be noted that for an
energy resolution of ~1-2% at 662 keV for CZT devices, the required (ut)e value should be
in the range of 10~2 cm?/V. While for CZTS, energy resolution in the range of ~0.77-1.2%
at 662 keV for ~10 mm long devices could be achieved for the moderate (ut). value of
4-6 x 1073 cm?/V [27,42]. This also suggests superior material quality and uniformity
with very low concentrations of performance-limiting defects present in CZTS as compared
to the conventional CZT.
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Figure 4. Pule height spectra for the CZTS Frisch grid detector from 3’Cs source. The spectra
acquired for (a) 10's, (b) 20's, (c) 30 s and (d) for 1000 s.

4. Conclusions

We have studied the performance of virtual Frisch grid detector fabricated from an as-
grown Cdg 9Zng 1 Tep ggSep o2 ingot grown by the traveling heater method. The device exhibited
high energy-resolution with high sensitivity. Under an applied bias of 3000 volts, the device
was found to be very stable over time. The superior energy resolution of ~1% at 662 keV at
room temperature for ~10 mm-long detector with moderate (j7)e value (46 x 1073 ecm?/V)
for electrons indicates the high-quality nature of the CZTS material with very low concentrations
of performance-limiting defects.
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