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ABSTRACT Wide bandgap semiconductor materials capable of detecting X-rays and gamma-rays at
room temperature without cryogenic cooling have great advantages that include portability and wide-
area deployment in nuclear and radiological threat defense. Additional major applications include medical
imaging, spectroscopy, and astrophysics. Most current room-temperature ionizing radiation detector devices
are fabricated from cadmium telluride (CdTe) and cadmium zinc telluride (CdZnTe). Cadmium zinc telluride
selenide (CdZnTeSe or CZTS) can be grown with high crystal yield compared to CdTe and CdZnTe.
Thus, CZTS has the advantage of lowering the cost of room-temperature nuclear detectors. Thick CdTe-
based detectors are prone to the trapping of charge carriers, thus limiting energy resolution and efficiency.
A Frisch-Grid configuration helps to solve this problem. This research is focused on optimizing the
Frisch-grid configuration for a CZTS detector. The CZTS was grown by traveling heater method. Infrared
images of the CZTS matrix largely showed the absence of tellurium inclusions. The resistivity of the CZTS
obtained from a current-voltage plot is of the order of 1010 �.cm. The charge-transport characterized by
measuring the electron mobility-lifetime product is 4.7×10−3 cm2/V. Detector resolution was measured for
various Frisch-ring widths. For a 4.8 × 4.9 × 9.7 mm3 detector, the best Frisch-ring widths were found to
be 3-4 mm. A detector resolution of 1.35% full-width-at-half-maximum was obtained for the 3-mm width
at −2300 V bias voltage for the 662-keV gamma peak of 137Cs. A resolution of 1.36% was obtained for the
4-mm width at −1800 V applied bias.

INDEX TERMS CdZnTeSe detectors, detector resolution, Frisch-grid, gamma-ray detector, nuclear radia-
tion detector, traveling heater method, X-ray detector.

I. INTRODUCTION
Semiconductor photonic materials capable of detecting
X-rays and gamma-rays at room temperature without cryo-
genic cooling have great advantages that include portability
and wide-area deployment in nuclear and radiological threat
defense. Additional specific applications include medical
imaging, spectroscopy, and astrophysics [1]–[5]. The most
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prominent of these wide-bandgap semiconductors are cad-
mium telluride (CdTe) and cadmium zinc telluride (CdZnTe).
These materials are however prone to low detector yield due
to defects that are related to Te inclusions, sub-grain boundary
network, precipitates and nonuniform composition [6]–[8].
This in turn leads to a relatively high cost of X-ray and
gamma-ray detection devices built from CdTe and CdZnTe
materials. A major effort at reducing the defects and increas-
ing the crystal growth yield is to grow CdTe-based materials
that have greater uniformity in the crystal structure.
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One approach to growing CdTe-based materials with
high crystal uniformity is to include elements such as
Mn and Se that have segregation coefficients of ∼1.0 in
CdTe matrix. This has led to efforts to develop crys-
tals such as cadmium manganese telluride (CdMnTe)
[9]–[15] and cadmium telluride selenide (CdTeSe) [16], [17].
Recently, Roy et al. spearheaded efforts in the development
of the quaternary compound cadmium zinc telluride selenide
(CdZnTeSe or CZTS). The group reported high crystal uni-
formity, absence of performance-limiting defects that often
plague CdTe and CdZnTe, and high energy resolution for
gamma rays [18]–[34]. Selenium, when added to the CdTe
matrix, is very effective in reducing defects related sub-grain
boundary networks, Te inclusions and precipitates [18], [19].
Roy et al. experimented with the growth of CZTS using
two techniques: vertical Bridgman method and the travel-
ing heater method (THM). Comparative assessments of the
CZTS material and detector properties supported the THM
method as the preferred approach due to the following advan-
tages [18], [19]:

• THM occurs at much lower temperature than Bridgman
Method.

• THMhas less chance of incorporation of impurities from
the crucible during growth.

• THM has less chance of ampoule explosion during the
growth process.

• THM allows for an enhanced purity of the ingot.
• THM-grown crystals have fewer defects due to the lower
growth temperature.

In our studies using photo-induced current deep-level tran-
sient spectroscopy (iDLTS), we found that Bridgman-grown
CZTS showed a high density of the 1.1-eV trap com-
pared to the absence of the 1.1-eV trap in THM-grown
CZTS [20], [21]. As a result of trapping by this deep trap,
the Bridgman-grown CZTS detector showed no response
to gamma rays, even with its high resistivity of 2 ×
1010 �.cm [21]. On the contrary, THM-grown CZTS detector
showed good response to gamma rays. Table 1 shows the
energy resolutions, measured as full-width-at-half-maximum
(FWHM) of the photopeak, for CZTS Frisch-grid detec-
tors fabricated from Cd0.9Zn0.1Te0.98Se0.02 crystal grown by
THM [22], [32].

An energy resolution of 0.9% was recorded at −1800 V
applied bias for a CZTS Frisch-grid detector fabricated from
a recent crystal grown by THM [32]. The composition of
the CZTS is very important in the crystal growth process.
The path taken to growing CZTS crystals is to have a com-
pound that could match the CZT bandgap (approximately
1.57 eV for 10 at% Zn) while keeping Se at ∼7 at% [23].
This approach is based on observation that 7 at% for Se
in CdTe matrix is most effective in reducing Te inclu-
sions and sub-grain boundary networks while giving high
compositional homogeneity [24]. The concentration of Zn
was kept at ∼10 at% while varying Se from 2 to 7 at%
in an optimization procedure to lower the amount of Te

TABLE 1. Energy resolutions of CZTS Frisch-grid detectors fabricated from
THM-grown crystals by Roy et al. [22], [32].

inclusions and precipitates [23]. A compositional study
showed that the bandgap of CZTS was more uniform than
CZT for THM-grown crystals [24]. The 7% Se CZTS was
uniform along the length of the ingot, and only a slight band-
gap variation was observed for 2% and 4% Se in regions that
are less than 1 cm near the interface [24].

The technical challenges in the development of CZTS
are mainly in growing large-diameter ingots, achieving high
resistivity, and getting high mobility-lifetime (µτ ) product
for the charge carriers [25]. The resolutions for some of
these technical challenges include: 1) using seeded growth
to increase the grain size of the ingots; 2) purification of
the starting materials, especially cadmium selenide (CdSe);
3) increasing the resistivity through the alloy composition
or compensation process; and 4) increasing the number of
growth furnaces to get a faster optimization and development
output.

We grew Cd0.9Zn0.1Te0.98Se0.02 by THM to perform
charge transport studies and recorded an electron µτ -product
of ∼4 × 10−3 cm2/V for a 6.35 × 4.33 × 2.48 mm3 planar
detector fabricated from an as-grown ingot [27]. The resis-
tivity was 2 × 1010 �.cm and an energy resolution of 11%
FWHMwas observed for the 59.6-keV gamma line of 241Am,
at 170 V applied bias [27].

The surface current is an important factor in determining
the energy resolution since it contributes to electronic noise.
Chemical passivation is often used to stabilize the surfaces of
CdTe-based detectors, and also minimize surface oxidation
and increase the shelf life of the devices [35]–[37]. In our
chemical passivation studies on one of our recent CZTS
(Cd0.9Zn0.1Te0.96Se0.04 grown by THM) using 10% aqueous
solution of ammonium fluoride, we found an average of 25%
improvement in the resolution of a planar detector (7.00 ×
4.65× 2.70 mm3) for the 59.6-keV gamma line of 241Am at
bias voltages in the range−35 V to−200 V [29]. The highest
improvement of 33% (from 17.9% to 12.0% FWHM) was
recorded at −35 V, and the smallest improvement was 19%
(from 9.9% to 8.0% FWHM) at −100 V applied bias [29].
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The best energy resolution of 6.4% FWHM was recorded at
−180 V applied bias [29].

Bezsmolnyy [38] studied the electrophysical properties
of chlorine-doped Cd1−xZnxTe1−ySey (with compositions in
the range x = 0.005 to 0.02 and y = 0.02 to 0.045) grown by
the vertical Bridgman method. The resistivity ranged from
108 to 109 �.cm, and the µτ -product was 1.8× 10−3 cm2/V
for electrons and 2.0×10 −4 cm2/V for holes [38]. An energy
resolution of 9 keV FWHM was recorded for the 59.6-keV
gamma line of 241Am at 300 K [38].
Our recent studies have shown that CZTS has the advan-

tage of lowering the cost of room-temperature nuclear detec-
tion devices. In particular, the addition of Se to the CZT
matrix significantly reduced Zn segregation, limited the for-
mations of sub-grain boundaries and their networks, limited
the formation of Te inclusions and precipitates, and improved
the compositional homogeneity of the CZTS matrix [31].
Optical photograph and X-ray topographic image on a
2-inch diameter Cd0.9Zn0.1Te0.93Se0.07 grown by THM
showed the complete absence of sub-grain boundary net-
works, and there were very few sub-grain boundaries, much
less than often present in CZT [31]. The average concentra-
tion of Te inclusions (∼2.5 × 105 cm−3) was found to be
about one order ofmagnitude less than that in CZT grown by a
similar technique [31]. This evidence of better material qual-
ity often translates to higher detector performance, increased
detector yield and a lower cost of production. Another advan-
tage of CZTS is in microhardness. Franc et al. [39] recently
reported a higher microhardness in CZTS crystals than CZT.

In this report, we present the characterization of a CZTS
Frisch-grid detector fabricated from an as-grown crystal
grown by THM. We present the steps taken to optimize the
Frisch-ring width and the energy resolution of the detec-
tor. The detectors were tested using 137Cs, 133Ba and 22Na
nuclear radiation sources.

II. VIRTUAL FRISCH-GRID DETECTOR
The virtual Frisch-grid detector configuration is used to
reduce fluctuations in device response to incoming γ -rays
and X-rays, thereby improving the energy resolution com-
pared to a simple planar geometry [40]–[43]. The schematic
of the Frisch-grid configuration used in this study is shown
in Fig. 1.

The fabrication of Frisch-grid detectors are extensively
described in [40]–[43]. Incoming photons produce charge
carriers that drift to the electrodes (electrons to the anode
and holes to the cathode). The induced charge at the elec-
trodes depends largely on the complete drift of the charge
carriers to the electrode. The trapping of charge carriers
results in an inability to collect all charges created [40], and
thus leads to fluctuations in the induced charge. According
to McGregor et al. [40] the Frisch-grid configuration greatly
reduces the influence of the photon interaction region on
the pulse shape. McGregor et al. [40] studied the effect of a
parallel Frisch-grid on a 5× 2× 5 mm3 CdZnTe using 137Cs
at an applied bias of−80 V. It was observed that the 662-keV

FIGURE 1. Schematic of virtual Frisch-grid detector configuration. Not
drawn to scale. Electrons (e−) drift towards the anode and holes (h+)
drift towards the cathode.

gamma peak did not show in the spectrumwith the grid turned
off, but an energy resolution of 6.2% FWHM was recorded
with the grid turned on [40]. The effects of the Frisch-ring
width on long (> 15 mm) CdZnTe detectors was studied by
Polack et al. [42], where they showed that the width can be
safely reduced to 3 mmwithout diminishing its effectiveness.
The optimal Frisch-grid width for a 6×6×15mm3 was found
to be ∼5-6 mm [42].

III. EXPERIMENTS
The experiments focus on characterizing CZTS Frisch-grid
detectors and systematically varying the Frisch-grid width to
obtain its optimum value for a∼4.8×4.9×9.7 mm3 detector
bar using a 137Cs radiation source. After establishing the
optimum width, we carried out further experiments to deter-
mine the optimum applied bias voltage. This was following
by determining the optimum shaping time for the optimum
width and applied bias voltage. The spectra for 133Ba and
22Na gamma sources were also recorded.

A. DETECTOR MATERIAL AND FABRICATION
The∼4.8×4.9×9.7mm3 Frisch-grid detector was fabricated
from an as-grown Cd0.9Zn0.1Te0.98Se0.02 ingot. It was grown
by THM in a Te-rich solution and with indium doping. The
CZTS was grown from very high purity materials. These
include 6N-purity CdZnTe and CdSe. The indium and Te
were also of 6N purity. The details of the growth technique
are described in [31].

The 4.8 × 4.9 × 9.7 mm3 bar was cut from the as-grown
CZTS ingot using a programmable diamond-impregnated
wire saw. The CZTS bar was then successively polished using
silicon carbide abrasive papers, starting with 800-grit to a
finer 1200-grit paper. The surfaces of the bar were further
smoothened by polishing on MultiTex pads with alumina
powder. The sizes of the alumina powder were successively
varied from 3.0 to 0.1 µm. Residues from the polishing were
removed by rinsing the bar with distilled water. This was
followed by drying with compressed nitrogen.
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FIGURE 2. The 4.8× 4.9× 9.7 mm3 Frisch-grid detector fabricated from
an as-grown Cd0.9Zn0.1Te0.98Se0.02 ingot.

FIGURE 3. Infrared image near the surface on a 4.78× 9.70 mm2 side.
It is a composite of six images stitched together by the software that
comes with the Nikon Eclipse LV100 microscope. The object near the
center at the bottom is a marker for tracking placement orientation.

The next phase in the Frisch-grid detector fabrica-
tion process is the deposition of electrical contacts (elec-
trodes) on the two opposite ∼4.8 × 4.9 mm2 sides of
the parallelepiped-shaped bar. This was accomplished by
depositing gold contacts using the electroless deposition tech-
nique [35], [43], [44]. Our electroless deposition process for
each electrode involved pipetting the solution of gold chloride
(AuCl3) onto the CZTS surface for each electrode. An appro-
priate amount of AuCl3 was used to cover the surface while
avoiding spills over the edges. After reaction with the surface,
we removed excess AuCl3 solution using a felt paper. The
felt paper draws the excess solution without touching the
CZTS surface. The sample was then rinsed with distilled
water and dried with compressed nitrogen. Next, the walls of
the sample were tightly wrapped with a double layer of thin
insulating Kapton tape (see Fig. 1). The first layer covered the
entire 9.7-mm length of the sample. The second layer covered
∼7 mm, the maximum Frisch ring used in the present case
(see Fig. 2). Alternativematerials often used for the insulating
layer are ultra-thin polyester [41] and Teflon tape [46]. After
the application of an insulating layer on the walls, the Frisch-
ringwasmade by tightly wrapping a self-adhesive thin cooper
foil on the cathode side of the walls (see Figs. 1 and 2). The
Frisch-grid CZTS detector is shown in Fig. 2.

B. DETECTOR CHARACTERIZATION
Infrared transmission imaging was performed on the CZTS
sample after polishing the surfaces to a mirror-shine fin-
ish prior to the deposition of the gold electrical contacts.

FIGURE 4. High-magnification infrared images showing Te inclusions in
very few areas of the mostly Te inclusion free CZTS sample. (a) An area of
about 247× 185 µm2 showing only one large Te inclusion and relatively
small inclusion. (b) A larger area (lower magnification) showing very few
Te inclusions.

The infrared transmission imaging system consists of a
Nikon Eclipse LV100 microscope fitted with an infrared light
source, a camera, and a motorized stage with xyz-translation
capability. The microscope is equipped with a software
for capturing and analyzing the image. The infrared image
recorded near the surface on one of the∼4.8×9.7 mm2 sides
of the sample is shown in Fig. 3.

Several infrared images of the CZTSmatrix largely showed
the absence of Te inclusions and grain boundaries. Very few
Te inclusions were observed in some areas (see Fig. 4).
In Fig 4a, only one large Te inclusion of∼18.6-µm diameter
was observed in an area of about 247×185µm2. The infrared
image of a larger area is shown in Fig. 4b. The Te inclusion
may be associated with instabilities at localized regions of the
growth interface that lead to the entrapment of Te [32], and it
is very common in CdZnTe grown by THM [47].

Current-voltage (I-V) measurements were made on the
CZTS sample after the deposition of the gold electrical con-
tacts. The sample was mounted in a customized aluminum
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FIGURE 5. I-V plot of the CZTS detector before fabricating into a
Frisch-grid geometry. The offset in the insert is from the Keithley
Picoammeter.

FIGURE 6. Spectrum of 137Cs obtained at room temperature from a
4.8× 4.9× 9.7 mm3 CZTS Frisch-grid detector with a Frisch ring of 3-mm
width. P/V is peak-to-valley ratio for the 662-keV gamma line.

box fitted with BNC and connected to a Keithley Picoam-
meter and Voltage Source model 6487. The applied voltages
were in the range of −500 V to 500 V. The I-V plot is shown
in Fig. 5. The resistivity of the CZTS obtained from the I-V
plot is of the order of 1010 �.cm.
Radiation detection measurements were made using a spe-

cial sample holder built by eV Products (now Kromek).
The holder is fitted with a beryllium window on which
the sealed radiation source is placed. It is connected to a
variable high-voltage supply. The signal from the sample
holder passes through a preamplifier and an amplifier to a
multichannel analyzer (MCA). The MCA is connected to a
computer with a software that records the radiation spectrum.

FIGURE 7. Plot of charge collections at various applied voltages and
fitting of the Hecht equation to determine the electron mobility-lifetime
(µτ )e product. The charge collection was recorded for the 59.6-keV
gamma peak of 241Am.

TABLE 2. Best energy resolutions for various Frisch-ring widths.

The spectrum of 137Cs obtained at room temperature from a
CZTS Frisch-grid detector with a Frisch ring of 3-mm width
is shown in Fig. 6. The energy resolution for the 662-keV
gamma line is 1.35% (as estimated from Gaussian fitting),
and the peak-valley (P/V) ratio is 16.4.

The charge-transport of the CZTS material was charac-
terized by determining the electron mobility-lifetime (µτ )e
product using a planar detector as shown in Fig. 7. This
was obtained from recording the charges collected at various
applied voltages and fitted to the Hecht equation [48], [49].
The data for Fig. 7 was obtained by placing an 241Am sealed
radiation source close to the cathode side of the planar detec-
tor. The charge collection was recorded for the 59.6-keV peak
of 241Am. The (µτ )e product is 4.7× 10 −3 cm2/V.

C. OPTIMIZATION OF THE FRISCH-RING WIDTH
The width of the Frisch-ring greatly affects the performance
of the detector. Hence, it is important to optimize the width,
which could be different for each detector material and size.
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TABLE 3. Energy resolutions for various Frisch-ring widths.

For the CZTS used in this experiment, the width of the
Frisch-ring was varied from 2 mm to 7 mm. The optimum
applied voltage and shaping time for the best energy reso-
lution were systematically determined for each Frisch-ring
width using a 137Cs source. A coarse gain of 100 and acqui-
sition time of 300 seconds were used for all measurements.

IV. RESULTS AND DISCUSSION
A. CZTS FRISCH-GRID DETECTOR
The best resolutions for the Frisch-ring widths are shown
in Table 2. The best resolutions obtained are 1.35% for the
3-mm Frisch-ring width at a bias voltage of −2300 V, and

FIGURE 8. Plot of energy resolution versus the amplifier shaping time for
the Frisch-ring of 3-mm width.

FIGURE 9. Plot of energy resolution versus Frisch-ring width at 6 µs
amplifier shaping time and −1800 V applied bias. The spectra at −1800 V
for 6-mm and 7-mm Frisch ring widths were much worst.

1.35% at −1800 V for the 4-mm width. For each Frisch-ring
width, the applied voltage is varied together with the shaping
time of the amplifier to get the best resolution. The detailed
results are shown in Table 3. The 6-µs shaping time gave
the best energy resolution for the Frisch-ring widths. This is
shown in Fig. 8 for the 3-mm width at an applied voltage of
−2300 V.

The plot of energy resolution versus Frisch-ring width at 6
µs amplifier shaping time and−1800V applied bias is shown
in Fig. 9. We did not record the spectra at −1800 V for
6-mm and 7-mm Frisch-ring widths because the resolutions
were much worst. The spectrum for a 133Ba source obtained
at an applied voltage of −1800 V for a 4-mm-wide Frisch
ring is shown in Fig. 10, and that for a 22Na source is shown
in Fig. 11. The energy resolutions for the 81-keV peak of
133Ba is 9.45% and that of the 356-keV peak is 2.6%. The
energy resolution for the 511-keV peak of 22Na is 1.75% and
that of the 1.275-MeV peak is 1.2%.

B. COMRARISON OF CZTS TO CZT
The key difference between CZTS and its major counterparts,
CdTe, and CZT, is the ability of Se to effectively prevent
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FIGURE 10. Spectrum of 133Ba obtained at room temperature from a
4.78× 4.90× 9.70 mm3 CZTS Frisch-grid detector with a Frisch-ring
of 4-mm width.

FIGURE 11. Spectrum of 22Na obtained at room temperature from a
4.78× 4.90× 9.70 mm3 CZTS Frisch-grid detector with a Frisch-ring
of 4-mm width.

sub-grain boundary networks from being formed during the
crystal growth process [32]. The segregation coefficient of Zn
in CdTe matrix is>1 and is significantly reduced by Se [31].
Thus, the presence of Se leads to better crystal compositional
uniformity, and hence higher yield of defect-free regions in
the ingot and better detector resolution.

The 4.8×4.9×9.7 mm3 CZTS Frisch-grid detector in this
study has a resolution of 1.35% for the 662-keV gamma peak
of 137CS at−2300V applied voltage. Roy et al. [32] obtained
a resolution of 0.9% at −1800 V applied voltage for a 5.0×
5.0×12.3 mm3 CZTS Frisch-grid detector. Polack et al. [42]
reported the optimal Frisch-grid width for a 6× 6× 15 mm3

CZT detector to be ∼5-6 mm. The measured resolution for
the CZT Frisch-grid detector before and after charge-loss cor-
rection were∼3.7% and 1.1% respectively [42]. Charge-loss
correction was not applied to the 1.35% recorded here as
well as for the 0.9% resolution reported by Roy et al. [32] for
CZTS Frisch-grid detectors. As-measured resolution of 2%
was reported by Bolotnikov et al. [50] for a 6× 6× 20 mm3

CZT Frisch-grid detector.

V. CONCLUSION
We have characterized a 4.8 × 4.9 × 9.7 mm3 CZTS
Frisch-grid detector and systematically determined that the
Frisch-ring widths of 3 mm and 4 mm gave the best
energy resolutions. The best resolution obtained for the 137Cs
662-keV gamma lines is 1.35% for the 3-mm Frisch-ring
width at a bias voltage of −2300 V, and the best resolution
of 1.36% at −1800 V was obtained for the 4-mm-wide ring.
No electronic corrections were made to compensate for elec-
tron trapping or non-uniformities in the electron charge col-
lection. It is expected that the optimum Frisch-ring width will
be different for different detector heights. Polack et al. [42]
reported the optimal Frisch-grid width for a 6× 6× 15 mm3

CdZnTe to be ∼5-6 mm.
The 4-mm-wide Frisch ring has an advantage over the

3-mmwidth because of its lower operating voltage for similar
energy resolutions. At 6-µs shaping time, the same energy
resolution of 1.55% was obtained for the 4-mm-wide ring
operating at −1000 V and for the 3-mm-wide ring operating
at −2400V. Thus, for the same resolution, the operating
voltage of the 4-mm-wide ring is less than half of that for
the 3-mm-wide one. The applied voltage for the best energy
resolution of 1.36% for the 4-mm-wide ring is smaller than
the 1.35% obtained with the 3-mm width. The difference
in energy resolution is just 0.01% for an applied voltage
difference of 500 V, thus giving the 4-mm Frisch-ring an
advantage due to the detector’s substantially lower operating
voltage.
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