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ABSTRACT

CdZnTeSe (CZTS) has attracted attention for applications in X- and gamma-ray detectors owing to its
improved properties compared to those of CdZnTe (CZT). In this study, we grew and processed single
crystals of CZT and CZTS using the Bridgeman method to confirm the feasibility of using a dosimeter for
high-energy X-rays in radiotherapy. We evaluated their linearity and precision using the coefficient of
determination (R?) and relative standard deviation (RSD). CZTS showed sufficient RSD values lower than
1.5% of the standard for X-ray dosimetry, whereas CZT's RSD values increased dramatically under some
conditions. CZTS exhibited an R? value of 0.9968 at 500 V/cm, whereas CZT has an R? value of 0.9373
under the same conditions. The X-ray response of CZTS maintains its pulse shape at various dose rates,
and its properties are improved by adding selenium to the CdTe matrix to lower the defect density and
sub-grain boundaries. Thus, we validated that CZTS shows a better response than CZT to high-energy X-
rays used for radiotherapy. Further, the applicability of an onboard imager, a high-energy X-ray (>6 MV)
image, is presented. The proposed methodology and results can guide future advances in X-ray dose
detection.
© 2023 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The objective of radiotherapy is to kill tumors and minimize side
effects [1]. To achieve these goals, treatment precision needs to be
enhanced the through equipment quality assurance (QA), patient-
specific QA, and in vivo dosimetry. Various radiation detectors
have been used for QA and in vivo dosimetry during radiation
therapy. Metal oxide semiconductor field-effect transistor (MOS-
FET) dosimeters have been widely used as in vivo dosimeters
because of their small size, room-temperature operation, and real-
time measurement capabilities. However, MOSFET has the disad-
vantage of a finite lifetime [2].

For decades, CdTe-based semiconductors have been the leading
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materials for X- and gamma-ray detectors operating at room tem-
perature [3,4]. Particularly, CdZnTe (CZT) is the most promising
material and is widely used in various fields such as high-energy
physics, aerospace, and diagnosis [4—7]. Moreover, CdTe-based
semiconductors can be used as dosimeters [8]. CdTe-based semi-
conductors exhibit high effective atomic numbers and detection
efficiencies. Additionally, CdTe-based detectors exhibit high
charge-collection efficiency, low leakage current, and sufficient
electron carrier transport characteristics [4]. Thus, they are suitable
dose detectors for radiotherapy. Besides, there are no reported
finite-lifetime characteristics of CdTe-based semiconductors, which
is a limitation of MOSFET dosimeters.

Recently, bandgap engineering, including optimized zinc (Zn)
content and selenium (Se) doping, has been attempted to improve
the performance of CZTs [8—12]. Increasing the Zn content in the
CZT composition almost linearly increases the band gap, reducing
the shot noise and leakage current [9,13]. Moreover, the addition of
Se to the CdZnTe matrix reduces the density of subgrain bound-
aries, Zn segregation, and other defect densities [ [9—12,14,15]].
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CdZnTeSe (CZTS) exhibits better spectroscopic properties than CZT
[16,17].

In this study, Cdg9Zng1Te (CZT) and Cdg9Zng1Tep.gsSeo.02 (CZTS)
ingots were grown by the Bridgman technique and exposed to high
energy X-rays generated by a linear accelerator (Linac) after syn-
thesizing the X-ray detector by standard fabricating procedures. We
have evaluated the feasibility of CZTS in terms of linearity and
precision in the field of radiotherapy for the first time. Furthermore,
we proposed the possibility of applying CZTS to an onboard imager,
which is the image sensor of a linear accelerator.

2. Materials and methods
2.1. Crystal growth and detector fabrication

Both the CZT and CZTS ingots were grown using the Bridgman
method with a stoichiometric composition of CdggZngiTe; and
Cdo.9Zng Teg.9gSen. 02, and then sliced into flat wafers. These planar
wafers were polished with sandpaper/polishing cloth using
alumina abrasive, chemically etched with 2% bromine in MeOH,
electrode deposited, and passivated. Details of the growth and
fabrication are similar to those in previous studies [11,18], except for
the stoichiometry. Electrode deposition was performed using an
electroless method based on AuCl3 solution. Passivation was ach-
ieved by immersing the CZT and CZTS samples in a hydroperoxide
solution for 180 s [19]. The physical dimensions of the processed
detectors were 5.0 x 5.0 x 2.5 for CZTS and 6.1 x 5.6 x 3.1 for CZT.

The detectors were placed in contact with a custom-made PCB
board with a gold wire and conductive epoxy (Circuitworks
conductive epoxy, Chemtronics) to separate the anode and cathode
signals, as shown in Fig. 1(a). Conductive epoxy was used instead of
tin soldering to minimize thermal damage. The PCB was then sol-
dered to the wires and connected to the data acquisition system, as
shown in Fig. 1(b).

2.2. Experimental conditions for obtaining high energy X-ray
responses

The fabricated detectors were installed inside the Linac (True-
Beam, Varian) of Samsung Changwon Hospital, where the X-ray

(b)
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4
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Fig. 1. (a) Photographs and (b) schematics of the sample and detector used for X-ray
evaluation.

2798

Nuclear Engineering and Technology 55 (2023) 2797—2801

energy, source-to-detector distance, and field size were set to 6 MV,
100 cm, and 10 x 10 cm?, respectively. The dose on the detector was
designed to be a nominal 1 Gy by setting 100 monitoring unit (MU)
and the appropriate thickness of soft tissue-equivalent materials,
such as a water-solid phantom and bolus (Fig. 1). X-ray responses
were obtained using a Keithley 2636 B at different dose rates
ranging from 100 to 600 MU/min. Identical experiments were
performed under various electric fields (100, 300, and 500 V/cm).

2.3. Data correction and X-ray evaluation

Simulations were performed using MATLAB R2022b to
compensate for the differences in the thicknesses of the detectors.
The relative absorption with different CZTS thicknesses was
calculated from the incident Linac input spectrum [20]. The mass
attenuation coefficient at each energy was calculated from the data
of NIST [21], and the density of CZTS was set to 5.8 g/cc, the same as
that of CZT [22,23]. Each calculated count was multiplied by the
energy of the corresponding X-ray photon and then summarized
into one value, called the dose factor at X mm (Dx). Moreover,
because the dose factor included only the effect of the thickness,
the active area of the photocurrent obtained by the CZTS detector
was corrected. The final correction factor was multiplied by the
photocurrent obtained using the CZTS detector.

D31

D;s

o active area of CZT
active area of CZTS

Correction factor = (1)

Coefficient of determination (R?) and relative standard deviation
(RSD) were used to evaluate the linearity and precision of the X-ray
detectors, respectively. The former was calculated by fitting a cor-
relation between the dose rate and photocurrent intensity, and the
latter was calculated using the following equation [24]:

0.5
—;Z:e)z/n} « 100

. {zx

RSD(% (2)

3. Results and discussion

Corrections must be performed to compensate for the different
physical dimensions of each detector. Different areas can be cor-
rected by multiplying them with the active area of the detector.
However, the absorption of X-ray photons of different thicknesses is
complicated because of the multi-exponential attenuation of X-rays
in materials [21]. Therefore, the X-ray spectrum used in this study
was obtained, and the relative absorption rate according to the
thickness of CZTS at each energy level was simulated, as shown in
Fig. 2. For the photocurrent correction corresponding to the de-
tector dose, the energy of the X-ray spectrum was multiplied by
each corresponding count and summarized into a single value. The
calculated correction factor was 1.676, as shown in Eq. (1)
(correction factor = 1226482 x &1x2.8) This value was adopted
for all the photocurrent values obtained using the CZTS detector.

In a semiconductor detector, the path length of a charge carriers
is determined by the product of mobility, lifetime, and electric field
(u7E). Therefore, the electric field of each detector was set to 100,
300, and 500 V/cm, as shown in Fig. 3—5, respectively. For appro-
priate evaluation of a semiconductor detector, same electric field
should be applied. Fig. 3 shows the photocurrent and RSD values at
various dose rates at 100 V/cm. For both detectors, the tendency of
the photocurrent showed a linear correlation with the dose rate,
with R? values of 0.9997 for CZTS and 0.9963 for CZT. These values,




B. Park, J. Ko, ]. Byun et al.

0.0010
— Linac input spectrum
—— Absorption by 2.5 mm CZTS
0.0008 - —— Absorption by 3.1 mm CZTS
S
g 0.0006 +
(2]
o
c
> 0.0004 -
o
©)
0.0002 -
0.0000 T T
0 2 4 6
Energy (MeV)

Fig. 2. Incident input spectrum of Linac [20] and simulated spectra of different
thicknesses of the CZTS detectors calculated for the correction of obtained
photocurrent.
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Fig. 3. Photocurrent and RSD values of CZT (red) and CZTS (gray) for different dose
rates at 100 V/cm. (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)

which are close to 1, demonstrate the good linearity between the
dose rate and the photocurrent of the CZT and CZTS detectors
biased at 100 V/cm. Because the R? values were calculated from the
mean value of the photocurrent at each dose rate, the RSD value
was considered as a precision check. The RSD values were within
1%, except for the photocurrent of 100 MU/min in the CZT detector.
However, 1.2% of the RSD was distinct, even within the standard
value (1.5%) for evaluating the reproducibility of radiation dose
detector [24—26].

Fig. 4 shows the photocurrent and RSD values at 300 V/cm under
the same conditions. A higher bias voltage improves the path
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Fig. 4. Photocurrent and RSD values of CZT (red) and CZTS (gray) for different dose
rates at 300 V/cm. (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)
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Fig. 5. Photocurrent and RSD values of CZT (red) and CZTS (gray) for different dose
rates at 500 V/cm. (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)

length by increasing the electric field, which improves the charge
collection efficiency (CCE) [27]. Therefore, photocurrent increased
at all dose rates in Fig. 4 compared to those at a lower electric field
(100 V/cm), as shown in Fig. 3. The linearity of each detector was
less obvious than that for 100 V/cm, with linearity of 0.9917 for
CZTS and 0.9940 for CZT. Moreover, the RSD value of CZT was larger
than that shown in Fig. 3, which indicates that the photocurrent
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Fig. 6. Pulse shapes at 500 V/m with various dose rates obtained from (a) CZTS (b) and CZT.

fluctuated in all X-ray shots. When the dose rate was set to 100 MU/
min, RSD value reached 14%, indicating low reproducibility.
Collectively, the characteristics of CZTS were superior to those of
CZT at 300 V/cm despite the lower R? values. As mentioned pre-
viously, R? value was calculated as the mean value of the photo-
current. To observe a detailed effect of voltage variation, we applied
an electric field of 500 V/cm, which is close to the degree of spec-
troscopic characterization.

As shown in Fig. 5, the photocurrent at each dose rate increases
with bias voltage. The linearity and precision of CZT deteriorated
significantly at higher voltages. This stems from the relatively un-
stable nature of CZT at high voltages. An R? value of 0.9373 was
obtained, and RSD values of greater than 1.5% were obtained at 100,
200, 500, and 600 MU/min. In contrast, CZTS exhibited more stable
and prominent characteristics. The photocurrent maintained line-
arity with the dose rate, with an R? value of 0.9968. RSD values
were also within 1.5% for all exposures at different dose rates.

Fig. 6 shows the pulse shapes of CZTS and CZT depending on the
dose rate at 500 V/cm. In both detectors, photocurrent increased
with the dose rate. Simultaneously, the exposure time was short-
ened because the total dose was fixed at 100 MU while the dose rate
varied from 100 to 600 MU/min. However, the incremental in-
tervals of the photocurrents in CZT and CZTS were different, as
shown in Fig. 5. The CZTS photocurrent exhibited small changes at
different dose rates; however, CZT exhibited different pulse shapes
at all dose rates. The pulse shape affects dose detection. Therefore,
an unreproducible pulse shape can serve as an unstable charac-
teristic of CZT detectors (Fig. 5). The stability of an X-ray response
depends on various parameters such as defects, bias voltage, and
incident X-rays. In this case, all conditions were identical, except for
the stoichiometry of the detectors (CZT and CZTS). Therefore, better
response characteristics to X-rays resulted from improved CZTS
properties, including low defect density, reduced subgrain bound-
aries, and networks [14—17]. Interestingly, the corrected photo-
current of CZTS was higher than that of CZT despite the lower
atomic number of Se compared to that of Te. In other words, the
addition of 2% Se does not show a significant decrease in the
collected photocurrent; but rather, the reduced defects by selenium
addition played a greater role in improving X-ray response and
increasing the charge collected by the crystal. Therefore, CZTS is
more suitable as an X-ray dose detector than CZT in terms of
linearity and precision. Moreover, it can be used as an onboard
imager (OBI) for high-energy X-rays when pixelated CZTS detectors
are introduced. Furthermore, the methodology used in this study
can provide guidance for other radiation-dose detectors.

4. Conclusion

In this study, the validity of CZT and CZTS as X-ray dose detectors
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in radiotherapy was confirmed for the first time in terms of line-
arity and precision. Both semiconductors were prepared using the
same process: Bridgman growth, lapping, polishing, chemical
etching, deposition, and passivation. Linearity and precision were
determined using the coefficient of determination (R?) and relative
standard deviation (RSD), respectively. Correction factors were
calculated to calibrate the sample dimensions of two different
samples (CZT and CZTS). The precision of CZTS detector displayed
prominent RSD values of less than 1.5% in all applied electric fields,
whereas the RSD values of CZT fluctuated under some conditions.
The linearity of CZTS at 500 V/cm was sufficient, as confirmed by
the R? value of 0.9968. The pulse shape maintained a similar trend
at dose rates ranging from 100 to 600 MU/min, which may be a
result of the addition of Se to the CdTe matrix to improve properties
such as low defect density and reduced subgrain boundaries and
their networks. Thus, CZTS showed a better response than CZT to
high-energy X-rays used for radiotherapy.
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