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a b s t r a c t

The Cd0.95Mn0.05Te0.98Se0.02 (CMTS) ingot was grown by the vertical Bridgman technique at low pressure.
All wafers showed high resistivity, which suggests potential as a room-temperature semiconductor
detector. The resistivity of the CMTS planar detector was 1.47 � 1010 U$ cm and mobility lifetime product
of electrons was 1.29 � 10�3 cm2/V. The spectroscopic property with Am-241 and Co-57 was evaluated.
The energy resolution about 59.5 keV gamma-ray of Am-241 was 11% and the photo-peak of 122 keV
gamma-ray from Co-57 was clearly distinguished. The result shows the first detector-grade CMTS in the
world and proves CMTS’s potential as a radiation detector operating at room temperature.
© 2022 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

X- and gamma-ray detectors are needed in aerospace, medical
imaging, security, and high energy physics [1e4]. Many candidates
of X- and gamma-ray detectors operate at room temperature (i.e.,
thallium bromide [5], mercuric iodide [6], perovskite [7], and cad-
mium telluride-based semiconductor [8,9]). The most successful
material is cadmium zinc telluride (Cd0.9Zn0.1Te) which is
commercially developed by some vendors. However, CdZnTe has
some problems with Te inclusions, the sub-grain boundary, and the
segregation coefficient of zinc [10e13].

Recently, Roy [14e16] reported on the role of selenium in the
CdTe matrix or CdZnTe materials. The addition of selenium in the
CdTe matrix results in improved compositional uniformity and
reduced defects (dislocation, subgrain boundary) [15]. Additionally,
our team recently reported the PL spectra of CdZnTeSe to show that
the addition of 2% selenium to the CdZnTe materials can improve
the crystalline and eliminate the defect level of 1.1 eV [17]. Mean-
while, the addition of manganese in CdTe could solve the problem
from the segregation coefficient of zinc, because of manganese’s
more stable segregation property (k ¼ 1 in the CdTe matrix). It al-
lows a higher yield of detectors in CdMnTe than in CdZnTe, meaning
a reduction in cost and production of large-volume detectors with
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homogeneity [9,18,19]. Thus, CdMnTeSe is an ideal material with
which the challenging problems of the CdTe-based materials could
be solved. In this experiment, CdMnTeSe crystals were grown using
the vertical Bridgman technique, fabricated to the planar dimen-
sion, and investigated.

2. Experiment

The Cd0.95Mn0.05Te0.98Se0.02 (CMTS) ingot with a 2-inch diam-
eter was grown by the vertical Bridgman technique at low pressure
as shown in Fig. 1. Precursors were stoichiometric amounts of
CdTe(6N), Mn(6N), Te(7N), CdSe(5N), and a few ppm of indium. The
growth and synthesis were done in the carbon-coated quartz cru-
cible. The purpose of carbon-coating is to prevent thermal damage
from the difference in thermal expansion coefficient between the
quartz and CMTS. A series of processes for growing ingot was car-
ried out in a vacuum of less than 2� 10�6 Torr at room temperature.
The sealed crucible was taken into a vertical furnace and heated to
1120◦C for 5 h and kept for 12 h. Super heating and super cooling
were not adopted. A temperature profile was set to avoid the
occurrence of Te precipitate. The temperature gradients for growth
and dropping speed were, respectively, 5-10 K/cm and 2.5 mm/h.
The ingot was cooled down to room temperature for 3 days.

The grown ingot was perpendicularly sliced to wafers every
6.5 mm thickness using a diamond wire saw. Then, specimens with
the same physical dimension were extracted from each wafer to
calculate resistivity related to the position in the ingot. Specimens
with planar dimensions were made from the middle wafer which
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Fig. 2. Resistivity of wafers sliced from the CMTS ingot.
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had the highest resistivity. The cut crystals were mechanically
lapped with sandpaper and polished with an Al2O3 abrasive up to
0.3 mm. The chemical treatment with Br-based etchant was done
and followed by deposition using an AuCl3 solution and passivation
with an ammonium fluoride passivant [20].

The leakage current was measured using Keithley 237 source
measure unit with a range from -300 to 300 V. The spectroscopic
property was taken with Am-241 and Co-57 irradiated to the
cathode side of the detector. The signals generated from the
59.5 keV gamma-ray were obtained from the positively biased
anode electrode. Themobility-lifetime product (mte) was calculated
by Hecht’ equation fitting [21,22]. Components for spectroscopic
measurement were CRZ-110 preamplifier (Cremat Inc.), CR-200
shaping amplifier (Cremat Inc.), Easy-MCA-8k (Amptek), and
Ortec 659 power supply. The shaping time of all measurements was
2 ms. Measurements of the current-voltage curve and pulse height
spectra were done under 25◦C to exclude temperature-induced
effects.

3. Results and discussion

The Bridgman-grown CMTS ingot was sliced into wafers and
entitled from 1 to 9, correspondingwith their order from tip to heel.
In each wafer, planar samples were extracted to measure the
electrical property of the wafers. The samples were fabricated in
the same physical dimension. Au electrodes were then deposited
on both sides of the samples with a fixed size. The leakage current
of each sample was measured in the range of -50 to 50 V. Fig. 2
shows the resistivity of the planar samples, which was calculated
with the measured leakage current. Wafers 1 and 9 were excluded
from the result as were respectively tip and heel. Wafer 4 shows the
highest resistivity among the specimens. The segregation coeffi-
cient of indium dopant in the CdTe matrix differed depending on
concentration but was normally within 0.2 [23,24]. The amount of
indium increases from tip to heel while CMTS maintains its stoi-
chiometric property because of the uniform segregation coefficient
of manganese and selenium [9,25]. Thus, the resistivity of the CMTS
wafer was determined by the position related to the amount of
indium. Among CMTS wafers, wafer 4 is closest to the charge
neutrality compensated by the amount of indium.

The planar CMTS samples fromwafer 4 were made with a series
of fabrications. The samples were treated with the 2% Br-MeOH
solution and passivants following mechanical lapping and polish-
ing. The electroless deposition was conducted on both sides of the
Fig. 1. Photograph of the Cd0.95Mn0.05Te0.98Se0.02:In ingot grown by. the vertical
Bridgman technique at low pressure.
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samples to evaluate the transport property, resistivity, and pulse
height spectrum. Fig. 3 shows the dark current of the representative
sample at the applied bias ranging from -300 to 300 V. The I-V
characteristic represents an almost perfect linear curve, indicating
the formation of ohmic contact [26]. The calculated resistivity of the
sample was 1.47� 1010 U $ cm less than that of CdMnTe in previous
research [9,27]. The other CMTS samples from the same wafer had
similar values of resistivity, possibly from the selenium reducing
the band gap of material in the CdTe matrix [28]. The resistivity
decreases with a decreasing band gap when assuming the full
compensation; however, the resistivity of our samples exceeds the
requirement (>109 U $ cm) for a semiconductor detector operating
Fig. 3. Dark current of the planar CMTS sample ranging from -300 to 300 V.



Fig. 5. Pulse height spectrum of planar CMTS detector irradiated by. Am-241. The
energy resolution at 59.5 keV gamma-rays of Am-241 was 11%.
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at room temperature.
mte is an important parameter to evaluate the transport prop-

erty of a semiconductor detector. A mte of more than 10�3 cm2/V
without additional annealing is normally considered for radiation
detector operating at room temperature and could be calculated
with Hecht’s equation below,Where L is detector thickness, Q is the
collected charge [21].

CCE¼ Q
Q0

¼mteE
L

�
1� exp

�
� L
mteE

��
(1)

mth is excluded because of its little path of hole when low-
energy gamma-rays are irradiated to the cathode. what to sum-
marize the equation (1) as equation for Q and to replace the E as V/L
is the modified Hecht’s equation below [22].
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mte can be calculated with equation (2), when putting peak
centroid and bias voltage into Q and V, respectively. The response of
CMTS irradiated by 59.5 keV gamma-rays of Am241 radioisotope
was measured at various bias voltages. Positions of peak at each
voltage were recorded, which is proportional to charge collection
efficiency. The data were fitted with equation (2) and the result is
shown in Fig. 4. The obtained mte value is 1.29 � 10�3 cm2/V,
making the as-grown CMTS a good candidate for a room-
temperature semiconductor detector.

Fig. 5 represents the spectroscopic property of the planar CMTS
detector about 59.5 keV gamma-rays of Am-241. A 240 V was
applied, at which point the leakage current of the CMTS detector
was about 20 nA as shown in Fig. 3. The energy resolution of
59.5 keV photo-peak is 11%, and the peak of Np L X-ray is also well
distinguished. The spectroscopic property of the CMTS was
serviceable, However, the photo-peak of 59.5 keV is not a perfect
Gaussian shape because of the hole tail on the left side of the photo-
peak.

This hole’s effect is more easily observed in the spectrum of Co-
Fig. 4. A plot of peak centroid of 59.5 keV gamma-ray versus bias. voltage. The
mobility-lifetime product of electrons was calculated to fit the experimental. data
(open circuit) with Hecht’s equation [22].
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57 in Fig. 6. Themeasurement conditions of Co-57were the same as
previously. Themain energy of Co-57 gamma-rays is 122 keVwhich
has a lower attenuation coefficient to CMTS than 59.5 keV gamma-
rays of Am-241 [29], thereby causing the large variation of pene-
trating depth. The interaction point determines the path length of
the carriers generated from the incident gamma-ray. A different
path length influences the collection of holes because of low mth,
Fig. 6. Pulse height spectrum of planar CMTS detector irradiated by Co-57. The effect of
incomplete charge appears.
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while rarely influencing the collection of the electron. In Fig. 6 all
gamma-ray peaks are distinguished and accompanied by the
charge loss from the incomplete charge [30]. Thus, the CMTS de-
tector needs more improvements to be used as a room-
temperature semiconductor detector.

The hole’s low charge collection can be explained in two ways.
First, degradation originates from precursor impurities. The raw
CdSe had a 5N purity, which is lower than that of other materials
(6~7N). Previous research [25] states that the different results of
electrical property were observed during the several growths of
CdZnTeSe due to the specific impurities of CdSe. Second, Te in-
clusions reduce the performance of CdTe-based semiconductor
detectors [31]. Roy [32] stated that the addition of selenium in the
CdTe matrix could reduce the concentration of Te inclusions. But
the outbreak of Te inclusion originated from the locked-up melt of
CdZnTe grown by the Bridgman technique and traveling heater
method [33,34]. It is hard to explain the reduction of Te inclusion
corresponds with the addition of selenium; therefore, grown CMTS
might also be influenced by Te inclusions. Using of CdSe with a
higher purity and two-step annealing [35,36] can enhance perfor-
mance of the CMTS detectors.

4. Summary

CMTS is a good candidate for a gamma-rays detector. Moreover,
CMTS is free from the segregation of zinc because it is replaced with
manganese. This study confirmed that CMTS can operate at room
temperature with good electrical, transport, and spectroscopic
properties. The potential of CMTS as a detector might be addi-
tionally enhanced with an increase in the purity of raw materials
and the two-step annealing process.
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