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a b s t r a c t

Several cadmium zinc telluride (CZT) crystals were fabricated into radiation detectors using methods that
included slicing, dicing, lapping, polishing, and chemical etching. A wet passivation with sodium hy-
pochlorite (NaOCl) was then carried out on the Br-etched detectors. The Te-rich layer on the CZT surface
was successfully compensated to the Te oxide layer, which was analyzed with X-ray photoelectron
spectroscopy data of both a Br-etched crystal and a passivated CZT crystals. We confirmed that passiv-
ation with NaOCl improved the transport property by analyzing the mobility-lifetime product and sur-
face recombination velocity. The electrical and spectroscopic properties of large volume detectors were
compared before and after passivation, and then the detectors were observed for a month. Both bar and
quasi-hemispherical detectors show an enhancement in performance after passivation. Thus, we could
identify the effect of NaOCl passivation on large volume CZT detectors.
© 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

Cadmium zinc telluride (CZT) is a promising material for X- and
gamma-ray detectors operating at room temperature [1]. However,
it has an unresolved problem related to its surface treatment.
Chemical etching with bromine, which is one of the fabrications on
CZT, has a selective etching rate on each atom of CZT, resulting in
the formation of a Te-rich layer on the CZT surface [2]. The Te-rich
layer causes high conductivity on the CZT surface and acts as a
trapping center. A representative method to solve the problem
caused by the Te-rich layer is wet passivation, which has been
investigated by many researchers [3e12]. Research shows a
passivation effect mainly on the planar type CZT (or CdTe-based)
detectors. There are few reports of a passivation effect on large-
volume CZT detector (i.e., bar type or quasi-hemispherical). How-
ever, the passivation effect on large volume detectors will be more
effective than passivation effect on small detectors, as they have
wider surfaces and as the effect of passivation works at the surface
of a specimen.

The chemical compounds rich in oxygen are used for passivation
on the Te-rich surfaces of CZT crystals. Potassium hydroxide [3],
by Elsevier Korea LLC. This is an
ammonium fluoride [4e9], ammonium sulfide [10,11], and hydro-
peroxide [4,12] epitomize chemical passivants. The passivant was
proven to reduce the conductivity of the Te-rich layer and increase
the spectroscopic performance of CZT detectors. However, wet-
passivated detectors show degraded properties after a long time
[8]. The phenomenon would occur gradually because of the
passivated- and unstable CZT surface being exposed to ambient air
or moisture. Thus, a novel passivant with long-term stability and an
effective passivation ability (oxidation) needs to be found.

In this study, we investigated the effect of sodium hypochlorite
(NaOCl) on bar and quasi-hemispherical CZT detectors which could
effectively show the influence of passivation because of their wide
surface area.
2. Experiment

The Cd0.9Zn0.1Te ingot was grown by the vertical Bridgman
technique using CdTe(6N), ZnTe(6N), Te(7N) and 0.9 ppm of indium
for compensation. We provide additional information about the
growth of ingot in our previous article [13]. The grown CZT ingot
was cut perpendicularly to the growth direction every 6.5 mm
thickness. Seven CZT crystals were diced from wafers of the ingot,
and crystals of the same characterization were cut from the same
wafer. The CZT crystals were then lapped, mechanically polished by
fine Al2O3 suspension upto 1 mm particle size, chemically polished
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Table 1
Summary of CdZnTe crystals used in this research.

Sample number W � D � H (mm3) Passivation Purpose

D1 5.0 � 5.0 � 2.0 � XPS
D2 5.0 � 5.0 � 2.0 ◦ XPS
D3 6.0 � 6.0 � 3.0 ◦ SRV
D4 6.0 � 5.0 � 2.0 ◦ SRV
D5 6.0 � 5.0 � 2.0 ◦ SRV
D6 5.0 � 5.0 � 12.0 ◦ large volume*
D7 13.0 � 13.0 � 6.5 ◦ large volume*

* passivation effect on large volume CZT by observing electrical and spectroscopic
properties.

Fig. 1. Photograph of the bar type detector with virtual Frisch grid (left) and quasi-
hemispherical type detector (right).

Fig. 2. XPS spectra of Te 3d levels of samples with/without wet passivation in sodium
hypochlorite. Relative areas of Te or Te oxide 3d peaks are different as application of
the wet passivation. Both the non-passivated and passivated samples were analysed 2
weeks after fabrications.
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with 1% Br-ethylene glycol, and etched using a 1% Br-MeOH solu-
tion. The physical dimensions and purposes of the CZT crystals are
summarized in Table 1. Gold electrodes were formed at the crystals
except for D1 and D2 by electroless method with 5% of an AuCl3
solution.

Passivations with NaOCl were conducted for 90 seconds on
crystals D2~7 after the prementioned fabrications. Protection of
electrodes was not applied during passivation. The proper immer-
sion time and long-term stability of NaOCl are ongoing experiments
and will soon be reported.

To identify the formation of Te oxide layers, X-ray photoelectron
spectroscopy (XPS) was done following passivation with NaOCl.
Planar type detectors D3~5were prepared tomeasure themobility-
lifetime product of electrons (mte) and surface recombination ve-
locity (SRV). To calculate mte and SRV, the bias voltages versus the
peak channel number of three detectors were measured before and
after passivation and then fitted by the modified Hecht’s equation
[14] below, where Q0 is the maximum collected charge, s is the SRV,
and L is the thickness of the sample:

h ¼ Q
Q0

¼ 1
1þ s=mE

mtE
L

�
1� exp

�
� L
mtE

��
(1)

The leakage currents of detectors D6 and D7 were measured by
two-probe current-voltage measurement using the Keithley 237
source measure unit. High voltage ranges from -1000 to 1000 V
were applied. Before measuring the spectroscopic property, bar
detector D6 was fabricated with a virtual Frisch grid, which is made
up of an ultra-thin shrink tube (Norson MEDICAL) and an
aluminum shielding electrode. The shielding electrode with 3 mm
width was located adjacently to the cathode and grounded with
aluminum tape. The pulse height spectra of detectors D6 and D7
were obtained with Cs-137 radio-isotope irradiated to the cathode
side of the detectors. The signals were obtained from a positively
biased anode electrode. The nuclear instruments used for detecting
gamma-rays emitted from the Cs-137 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. The electrical and spectroscopic properties
of detectors D6 and D7were observed for amonth after passivation.
All measurements were done within a range of 25 to 27 ◦C to
exclude temperature-induced effects (Fig. 1).
3. Results and discussion

Te and Te oxide are dominant species that show the effect of
passivation on the surface of CZT [3]; thus, Te peaks in XPS are
proper to showwhether the passivant works well. Fig. 2 represents
the Te 3d peaks at binding energies of 583 eV and 573 eV and TeO2
3d peaks at binding energies of 586 eV and 576 eV [15]. The XPS
spectrum of the Br-etched (without passivation) sample D1 shows
a relatively small area of TeO2 peaks (586, 576 eV). Contrastingly,
the XPS spectrum of the passivated sample D2 displays a higher
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proportion of TeO2 peaks than Te 3d peaks (583, 573 eV). This
finding means that the NaOCl passivant is effective at forming the
Te oxide on the surface of the as-grown and Br-etched CZT.

According to previous research [10,11], wet passivation with
ammonium sulfide improves the transport property of CdTe-based
semiconductor detectors. To see whether NaOCl has the same ef-
fect, samples D3~5 were preparedwith planar dimensions. The bias
voltage versus peak channel number of the detectors wasmeasured
for fitting using the modified Hecht’s equation. Fig. 3 shows the
charge collection efficiency of detector D3 before and after
passivation with NaOCl. Following passivation, the induced charge
slightly increased at the entire range of voltage. This finding means
that trapping and recombination of charge carriers diminished
following passivation. The difference between the induced charges
before and after passivation converged to zero with increasing
voltage. mte was enhanced from 0.88 � 10�3 to 0.95 � 10�3 cm2/V
following passivation. The transport properties according to the
presence or absence of passivation in three detectors are shown in



Fig. 3. A plot of bias voltages vs. induced charge from 59.5 keV gamma-ray in planar
detector D3. Solid line is the fitting the experimental data with the modified Hecht’s
equation.

Table 2
s
m
and mte values of detectors before/after passivation. All values were calculated

with the modified Hecht’s equation.

mte value s/m value

Sample Before After Before After

D3 0.88 � 10�3 0.95 � 10�3 37.8 36.3
D4 0.96 � 10�3 1.07 � 10�3 63.6 55.3
D5 1.29 � 10�3 1.56 � 10�3 35.4 28.5

Fig. 4. Leakage current of (a) the bar type detector D6 and (b) the quasi-hemispherical
type detector D7 in the range of -1000 ~ 1000 V as a progress of passivation.
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Table 2. The mte of detectors D4 and D5 improved following
passivation, which was the same result as that of detector D3.

Table 2 shows the s/m values of detectors D3~5 fittedwith eq. (1).
Calculating the exact SRV (s) value with eq. (1) is challenging
because mobility and lifetime cannot be, respectively, divided and
identified in the equation. However, we can infer the variation of
SRV (s) before and after passivation through the s/m value. Mobility
(m) is constant in the s/m value before and after passivation because
passivation does not influence the mobility of CZT. In all detectors,
s/m decreased, meaning the SRV values of detectors D3~5 decreased
because of passivation. The results in Table 2 prove that the NaOCl
passivant can improve the transport property of CZT the way a
conventional passivant can [10,11].

A passivation on large-volume detectors D6 and D7 was carried
out. After passivation, electrical and spectroscopic properties were
measured and compared with the results before passivation. Fig. 4
shows the leakage current of detectors D6 and D7 at a voltage range
from -1000 to 1000 V. The leakage current of both detectors
dramatically reduced following passivation and were then kept
stable for a month.

Fig. 5 shows the spectroscopic properties of detectors D6 and D7
in refard to gamma-rays emitted from Cs-137 for amonth following
passivation. For every measurement, the electrical field was set the
same and the virtual Frisch grid of detector D6 was equally
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fabricated. In Fig. 5 (a) and (b), the as-grown state displays a worse
shape of spectra than after passivation. Even the quasi-hemi-
spherical type D7 detector did not have any Compton edge at the
as-grown state. However, the spectroscopic properties of both de-
tectors were restored after passivation, and their improved prop-
erties were then maintained for a month. Table 2 shows that
passivationwith NaOCl can improve carrier transport properties by
reducing the SRV. High SRV causes carrier loss with ease, resulting
in charge loss or count loss. In addition, recombination causes an
incomplete charge collection, thereby causing a lost charge and a
broadened peak [16]. Thus, the deteriorated shape of photo-peak in
the as-grown D6 detector and Compton edge of as-grown D7 de-
tector would be due to the recombination from a high SRV. Because



Fig. 5. Variation of spectroscopic property for Cs-137 obtained with (a) the bar type
CZT detector D6 and (b) the quasi-hemispherical type CZT detector D7 for a month.
High voltage was not adopted to each detector before passivation, so relatively low
voltage was selected and biased to the detectors.

Fig. 6. Variation of spectroscopic property for Cs-137 obtained with (a) the bar type
CZT detector D6 and (b) the quasi-hemispherical type CZT detector D7 for a month.
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the SRV decreased after wet passivation, the photo-peaks in Fig. 5
(a) became sharp with an energy resolution (ER) from 9.8 % to 5.8
% at maximum. In the same concept, the backscatter peak of 184
keV and Compton edge of 477 keV in Fig. 5 (b) did not appear
clearly because their signals were distorted by the charge loss from
the high SRV. However, following passivation, the Compton edge
and backscatter peak appeared and then preserved their restored
shapes for a month.

After passivation, detectors D6 and D7 became acceptable for
the higher bias voltage thanwhat had been applied at the as-grown
state. Fig. 6 shows the obvious stability of passivation with pulse
height spectra at a higher electric field than previously. In Fig. 6 (a),
the improved ER of detector D6 was kept stable for a month, fluc-
tuating only from 4.5% to 5.2%. This degree could result from the
4623
temperature which varied from 25 to 27 �C for the period of
observation. In Fig. 6 (b), the ER of detector D7 ranged from 2.6% to
3.2%. In both detectors, the spectroscopic properties were kept
stable for a month with high ER, as the tendency of leakage current
in Fig. 4 did. Consequently, wet passivation with NaOCl was effec-
tive improving the spectroscopic performance of large-volume CZT
detectors. In this study, the effect of passivation on large-volume
CZT detectors was investigated. Passivation with NaOCl enhanced
the resistivity of the samples by forming Te oxide on the CZT sur-
face. Moreover, an improvement in transport properties and a
reduction in surface recombination were also identified following
passivation. The spectroscopic properties of passivated detectors
D6 and D7 improved. Wet passivationwith NaOCl iS a goodmethod
for compensating the Te-rich surface of large volume CZT detectors,
thereby improving spectroscopic performance.
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4. Conclusion

A novel NaOCl passivant was introduced in this study. It shows
the increased intensity of TeO2 peaks in XPS, meaning successful
passivation. In the bias voltage versus induced charge graph, the
full collected charge at 300 V did not change despite passivation.
However, the induced charge increased at lower bias voltages after
passivation. This finding means that charge loss and defect density
were reduced possibly because of the Te-rich layer, as passivation
influences only the CZT surface. In conclusion, passivation with
NaOCl could compensate for the Te-rich layer and improve the
electrical, transport, and spectroscopic properties of large-volume
CZT detectors. These results correspond with the compensation of
the Te-rich layer and can, thus, be applied to the other CdTe-based
semiconductor detectors.
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