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	 We grew a Cd0.95Mn0.05Te0.98Se0.02 (CMTS) semiconductor, which is the next-generation 
gamma-ray detector operating at room temperature, via the Bridgman method. During Br 
etching, one of the fabrication processes for CdTe-based semiconductors, a Te-rich layer is 
formed on the surface of the crystal, and this Te-rich surfaces act as the charge carrier source 
and trapping center of photo-generated carriers. To oxidize this Te-rich layer, we introduced 
sodium hypochlorite (NaOCl) and potassium manganate (KMnO4) into CMTS crystals, and 
then characterized the chemical state of the surface via X-ray photoelectron spectroscopy (XPS). 
The spectroscopic properties of the surface-treated CMTS were confirmed, indicating potential 
oxidation when precise passivation was settled.

1.	 Introduction

	 CdMnTeSe (CMTS) semiconductors are one of the promising materials for the room-
temperature semiconductor detector (RTSD) operating for X/γ-ray detection.(1−3) CMTS has 
sufficient potential for the next-generation RTSD among the well-known CdTe-based 
semiconductors,(4−6) such as CdTe, CdZnTe, CdZnTeSe, and CdMnTe, owing to the following 
reasons: The advantages of CMTS are attributed to the homogeneous property of Mn and the 
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defect suppression of Se in the CdTe matrix during crystal growth.(1) There have been no 
mentioned benefits of CdZnTe yet, which is the most typical RTSD, owing to the vertically 
inhomogeneous distribution of zinc(7) and the high partial pressure of cadmium(8) for growth.
	 Despite the potential properties of CMTS, mechanical and structural defects are formed 
during fabrication processes.(9) This is because all CdTe-based semiconductor crystals 
experience the same fabrication processes regardless of their specific stoichiometry and 
composition. Specifically, a Te-rich surface appears during bromine-based chemical etching, 
excites thermal carriers/noise, and leaves the activated immobile ions acting as trapping centers 
for photogenerated charge carriers.(10,11) Such a non-stoichiometric surface requires passivation 
via oxidation in CdTe-based semiconductors. Previously, our team found the novel passivation 
solution based on sodium hypochlorite (NaOCl),(2,10) which guaranteed better spectral 
performance and potentially longer stability. Similarly, Yu et al.(11) have very recently reported 
feasible potassium-based passivants for CdZnTe (CZT), including potassium permanganate 
(KMnO4).
	 In this study, we grew the CMTS ingot via the Bridgman method and processed it into planar 
dimensions. Afterward, we characterized the chemical state of crystal surfaces by X-ray 
photoelectron spectroscopy (XPS) depending on chemical treatments such as chemical etching, 
NaOCl passivation, and KMnO4 passivation. The different oxidation results were compared and 
analyzed with each XPS peak of component atoms. The spectroscopic response of the CMTS 
detector was additionally evaluated before and after KMnO4 passivation. This study will guide 
us for the next passivation study for CdTe-based semiconductors.

2.	 Materials and Methods

2.1	 Crystal growth and semiconductor fabrication

	 A 2 inch Cd0.95Mn0.05Te0.98Se0.02 ingot was grown via the Bridgman method,(2) and the 
grown ingot was wafered with a thickness of 6.5 mm to screen the grain and twin boundaries. 
CMTS single crystals were extracted within the grain of the middle wafers in the CMTS ingot to 
clarify the typical properties of the grown CMTS crystals. The selected crystals were 
mechanically lapped, polished, and chemically etched with 2% Br-MeOH solution as specifically 
described in Ref. 12. Afterward, the AuCl3 solution was selectively pipetted onto the planar 
CMTS crystals as shown in Fig. 1(a). The electrode deposition via the electroless method using 
AuCl3 solution was applied for nuclear detection before and after KMnO4 passivation [Fig. 1(b)], 
while the deposition was skipped for the CMTS sample utilized for XPS analysis. Figures 1(c) 
and 1(d) show the solutions used for passivation on the surface of a Br-etched CMTS crystal. 
Both materials were purchased from Sigma Aldrich. Both materials were weighed and made into 
5% in deionized water as used in previous studies.(10,11) The passivation time was set to 5 min(11) 
for XPS and 3 min for nuclear detection.
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2.2	 Material characterization

	 The binding energy of components in Br-etched/passivated CMTS was examined by XPS 
utilizing NEXSA (Korea Institute of Science and Technology, KIST). The analyzed atoms were 
Cd, Te, Mn, Se, O, and C. A microfocus monochromatic X-ray source (Al-Kα, 1486.6 eV) was 
used for XPS characterization with a sensitivity of 4000 k cps and a focal spot of 10−400 μm. 
XPS analysis was conducted under the high vacuum < 5 × 10−9 mbar. Planar CMTS specimens 
were prepared with different fabrication processes such as Br etching, KMnO4 passivation, and 
NaOCl passivation [Figs. 1(c) and 1(d)]. The immersion times were 60 and 300 s for Br etching 
and both passivation processes, respectively.

2.3	 Nuclear measurement

	 The detection scheme used is shown in Fig. 1(b). The processed CMTS detector was placed in 
its holder, whose signal was directly transferred to the preamplifier (CRZ-110, Cremat Inc.), 
shaper (CR-200, Cremat Inc.), and multichannel analyzer (Easy-MCA-8k, Amptek Inc.). The 
power source used was Matsusada hsx-3r5, which supplied high voltages from 100 to 300 V to 
the planar detector. The positive voltages were applied to the detector and gamma-rays were 
irradiated on the cathode side of the detector. For gamma-ray irradiation, Am-241 radioisotopes 
were used with a gamma-activity of 370 kBq, whose energy is 59.5 keV. The spectroscopic 
measurement was carried out at 25 ℃ to exclude the temperature-dependent variation.

Fig. 1.	 (Color online) Experimental processes for fabrication and spectroscopic characterization. (a) Electroless 
deposition via AuCl3 solution on CMTS crystal, (b) γ-ray detection with nuclear instrumentations, (c) 5% KMnO4 
solution, and (d) 5% NaOCl solution.
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3.	 Results and Discussion

	 Figure 2 presents the XPS spectra of the CdMnTeSe surface under different treatments, 
including only Br etching and the subsequent passivation with NaOCl and KMnO4. In Fig. 2(a), 
the peaks at 572.5 and 582.5 eV correspond to the 3d5/2 and 3d3/2 states of Te in the CdTe lattice, 
respectively.(13,14) Additionally, the peaks at 573.3 and 578.3 eV represent the 3d5/2 and 3d3/2 
states of atomic Te,(10,15,16) while those at 576.0 and 586.0 eV signify the 3d5/2 and 3d3/2 states of 
Te in TeO2.(10,16) The spectra reveal that the Br-etched CMTS exhibits both Te peaks from CdTe 
and atomic Te, indicating a Te-rich surface on CdMnTeSe after Br etching [Figs. 2(a) and 2(b)]. 
After passivation regardless of the passivant type used, the Te metal peak disappeared, and a 
TeO2 peak emerged at 576.0 eV, indicating the oxidation of atomic Te to TeO2. As a result, the Te 
peak from CdTe in NaOCl-passivated CMTS appears to shift to a lower binding energy, actually 
owing to the disappearance of the atomic Te peak (Te(0)) located at a higher binding energy [red 
graph, Fig. 2(a)]. Notably, after KMnO4 treatment, only TeO2 peaks (576.0 and 586.0 eV) were 
left without the Te peak from CdTe. This is attributed to the potent oxidizing ability of KMnO4, 
which can directly oxidize CdTe and atomic Te(0) on the surface.(17) KMnO4 proves highly 
effective in oxidizing the surface compared with conventional NaOCl, while caution is advised 
as excessive use may lead to the direct oxidation and distortion of the CdTe lattice. 
	 Figure 2(c) shows Cd 3d XPS peaks, indicating the chemical state of cadmium on the surface 
of CMTS. The Br-etched CMTS (black graph) shows a binding energy that is slightly lower than 
405.3 eV, which is a typical energy for the Cd peak from CdTe.(16,18,19) It is considered as a 
combination of not only CdTe but also CdBr2 attributed to Br etching, along with the Cd peak in 

Fig. 2.	 (Color online) X-ray photoelectron peaks of CMTS crystals depending on the chemical treatment of 
surface. (a) Te 3d peaks of CMTS crystals. (b) Deconvoluted Te peak of Br-etched CMTS crystal. (c) Cd 3d peaks of 
CMTS crystals. (d) Deconvoluted Cd peak of Br-etched CMTS crystal.
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CdTe [Fig. 2(d)]. The CdBr2 peak disappeared with the introduction of NaOCl passivation, with 
only Gaussian-shaped Cd-Te peaks at 405.3 eV.(19) Herein, it was shown that NaOCl does not 
oxidize the Cd-based materials. However, the KMnO4 passivation [blue graph in Fig. 2(c)] 
caused the shift of Cd peaks into the lower binding energy of 405.0 eV, corresponding to CdO.(20) 
This result indicates that the high oxidizing power of KMnO4 formed CdO on the surface of 
CMTS, not only oxidizing the Te-rich layer. Considering the absence of Te 3d from CdTe [Fig. 
2(a)], the peak area at 405.0 eV was sufficient from cadmium oxide instead of CdTe, depicting 
that structural distortion could occur. 
	 Figure 3(a) illustrates the XPS spectrum of Mn 2p. In both Br etching and NaOCl passivation, 
the Mn 2p3/2 peak at 641.3eV is evident, signifying the presence of Mn in CMTS.(21,22) The Mn 
composition within stoichiometric Cd0.95Mn0.05Te0.98Se0.02 is too small to form the clear peak; 
however, previous studies(2,5) with the same composition (CMTS) also showed a lower Mn peak 
intensity. Additionally, the peak at 652.5 eV is composed of a convolution peak of a small 
quantity of Mn 2p1/2 and a dominant Cd 3p1/2 peak.(2,20) In the case of KMnO4 treatment, it is 
observed that the presence of sufficient area of Mn peaks, as shown in the blue graph in Fig. 3(a), 
indicates that the KMnO4 passivation not only oxidizes tellurium or cadmium but also makes 
Mn invade the semiconductor lattice. Figure 3(b) displays the deconvoluted Mn 2p3/2 peak of the 
KMnO4-passivated CMTS crystal. The peak was divided into various manganese oxide peaks 
such as MnO, Mn2O3, and MnO2, feasibly related to 640.8, 642.0, and 642.8 eV, 
respectively.(23−26) The areal dominance of the Mn 2p3/2 peak was in orders of MnO, Mn2O3, and 
MnO2. 

Fig. 3.	 (Color online) X-ray photoelectron peaks of CMTS crystals depending on the chemical treatment of 
surface. (a) Mn 2p peaks of CMTS crystals. (b) Deconvoluted Mn peak of KMnO4-passivated CMTS crystal. (c) O 
1s peaks of CMTS crystals. (d) Deconvoluted O peak of KMnO4-passivated CMTS crystal.
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	 Figure 3(c) shows the O 1s peaks of Br-etched, NaOCl-passivated, and KMnO4-passivated 
CMTS crystals. The metal-oxide peak is typically located at approximately 530−531 eV. 
However, the Br-etched CMTS does not yield a detectable metal-oxide peak, which corresponds 
to the absence of the TeO2 peak [Fig. 2(a)]. After the introduction of NaOCl passivation on the 
CMTS crystal, the treated surface exhibited a distinct peak at 530.3 eV, indicative of the metal-
oxide peak, which would be attributed to TeO2 as shown in Fig. 2(a). When CMTS was treated 
with KMnO4 [blue graph in Fig. 3(c)], the O 1s peak represents the composite shape different 
from that of NaOCl-passivated CMTS. Figure 3(d) shows the deconvoluted peaks of O 1s in 
KMnO4-passivated CMTS. Passivation with KMnO4 suggests the multi-Gaussian shape of the 
O 1s peak, representing a summation of TeO2, Mn oxide, and CdO.(10,20,27−29) Additionally, the 
peaks and components of MnOOH in O2-(1) and O2-(2) at higher binding energies than metal 
oxide correspond to an increased number of defect sites with low oxygen coordination typically 
observed in materials with small particles.(27−31)

	 Figure 4(a) illustrates the XPS spectrum of Se 3d, depending on the chemical treatment on 
CMTS. In the Br-etched CMTS, the spectrum reveals the presence of atomic selenium [Se(0)] 
alongside CdSe, which constitutes the primary selenium bond.(32−34) In post-passivation with 
NaOCl, the Se(0) signal diminishes, leaving predominantly bound selenium at 54.3 eV. As 
mentioned earlier,(32,33) passivation with KMnO4 disrupts the formation of CdSe bonds, leading 
to the oxidation of Cd to CdO and the formation of MnSe2 with no discernible peak of SeO2.(35,36) 
The carbon peak of CdTe-based semiconductors is typically attributed to the carbon coating on 
the quartz tube for the Bridgman growth of CMTS. In the case of Se, the Br-etched CMTS 
reveals the presence of C-C/C-H at 284.8 eV and C with an OH group at 286.4 eV. Following 

Fig. 4.	 (Color online) X-ray photoelectron peaks of CMTS crystals depending on the chemical treatment of 
surface. (a) Se 3d peaks of CMTS crystals. (b) C 1s peaks of CMTS crystals.
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NaOCl passivation, the OH group diminishes, and a more pronouncedly oxidized C=O/C-O=O 
peak emerges at 288.2 eV. Notably, with KMnO4 passivation, the highest oxidizing power is 
observed, resulting in the robust oxidation of carbon. In contrast to other oxidants, C=O/C-O=O 
peak of KMnO4 exhibits increased intensity.(35,37−39)

	 Figure 5 displays the pulse height spectra obtained using the CMTS detector before and after 
KMnO4 passivation for 300 s. The biased voltages ranged from 100 to 300 V with a step of 50 V. 
The photopeak of 59.5 keV gamma-rays and the Np-L X-ray peak appeared, with the peak 
centroid increasing with the biased voltage regardless of the passivation process used. However, 
after the passivation, both peak centroids decreased differently from that indicated in a previous 
report;(11) We tried the same experiments three times for determining reproducibility, but results 
were the same. This might be from the distortion of the CdTe lattice originating from the high 
oxidizing power of KMnO4 to oxide not only tellurium but also cadmium/manganese. However, 
the previous study suggested that KMnO4-based passivation successfully improved the 
spectroscopic performance of CZT.(11) Although the composition of CZT is slightly different 
from that of CMTS used in this study, the passivation mechanism is primarily attributed to the 
oxidation of tellurium, indicating similarities in performance enhancements. Thus, the 
passivation process via KMnO4 requires fine and precise optimization; however, KMnO4 has 
the potential to be applied as a good passivant due to its strong oxidation and formation of TeO2 
without atomic Te(0).

4.	 Conclusion

	 In this study, we investigated the surface passivation effects of NaOCl and KMnO4 on CMTS 
crystals, with a specific focus on their chemical and structural impacts. NaOCl effectively 
oxidized a Te-rich layer without introducing significant lattice distortions, making it a reliable 
passivant for maintaining detector performance.(2) In contrast, KMnO4, while demonstrating 
superior oxidizing capability, led to the formation of CdO and Mn-based oxides, as well as the 
partial oxidation of the CdTe lattice, resulting in structural distortions that negatively affected 

Fig. 5.	 (Color online) Pulse height spectra obtained with CMTS detector before/after KMnO4 passivation. The 
physical dimensions of the CMTS detector used were 6.0 × 4.5 × 3.3 mm3 (W×D×H).
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spectroscopic performance. These findings highlight the necessity of the precise optimization of 
the KMnO4 passivation process to balance its high oxidizing power with the preservation of 
lattice integrity, thereby ensuring a potential passivation effect for improved detector 
performance.
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