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ABSTRACT
Mechanically polishing cadmium zinc telluride (CdZnTe) wafers for X-ray and gamma-ray detectors often is
inadequate in removing surface defects caused by cutting them from the ingots. Fabrication-induced defects, such
as surface roughness, dangling bonds, and nonstoichiometric surfaces, often are reduced through polishing and
etching the surface. In our earlier studies of mechanical polishing with alumina-powder, etching with hydrogen
bromide in hydrogen peroxide solution, and chemo-mechanical polishing with bromine-methanol-ethylene glycol
solution, we found the chemo-mechanical polishing process produced the least surface leakage current. In this
research, we focused on using two chemicals to chemo-mechanically polish the CdZnTe wafers after mechanical
polishing, viz., bromine-methanol-ethylene glycol (BME) solution, and hydrogen bromide (HBr) in a hydrogen
peroxide and ethylene-glycol solution. We used X-ray photoelectron spectroscopy (XPS), current-voltage (I-V)
measurements, and Am-241 spectral-response measurements to characterize and compare the effects of each
solution. The results show that the HBr-based solution produced lower leakage current than the BME solution.
Results from using the same chemo-mechanical polishing solution on two samples confirmed that the surface
treatment affects the bulk current. XPS results indicate that the tellurium-oxide to tellurium peaks ratios for the
mechanical polishing process were reduced significantly by chemo-mechanical polishing using the BME solution
(78.9% for Te3ds,0, and 76.7% for Te3ds,0,) compared to the HBr-based solution (27.6% for Te3ds,0, and
35.8% for Te3ds,0,). Spectral-response measurements showed that the 59.5-keV peak of Am-241 remained under
the same channel number for all three CdZnTe samples. While the BME-based solution gave a better performance
of 7.15% FWHM compared to 7.59% FWHM for the HBr-based solution, the latter showed a smaller variation in

performance of 0.39% FWHM over seven days compared to 0.69% for the BME-based solution.
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INTRODUCTION

Cadmium Zinc Telluride (CdznTe) has found applications in room-temperature X-ray and gamma-ray
detections in radiation monitoring,"* and it has very high potential in nuclear medicine,® medical imaging systems,®
astrophysics,” nuclear nonproliferation, and national security. However, its performance still is limited by bulk- and
surface-defects. The latter often come from the surface-fabrication processes employed, and they contribute to
surface- and bulk-leakage currents that produce electronic noise, which degrades the energy resolution in CdZnTe
X-ray and gamma-ray detectors.>*® While bulk leakage current depends on the crystal’s quality, the surface leakage
current mainly is caused by surface roughness, dangling bonds, and the non-stoichiometric surfaces formed when
cutting detector wafers from the as-grown crystal ingots. The surface properties of CdZnTe detectors influence the
electric fields inside the wafers, and thus significantly affect the charge transport in radiation detectors."**? A rough
surface increases the leakage current and creates additional trapping centers that adversely affects the detector’s
performance.’® Therefore, it is important to study surface processes and identify methods that produce the best
surfaces for an optimum detection performance.

The fabrication-induced defects often can be reduced through surface polishing and etching. The usual
practice is to mechanically polish the surfaces of the wafers with silicon-carbide abrasive papers, starting with a low
grade of about 600 grits up to a high grade of about 12 grits, so to produce smooth surfaces. Further smoothening is
accomplished by fine polishing with 3.0- to about 0.3-micron alumina powder (Al,O3) on a multi-tex pad. To
remove residual damages to the mechanical surfaces, the wafer is chemically etched in bromine-methanol- or
hydrogen-bromide-based solutions. In previous experiments, our results from atomic force microscopy (AFM)
showed that the surface-area roughness of the CdznTe wafer was reduced from 9.25 nm root mean square (RMS)
for mechanical polishing, to 2.50 nm RMS after etching in 2% bromine-methanol solution.** However, chemical
etching of CdZnTe wafers was observed to result in a Te-rich surface layer that is subject to oxidation.®** It also
was reported that CdZnTe wafers with gold electrical contacts gave lower surface currents with mechanically
polished samples compared to those that were mechanically polished followed by etching in 1% bromine-methanol
solution.®

15,16

Recently, we have worked on improving the etching process,™ as well as replacing the chemical etching

17,18

step in fabricating the device with chemo-mechanical polishing. Since bromine-methanol solution induces

surface features that makes them more conductive,® we explored ways to minimize the usage of bromine and also



find alternative etchants by using 1) a bromine-based passivated etchant where the residual Br is removed from the
surfaces to generate nonconductive smooth surfaces, and, 2) non-bromine-based etchants for treating the polished
surfaces.”® Our results showed that the Am-241 spectral energy resolution of 20% after only mechanically polishing
of the detector was improved to 19% by using this process with a variable ratio of hydrogen bromide, hydrogen
peroxide, and ethylene glycol, and a 23% energy resolution for only mechanically polishing, the detector was
improved to 17% by using a mix of potassium dichromate, nitric acid, and ethylene glycol solution.”® In the present
experiments, we compared the effects of using two chemicals to chemo-mechanically polish CdZnTe wafers after
mechanical polishing, viz., 1) bromine-methanol-ethylene glycol (BME) solution, and, 2) hydrogen bromide in

hydrogen peroxide and ethylene glycol (HBr + H,O, + C,Hg0O,) solution.

EXPERIMENTAL PROCEDURES

Chemo-mechanical Polishing Using BME- and HBr-based Solutions

Three samples of 6.4 x 6.4 x 2.8 mm® were sliced from a detector-grade CdZnTe wafer grown by the
Bridgman method. All three, Al, A2, and A3, were mechanically polished with 800-grit and 1200-grit silicon-
carbide abrasive papers, then were polished in 3.0- and 0.9-micron alumina powder (Al,O3). Samples A2 and A3
were further polished chemo-mechanically using respectively, 1) a bromine-methanol-ethylene glycol (BME)
solution, and 2) hydrogen bromide in hydrogen peroxide and ethylene glycol solution. Sample Al was kept as the
control.

We earlier reported the results from a set of experiments, in which we used three CdZnTe samples, each 5 x
5 x 2 mm®, to investigate three processes: Process P1: Mechanically polished with a 0.9-um alumina powder
finishing; Process P2: Mechanically polished with a 0.9-pm alumina powder and etched with hydrogen bromide in
hydrogen peroxide solution for 2 minutes; and, Process P3: Mechanically polished with a 0.9-um alumina powder
and chemo-mechanically polished with bromine-methanol-ethylene glycol solution.'” Results from the images of
the surfaces are presented in this paper.

We undertook an X-ray photoelectron spectroscopy (XPS) experiment using a RHK Technology UHV
7500 system in an ultrahigh-vacuum setup at a pressure below 8 x 10™° Pa to scan for peaks of cadmium (Cd),

tellurium (Te), and tellurium oxide (TeO,) on the surfaces of the samples. The XPS chamber was equipped with a



dual Al/Mg X-ray gun and a source from an argon-ion sputtering system. The measurements were acquired through
the aluminum X-ray source immediately after polishing each surface.

To measure the bulk leakage current, gold electrical contacts were deposited on the centers of the two
opposite planar surfaces of each CdZnTe wafer using a 5% gold chloride (AuCls) solution that we placed on the
detectors’ surface using a special pipette. In our technique, it is easy to prevent the AuCl; solution from spilling
over on to other surfaces. The gold contact is formed within 15 to 30 s, after which the excess solution in the AuCls
droplet is removed in two steps. First, a felt paper is used to absorb the excess AuCl; solution without touching the
detector’s surface. Immediately afterwards, we dipped the detector into deionized water, and then quickly blow-
dried it with pressurized nitrogen gas. The current-voltage (I-V) measurements were acquired using a customized
current-voltage probe in a metal box coupled to a Keithley Picoammeter/Voltage Source. The process for measuring
surface leakage current differs in that two parallel strips of gold contact are deposited on the same planar surface of
the detector using a lithographic technique.

To assess the performances of the detectors after each of the surface polishing techniques, we measured the
spectral responses of the three samples for Am-241 at an applied voltage of 200 V. In these measurements, a
standard eV Products brass holder was used to secure the detector against a beryllium window with a gold-plated
spring contact. The brass holder was connected to a multi-channel analyzer (MCA) through a pre-amplifier and a
shaping amplifier. The detector’s response signal generated from irradiation from a sealed Am-241 gamma-ray

source was recorded through the MCA, and stored for processing and analysis.

Chemo-Mechanical Polishing and Bulk Leakage Current

During bulk 1-V measurements, we observed that the bulk leakage current changes as a result of the chemo-
mechanical polishing process. In principle, it is expected that surface treatment would only affect the surface
leakage current and not both surface and bulk leakage currents. In order to confirm that the change of the bulk
leakage current comes from the chemo-mechanical polishing process rather than the CdZnTe samples themselves,
we performed further experiments on two wafers (samples A4 and A5) sliced from the same region of the ingot.

First, the two detector grade CdZnTe samples A4 and A5 were mechanically polished with 800-grit and
1200-grit silicon-carbide abrasive papers, followed by fine polishing in 3.0- and 0.9-micron alumina powder. Next,

sample A4 was kept as control and sample A5 was chemo-mechanically polished using bromine-methanol-ethylene



glycol solution. Gold contacts were deposited on the opposite planer surfaces of each sample. Bulk I-V
measurements were then carried out on samples A4 and A5 using a Keithley Picoammeter/Voltage Source. Next,
detector’s response signals generated from irradiation from a sealed Am-241 gamma-ray source was recorded for
both samples. We then striped the gold contacts from the two wafers and repeated the experiments with the two
samples switched: sample A5 now serve as control and sample A4 was chemo-mechanically polished using

bromine-methanol-ethylene glycol solution after mechanical polishing of the sample.

RESULTS AND DISCUSSION

Images of Polished, Etched and Chemo-Mechanically Polished Surfaces

Figure 1 shows the images of polished, etched, and chemo-mechanically polished surfaces using an optical
microscope fitted with a CCD camera for the three processes: Mechanically polished with a 0.9-um alumina powder
finishing (P1), mechanically polished with a 0.9-um alumina powder and etched with hydrogen bromide in
hydrogen peroxide solution for 2 minutes (P2), and mechanically polished with a 0.9-um alumina powder and
chemo-mechanically polished with bromine-methanol-ethylene glycol solution (P3). The surface that was
smoothest was the chemo-mechanically polished one. Atomic force microscopy (AFM) of the three surfaces showed
roughness of 3.76 nm, 37.35 nm, and 1.97 nm for P1, P2 and P3 respectively.!” The roughness of the surfaces plays
an important role in the amount of leakage current and charges that are trapped. The rougher surfaces, enhance more
leakage current that goes into the detector medium and also create additional charge-carrier trapping centers that

result in degrading energy resolution and large low-energy tail of photopeaks.®*

While mechanical polishing
removes defects mostly introduced during cutting and dicing of the wafers, it also create new defects on the polished
surface that contribute to the trapping of charge carriers.”® Increased surface roughness leads to more carriers

contributing to the dark current and thus lowers the signal-to-noise ratio, which in turn lowers the spectral resolution

of the detector.

Surface and Bulk Leakage Currents
Surface leakage currents were measured processes P1, P2, and P3. The results, shown in Fig. 2, indicate

that chemo-mechanical polishing with bromine-methanol-ethylene glycol solution was the best method of the three



for reducing surface leakage current; currents at 20 volts were 1.44 nA, 0.23 nA, and 0.03 nA for P1, P2, and P3
respectively. Unlike the increase in surface current caused by etching with bromine methanol solution as shown in
Fig. 2, and similar to reports by others®'® we observed a decrease in the surface current after using chemo-
mechanical polishing with a bromine-methanol-ethylene glycol solution. Zha et al. studied the effect of etching
with bromine methanol solution in more detail.’®?° In our experiment, we found that chemo-mechanical polishing
process was the most effective in reducing the surface leakage current. Therefore, in addition to the surface
roughness, the surface species could also affect the amount of surface leakage current.

Measurements of the bulk leakage currents were made to compare two chemical solutions for the chemo-
mechanical polishing process. Bulk voltage-current measurements were made for samples Al, A2 and A3,
corresponding respectively to mechanically polishing in 0.9-micron alumina powder, chemo-mechanically polishing
in bromine-methanol-ethylene glycol solution, and chemo-mechanically polishing in hydrogen bromide in hydrogen
peroxide and ethylene glycol solution. The resistivity of each of the CdZnTe samples is of the order of 10*° Q-cm.
As shown in Fig. 3, the hydrogen bromide-based solution produced lower bulk leakage currents compared to the
bromine-methanol-ethylene glycol solution. Since these three samples may have different bulk properties, we further
used the same chemo-mechanical polishing solution (bromine-methanol-ethylene glycol) on two samples (A4 and
Ab) sliced from the same region of the CdZnTe ingot.

While it is expected from principles that surface treatment would only affect the surface leakage current
and not bulk resistivity, our experimental results showed changes to the bulk leakage current. The results of treating
the two CdzZnTe samples A4 and A5 with the same chemo-mechanical polishing solution (Figs. 4 and 5) showed
that the experiment is repeatable. The bulk I-V curves of samples A5 chemo-mechanically polished using bromine-
methanol-ethylene glycol while sample A4 serving as control is shown in Fig. 4. Similar results are shown in Fig. 5
with the two samples switched: sample A5 (mechanical polishing only) serving as control and sample A
(mechanical polished followed by chemo-mechanically polished). The results in both Figs. 4 and 5 confirmed that
the change of the bulk leakage current comes from the chemo-mechanical polishing process rather than the CdZnTe
samples themselves. This result could be attributed to the effect of the surface treatment (chemo-mechanical
polishing) on the electric field created in the bulk of the CdZnTe wafers. The effects of surface roughness and
material-composition on charge trapping influences the amount of charges collected at the electrodes, hence the

change in the recorded bulk leakage current.



Surface Composition Analysis

The dominant species on various polished surfaces were determined by XPS experiments. The results are
shown in Figs. 6 and 7. Figure 6 shows the XPS spectra of the Te 3d bands of the CdZnTe samples: Al
(mechanically polished in 0.9-micron alumina powder); A2 (chemo-mechanically polishing in bromine-methanol-
ethylene glycol solution); and A3 (chemo-mechanically polishing in hydrogen bromide in hydrogen peroxide and
ethylene glycol solution). The Te 3d doublet corresponding to the Te elemental state was found on the three
samples at binding energies of approximately 572 eV and 583 eV. Two additional peaks appeared at higher binding
energies of approximately 576 eV and 587 eV, close to the Te 3d doublet, that reflects the generation of the TeO,
state. The tellurium-oxide peaks Te3ds,0, and Te3ds,O, are prominent on the CdZnTe sample that was
mechanically polished in 0.9-micron alumina powder (Al) and the sample that was chemo-mechanically polished in
hydrogen bromide in hydrogen peroxide and ethylene glycol solution (A3). As shown in Tables | and Il, these
tellurium-oxide peaks were lower in the CdZnTe sample that was chemo-mechanically polishing in bromine-
methanol-ethylene glycol solution (A2). Each peak-height in Tables | and Il was measured from the base of the peak
and not from zero intensity. The tellurium-oxide to tellurium peaks ratios for the mechanical polishing process were
reduced significantly by chemo-mechanical polishing using the BME solution (78.9% for Te3ds,0, and 76.7% for
Te3ds,0,) compared to the HBr-based solution (27.6% for Te3ds,0, and 35.8% for Te3d;,0,). Thus, the latter
treatment is more effective in limiting the production of TeO, than was the HBr-based solution. The XPS spectra in
Fig. 7 revealed prominent Cd3ds, and Cd3ds, peaks at about 407 eV and 412 eV, corresponding with the elemental
peak of cadmium. The Cd peaks remained fairly stable for the three samples, thus indicating no significant changes

in the Cd peaks were caused by each of the chemo-mechanical polishing solutions.

Detectors’ Performance

The Am-241 spectral responses were recorded for the CdZnTe samples that were mechanical polished with
0.9-micron alumina powder (Al), chemo-mechanically polished with bromine-methanol-ethylene glycol solution
(A2), and chemo-mechanically polished with hydrogen bromide in hydrogen peroxide and ethylene glycol solution
(A3). Figure 8 shows these spectra, displaying the 59.5-keV peak of Am-241. The 59.5-keV peak was stable under

the same channel for all three samples, but the three samples have slight difference in their spectral performance as



evidenced by the full-width-at-half-maximum (FWHM) values in Fig. 8. A calculation of the spectral response
using the nearest whole-channel numbers gives a 7.5% FWHM for the 59.5-keV peak of Am-241 for each of the
samples. Thus, it is necessary to more precisely calculate the FWHM by extrapolating the fraction of channel
numbers that correspond exactly to the FWHM. This approach is the correct one since the channel numbers
correspond to energies. After obtaining the counts corresponding to half of the peak count, the FWHM channels
then were extrapolated from the nearest recorded counts below and above them, and their corresponding channel
numbers. The result gives 7.67% FWHM for mechanical polishing, 7.15% FWHM for BME-based chemo-
mechanical polishing, and 7.59% FWHM for HBr-based chemo-mechanical polishing.

The results of monitoring the Am-241 spectral response over seven days for CdZnTe samples chemo-
mechanically polished in BME-based solution and HBr-based solution are shown, respectively, in Figs. 9 and 10.
The 59.5-keV peak of Am-241 was stable under one channel number over seven days for both chemicals. The
variation in the FWHM for the BME-based chemo-mechanically polished CdZnTe detectors over the seven days is
0.69%, with a continuous decrease in performance (6.72%, 7.02%, 7.17%, and 7.41% for days 1, 3, 4, and 7,
respectively). In contrast, the variation in the FWHM for the HBr-based chemo-mechanically polished CdZnTe
detectors was 0.39% and improved each day, increasing after day 4. These results show that measurements of
spectral response over long periods are need to better understand the long-term effects of surface chemo-mechanical

polishing and chemical treatments on the performance of CdZnTe detectors.

CONCLUSIONS

We detailed the effects of mechanical polishing, chemical etching, and chemo-mechanical polishing on the
performance of CdZnTe nuclear detectors. Then, we compared the outcomes for two chemo-chemical polishing
solutions. The increase in surface current caused by etching with bromine methanol solution as reported in the
literature,®'® was greatly reduced in our experiments by lowering the effect of bromine by using a bromine-
methanol-ethylene glycol solution — this yielded a current of 0.23 nA compared to mechanical polishing with 1.44
nA for the applied voltage of 20 V. Chemo-mechanical polishing with bromine-methanol-ethylene glycol solution
reduced the surface current further to 0.02 nA at 20 V, thus proving that chemo-mechanical polishing is the most
effective among the solutions studied in reducing the surface leakage current. Comparing the chemo-chemical

polishing solutions showed that hydrogen bromide-based solution produced lower bulk leakage currents than did



bromine-methanol-ethylene glycol solution. However, our XPS spectra records revealed that chemo-mechanical
polishing with bromine-methanol-ethylene glycol solution is more effective in limiting the production of TeO, than
is that with the HBr-based solution. Since the three samples for the measurement may have different bulk properties,
we further used the same chemo-mechanical polishing solution (bromine-methanol-ethylene glycol) on two samples
(A4 and AD5) sliced from the same region of the CdZnTe ingot, and the results confirmed that the surface treatment
affects the bulk current. This result could be attributed to the effects of surface roughness and material-composition
on charge-trapping which in turn influences the amount of charges collected at the electrodes, hence the change in
the recorded bulk leakage current. Spectral-response measurements showed that the 59.5-keV peak of Am-241
remained under the same channel number for CdZnTe samples that were mechanically polished, chemo-mechanical
polished with hydrogen bromide-based solution, and chemo-mechanically polished with bromine-methanol-ethylene
glycol solution. While the BME-based solution gave a better performance of 7.15% FWHM compared to 7.59%
FWHM for the HBr-based solution, the latter treatment resulted in a smaller variation in performance of 0.39%

FWHM over seven days compared to 0.69% for the BME-based solution.
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TABLES

Table 1. XPS spectral intensities — comparison of reduction in Te3d3,0, to Te3ds, peaks height ratio by chemo-

mechanical polishing of CdZnTe surfaces using BME and HBr-based solutions.

Te3dy, Peaks  Te3ds,0, Peaks  Te3ds,0,/Te3ds,
Surface Polishing
Height (a.u.) Height (a.u.) Peaks Height Ratio

Mechanical 10500 4500 0.53
BME Chemo-mechanical 15000 1500 0.10
HBr Chemo-mechanical 20000 5500 0.28

Table Il. XPS spectral intensities — comparison of reduction in Te3ds,0, to Te3ds, peaks height ratio by chemo-

mechanical polishing of CdZnTe surfaces using BME and HBr-based solutions.

Te3ds;, Peaks Te3ds,O, Peaks  Te3ds,0,/Te3ds),
Surface Polishing
Height (a.u.) Height (a.u.) Peaks Height Ratio

Mechanical 15900 7100 0.45
BME Chemo-mechanical 23300 2200 0.09
HBr Chemo-mechanical 32500 10500 0.32
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FIGURES

©

Fig. 1. Optical images of polished, etched, and chemo-mechanically polished CdZnTe wafers using an optical

microscope fitted with a CCD camera. (a) Mechanically polished with a 0.9-um alumina powder finishing. (b)
Mechanically polished with a 0.9-um alumina powder and etched with hydrogen bromide in hydrogen peroxide
solution for 2 minutes. (c) Mechanically polished with a 0.9-pm alumina powder and chemo-mechanically polished

with bromine-methanol-ethylene glycol solution.
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Fig. 2. Surface leakage current for CdZnTe wafers mechanical polished (with a 0.9-pm alumina powder finishing),
chemical etched (with hydrogen bromide in hydrogen peroxide solution for 2 minutes), and chemo-mechanically

polished (bromine-methanol-ethylene glycol solution).
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Fig. 3. Bulk voltage-current measurements for CdZnTe wafers mechanically polished in 0.9-micron alumina
powder, chemo-mechanically polished in bromine-methanol-ethylene glycol solution, and chemo-mechanically

polished in hydrogen bromide in hydrogen peroxide and ethylene glycol solution.
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Fig. 4. Bulk voltage-current measurements for CdZnTe Sample A4 as control sample (mechanically polished only)

and Sample A5 (mechanically polished followed with chemo-mechanically polished in bromine-methanol-ethylene

glycol solution).
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Fig. 5. Bulk voltage-current measurements for CdZnTe Sample A5 as control sample (mechanically polished only)
and Sample A4 (mechanically polished followed with chemo-mechanically polished in bromine-methanol-ethylene

glycol solution).
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Fig. 6. XPS spectra showing the TeO, peaks for CdZnTe wafers mechanically polished in 0.9-micron alumina
powder, chemo-mechanically polishing in bromine-methanol-ethylene glycol solution, and chemo-mechanically

polished in hydrogen bromide in hydrogen peroxide and ethylene glycol solution.
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Fig. 7. XPS spectra showing Cd3ds, and Cd3ds, peaks for CdZnTe wafers mechanically polished in 0.9-micron
alumina powder, chemo-mechanically polished in bromine-methanol-ethylene glycol solution, and chemo-

mechanically polished in hydrogen bromide in hydrogen peroxide and ethylene glycol solution.

16



Am-241 peak
6
----------- Mechanical polishing
5 (7.67% FWHM)
BME chemo-mechanical
4

polishing (7.15% FWHM)

—-—-— HBr chemo-mechanical
polishing (7.59% FWHM)

Counts x 104
w

0 Eonikh
10 20 30 40 50 60 70 80 90 100 110 120

Channel Number

o

Fig. 8. Am-241 spectral responses of CdZnTe detectors mechanically polished in 0.9-micron alumina powder,
chemo-mechanically polished in bromine-methanol-ethylene glycol solution, and chemo-mechanically polished in

hydrogen bromide in hydrogen peroxide and ethylene glycol solution.
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Fig. 9. Am-241 spectral responses over seven days for a CdZnTe detector chemo-mechanically polished in
bromine-methanol-ethylene glycol solution. The variation in FWHM over seven days is 0.69% with a continuous

decrease in performance.
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Fig. 10. Am-241 spectral responses over seven days for a CdZnTe detector chemo-mechanically polished in
hydrogen bromide in hydrogen peroxide and ethylene-glycol solution. The variation in FWHM is 0.39% over seven

days. The performance improved each day and increased after day 4.
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