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ABSTRACT: Iron pyrite [cubic FeS2 (cFeS2)] is considered as an earth-abundant and low-cost thin-
film photovoltaic material. However, the conversion efficiency of cFeS2-based solar cells remains
below 3%. To elucidate this limitation, we evaluate the optical and electrical characteristics of cFeS2
single crystals that are grown using the flux method, thus providing us an understanding of the
electron transport behavior of cFeS2 single crystals. The oxide layer on the surface of cFeS2, which
can possibly have an influence on the electrical characteristics of cFeS2, is removed prior to
characterization via optical spectroscopy and electrical transport measurement. The optical property
of cFeS2 was found to have both indirect and direct transitions. We also observed the presence of a
band tail below the conduction band. The obtained electrical transport behavior indicates that cFeS2
bulk exhibits a high defect density and a disordered phase, thus leading to the hopping conduction
mechanism. Our results will pave the way for the development of photovoltaic applications with iron
pyrite.

1. INTRODUCTION

Iron pyrite [cubic FeS2 (cFeS2)] has been recognized as a
semiconductor that exhibits excellent potential as a photo-
voltaic (PV) material since it has a band gap of about 0.95 eV.
Such a band gap value is suitable for PV application. In
addition, cFeS2 exhibits a particularly remarkable optical
absorption characteristic [optical absorption coefficient (α) >
105 cm−1 above 1.2 eV].1,2 This characteristic indicates that a
film thickness of about 100 nm can absorb 90% or more of the
incident sunlight. Bulk n-type cFeS2 single crystals can have
high majority carrier diffusion lengths (L = 0.1−1 μm).2−5

cFeS2 is also composed of iron (Fe) and sulfur (S), which are
considered as rare metal-free and nontoxic elements.6 Wadia et
al. have calculated the cost of several materials for PV
application, with the assumption that each material has reached
the theoretical limit of its conversion efficiency. They also
showed that cFeS2 is the best candidate among the solar cell
materials in terms of cost and efficiency. This indicates that
owing to the characteristics of cFeS2, such as its abundance on
earth and high optical absorption, it can be used as a solar cell
absorber. Since cFeS2 materials possess these promising
properties, they have been synthesized by using a wide range
of methods, such as chemical vapor transport (CVT),7

chemical vapor deposition,8−12 and thermal sulfurization of
various precursor materials,13−18 nanowires,19 and colloidal
nanocrystals.20−22

Despite the extensive efforts for synthesis and investigation
of the material, cFeS2 thin films still exhibit poor properties for
use in a PV device.22−24 cFeS2 single crystals used in PV

devices have obtained a conversion efficiency of 2.8%.3 Their
report used a photoelectrochemical device structure using
unintentionally doped n-type cFeS2 single crystals fabricated
using the CVT growth method and an iodine/iodide aqueous
electrolyte.3 An outstanding photocurrent of 42 mA/cm2,
which is used as a short-circuit current density (JSC), was
obtained; however, the efficiency was ultimately limited by a
low open-circuit voltage (VOC ≤ 187 mV) and moderate fill
factor (FF ∼ 50%).3 The lack of important synthetic details
and specific discussion on the factors for controlling the
performance of these solar devices has restricted the
understanding of cFeS2 materials. Therefore, understanding
the reason for their low performance is important to improve
the performance of PV devices using cFeS2.
Recently, some issues, such as surface states and doping into

the bulk, have emerged. X-ray photoelectron spectroscopy
(XPS) was used to observe the surface inversion of cFeS2
single crystals, which suggests the pinning of the Fermi level
near the valence band edge at the surface.25,26 This provides a
reasonable explanation for the cause of the low VOC of cFeS2
used in PV devices. These surface conditions have been
modeled by the ligand field theory (LFT) based on the Fe−S
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coordination.27 The reduction of the Fe−S coordination at the
surface region leads to the formation of the intrinsic defect
states at the valence band edge, which leads to Fermi level
pinning and subsequent band bending.3,27,28 The LFT
modeling presented the low photovoltages of metal/n-cFeS2
junctions that create leaky tunnel barriers.3,27,28 However, the
experimental evidence provided by the LFT modeling has not
yet been validated.
On the other hand, recent progress has been made to

understand the electronic transport in cFeS2 single crystals and
FeS2 thin films.19,22,29−37 Especially, Limpinsel et al. observed
surface-dominated conduction at low temperature in polished
flux-grown cFeS2 single crystals, suggesting that the bulk n-type
carriers presented less effect in the conduction mechanism.29

Based on the XPS discussion,25−27 Limpinsel et al. concluded
that this surface-dominated conduction which was likely p-type
was derived from the surface Fermi level pinned near the
valence band maximum in FeS2 single crystals.

29 However, the
Hall effect measurements shown by Limpinsel et al. as evidence
of a p-type inversion layer showed that the Hall coefficient
itself was not clearly inverted but fluctuated between small
positive and negative values at lower temperatures. Thus, there
remains uncertainty as to whether the surface layer is
definitively p-type or not. Furthermore, the surface-dominated
conduction at a low temperature has very low conductivity;
therefore, this conduction has a possibility of Efros−Shklovskii
variable range hopping.32−35

Additionally, Walter et al. also have reported the existence of
surface conduction of cFeS2 single crystals by Hall effect
measurement in cryostats equipped with 9 T superconducting
magnets, from 1.5 to 300 K.30 They indicated that the
transport, which is clearly different from that of the bulk,
usually occurs in a region limited to within 2−3 nm from the
surface. They demonstrated that the surface conduction of
cFeS2 single crystals was truly two-dimensional, and the surface
region established a p-type surface inversion layer, which
suggested no possible artifacts from hopping conduction.
Through nonlinear Hall effect at temperature-dependent
behavior, bulk-to-surface crossover was expected.30

Furthermore, recent efforts have identified that sulfur
vacancies (VS), which exist on the surface and the bulk, also
influence electron transport. Limpinsel et al. and Voigt et al.
suggested that these VS at the bulk of FeS2 limited the PV
performance.29,31 Particularly, Voigt et al. revealed that VS act
as deep donors in the bulk from the extensive electrical
transport measurements of high-quality cFeS2 crystals.

31 They
also reported that crystals have grown via CVT under
decreasing sulfur vapor pressure, which can help increase VS,
reduce the bulk resistivity, increase the electron density, and
reduce the activation energy of transport and onset of the
positive temperature coefficient of resistance. They also
indicated that VS are native defects affecting the electrical
transport of cFeS2 bulk.
As previously discussed, numerous research studies on cFeS2

for PV application have been conducted. However, their
electron transport behaviors, including surface states, are still
unclear. The conventional cFeS2 single crystals have oxide
layers at the surface, which formed after the wafer preparation.
However, the influence of this oxide layer on the electrical
transport has not yet been elucidated. Here, we investigated
the optical and electrical characteristic properties of cFeS2
single crystals after the removal of the oxide layer that formed
after the wafer preparation. The aqua regia treatment was

performed to remove the oxide layer on the cFeS2 crystal. This
process is an original treatment in this study as a surface
treatment of the cFeS2 crystal.

2. RESULTS AND DISCUSSION

2.1. Structural and Chemical Characterization. Figure
2a presents the X-ray diffraction (XRD) profile of the powder
of the grown crystal of cFeS2 shown in Figure 1. Each strong
peak in the profile was assigned by the reference pattern of
cFeS2 (ICDD# 00-042-1340). Figure 2b presents the XRD
profile of the crystal facet that appeared during the crystal
growth, which is presented in Figure 1a. The two peaks were
assigned to the (111) and (222) planes according to the
reference pattern of cFeS2 (ICDD# 00-042-1340), indicating
that the grown crystal corresponds to the cFeS2 single crystal.
However, we could not detect any XRD profiles from the
cFeS2 wafers after slicing and polishing (Figure 1b), indicating
that the crystal facet of the prepared sample is not accurately
controlled in this study.
Table 1 presents the results of the quantitative analysis

(molar ratios) measured using the electron probe micro-
analyzer (EPMA) for the ratio of Fe and S in the grown cFeS2
single-crystal wafers (five different wafers). For this analysis,
three measurement points were selected per sample. As
presented in Table 1, the molar ratios of Fe and S were on
average 33.35−33.57 and 66.43−66.65%, respectively. The
EPMA usually has a relative error of about a few percent,
suggesting that the molar ratio for samples 1−5 shown in
Table 1 has almost the same value. The molar ratio of Fe and S
was found to be very close to the stoichiometric ratio (Fe/S =
1:2). In addition, no other elements except Fe and S were
detected in the analysis.
Figure 3 presents the Raman spectra of the cFeS2 single-

crystal wafer treated after aqua regia etching. As demonstrated
in Figure 3, three sharp peaks were confirmed at 343, 377, and
430 cm−1. Usually, cFeS2 has three peaks corresponding to the
active modes of cFeS2 of the S2 vibration (Ege) mode at 343
cm−1, S−S in-phase stretch (Age) mode at 377 cm−1, and
coupled vibration and stretch (Tge(3)) mode at 430 cm−1 in the
Raman spectra.29,32,38 The intensity of the Ege peak was a little
bit higher than that of Age, which is not fluently observed in the
references, but each peak position observed in our experiment
matched well the reference date, and the other phases, such as
FeS2 marcasite and pyrrhotite, were not detected.
Figure 4a,b presents the comparison of the depth profiles of

the O 1s spectrum via Ar+ ion sputtering in the XPS system for
the cFeS2 single-crystal wafer after the surface chemical
treatment. In our experiment, the etching rate is about 0.2

Figure 1. Typical photographs of the grown crystal (a) and typical
photographs of the polished wafer of the grown crystal (b).

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c05232
ACS Omega 2021, 6, 31358−31365

31359

https://pubs.acs.org/doi/10.1021/acsomega.1c05232?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05232?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05232?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c05232?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c05232?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


nm/s with a very low acceleration voltage of 500 eV. From
Figure 4a, while the hydroxide (OH−) species was immediately
removed via Ar+ ion sputtering, the oxide (O2−) species was
still confirmed after sputtering,39 indicating that the alcohol

washing cannot remove the oxide surface. Contrarily, Figure 4b
presents the depth profiles of the O 1s spectrum of cFeS2
single crystals treated with both alcohol washing and aqua regia
etching. As presented in Figure 4b, the production of oxides,
shown by O2− species, was not detected. We also confirmed
that the OH-related peak immediately disappeared completely
after the Ar+ ion sputtering. The results presented in Figure 4
confirmed that the relatively thick (>1 μm) oxide layer, which
was formed after the wafer preparation, was removed after
aqua regia etching. The air moisture will be absorbed at the
surface of cFeS2 due to its exposure to the atmosphere during
the preparation for measurement. The Ar+ ion sputtering was
not performed in a shorter cycle for XPS analysis; it is hard to
estimate the thickness of the native oxide. However, we
presume that the thickness of the native oxide layer formed via
environmental air exposure is not so thick since the electrical
characterization was successfully performed as described in
Section 2.2.
Figure 5a presents the S 2p spectrum of the sample treated

with aqua regia etching. These spectra were fitted with S
2p3/2−S 2p1/2 spin−orbit doublets with a fixed intensity ratio
of 2:1 and 1.2 eV separation, which are because of S2

2− anions
in iron pyrite.40 Additionally, high binding energy shoulder
features were observed at 164−167 eV, which corresponded to
the satellite. Similar to other components, monosulfide (S2−)
at 161−164 eV was also observed in these spectra.41 Figure 5b
presents the Fe 2p3/2 spectrum of the sample treated with aqua
regia etching. To analyze the high-resolution Fe 2p spectra, the
Shirley background was used for the Fe 2p3/2 envelope.
Moreover, the Fe 2p3/2 envelope obtained from the
compounds containing a high-spin Fe cation was fitted by
the peaks corresponding to the Gupta−Sen (GS) multiplets
and satellites.39,42,43 GS multiplets are patterns calculated by
Gupta and Sen for the free ions of various transition
metals.44,45 They revealed that the number of unpaired
electrons determines the number and intensity of the signal
related to the multiplets, whereas the shift in the binding
energy is a function of the atomic number.44,45 Figure 5c
presents the Fe 2p3/2 spectrum of cFeS2 single crystals treated
with aqua regia etching and the calculation result by linear
fitting. From Figure 5c, it can be seen that the Fe 2p3/2
spectrum exhibits a strong peak and tail. The main peak was
related to the Fe2+ bulk at 707.15 eV, and the tail includes the
Fe2+ and Fe3+ multiplet splitting of the Fe 2p3/2 signal using the
GS multiplet. The Fe2+ multiplets appear at 708−710 eV,
whereas the Fe3+ multiplets appear at 710−714 eV. These
multiplets correspond to the high-spin Fe2+ compounds at the
surface sites and high-spin Fe3+ oxides.39,41,46−48 These bands
were also explained by the LFT,27,41,42 which suggests that the
oxides produced at the surface layer were removed via aqua
regia etching.

2.2. Optical and Electrical Evaluations. Figure 6a
presents the refractive index n and extinction coefficient k,
whereas Figure 6b presents the optical absorption calculated
from the k. The optical absorption coefficient α > 1 × 105 cm−1

for photon energy (hν) > 0.74 eV. The Tauc plot analysis was
conducted using the results presented in Figure 6b. In the
Tauc plot analysis, the intercepts of the linear extrapolations of
the different slopes on the energy axis could be interpreted as
optical transitions corresponding to those specific energy
levels. The electronic behavior of cFeS2 was controlled by the
transitions of these energy levels. From Figure 7a, it can be
seen that the estimated band gap is 1.0 eV, which is close to

Figure 2. XRD profile of the powder made by crushing the grown
crystal (a) and XRD profile of the appearing facet of the grown crystal
(b).

Table 1. Molar Ratio (%) of Fe and S in the Grown cFeS2
Single-Crystal Wafers

point
molar ratio

(%) sample 1 sample 2 sample 3 sample 4 sample 5

1 Fe 33.69 33.20 33.81 33.56 33.55
S 66.31 66.80 66.19 66.44 66.45

2 Fe 32.82 33.70 33.26 33.33 33.53
S 67.18 66.30 66.74 66.67 66.47

3 Fe 33.53 33.75 33.65 33.48 33.54
S 66.47 66.25 66.35 66.53 66.46

ave. Fe 33.35 33.55 33.57 33.46 33.54
S 66.65 66.45 66.43 66.55 66.46

Figure 3. Typical Raman spectra of the cFeS2 single crystal treated by
aqua regia etching.

Figure 4. XPS depth profiles of O 1s for the iron pyrite cFeS2 single-
crystal wafer treated by alcohol washing (a) and aqua regia etching
(b). The surface of the wafers was etched with Ar+ ion gas for 150
min, and XPS measurement was performed every 15 min.
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the common value reported for cFeS2,
1,5 despite the very

limited fitting range (linearly changing range). This band gap
value is estimated via linear fitting with n = 1/2 in the
parameter (αhν)n in the Tauc equation, which indicates that
the estimated value is an indirect band gap. When n = 2 is
used, which indicates a direct band gap, the estimated value is
1.4 eV, as presented in Figure 7b, with a relatively good fitting
condition.
Figure 8 presents the photoluminescence (PL) spectra of

cFeS2 single-crystal wafers treated with alcohol washing or
both alcohol washing and aqua regia etching. In both spectra,
the emission intensity and peak position were similar, although
they have relatively large noise owing to the room temperature
measurement, and two peaks were observed at 1.316 and 1.358
eV. The emission intensity and peak position of the spectrum
did not change even after aqua regia etching. This suggests that
surface recombination was not influenced by the treatment,
although the oxidation layer at the iron pyrite surface was
removed by the aqua regia solution. In the two peaks of the PL

spectrum, a sharp emission line was observed at 1.358 eV, and
the energy difference between the two peaks was about 0.042
eV.
By calculating the wavenumber from the energy difference of

0.042 eV, the wavenumber was estimated to be 340 cm−1,
which is similar to the peak of the Raman spectrum in Figure 3.
From the Raman spectrum, the S2 vibration (Ege) mode was
observed at 343 cm−1. This mode should be double degeneracy
of the TO phonon and LO phonon. Therefore, the energy
difference of the two peaks in the PL spectrum corresponds to
the phonon energy obtained from the electron−phonon
interaction. These results indicate that the two peaks are
considered to be phonon replicas derived from the donor−
acceptor pair emission. Such an indirect-to-direct transition in
the cFeS2 nanocube has also been observed by optical pump−
probe studies.22 In this study, we observed the electron
transition by evaluating the optical absorption and PL of cFeS2
single crystals. This indirect-to-direct transition is not unusual
in semiconductors with a high density of defects and disorder
phases, indicating the presence of the band tail below the
conduction band, as shown in the disordered-phase-containing
semiconductors.22,49 The potential fluctuations derived from
defects disturb the electronic band edges and result in the
broadening of electronic states, which leads to the formation of
band tails below the band edges. These discussions agree well
with the report on the characterization of cFeS2 nanocrystals in
which the band tails were observed.50

Figure 9 presents the results of the conductivity and Hall
coefficient at a temperature range of 50−300 K. Figure 9a
presents the comparison between the measurement results of
the reference data obtained via the Hall effect measurement
using untreated cFeS2 single crystals29 and the measurement
results of this study, in which oxide-layer-removed cFeS2 single
crystals were used. The conductivity variation behavior was

Figure 5. XPS spectrum of S 2p for cFeS2 single crystals treated by both alcohol washing and aqua regia etching (a). XPS spectrum of Fe 2p3/2 for
cFeS2 single crystals treated by both alcohol washing and aqua regia etching (b). The magnified figure at a high-energy tail region of (c).

Figure 6. Refractive index (n) and extinction coefficient (k) of the
cFeS2 single-crystal wafer treated by the aqua regia solution (a).
Optical absorption coefficient (α) calculated by k (b).

Figure 7. Tauc plot analysis of the cFeS2 single-crystal wafer (a) with
indirect band calculation (intercepted at 1.0 eV) and (b) with direct
band calculation (intercepted at 1.4 eV).

Figure 8. PL spectra of the cFeS2 single-crystal wafer after the surface
treatment.
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found to be similar; however, the data in this study presented
relatively smaller conductivity and different slopes in the high-
temperature region (>120 K). Figure 9b shows the variation of
the Hall coefficient. Based on the discussion in ref 30, this
change in conductivity and Hall coefficient at intermediate
temperatures is considered as surface conduction. Further-
more, the sign of the Hall effect measurement in Figure 9c
shows that the sign of the Hall coefficient fluctuates between
small positive and negative values. This is an artifact due to the
hopping conduction origin of the surface state, which may
cause an apparent inversion of the Hall signal.
In addition, the Hall mobility and carrier concentration

calculated from the Hall coefficients are shown in Figure 10a,b,
respectively. The mobility is smaller than that of other single-
crystal data,29,30 suggesting that it may be heavily compensated
by impurities. One possibility of introducing these impurities
derives from the purity of the source material. In this study, we
note that the same conduction mechanism was obtained after
removing the oxide layer from the cFeS2 single crystal. This
indicates that the oxidation of the cFeS2 surface is not directly
related to the surface conduction mechanism of cFeS2.
Although a recently discovered theoretical study of the high-
pressure pyrite FeO2 phase

51 suggested a possible Fe valence52

that could support p-doping in FeS2−xOx, it is possible that
another factor is responsible for the formation of the p-type
surface inversion layer. The reduction of Fe−S coordination in
the surface region was also observed in the S 2p spectrum of
XPS after aqua regia etching in this study, suggesting that
intrinsic surface states may be formed regardless of oxygen
doping. We observed a dip around 205 K for the mobility and

the carrier concentration as well. We still have not a clear
mechanism, but we presume that the shallow defect states
formed in the cFeS2 influence these behaviors.
From the optical and electrical evaluation, controlling the

surface and bulk conduction provides an understanding and
improves the electrical properties for establishing an iron pyrite
PV device. Voigt et al. have already demonstrated the increase
in VS by controlling the sulfur vapor during the growth of
single crystals.31 However, the method of decreasing VS has
not been employed yet due to the thermal instability of
FeS2,

53,54 which is the next challenge for this study.

3. CONCLUSIONS
In this study, we investigated the optical and electrical
characteristics of cubic FeS2 (cFeS2) single crystals. cFeS2
single crystals were prepared using the flux method. The
oxidation production was inhibited by aqua regia etching. For
the cFeS2 wafer upon removing the surface oxide layer, the
optical measurement confirmed the formation of cFeS2 with an
indirect band gap of 1.0 eV. The obtained Hall effect results
suggested hopping conduction at a low-temperature range. In
this study, the hopping conduction origin of the surface state
was assumed even after the removal of the surface oxide layer
formed after the wafer preparation, suggesting that the oxide
layer has no strong impact on the surface conduction
mechanism. Further understanding of the optical and electrical
characteristics of cFeS2 single crystals will pave the way for the
PV application of FeS2.

4. EXPERIMENTAL SECTION
4.1. Preparation of Iron Pyrite Crystals. Iron powder

(purity: 99.9%, Kojundo Chemical Laboratory) was loaded on
a quartz boat set in a quartz tube furnace; the sample was
heated in a gas flow of 5% H2/95% Ar at 300 °C for 15 h to
remove the water and surface oxides. Sulfur powder (purity:
99%, FUJIFILM Wako Pure Chemical) was degassed and
vacuum-dried in a borosilicate glass flask at 130 °C for 3 h.
Na2S·9H2O (purity: 99%, FUJIFILM Wako Pure Chemical)
was also dried and degassed in a Teflon beaker at 320 °C for 5
h, which produced a mixture of fine colorless and yellow
powder, including Na2S and polysulfides.
After the pretreatment, these materials were placed in

alumina crucibles and sealed in evacuated quartz ampoules
under a pressure of 4 × 10−3 Pa. About 0.51 g of iron powder
(9.13 mmol), 0.98 g of Na2S (12.56 mmol), and 1.21 g of
sulfur powder (37.71 mmol) were placed in alumina crucibles.

Figure 9. Results of the Hall effect measurement at a temperature range of 50−300 K for the cFeS2 single crystal wafer treated by both alcohol
washing and aqua regia etching. (a) Electrical conductivity, (b) absolute value of the Hall coefficient (RH), and (c) absolute value of the RH with
carrier-type determination. The shown reference data29 in (a,b) were replotted to compare with the data of this study.

Figure 10. Hall mobility (a) and carrier concentration (b) calculated
from the Hall coefficient data.
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These amounts were provided by the two diagrams of the Na−
S binary phase and Fe−S binary phase.55,56 Subsequently, the
ampoule was placed in a muffle furnace and held vertically
during the entire heat treatment period to prevent the contents
of the crucible from mixing or spilling. The temperature of the
ampoule was increased to 810 °C at a heating rate of 50 °C/h.
When the temperature reached 300 and 400 °C, the ampoule
was kept for 3 h at each temperature to prevent the quartz
ampoule from bursting. When the temperature reached 810
°C, the ampoule was kept for 6 h to react with the materials in
the alumina crucible. Then, the ampoule was cooled down to
600 °C in 240 h and finally to room temperature after 24 h.
The crucible was then removed from the ampoule and

soaked in Millipore water for several hours to allow the flux to
dissolve. After the removal of the crystals from the crucible, the
crystals were rinsed with Millipore water and then dried.
Consequently, the crystal ingots with a diameter of about 7
mm were obtained, as presented in Figure 1a. These ingots
were then sliced using a SiC wheel saw and polished with
emery papers (#100, #400, #800, #1200, and #200, Maruto
Instrument). Moreover, they were mirror-finished using a
polishing slurry containing diamond particles with an average
particle size of 1.0 μm (Aqua diamond solution, Maruto
Instrument) on a buff sheet (a hard type of polishing cloth,
Maruto Instrument). Figure 1b presents the photograph of the
crystal wafer after polishing. To remove the particles on the
wafers, ultrasonic cleaning with acetone for 10 min was
performed. Subsequently, the wafers were washed via ultra-
sonic cleaning with ethanol for 10 min. Finally, the wafers were
etched by the aqua regia solution (HCl/HNO3 = 3:1) diluted
twofold by acetic acid for 1 min to remove the surface oxide
layer and then immediately rinsed with ethanol. The samples
were dried with nitrogen gas just before the characterization.
4.2. Characterizations. XRD measurement for phase

identification was performed using RINT-TTR III (Rigaku
Co.) with Cu Kα radiation. The tube voltage and tube current
were 50 kV and 300 mA, respectively. The composition ratio
of the obtained crystal wafers was evaluated using the EPMA
(EPMA-1610, Shimadzu Co.). Moreover, the phase purity at
the surface of the cFeS2 single-crystal wafer was analyzed using
a micro-Raman spectrometer NRS-4100 (Jasco Co.) at room
temperature with a 50× objective lens and a 532 nm-
wavelength excitation laser. XPS was performed using PHI
5000 VersaProbe II (ULVAC-PHI Inc.). The collected XPS
spectra were analyzed using the ULVAC-PHI MultiPak
software. All spectra were calibrated with the C 1s peak with
a fixed value of 284.8 eV. After the calibration, the background
from each spectrum was subtracted using the Shirley
background to remove most of the extrinsic loss structures.
To determine the stoichiometry of the compound, all survey
scans were analyzed using the appropriate sensitivity factors.
Spectroscopic ellipsometry was performed using HORIBA
Jobin Yvon UVISEL ER AGMS-NSD to estimate the optical
absorption of the cFeS2 single-crystal wafer. The measured
crystal wafer was treated with both alcohol washing and aqua
regia etching. The measurement region was between 300 and
2100 nm. In the Tauc plot analysis, the intercepts of the linear
extrapolations of the different slopes on the energy axis could
be interpreted as an optical transition corresponding to the
specific optical band gap. The electronic behavior of cFeS2 is
controlled by these energy gap transitions. Micro-PL using an
excitation laser with a 635 nm wavelength and a spot size of a
few μm was performed to investigate the electron transition in

the band gap of cFeS2. The spectra were analyzed using a
grating monochromator and detected using a silicon charge-
coupled device detector in the range of 750−1200 nm. The
samples were set at room temperature under ambient air. The
conductivity and Hall coefficient were measured from 50 to
300 K using ResiTest 8300 (Toyo Co.) with the Van der Pauw
and DC method in a helium atmosphere. To prepare an ohmic
contact, an Au thin film (200 nm in thickness) was deposited
on the samples using the electron beam evaporation through a
metal mask. To measure the resistivity and Hall coefficient, the
applied current was adjusted from 0.1 μA at 50 K to 100 μA at
300 K.
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