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a b s t r a c t

The optical properties of single-crystal SnS were studied by photoreflectance (PR) spectroscopy.
Temperature-dependent PR spectra were measured in the range 20–200 K. A room-temperature
bandgap energy value of Eg¼1.317 eV was estimated by fitting the temperature dependence of the
bandgap energy obtained from the PR spectra. The vibrational properties of orthorhombic SnS were
studied using Raman spectroscopy. Four vibrational modes were detected at 95, 163, 191, and 218 cm–1.

& 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Orthorhombic tin monosulfide (SnS) thin films have attracted
much attention because of their suitability for solar energy cells
with properties such as a direct optical bandgap [1–3], p-type
conductivity, and a high absorption coefficient of 104–105 cm�1

[2,3]. SnS, a group IV–VI semiconductor, is a cheap and abundant
material with low toxicity. Theoretical calculations revealed con-
version efficiency of up to 25% for SnS photovoltaic devices [4]. The
highest value reported so far for an inorganic–organic heterojunc-
tion solar cell based on SnS-sensitized mesoporous spherical TiO2

electrodes is 2.8% [5]; however, thin-film SnS solar cells have
shown efficiency of only ∼2.04% [6].

Although the optical properties of SnS have been studied for
over 30 years, there are still some open questions. The room-
temperature bandgap energy reported for SnS varies in the range
1.1–1.87 eV and the correct value is still unclear [1–3,7]. Kim and
George investigated SnS epitaxial films grown by atomic layer
deposition on glass substrates and found a bandgap energy of
Eg¼1.87 eV [1]. Reddy et al. calculated bandgap energy of
Eg¼1.47 eV from transmittance spectra for SnS films prepared by
thermal evaporation [2]. SnS films deposited by chemical bath
deposition had bandgap energies of 1.75 and 1.12 eV for zinc
blende and orthorhombic structures, respectively [3]. Lambros
et al. found bandgap energies of 1.14 and 1.10 eV for SnS single
crystals from absorption and reflectance spectra, respectively [7].
Large differences in the bandgap values could be caused by other
phases such as SnS2 and Sn2S3 in the films, as described by Cheng
and Conibeer [8], or by change in absorption edge due to an
ll rights reserved.
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indirect transition at lower energy. Additional studies using con-
trolled single-phase samples and different experimental methods
are needed to solve these discrepancies.

Photoreflectance (PR) has been widely used as a general
method for studying the optical and electrical properties of
semiconductors [9]. Because it is non-destructive and requires
no electrical contact, PR is one of the most useful among
modulated spectroscopy techniques. Here we present PR data for
monocrystalline SnS measured over a wide temperature range.
2. Experimental

SnS was synthesized from Proanalysi grade Sn and 3 N purity S.
The precursors were mixed and sealed in an evacuated quartz
ampoule and inserted into a furnace. The furnace was slowly
heated to 700 1C over 100 h and then kept at that temperature for
24 h before cooling to room temperature. The resulting polycrys-
tals were then sealed in an evacuated ampoule for sublimation.
The part of the ampoule in which the SnS powder was located was
kept at ∼650 1C and SnS single crystals grew in the part at a lower
temperature zone of 620 1C. The sublimation process was allowed
to run for 3 weeks. The single SnS crystals obtained had a plate-
like shape with a good reflecting surface and were approximately
3 mm�3 mm in size.

Raman spectral measurements were made at room tempera-
ture on a high resolution micro-Raman spectrometer (Horiba
JobinYvon HR800) equipped with a multichannel CCD detection
system in the backscattering configuration. An Nd-YAG laser
(λ¼532 nm) with a spot size of 10 μm in diameter was used for
excitation. X-Ray diffraction (XRD) measurements were performed
using a Bruker D5005 diffractometer (Bragg–Brentano geometry)
with Cu Kα1 radiation (λ¼1.5406 Å) at 40 kV and 40 mA and a
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graphite monochromator. The ICDD PDF-4+2012 database was
used for identification. The XRD pattern obtained for an SnS
monocrystal is shown in Fig. 1. All the XRD peaks closely match
those for orthorombic SnS. Lattice constants of a¼1.1200 nm,
b¼0.3980, and c¼0.4320 nm were obtained for the crystal.

PR measurements were made using a traditional setup [9] with
a 40-cm grating monochromator and a 250-W halogen bulb as the
primary beam and a 51-mW solid-state laser (λ¼405 nm) as the
secondary beam. The reflectance signal at 85 Hz was detected
using a Si detector and a lock-in amplifier. The single crystals
investigated were glued onto the cold finger of a closed-cycle He
cryostat with cryogenic grease.
Fig. 2. Room-temperature Raman spectrum for single-crystal SnS.

Fig. 3. Temperature-dependent PR spectra for single-crystal SnS. Circles show
experimental results and continuous lines are the fitting results according to
Eq. (1).
3. Results and discussion

Four main peaks are evident in the Raman spectra (Fig. 2). The
most intense peak is at 191 cm�1 and the others are at 95, 163, and
218 cm–1. According to the literature, these can be attributed to
orthorombic SnS [8,10,11]. The presence of additional phases could
not be detected from the Raman data. The Raman spectra were
fitted using Lorentzian functions to resolve the peaks. The lattice
vibrations at 95, 191 and 218 cm�1 correspond to the Ag modes,
and the peak at 163 cm�1 to the B3 g mode of SnS [10].

PR spectra at three different temperatures are shown in Fig. 3
for measurements in the temperature range 20–200 K. As the
temperature increases, the PR signal shifts to lower energy and
decreases in intensity, as observed from the scale factors.

Each PR spectrum was analyzed by fitting the data to a low-
field line-shape function with a third-derivative functional
form [12]:

ΔR=R¼ Re Aeiφ E�Eg þ iΓ
� ��m

h i
; ð1Þ

where E is the photon energy, A is the amplitude, φ is the phase, Eg
is the bandgap energy, and Γ is the spectral broadening parameter.
The exponent m depends on the type of critical point and
determination of a suitable value is of particular importance in
analyzing PR spectra. A value of m¼3, corresponding to a two-
dimensional critical point, did not give a good fitting result.
Therefore, m¼2.5, corresponding to a three-dimensional critical
point, was used for PR spectral fitting since this yielded an
excellent fit for the majority of our data.

The temperature dependence of the bandgap energy obtained
by fitting the PR spectra to Eq. (1) is plotted in Fig. 4. Experimental
data were fitted to the O′Donnell expression [13]

EgðTÞ ¼ Egð0Þ�S ℏωh i coth ℏωh i=2kT� ��1
� �

; ð2Þ
where Eg(0) is the bandgap energy at 0 K, S is a dimensionless
coupling constant, and 〈ħω〉 is the average phonon energy.
The fitting parameters obtained were Eg(0)¼1.37570.001 eV,
Fig. 1. XRD pattern for SnS monocrystals.
S¼1.8670.21 and 〈ħω〉¼24.373.0 meV. By extrapolating the
fitting result to the O′Donnell equation for higher temperatures
it is possible to estimate the bandgap energy at room temperature,
resulting in Eg ¼1.317 eV. The average phonon energy of 〈ħω〉¼
24.3 meV ¼196 cm�1 is very close to the value of 191 cm�1

measured by Raman spectroscopy (Fig. 2).
Fig. 4 shows the temperature dependence of the bandgap energy

for SnS obtained by Parenteau and Carlone [14] for comparison.
The comparison reveals differences in bandgap energy values
and their temperature-dependent behavior. Different samples and
Fig. 4. Bandgap energy values for single-crystal SnS determined by fitting the PR
spectra as a function of temperature, the data fit to Eq. (2), and data reported by
Parenteau and Carlone [14].
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measurement methods could be the reason for this discrepancy.
Parenteau and Carlone used optical absorption for bandgap studies
[14] while we used PR. These disparities confirm the need for
further studies of the properties of SnS.
4. Conclusion

PR of monocrystalline SnS was investigated in the temperature
range 20–200 K. The PR data obtained were analyzed by fitting the
spectra to a low-field line-shape function, fromwhich the bandgap
energy at different temperatures was determined. The temperature
dependence of the bandgap energy was fitted using the O′Donnell
expression. The O′Donnell model gives a room-temperature band-
gap estimate of 1.317 eV.
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