
DOI: 10.1002/asia.201300626

Facile Solution Synthesis and Photoelectric Properties of Monolithic Tin(II)
Sulfide Nanobelt Arrays

Xing Zhang,[a] Long Yang,[b] Yan Jiang,[a] Bin-Bin Yu,[a] Yu-Gang Zou,[a] Ying Fang,[b]

Jin-Song Hu,*[a] and Li-Jun Wan*[a]

Dedicated to Professor Chun-Li Bai on the occasion of his 60th birthday

Introduction

With the tremendous energy demand for human activities
and lasting environmental concerns from traditional energy
sources, the exploration of clean energy sources is of great
urgency, among which solar energy is given priority over all
alternatives owing to its abundance and environmental
friendliness. Although substantial progress has been made in
silicon, copper indium gallium selenide (CIGS), dye-sensi-
tized, and organic solar cells, scientists never stop seeking
materials for next-generation low-cost and high-efficiency
thin-film solar cells. Those based on earth-abundant ele-

ments are especially attractive from the viewpoint of com-
mercial viability and their potential as replacements for tra-
ditional carbon-based energy sources in terms of both huge
demand in terawatt scale and practicable cost of electricity
generation in price per kWh. In the past decades, several
binary material options, including SnS, FeS2, Cu2S, and
Cu2O, had been explored and shown attractive capabilities
of light absorption and photoelectric conversion, but re-
search progress was severely hindered by very low conver-
sion efficiency and device stability.[1] The emergence and
rapid development of modern nanotechnologies may offer
a chance for the renaissance of these materials.[2] Therefore,
the fabrication of nanostructures of the above-mentioned
materials for photovoltaics would be very attractive and im-
portant.

Tin(II) sulfide, as a p-type semiconductor with direct and
indirect band gaps of 1.2–1.5 eV and 1.0–1.2 eV, respective-
ly,[3] has received considerable attention as a potential candi-
date for solar absorber. It is composed of low-cost, earth-
abundant, and environmentally friendly elements, and it is
a binary material, thus its solution-based thin-film deposi-
tion requires consideration of only two elements, which
makes chemical strategies much less complex. To date, most
of studies focused on the synthesis of SnS nanomaterials,
such as quantum dots,[4] nanocrystals,[5] one dimensional
(1D) nanostructures,[3a,6] and nanosheets,[7] rather than thin-
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film development. There are a few reports of photovoltaic
devices incorporating SnS with low efficiencies of less than
1 %.[8] Further intensive investigation on better strategies for
solution deposition of this promising absorber will be re-
quired before it contributes to practicable solar cells. More-
over, it was recently shown that the conversion efficiency of
photovoltaic devices can be significantly enhanced by nano-
structuring the thin-film light-absorber layer to improve
light absorption and increase
p–n junction area.[9] Especially,
fabrication of 1D nanostruc-
ture arrays has been demon-
strated as an effective way to
enhance light absorption by
scattering and light trapping
and thus ameliorate the con-
version efficiency of solar
cells.[10] Accordingly, the devel-
opment of solution-based
routes to produce SnS nano-
structures,[11] especially to di-
rectly produce monolithic
nanostructured films, would be
significant and highly desirable to explore their potential in
photovoltaics in view of low-cost and less complex produc-
tion processes and possible improvement for conversion effi-
ciency.

Herein, a facile surfactant-free solution-based approach
has been developed to prepare a monolithic SnS nanostruc-
tured film composed of well-defined orthorhombic SnS
nanobelt arrays. The morphologies of SnS nanostructured
films can be easily controlled by simply changing the reac-
tion conditions. As a demonstration of this material for po-
tential application in photovoltaics and electronic applica-
tions, we investigated photoelectric response and electric
properties of SnS nanobelts by fabricating nanodevices
based on single SnS nanobelts. This approach was expected
to provide a facile way to explore SnS and other sulfide
nanostructured thin-film solar cells as well as the corre-
sponding hybrid solar cells, although the devices based on
these nanostructures need to be investigated further.

Results and Discussion

Tin(II) sulfide nanostructures were prepared under simple
solvothermal conditions with tin foil and sulfur powder as
source materials and a mixture of octylamine and octanol as
solvent. It was found that well-defined nanobelt arrays
could be obtained when using octylamine and octanol at
volume ratio of 1:1. Figure 1 a is a typical photograph of the

synthesized product, which shows that the whole area of the
silver-white tin foil turned dark brown after reaction. The
composition and crystal structure of the product were first
investigated by X-ray diffraction (XRD). Figure 1 b presents
a typical XRD pattern of the product and a reference XRD
pattern of orthorhombic SnS (JCPDS Card No. 39-0354).
All of the recorded diffraction peaks in the XRD pattern of
as-synthesized product can be well indexed to the diffrac-
tions from the corresponding crystallographic planes of or-
thorhombic SnS, except for the diffractions marked with *,
which correspond to the diffractions from Sn foil (Figure S1
in the Supporting Information). This result indicates that
the product is pure SnS in orthorhombic phase. It should be
noted that the diffraction peaks at 32.08, 44.88, and 73.28
could embody the superposition of the diffractions of ortho-
rhombic SnS and tetragonal Sn due to the overlap of the
corresponding diffraction positions. Moreover, the sharp and
strong diffraction peaks in the XRD pattern of the product
imply that high crystallinity can be obtained at relatively
low temperature (220 8C), which is important for semicon-
ductor materials, since high crystallinity generally means
less defects and high carrier mobility, and thus good perfor-
mance in optoelectronic and photovoltaic applications.

In order to corroborate the composition of the product,
the Raman spectrum was recorded, as shown in Figure 1 c.
The Raman vibration modes at 42.7, 52.3, 97.7, 166, 194, and
222 cm�1 are clearly distinguished in the spectrum. Accord-
ing to previous studies on Raman spectra of orthorhombic
SnS, the observed Raman features at 42.7, 97.7, 194,
222 cm�1 can be assigned to the Ag modes of orthorhombic
SnS, and those at 52.3 and 166 cm�1 can be attributed to its
B3g modes.[12] No additional Raman vibrations were ob-
served in the spectrum. These results indicate that the prod-
uct is composed of pure SnS in orthorhombic phase, which

Abstract in Chinese:

Figure 1. a) Optical photograph of the SnS nanostructured film. b) XRD patterns of SnS nanobelts and ortho-
rhombic SnS (JCPDS Card No. 39-0354) as reference. c) Raman spectrum of SnS nanobelts.
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is in good agreement with the XRD results. It is also noted
that no obvious B1g and B2g modes were detected in the
Raman spectrum, which suggests that the direction of the
scattered beam could parallel to the b axis, probably due to
a highly orientated arrangement of product.[12b]

The morphology and composition of the synthesized prod-
ucts were further characterized by scanning electron micro-
scope (SEM) equipped with an energy-dispersive X-ray de-
tector. As shown in Figure 2 a, the typical SEM image indi-
cates the products are composed of belt-like nanostructures
with smooth outer surfaces and lengths of 1–2 mm, which
grew directly on the substrate. The top-view SEM image
(Figure 2 b) shows the flat cross-section of the nanobelts
with a width of about several tens to 150 nm and a thickness
of 30–40 nm. Energy-dispersive X-ray spectrometry (EDS)
results (Figure 2 c) corroborate that all nanobelts contain
only the elements Sn and S in a composition ratio of
57.3:42.7. The excessive Sn likely stems from unreacted tin
metal underneath the SnS nanobelts, consistent with the
XRD analysis.

The crystal structure of the nanobelts was investigated
further by transmission electron microscopy (TEM) and
high-resolution TEM (HRTEM). The low-magnification
TEM image in Figure 2 d shows that the nanobelt has
smooth rectangular side surfaces. The ripple-like contrast
difference on the nanobelt is typical of single-crystalline ma-
terials and is usually caused by the strain from bending and
twisting the nanobelt.[7,13] EDS analysis on this nanobelt
(Figure S2 in the Supporting Information) indicates that the
atomic percentages of Sn and S in the nanobelt are 49.9 %
and 50.5 %, respectively, thus giving clear evidence that the
nanobelts are pure SnS. More details are revealed in the
HRTEM image of part of the SnS nanobelt (Figure 2 e). The
clear and continuous lattice fringes without obvious detects
over the whole area indicate single-crystalline nature and

good crystallinity of the nanobelt. The distance of 0.294 nm
and the angle of 928 between adjacent lattice fringes match
well with the interplanar spacing and the interplanar angle
of (101) planes and (�101) planes of orthorhombic SnS, re-
spectively. The distance of 0.200 nm between adjacent lattice
fringes perpendicular to the length of the nanobelt corre-
sponds to the (002) interplanar spacing of orthorhombic
SnS, thus indicating that the nanobelt grew along the [002]
crystallographic direction. The selected area electron diffrac-
tion (SAED) pattern (Figure 2 f) taken directly on the
region in Figure 2 e presents a clear diffraction spot array,
which corroborates the single-crystalline structure of the
nanobelt. All diffraction spots can be indexed to the corre-
sponding crystallographic planes of orthorhombic SnS.

It is well known that the morphology and size of nano-
structures significantly influence device performance, espe-
cially for thin-film photovoltaic devices, since they rely on
light absorption and carrier transportation. In order to dem-
onstrate the controllability of monolithic SnS nanostruc-
tured films prepared using the simple solvothermal synthesis
reported herein, a series of experiments was carried out by
changing reaction conditions such as volume ratio of mixed
solvents. It was found that the morphologies of SnS nano-
structures are closely related to the volume ratio of the used
mixed solvents (octanol/octylamine). Typical SEM images of
the samples prepared at same conditions except for different
volume ratios of octanol to octylamine are shown in
Figure 3. XRD patterns show that all products are pure or-
thorhombic-phase SnS (Figure S4 in the Supporting Infor-
mation). Short rod-like nanostructures with a diameter of
about 100 nm were obtained when octylamine was used
alone (Figure 3 a). Low-magnification SEM images show
that these rod-like nanostructures cover the whole foil (Fig-
ure S3a in the Supporting Information). When octanol
(5 mL) was added to reach an octanol/octylamine ratio of

5:9, larger nanosheets with
smooth surfaces and facets
several micrometers wide and
approximately 20 nm thick
were achieved and coexisted
with some nanorods (Fig-
ure 3 b). Further increasing the
amount of octanol to 7 mL
(octanol/octylamine 1:1), SnS
nanobelts 1–2 mm long, 100–
150 nm wide, and approxi-
mately 20 nm thick dominated
on the film (Figure 2 a, b). As
the amount of octanol was in-
creased to 9 mL (octanol/octyl-
amine 9:5), nanostructures
tended to be rod-like again
(Figure 3 c). Lastly, when pure
octanol was used as solvent,
thin nanoflakes about 10 nm
thick and several hundred
nanometers wide formed in-

Figure 2. a) Side-view and b) top-view SEM images of nanobelts. c) EDS spectrum of SnS nanobelts. d) Low-
magnification TEM image of a single SnS nanobelt. e) HRTEM image of a SnS nanobelt. f) SAED pattern di-
rectly taken on the region in (e).
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stead (Figure 3 d). It should be noted that similar nanostruc-
tures appeared on the whole foil in each case for a given sol-
vent ratio, as indicated in the low-magnification SEM
images (Figure S3 in Supporting Information), which means
that the solvents played an important role in directing the
formation of SnS nanostructures. Actually, some studies
have reported that the coordinating effect and polarity of
solvents significantly affected the morphologies of nano-
structures.[14] Yadong Li and co-workers reported that metal
powders and sulfur could be used as reactants to synthesize
metal sulfide nanoparticles in ethylenediamine solution.[15]

The ethylenediamine was claimed to not only produce
active sulfur species in solution but also to play a role in the
activation of the metal surface and the electron transfer in
reactions. It was also reported that various sulfur imides
(e.g. S7NH) as well as sulfur nitrogen anions and sulfur poly-
anions (e.g. S6

2�, S4�, S4N
�, S7NH) could exist in sulfur–am-

monia solution.[16] These species react with metallic tin and
form tin sulfide. In the present study, tin foil and sulfur
powder reacted in octylamine/octanol solution to produce
tin(II) sulfide. It is believed that the coordinating effect and
the selective adsorption of octylamine and octanol mole-
cules on different crystallographic surfaces during the
growth of SnS crystals could be responsible for the forma-
tion of 1D nanostructures, although the details need be fur-
ther unveiled.

As encouraged by the belt-like morphology and good
crystallinity of the synthesized SnS nanobelt, a photoelectric
device and a field emission transistor (FET) based on single
SnS nanobelts were fabricated to explore their potential in
these applications. Figure 4 a depicts a typical device based
on a single SnS nanobelt. The details about device fabrica-
tion are given in Experimental Section. In brief, nanobelts
were deposited onto the Si/SiO2 substrate in proper density.
The contacts on two ends of the single nanobelt were de-

fined by electron-beam lithography, followed by the thermal
deposition of Cr/Au. All photoresponse and FET measure-
ments were carried out at room temperature in air. The cur-
rent-voltage (I–V) characteristics of the device were record-
ed with a Keithley 4200 semiconductor characterization
system in both dark and light conditions. Figure 4 c presents
typical I–V curves at varying incident light intensities of
0.103, 0.261, and 0.478 mW cm�2. The recorded currents
sharply increase even at very weak illumination compared
to that in the dark, thus indicating the contribution from
photogenerated carriers. For example, the current rises to
24 nA at an illumination of 0.103 mW cm�2 from 12 nA in
the dark at a bias voltage of 3 V, which means the SnS nano-
belt device is very sensitive to light. Moreover, it was found
that the generated photocurrents depend on the power in-
tensities of the illuminating light. Stronger illuminating light
generates a larger photocurrent, which suggests that the
photocurrent is mainly determined by the amount of
photon-generated carriers under illumination. In order to
show the reliability of the photoresponse from nanodevices
based on single SnS nanobelts, the current curve as a func-
tion of time was recorded at a bias voltage of 0.1 V. As
shown in Figure 4 d, when the incident light was turned on
and off, the nanodevice exhibited current in two distinct

Figure 3. SEM images of SnS nanostructures obtained at different ratios
of octanol/octylamine: a) 0:14, b) 5:9, c) 9:5, and d) 14:0.

Figure 4. a) Schematic structure of device based on a single SnS nanobelt.
b) SEM image of the measured FET device. The channel length between
the two electrodes is 1.57 mm, and the width of the nanobelt is 140 nm.
c) Dark current and photocurrents at different incident powder densities.
d) Photoswitching behavior of a device based on a single SnS nanobelt
with illumination of 0.478 mW cm�2 on and off at a bias voltage of 0.1 V.
e) Typical curves of source–drain current (Ids) as a function of source–
drain voltage (Vds) on the SnS nanobelt FET at different gate voltages
(Vgs). f) Ids vs. Vgs plot measured in the dark at Vds =2 V on the same FET
device shown in (b).
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states, an �OFF� state at low current level in the dark and an
�ON� state at high current level under illumination. It can be
seen that the current ramped to the �ON� state at 1.4 nA
from the �OFF� state at 0.5 nA within tens of milliseconds
when incident light of 0.478 mW cm�2 was on. The switching
is fast and reversible, and the photocurrent is steady in the
long term. These results demonstrated that SnS nanobelts
showed good photoresponse and can be potentially used for
photovoltaics.

The electron-transport properties of the SnS nanobelt
were further investigated by FET measurement. Figure 4 e
plots the typical curves of source–drain current (Ids) as
a function of source–drain voltage (Vds) at varying gate vol-
tages (Vgs). When the gate voltage increases, Ids decreases
correspondingly, indicating the gate-dependent Ids�Vds effect
and the p-type conductivity of the device.[17] The gating be-
havior was further characterized by recording Ids versus Vgs

at constant Vds =2 V (Figure 4 f). It suggests that the source–
drain current decreases with an increase in gate potential,
thus indicating the typical p-type characteristics, that is,
holes rather than electrons as carriers dominate inside the
SnS nanobelt. In order to calculate the hole mobility in the
SnS nanobelt, the transconductance gm = dIds/dVgs of the
device was determined by fitting the linear region of the Ids–
Vgs curve in Figure 4 f. The channel length and width of the
nanobelt device were measured based on the SEM image in
Figure 4 b. The field effect mobility for this device was calcu-
lated by Equation (1):[18]

m ¼ L=ðW � Cox � VdsÞ � dIds=dVgs ð1Þ

where Cox is the capacitance per unit area between the con-
ducting channel and the backgate (Cox = eoer/d ; e0 =8.854 �
10�12 F m�1; er for SiO2 is 3.9, and d is the thickness of SiO2

dielectric layer, ca. 300 nm), L is 1.57 mm; W is 0.14 mm;
dIds/dVg is �25.31 nAV�1 based on the slope in the linear
region of the Ids�Vgs curve in Figure 4 f; and Vds is 2 V. As
a result, the calculated hole mobility of the device is
12.33 cm2 V�1 s�1. Similar mobility values can be obtained on
different single-nanobelt devices. This value is comparable
to that of the state-of-the-art nanocrystals-based devices[19]

and much higher than the reported mobility for a SnS nano-
ribbon device[3a] as well as PbS and PbTe nanowire FET de-
vices where the nanowires are obtained by the chemical
vapor transport method.[20] It is believed that the mobility of
the present SnS nanobelt device could be further improved
by either using HfO2 as top gate and mobility booster[21] or
by proper doping to increase its hole concentration.

Conclusions

In summary, monolithic SnS nanostructured films have been
fabricated on tin foil substrate via a facile solution-based ap-
proach. It was found that the morphologies of nanostruc-
tured films could be tuned from well-defined orthorhombic
SnS nanobelt arrays to nanorods, nanosheets, or nanoflakes

by simply changing the ratio of solvents used. The photo-
electric conversion and electron transport properties of the
synthesized single-crystalline nanobelt have been investigat-
ed by fabricating the corresponding devices with single SnS
nanobelts. It was shown that the SnS nanobelt exhibited
a fast and reliable photoresponse even at an illumination in-
tensity as weak as 0.103 mW cm�2. Measurement on a SnS
FET device also indicated that the synthesized SnS nanobelt
demonstrated a hole mobility as high as 12.33 cm2 V�1 s�1.
These results reveal that the reported approach for prepar-
ing monolithic SnS nanostructured films could be useful to
explore potential applications in photovoltaics and electron-
ics of SnS as a low-cost, earth-abundant, and environmental-
ly friendly material.

Experimental Section

Materials

Tin foil, sulfur powder, octanol, and octylamine were purchased from
Alfa Aesar and directly used without further purification. Deionized
water with a resistivity of 18.2 MWcm�1 (Millipore) was used in all ex-
periments.

Synthesis of SnS Nanobelt Films

Monolithic SnS nanobelt films were prepared by a simple solvothermal
process by using tin foil and sulfur powder as starting materials with no
addition of any surfactants or capping agents. In a typical procedure,
a 1 cm � 1 cm piece of Sn foil (69.74 mg) was pretreated in 1m HCl aque-
ous solution and then thoroughly washed with deionized water in an ul-
trasonic bath. The cleaned Sn foil was then put into a 25 mL Teflon-lined
autoclave. Subsequently, sulfur powder (18.80 mg) was added to achieve
a 1:1 molar ratio of Sn:S. Octylamine (7 mL) and octanol (7 mL) were
typically filled into autoclave as solvents to prepared nanobelt films. Af-
terwards, the autoclave was kept at 220 8C for 12 h and then allowed
cooled to ambient room temperature. The obtained foil with black sub-
stance on the surface was rinsed with ethanol and water and then dried
in an oven at 60 8C for 2 h.

Characterization

The crystal structure of the product was determined by X-ray diffraction
(XRD) using a Rigaku D/max2500 diffractometer with Cu Ka1 radiation
(l=1.54056 �). The morphologies and composition of SnS nanostruc-
tures were investigated by scanning electron microscopy (SEM, Hitachi
S-4800, Japan) with an energy-dispersive X-ray detector (Oxford Inc.)
operating at 15 kV. Transmission electron microscopy (TEM) and high-
resolution TEM (HRTEM) experiments were performed on a Tecnai G2
F20 U-TWIN instrument (FEI, USA) equipped with an energy-dispersive
X-ray detector (EDAX Inc.) working at an accelerating voltage of
200 kV.

Fabrication of Single SnS Nanobelt Devices

SnS nanobelts were dispersed in ethanol and then deposited onto
a highly doped Si substrate covered with 300 nm thick SiO2 as the dielec-
tric layer. Source and drain contacts to single SnS nanobelt were defined
by electron-beam lithography on a PMMA950A4 resist (MicroChem
Inc.) by using an SEM/FIB (focused ion beam) dual-beam instrument
(Nova 200 NanoLab, FEI) interfaced with Elphy Quantum software
(Raith Company), followed by the thermal evaporation of 5 nm Cr/90 nm
Au. After lift-off of the resist in acetone, chips with SnS nanobelt FETs
were rinsed thoroughly with acetone and isopropyl alcohol before blow-
drying with N2.
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Electrical Measurements

Current–voltage (I–V) characteristics and FET electric measurements of
the single SnS nanobelt devices were recorded with a Keithley 4200 semi-
conductor characterization system and a Micromanipulator 6150 probe
station in a Faraday box at room temperature in air. An iodine–tungsten
lamp was selected as the white light source. The incident light density
was calibrated with an optical power meter.
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