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ABSTRACT

One-dimensional stannous sulfide (SnS) nanobelts have been synthesized by molten salt solvent method,
with advantages of one-step, low temperature and template-free. The characterization of the nanobelts
with X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron microscopy
(TEM) and selected area electron diffraction (SAED), indicates a single-crystalline orthorhombic structure
growing along [012] direction with length up to 6 pm. The electronic valence states of the as-prepared
sample are studied by X-ray photoelectron spectrometer (XPS) analysis. The UV-visible-near-infrared
reflection spectrum demonstrates the absorption edges of the SnS nanobelts in the short-wave near-
infrared region, which could be interpreted in terms of direct transitions from a band gap of 1.33 eV
and indirect transitions from a band gap of 1.14 eV. The photoelectric device based on the SnS nanobelts
shows distinct optical switching effect under the intermittent illumination of the simulated sunlight
with both the rise and decay time less than 300 ms, indicating its great potential applications as optical
sensors/switches with a response time in ~ms range.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Recent investigations on nanostructures of metallic sulfides
such as CdS, CuS, ZnS have attracted considerable interest owing
to their application in optical and electronic devices [1-3]. Among
these materials binary tin sulfides (SnS, SnS,, Sn,S3, Sn3S4, SnySs)
are known of which SnS and SnS, are significantly important
because of their interesting properties and potential technologi-
cal applications [4-6]. SnS is a p-type semiconductor with layered
orthorhombic crystal structure. The orthorhombic herzenbergite
modification of SnS consists of double layers perpendicular to c-
axis in which Sn and S atoms are tightly bound. The direct and
indirect band gap of SnS were reported tobe 1.2-1.5and 1.0-1.2 eV,
respectively [7]. The narrow band gap and the interesting structural
property of SnS make it a potential candidate for solar absorber
in thin film solar cells, semiconductor sensors and holographic
registrar systems [8-11]. Besides, semiconductor sulfides with 1D
belt-like morphology, which can maximize surface-to-volume ratio
and shorten the carrier transit time [12], are more attractive for
possible applications in nanoscale devices [13]. Nevertheless, pho-
tosensitive devices based on 1D SnS nanobelts have seldom been
reported for photodetector applications.

Because of the above wide application, the synthesis of SnS
nanobelts has been attracting considerable attention. Qian’s group
has developed a multi-step wet chemical route to synthesize
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SnS nanobelts [13]. Liu and Xue [14] also reported poly vinyl
pyrrolidone (PVP) assisted solvothermal method for synthesizing
SnS nanobelts. Still, a facile, environmentally friendly and cost-
effective method without using surfactant for the preparation of
SnS nanobelts with high quality under ambient pressure and at low
temperature is a goal of many researchers.

Herein, we take a new strategy to prepare SnS nanobelts by a low
temperature molten salt solvent method that is based on chem-
ical reactions in eutectic composite salt melts at temperature of
200°C in the absence of organic dispersant or capping agents. The
as-produced SnS nanobelts are characterized by XRD, SEM, TEM and
XPS. The UV-visible-near infrared reflection spectrum is studied. In
addition, the photoelectric device is fabricated from SnS nanobelts.
The photoelectric properties of the device have been investigated
under the irradiation of the simulated sunlight. The photocurrent
change with incidence illumination intensity is also examined.

2. Experimental

All of the analytically pure chemical reagents including LiNOs, KNOs,
SnCl,-2H,0, NyH4-H,0 (hydrazine hydrate) and (NH;),CS (thiourea) were pur-
chased from Chongging Chemical Company and used as received without further
purification. 6 g of mixed (LiINO3/KNO3 = 1/2) was put in a 25 mL Teflon-lined auto-
clave, and 0.1 mmol SnCl;-2H,0, 0.1 mmol thiourea and 5mL hydrazine hydrate
were added into the mixed nitrates. The vessel was sealed and then kept at 200°C
for 24 h, and then let cool down naturally. The products were washed with deion-
ized water and absolute ethanol, and then dried at 60 °C for 2 h. The products were
characterized by XRD (BDX3200, China), SEM (TESCAN VEGA II) and TEM (TEM,
JEOL4000EX). X-ray photoelectron spectrometer (XPS) analysis was performed on
an ESCALab MKII using Mg Ka as the exciting source. An UV-vis-NIR spectropho-
tometer (Hitachi U-4100) was used to investigate the optical properties of the
synthesized products.
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To investigate the photosensitive property of the obtained SnS nanostructures,
a photoelectric device was fabricated with three facile steps. The first is to obtain a
SnS nanobelt film by pressing SnS nanobelts under the pressure of 10 MPa. The sec-
ond is to ultrasonically clean two pieces of conductive glasses (FTO) with detergent
solution and deionized water several times to remove oil, grease, and dust on the
surface. The last is to encapsulate the sandwich structure with epoxy resin to fab-
ricate a photodetector device. The photoelectronic performance of the device was
investigated under the irradiation of simulated sunlight (CHF-XM-500W), and the
photocurrent was recorded using a computerized data acquisition system equipped
with a source meter (KEITHLEY 2400).

3. Results and discussion

Typical XRD pattern of the product is shown in Fig. 1a. The prod-
uct can be perfectly indexed to the orthorhombic phase of the SnS
with the lattice constants of a=4.33A, b=11.19A, c=3.98 A (JCPDS
39-0354) and no peaks of other phases are detected. Fig. 1b shows
the energy dispersive X-ray spectrum (EDS) of the sample, which
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confirms the composition of tin and sulfur. The C and Si signals
come from the substrate.

SEM and TEM were employed to characterize the morphol-
ogy, size and crystal structure of the SnS sample. SEM image in
Fig. 2a illustrates a nanobelt-like morphology of the synthesized
nanocrystals. The width of nanobelts is ranging from 50 to 200 nm
and the lengthis up to 6 um, as is shown by the TEM image in Fig. 2b.
Fig. 2c and d gives the TEM image of a single SnS nanobelt and its
SEAD pattern, respectively, which suggest that the SnS nanobelts
are single-crystalline and grow along [012] direction.

Toinvestigate the growth process of the SnS nanobelts, the time-
dependent and temperature-dependent experiments were carried
out, indicating that the reaction time cannot obviously change the
morphology and size of the products at the temperature of 200°C
and no products are obtained with the reaction temperature below
180°C. (We compare the obtained products with different reaction
time of 24 h, 36 h and 48 h and at different reaction temperature
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Fig. 1. XRD pattern (a) and the energy dispersive X-ray spectrum (b) of the SnS nanobelts obtained by molten salt solvent method.

Fig. 2. SEM image (a) and TEM image (d) of the SnS nanobelts, TEM image (c) of a single SnS nanobelt and selected area electron diffraction pattern (d).
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Fig. 3. XPS spectra of SnS products: a typical survey spectrum (a), Sn 3d core level (b), S 2p core level (c).

of 150°C, 180°C and 200 °C.) Furthermore, we find that hydrazine
hydrate plays an important role in the experiment. On the one
hand, hydrazine hydrate as a reducing agent can provide a reduc-
ing environment to prevent Sn2* from being oxidized. On the other
hand, hydrazine hydrate as a chelating agent can control the growth
and direct the structure-formation of crystals due to the selective
absorption of molecules and ions in reaction mixture on different
crystal faces [15].

In above synthetic systems, the chemical reactions can be
expressed as the following equations:

SnCly + NyHy — [Sn(NoHy)s]>+ +2C1-
(NH;)2CS + H;0 — (NH3),CO + S%~ +2HT

[Sn(NyHg)3]%t +5%~ — SnS | +3NyHy
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Fig. 4. UV-visible-NIR reflection spectrum and Kubelka-Munk function of the SnS
nanobelts.

Stannous chlorides will firstly dissociate to release metal ions
which then react with hydrazine to form the relatively stable metal
ions complex [16]. Secondly, the S~ is produced from thiourea
through hydrolysis reaction with increasing the reaction temper-
ature. Finally, the S~ may attack the metal ions of the complex,
as causes the bonds between the metal ions and the N atoms of
hydrazine to become weaker and the bonds between the metal ions
and S2- to form little by little [17], resulting in the formation of the
SnS nanocrystals.

The purity and composition of the as-prepared sample are stud-
ied by XPS analysis. The XPS spectra of the product are shown in
Fig. 3. Fig. 3b and c shows the photoelectron spectrum of Sn 3d core
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Fig. 5. The photograph of the device (a), I-V curves (b) of the photoelectronic device
based on SnS nanobelt film in the dark (solid line) and under the simulated sunlight
(dashed line) with intensity of 78 mW/cm? and SEM image of the film in side view

(c).
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Fig. 6. Photocurrent responses to switching of light at a bias of 5V under the simulated sunlight with intensity of 78 mW/cm? (a), the enlarged one response under the
simulated sunlight (b) and current-time response at a bias of 5V under the simulated sunlight with intensity of 78 mW/cm? (c).

level and S 2p core level, respectively. The peak at 485.7 eV corre-
sponds to the binding energy of Sn 3ds; and the corresponding
binding energy of S 2ps3, is 161.2 eV. The results are in agreement
with the reported data [18]. The ratio of integral area for S 2p to
Sn 3ds,; is about 1:1.08, which coincides with the results of XRD.
No evidence of Sn** (binding energy at 485.9 eV) is detected in the
spectra.

In order to investigate the optical property of the SnS nanobelts,
the diffuse reflectance spectrum is performed by casting the dis-
persed SnS nanobelts on a glass substrate. The diffuse reflectance
spectrum and Kubelka-Munk function of the SnS nanocrystals are
shown in Fig. 4. The energy gap of SnS nanobelts can be esti-
mated by extrapolating the linear part of Kubelka-Munk function,
which is the ratio between the absorption and scattering factor
from the optical diffuse reflectance spectrum [19,20]. Obviously,
the Kubelka—-Munk function in Fig. 4 shows two band gaps, 1.33 and
1.14 eV, which is direct band gap and indirect band gap according
to previous literatures [7,21], respectively.

To explore the photoelectric property of the SnS crystals, a pho-
toelectric device was fabricated in the sandwich structure. The
photograph of the device based on the SnS nanobelts is shown
in the inset of Fig. 5a. It is seen under SEM the thickness of the
nanobelt film is around 120 wm (Fig. 5¢) and the effective acreage
is around 0.6 cm?2. Typical I-V curves of the SnS nanobelt device in
the dark (solid line) and under the simulated sunlight (dashed line)
with intensity of 78 mW/cm? are shown in Fig. 5b in scanning volt-
age ranging from —10V to +10V. The current under illumination is
much larger than that in the dark, and both curves in the dark and
under illumination present almost linear characteristic.

The photocurrent response of the device is performed at a bias of
5V under the simulated sunlight with intensity of 78 mW/cm?2. The
reversible photocurrent switching effect of the device is obviously
displayed in Fig. 6a when the simulated sunlight is periodically
switched on and off. In order to estimate the response time of

rise and decay of the current, one response cycle is magnified.
Fig. 6b shows a single time-response cycle. In our experiment, every
measuring interval of KEITHLEY 2400 is represented by the equal
intervals of 30 ms. It is clear that both the rise and decay time is less
than 300 ms, with current change of more than 15 pA in exposure
to the simulated sunlight with intensity of 78 mW/cm?. Obviously,
the response sensitivity is acceptable in most of the applications of
photodetectors [22].

As a photoelectric device, the stability is significantly of impor-
tance. Fig. 6a shows the photocurrent stability of the device at 5V
bias over a 500s interval in exposure to the simulated sunlight
with intensity of 78 mW/cm?, indicating the stability of the pho-
tocurrent with charging effect modulating the magnitude of the
current response within +7%. The good stability can be attributed
to the sandwich structure of the device which can prevent the SnS
nanobelt film from influence by the air ambient, the change in
gaseous atmosphere or humidity that can greatly affect the pho-
tocurrent [23,24].

It is an important advantage of powder photoelectric mate-
rials that flexible photoelectric devices can be obtained by the
printing technology as the powder of nanomaterials can eas-
ily form the thin film on flexible substrates. In addition, the
nanobelt films have a higher conductivity in comparison with
the corresponding nanoparticle films due to the network struc-
ture formed by the nanobelts. Although the conductivity of our
SnS nanobelt films might be lower than that of the continuous
films prepared by the magnetic sputtering coating or chemical
vapor deposition, the light absorption ability of the nanobelt films
is higher than that of the continuous films due to the vast sur-
face microstructures. On the other hand, as the SnS nanobelts
can be cost-effectively synthesized by the facile molten salt
method, the photoelectric devices based on the SnS nanobelt film
with the various shapes and sizes can be achieved on a large
scale.
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4. Conclusions

SnS nanobelts have been synthesized by the molten salt sol-
vent method. This approach is novel, one-step, low temperature,
cost effective and mass-producible. A photoelectric device has
been fabricated simply from the SnS nanobelts. Our investigation
demonstrates that the SnS nanobelts can be used in optical sen-
sors/switches.
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