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SnS of orthorhombic (OR) and metastable (SnS) phases were synthesized by using a simple and facile colloidal
method. The tin precursor was synthesized using tin oxide (SnO) and oleic acid (OA), while the sulfur precursor
was prepared using sulfur powder (S) and oleyamine (OLA). The sulfur precursor was injected into the tin pre-
cursor and the prepared SnS nanocrystals were precipitated at a final reaction temperature of 180 °C. The results
show that hexamethyldisilazane (HMDS) can be successfully used as a surfactant to synthesize monodisperse
20 nm metastable SnS nanoparticles, while OR phase SnS nanosheets were obtained without HMDS. The direct
bandgap observed for the metastable SnS phase is higher (1.66 eV) as compared to the OR phase (1.46 eV).
The large blueshift in the direct bandgap of metastable SnS is caused by the difference in crystal structure. The
blueshift in the direct band gap value for OR-SnS could be explained by quantum confinement in two dimensions
in the very thin nanosheets. SnS thin films used as a photo anode in a photoelectrochemical (PEC) cell were pre-
pared by spin coating on the fluorine-doped tin oxide (FTO) substrates. The photocurrent density of the SnS
(metastable SnS)/FTO and SnS (OR)/FTO are 191.8 μA/cm2 and 57.61 μA/cm2 at an applied voltage of −1 V at
150 W, respectively. These narrow band gap and low cost nanocrystals can be used for applications in future
optoelectronic devices.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

SnS is a p type semiconductor that is being intensely researched
worldwide because it has the advantages of being composed of natural-
ly abundant elements and is nontoxic and chemically stable, and thus
scaling up its use would be economically and environmentally feasible
[1]. It has a high carrier concentration and mobility (hole mobility
~90 cm2 V−1 s−1) [2], a high absorption coefficient (104–105 cm−1 at
the fundamental absorption edge, which varies with the phase) [3]
and a wide absorption range (band gap ~1.3 eV) [4–8], and thus theo-
retically possesses all the qualities needed for efficient absorption of
solar energy and is suitable for incorporation into photovoltaic cells
[9–11], photodetectors [12], photocatalysts [13], field effect transistors
[14], Li ion battery anodes [15] and electrochemical capacitors [16,17].

It iswell-known that the optoelectronic properties of semiconductor
nanocrystals are strongly phase dependent. SnS crystals have been re-
ported in the literature as being in the stable orthorhombic phase or a
distorted cubic phase. OR-SnS nanostructures have been synthesized
in various forms, including layered nano-crystals [4,5,18], fullerene
nanoparticles [19], nanorods [20] and nanobelts [21] by using various
techniques, like hydrothermal, solvothermal and pyrolysis methods,
among others [4,5,8,22]. In our previous study [23], we controlled

different processing parameters to synthesize 20–50 nm SnS nanocrys-
tal thin films with a direct band gap energy of 1.24 eV, while the band
gap energy for the sheet-like SnS films was around 1.26 eV.

There has recently been extensive research in synthesizing and char-
acterizing the cubic phase of SnS [7,9,10,14,24–26]. The difference in the
crystal structure of this metastable phase as compared to ground state
orthorhombic SnS gives rise to novel optoelectronic properties. The
metastable phase has a higher band gap of 1.6–1.77 eV as compared
to the orthorhombic phase, which has a bandgap of 1.23–1.3 eV. Ortho-
rhombic phase SnS is the thermodynamically stable phase, while the
metastable phase SnS is thermodynamically unstable and can be only
synthesized under a special artificial environment, like using active
surfactants [7,14,26], low reaction temperatures and a short reaction
time [9,10,24].

Greyson et al. [24] were the first to synthesize zinc blende (ZB)
phase SnS nanoparticles. They observed thatwhen the reaction temper-
ature is lower and the reaction time is short, SnS will change from the
orthorhombic to zinc blende phase. The zinc blende phase SnS has a
strong absorption edge at around 700 nm (about 1.77 eV). These optical
properties are similar to those reported in Deng et al. [7,14] and
Avellaneda et al. [9,10]. Deng et al. [14] published a report on synthe-
sizing 2–5 μm long single crystalline ultrathin SnS nanoribbons that
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grow via a metastable to stable phase transition, and display dual
phase intermediate hetero-structures with ZB nanosphere heads
and OR nanoribbon tails.

Metastable phase SnS also tends to exhibit a better direct bandgap
and a larger optical absorption range as compared to the stable OR-
SnS phase, which could serve to increase SnS performance as a photo-
voltaic and photoelectrochemical cell material [25]. In the literature,
most studies show that metastable SnS has an effective optical absorp-
tion onset at around 1.4 eV [27], which is the optimum band gap for
achieving maximum efficiency according to the Shockley–Queisser
limit under the AM 1.5 solar spectrum. Therefore, metastable SnS
could be a more suitable light harvesting material than OR-SnS. Al-
though this metastable SnS phase has been synthesized by many re-
searchers, the crystal structure of this phase is still unclear [25,26],
and thus we would like to refer to this phase as metastable SnS. More-
over, the real crystal structure of metastable SnS and its photoelectrical
properties remain unknown.

In order to obtain the metastable SnS, suitable surfactants must be
used that have a capping effect that prevents the further growth of the
metastable SnS to the OR structure. In previous studies, SnS nanoparti-
cles were synthesized using high activity metallic compounds as the
tin(II) precursors [5], although these happen to be very toxic. However,
nontoxic inorganic SnO is used as the tin source in this study. HMDS has

Fig. 2. (a) TEM image showing nearmonodisperse metastable SnS nanoparticles, (b) HRTEM image showing crystal planes with the inter planar distances used to create indexed FFT pat-
terns (inset), (c) TEM image showing OR-SnS nanosheets obtained without the use of HMDS as a surfactant and (d) SAED diffraction patterns which can be indexed to OR-SnS.

Fig. 1. XRD data for SnS nanocrystals obtained (a) without and (b) with the use of HMDS.
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been observed to successfully act as a surfactant and capping ligand
yielding nearly monodisperse non-agglomerated metastable SnS nano-
particles. To the best of our knowledge, this is the first metastable SnS
photoanode for application in a photoelectrochemical cell.

2. Experimental methods

2.1. Synthesis

We used the hot injection method to synthesize metastable
SnS nanoparticles with a uniform size distribution, with HMDS
(Hexamethyldisilazane, Sigma Aldrich,N99%) as a surfactant to en-
able colloidal stability and facile surface functionality. In a typical
synthesis experiment, 1.35 g of SnO (Tin(II) Oxide, SHOWA, 99%)
was mixed with 13.5 ml OA (Oleic Acid, Sigma Aldrich, 66%–88%)
and 2 ml of HMDS in a three neck flask and heated to 110 °C
under an argon gas inflow with constant magnetic stirring, and held
there for 15min to remove any excess water. It was then heated further
to 310 °C, where it became a clear solution forming the tin precursor
(Sn(OA)X), after which it was cooled down to 190 °C. Simultaneously,
the sulfur precursor (S-OLA) was prepared by heating a mixture of
0.45 mmol of elemental S powder (Sulfur powder, Sigma Aldrich,
98%) and 9 ml OLA (Oleyamine, ACROS, 90%) at 155 °C under magnetic
stirring and argon gas inflow. Using glass syringes the hot sulfur precur-
sorwas quickly injected into the tin precursor and the final temperature
was maintained at 180 °C for 30 min before being cooled to room tem-
perature. All chemicals were used without further purification. The
resulting SnS nanoparticle solution was then added to ethanol and ace-
tone in the ratio of 1:9:9, and centrifuged at 5000 rpm for 15 min. This
process was repeated several times to wash away all the organic sol-
vents, and the final product was dried in vacuum, re-dispersed in hex-
ane and sent for further characterization. OR-SnS nanosheets were
synthesized by the same method, although without the use of HMDS.

Thin films of metastable SnS quantum dots and OR-SnS nanosheets
were prepared by spin coating a solution of the obtained nanocrystals
(2 mg) in toluene (2 ml) on transparent FTO coated glass substrates.
The FTO/glass substrates were subjected to oxygen plasma for 30 s be-
fore the spin coating process to aid bonding at the FTO/SnS layer inter-
face. Photo-electrochemical tests were performed in a conventional
three electrode system with 0.1 M Na2SO4 electrolyte (pH = 7) using
the SnS thin films as the working electrode, platinum electrode as the
counter electrode and Ag/AgCl as the reference electrode.

2.2. Characterizations

Powder X-Ray diffraction measurements were made on a diffrac-
tometer (D2 Phaser, BRUKER, Germany) with Cu Kα radiation (λ =
1.54060 Å) at a scan rate of 0.025° s−1 to analyze the phase structure
of the nanocrystals. High resolution transmission electron microscopy
was performed on afield emission gun transmission electronmicroscope
(Tecnai G2 F20 FEG-TEM, FEI, USA) operating at 200 kV. UV–Vis absorp-
tion spectra were obtained using a spectrophotometer equippedwith an
integrating sphere (JASCO V-650, Japan). The photo-electrochemical
properties were measured in ambient conditions under irradiation of a
150 W Xe lamp having a power density of 50 mW cm−2. The potential
was swept from 0 to −1.0 V (vs. Ag/AgCl) at a sweep rate of 1 mV/s
(PGZ310, Radiometer-analytical, France).

3. Results and discussion

3.1. Structural characterization

Fig. 1(a) is the XRD diffraction peak results, which show the forma-
tionof pureOR-SnSwithout theuse of HMDS as a surfactant (JCPDS card
no. 39-0354). However when HMDS is used, we observe that the
diffraction peaks are purely cubic or orthorhombic, and there is no

standard JCPDS that the crystal structure can be assigned to. In the liter-
aturemetastable phase SnShas been referred to as zinc blende (ZB) [7,9,
10,14,24], rock salt (RS) [25] and pseudo-tetragonal [26].

The morphology of the nanocrystals can be seen under bright field
TEM (Fig. 2).WhenHMDSwas used as a surfactant, uniformly distribut-
ed near-monodisperse nanoparticles were observed with an average
particle size of 20 nm. The HRTEM image of the nanoparticles reveals
a two dimensional lattice with a typical spacing of 0.284 nm corre-
sponding to (200) ofmetastable SnS. The indexed fast Fourier transform

Fig. 3. (a) UV–Vis absorption spectrum as a function of incident photon wavelength. Cal-
culating the bandgap of SnS nanocrystals depending of the type of electronic transition.
(b) Direct bandgap, and (c) indirect bandgap.
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(FFT) of the HRTEM image reveals a pattern that indicates the spherical
SnS nanoparticles are single crystals of a metastable phase projected
along the (010) direction [26]. Without the use of HMDS, very thin
nanosheets that show bending at the edges are observed. The selected
area electron diffraction (SAED) pattern shows a polycrystalline struc-
ture that can be indexed to the planes of stable OR-SnS.

Here we speculate that adding HMDS may help the tin oleate com-
plex achieve a more suitable balance between the nucleation and
growth rates of the metastable phase SnS crystal than is possible with
the less reactive tin oleate precursor [7,14].While fast nucleation occurs,
the growth rate of these nucleates is inhibited due to the capping effect
of the HMDS (non-nucleophilic base). A vigorous reaction exhibiting
bubbling and an immediate color change from clear brown to reddish
black is observed when the sulfur precursor is injected into the tin ole-
ate complex. Due to the outburst of energy, themetastable SnS contains
a high density of defects and a strained lattice structure, and thus can be
synthesized only in a thermodynamically unstable environment. On the
other hand, without the use of HMDS, the solution color gradually
changes to gray, and no vigorous reaction or bubbling is observed. In
the absence of HMDS, the uncapped nucleates can grow into larger
nanosheets and crystallize into the stable orthorhombic phase.

3.2. Optical characterization

The optical properties of the nanocrystals were investigated using
UV–Vis absorption spectroscopy. The absorption increases at higher
photon energies and shows an onset for the OR-SnS phase at about
850 nm, while that of metastable SnS is observed at lower wavelengths
of about 750 nm (Fig. 3a).

The optical absorption transitions are used to calculate the band
gaps present in the electronic structure of OR-SnS and metastable SnS
by performing the Kubelka–Munk transformations [28]. The ab-
sorption coefficient is related to the incident photon energy by the
formula (αhv)n = B(hv − Eg) [29], where a is the absorption coeffi-
cient (α ¼ 2:303 A

t, where t is thickness (3 μm), and A is optical absor-
bance [30]), hv is the incident photon energy, n is a number that
depends on the electronic transition and B is a constant. The direct
bandgap can be calculated from the x axis intercept in a plot of
(αhv)2 vs hv, while the indirect bandgap can be calculated from
the x intercept in a plot of (αhv)1/2 vs hv.

The values for the direct and indirect bandgap of OR-SnS nanosheets
are 1.46 eV and 1.22 eV, respectively, while those for themetastable SnS
nanoparticles are 1.66 eV and 1.42 eV respectively (Figs. 3b,c). The
strong blueshift (~0.2 eV) for the OR-SnS phase as compared to that
reported in the literature (~1.2 eV) could be attributed to quantum con-
finement effects in the 2-D SnS nanosheets [31]. The higher direct band
gap values obtained for metastable SnS agree with the literature (with
reports on the previously denoted ZB phase), and are a result of the dis-
tortion of the crystal lattice. The difference in optical properties be-
tween the two SnS phases can be attributed to their differing lattice

parameters (orbital interactions and symmetry of their overlap) and
local coordination of atoms. The Bohr exciton radius of SnS quantum
dots is in the region of 7 nm [26,32], and thus the larger metastable
SnS nanoparticles synthesized in this study would not be strongly
affected by quantum confinement effects. The size regime of semicon-
ductor nanoparticles is known to influence the crystalline phase transi-
tions, as observed in the case of metastable SnS, and this can be utilized
in creating novel nanoparticles with crystal structures different from
their bulk counterparts.

Tailoring reaction conditions to suit the formation of metastable
phases and collecting them before they have transformed into their
stable phases can enable us to synthesize nanomaterials exhibiting
unique optoelectronic properties that can be obtained without uti-
lizing quantum confinement effects.

3.3. Photoelectrochemical characterization

Thin films of SnS nanocrystals used as a working electrode in a PEC
cell show relatively high current densities, both in the light and dark
at an applied voltage of −1 V vs Ag/AgCl (Figs. 4a,b). The highest pho-
tocurrent density observed for metastable SnS is higher
(~190 μA/cm2) than that reported for OR-SnS (~58 μA/cm2). However
notably high current densities are also observed in the dark, and this
can be due to the effect of voltage bias on the current flow through the
FTO/SnS hetero-junction. While exhibiting near diode characteristics
at lower voltages where the charge transport mechanism is tunneling,
the charge transport mechanism at higher applied voltages is due to the
presence of defects and impurities that affect the space-charge limited
current mechanism. The inherent nature of tin vacancy defects in
SnS thin films could be the preferred carrier transport mechanism
at higher applier voltages, thus showing high current densities even in
the dark.

K.R. Gunasekhar et al. [33] observed a high saturation current and
diode quality factor at higher bias voltages due to the presence of native
defect states. This highlights the low electrical conduction between
layers of anisotropic OR-SnS and the more isotropic metastable SnS
structure, which results in higher current densities and could thus pro-
vide a more suitable thin film absorber material when film thickness in
the micrometer range might be needed.

4. Conclusions

In this report we have developed a simple and facile method to syn-
thesize two different phases of SnS having different morphological and
optical properties. The use of HMDS as a surfactant resulted in almost
spherical near monodisperse metastable SnS nanoparticles, while in
its absence thin nanosheets were synthesized that had the stable ortho-
rhombic crystal structure observed in bulk SnS. The blueshift observed
in the direct bandgap of OR-SnS and metastable SnS nanocrystals from
bulk SnS can be attributed to quantum confinement effects and changes

Fig. 4. Current density as a function of the voltage applied between the working electrode and the counter electrode under irradiation of a 150 W Xe lamp having a power density of
50 mW cm−2 and in the dark for (a) OR-SnS, and (b) metastable SnS.
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in the crystal structure, respectively. SnS nanocrystals spin coated on
FTO/glass substrates and used as a working electrode in a PEC cell
show current densities which increase with applied voltage, and these
are higher for the metastable phase. Future research will focus on en-
hancing the efficiency of SnS as a photo anodeby employing earth abun-
dant catalysts.
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