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Epitaxial nanodisks of tin(II) sulfide (SnS) are deposited electrochemically on a [100]-oriented single-
crystal Au substrate from an acidic solution at 70 °C. The SnS grows with two different out-of-plane
orientations of [100] and [301], which each have four equivalent in-plane orientations. X-ray pole figures
reveal the following epitaxial relationships: SnS(100)[010]//Au(100)[010], SnS(100)[010]//Au(100)[01j0],
SnS(100)[010]//Au(100)[001], SnS(100)[010]//Au(100)[001j], SnS(301)[010]//Au(100)[010], SnS(301)[010]//
Au(100)[01j0], SnS(301)[010]//Au(100)[001], and SnS(301)[010]//Au(100)[001j]. For the SnS[100]
orientation, the in-plane mismatch is -2.4% in the [010] direction and 6.1% in the [001] direction. For
the [301] orientation, the in-plane mismatch is -2.4% in the [010] direction and alternates between
3.4% and 6.7% in the [103j] direction. The SnS deposits with a disklike morphology with a diameter of
300 nm and a thickness of 50 nm.

Introduction

Epitaxial films are typically deposited onto single-crystal
substrates using vapor deposition. Recently, many research
groups have utilized the electrochemical deposition method
to produce epitaxial films.1-6 The advantages of this method
over other deposition methods are its versatility, high level
of control, simplicity, and economy. The deposition is usually
carried out at or near room temperature, which helps
minimize solid-state diffusion between the film and substrate.
The thickness of the film is easily controlled by the charge
passed through the electrode. The electrochemical deposition
method can be used to deposit materials on substrates of
any shape or size. In addition, the departure from equilibrium
is controlled through the applied overpotential, and the
morphology of the deposits is often dependent on solution
additives and the pH. Our group has previously employed
electrodeposition in aqueous solution to grow epitaxial films
of δ-Bi2O3,7 Cu2O,6,8 CuO,9 ZnO,10,11 Fe3O4,12 PbO2,13

Tl2O3,14 and PbS15 on single-crystal Au. We have also
electrodeposited epitaxial Cu2O films and nanostructures with
tunable morphologies onto Si and InP single crystals.16-18

Tin sulfide (SnS) is a p-type layered semiconductor with
a band gap ranging from 1.05 to 1.48 eV19-22 depending
on the preparation method, which is near the optimum energy
band gap of 1.5 eV required for efficient light absorption
for solar energy applications.23 According to the recent study
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by Reddy and co-workers on the optical properties of SnS
films, the optical band gap of SnS depends strongly on the
lattice parameters.24 Reddy et al. have fabricated p-SnS/n-
CdS polycrystalline thin film cells with a solar conversion
efficiency of 1.3%.25 On the basis of the band gap of the
material, a conversion efficiency of more than 25% is
possible.25,26 Additionally, Sn and S are inexpensive, envi-
ronmentally benign, and ubiquitous in nature.19,20,22 These
properties make SnS suitable for use in photovoltaic and
photoelectrochemical cells. SnS has been synthesized using
many techniques including, for example, electrodeposi-
tion,19-22,27,28 pulse deposition,29,30 spray pyrolysis,31,32

chemical vapor deposition,33 and molecular beam epitaxy.34

Here, we show that epitaxial nanostructures of SnS can
be electrodeposited onto single-crystal Au(100). The SnS was
electrodeposited by the method developed by Brownson et
al.19 from a solution of SnCl2, thiosulfate, and L-tartaric acid
at pH 2.5. Our motivation for depositing epitaxial SnS on
Au is 2-fold. First, we are interested in depositing high-
aspect-ratio epitaxial deposits of the material for possible
photoelectrochemical and photovoltaic applications. Elec-
tron-hole recombination should be minimized in the epi-
taxial structures because of the lack of grain boundaries in
the direction perpendicular to the substrate. Also, the high
aspect ratio should maximize collection of charge carriers.
Recently, fabrication of high-aspect-ratio (length/diameter)
semiconductors (Si, CdSe, CdTe) for photoelectrochemical
and photovoltaic devices has attracted much attention
compared with the conventional planar geometry.35-38 The
Lewis group has theoretically and experimentally shown that
nanorod arrays of Cd(Se,Te) arranged perpendicular to the
substrate enhance the overall efficiency. The design increases
the charge carrier collection to the ultrathin p-n junction
that is parallel to the substrate but orthogonal to the light
absorption.35,39 Our second motivation for studying this
epitaxial system is that it provides fundamental information
on the epitaxial growth of high-mismatch systems. δ-SnS
has an orthorhombic structure (a ) 11.380 Å, b ) 4.029 Å,

c ) 4.837 Å),20 whereas Au (a ) 4.079 Å) has a
face-centered cubic structure. We show in this work that
mismatch is minimized when the SnS deposits with the a
axis of SnS oriented perpendicular to the surface of the
Au(100) substrate. The SnS nanostructures were character-
ized by X-ray diffraction, X-ray pole figures, and rocking
curves. The film morphology was examined via scanning
electron microscopy (SEM).

Experimental Section

SnS was deposited using the method developed by Brownson et
al.19 The deposition solution contained 50 mM SnCl2, 150 mM
Na2S2O3 (sodium thiosulfate), 0.2 M L-tartaric acid, and 0.1 M HCl.
The final pH of the solution was adjusted to 2.5 with 6 M NaOH.
The bath temperature was maintained at 70 °C. When sodium
thiosulfate was added to the solution, colloidal sulfur formed
due to thiosulfate disproportionation. The cell consisted of a
platinum counter electrode and a Ag/AgCl reference electrode. The
working electrode was a crystal Au(100) single crystal purchased
from Monocrystal Co. (diameter 10 mm, thickness 2 mm). A gold
wire was wrapped around the single crystal to serve as an electrical
contact. The Au(100) working electrode was placed in the solution
using the meniscus method. Prior to deposition, the Au(100) single
crystal was electropolished and annealed in a hydrogen flame.
Electropolishing was performed at a constant anodic current density
of 1.5 A/cm2 in a solution containing 50 vol % ethanol, 25 vol %
ethylene glycol, and 25 vol % concentrated HCl at 55 °C with a
graphite counter electrode. The deposition solution was deaerated
with Ar for 30 min prior to deposition to prevent the oxidation of
Sn2+. Argon gas was passed continually over the surface of the
solution during deposition. The deposition was carried out in a fume
hood. SnS films were deposited at a constant cathodic current
density of 3 mA/cm2 for 30 min with an EG&G Princeton Applied
Research model 273A potentiostat/galvanostat.

X-ray diffraction (XRD) measurements were taken with a high-
resolution Philips X’Pert diffractometer. The film XRD scan was
obtained using Cu KR1 source radiation with a combination X-ray
mirror and two-crystal Ge(220) two-bounce hybrid monochromator.
The secondary optics module was a 0.18° parallel plate collimator.
Rocking curves were run using a triple axis/rocking curve assembly
as the secondary optics. The instrumental broadening is 25
arcseconds. Pole figures were run on the same instrument in point-
focus mode using a crossed slit collimator as the primary optics
and a flat graphite monochromator as the secondary optics.
Stereographic projections were generated using CaRine Crystal-
lography software (version 3.1). Interface models were generated
using Cerius2 1.0 software by Molecular Simulations. SEM images
were taken with a Hitachi S-4700 cold field emission scanning
electron microscope at an accelerating voltage of 5 keV.

Results and Discussion

The epitaxial deposition of SnS nanodisks is achieved by
electrochemical reduction of SnCl2 in the presence of
Na2S2O3 as a source of sulfur. The chemistry of tin
monosulfide electrodeposition is described elsewhere.20 The
cathodic deposition current of 3 mA/cm2 used in this study
corresponds to a potential of approximately -0.45 V vs Ag/
AgCl. This potential is 390 mV more positive than the
potential of -0.86 V vs SCE reported by Brownson et al.19

at the same current density, which is likely due to the higher
electrical conductivity and catalytic activity of Au compared
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to the ITO. When a film is grown on a polycrystalline
substrate such as stainless steel, the measured potential is
-0.75 V vs Ag/AgCl.

The XRD θ-2θ diffraction pattern of the SnS deposit on
Au(100) is shown in Figure 1. Only three peaks are observed
for SnS, which correspond well to the (200), (400), and (800)
reflections of SnS. No other reflections are observed in the
2θ scan, indicating preferential [100] orientation of the film.
Because only the {h00}-type reflection is observed in the
diffraction pattern, only one lattice parameter can be
determined (a ) 11.31 Å). This value is similar to the a
lattice parameter of the δ-SnS polymorph reported by
Brownson et al. (a ) 11.380 Å, b ) 4.029 Å, c ) 4.837
Å).20 However, when a polycrystalline SnS is deposited on
stainless steel using the same bath condition, the lattice
parameters are a ) 11.22 Å, b ) 3.989 Å, and c ) 4.328 Å.
The lattice parameters obtained from the polycrystalline
deposit are quite similar to the literature values of R-SnS (a
) 11.18 Å, b ) 3.982 Å, c ) 4.329 Å, JCPDS no.
73-1859).40 When the SnS(210) pole figure was run to
determine the in-plane orientation of the film relative to the
substrate, two different reflections that correspond to the
[100] and [301] orientations were observed. Pole figures
are obtained by choosing a specific plane to probe while
measuring the diffracted intensity as a function of the tilt
(�) and rotation (�). The (210) pole figure of the SnS is
shown in Figure 2A, and the (111) pole figure of Au(100) is
shown in Figure 2B. The radial grid lines in the pole figures
correspond to 30° increments in �. The SnS pole figure
exhibits four equally spaced (∆� ) 90°) peaks at � ) 54°,
which is in agreement with the calculated � ) 54.5° that
corresponds to the angle between the (210) and (100) planes
in SnS. The other eight peaks at � ) 64° agree well with
the calculated � ) 63.9°, corresponding to the angle between
the (210) and (301) planes. The average peak height in Figure
2A is 360 counts/s for the (100) reflections and 76 counts/s
for the (301) reflections, which indicates that the SnS deposit
has a majority [100] orientation. The XRD diffraction pattern

only shows three peaks because the (400) and (301)
reflections overlap (2θ400 ) 31.995° and 2θ301 ) 31.655°).

To help verify the assignment of in-plane orientations from
the pole figure, stereographic projections were generated
(Figure 3). The stereographic projections in Figure 3 are
constructed using the orthorhombic R-SnS structure, because
the atomic positions for the R-SnS structure are well-known
and because δ-SnS is a slightly distorted structure of R-SnS.20

Parts A and B of Figure 3 show the (100) and (301)
stereographic projections, respectively, of orthorhombic
R-SnS while probing the (210)-type reflections. In Figure
3A, the spots at � ) 54.5° are assigned to the {210}
reflections due to the [100] orientation. Similarly, the spots
at � ) 63.9° correspond to the {210} reflections in Figure
3B due to the [301] orientation. Parts A and B of Figure 3
are the resulting stereographic projections, assuming that only
one domain of each orientation is deposited. However, the
Au(100) substrate has 4-fold symmetry, so it is reasonable
to expect four domains of each orientation being deposited
on the surface. Overlaying parts A and B of Figure 3 on top
of each other and then rotating the image by 90°, 180°, and
270° results in the stereographic projection shown in Figure
3C. The stereographic projection matches the experimentally
observed pole figure shown in Figure 2A. The Au(111) pole

(40) del Bucchia, S.; Jumas, J. C.; Maurin, M. Acta Crytallogr. 1981, 37B,
1903.

Figure 1. X-ray diffraction θ-2θ scan probing the out-of-plane orientation
of a SnS film electrodeposited on Au(100).

Figure 2. X-ray pole figures of (A) the SnS film and (B) Au(100). In (A),
the four spots at � ) 54° correspond to the angles between the (210) and
(200) planes, and the eight spots at � ) 64° correspond to the angles between
the (210) and (301) planes. In (B), the four spots at � ) 54°correspond to
the angle between the (111) and (100) planes of Au. The radial grid lines
in the pole figures correspond to 30° increments in �.
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figure in Figure 2B has four equally spaced peaks at � )
55°, which is consistent with the angle between the (111)
and (100) planes in the cubic system. By comparing the two
pole figures with the calculated stereographic projections,
the in-plane orientation of SnS on Au is determined. The
epitaxial relationships can be expressed as SnS(100)[010]//
Au(100)[010], SnS(100)[010]//Au(100)[01j0], SnS(100)[010]//
Au(100)[001], SnS(100)[010]//Au(100)[001j], SnS(301)[010]//
Au(100)[010], SnS(301)[010]//Au(100)[01j0], SnS(301)[010]//
Au(100)[001], and SnS(301)[010]//Au(100)[001j].

The SnS structure can be described as layers of double
planes.19,20,41 Each plane consists of Sn-S bonds arranged
in zigzag chains that are parallel to the substrate (perpen-
dicular to the a axis).19 A unit cell of the SnS structure is
shown in Figure 4. Tin atoms are colored blue, and S atoms
are colored red. The (301) planes are shown in Figure 4 for
reference. Interface models are shown in Figures 5 and 6
that are consistent with the epitaxial relationships determined
from the X-ray pole figures. In the interface models, Au
atoms are colored yellow and S atoms are colored red. For
the SnS[100] orientation shown in Figure 5, the spacing
between adjacent sulfur atoms is 3.982 Å along the b axis
and 4.329 Å along the c axis. By comparing the spacings
between sulfur atoms and Au atoms (4.079 Å), the lattice
mismatch is calculated to be -2.4% in the [010] in-plane
direction and 6.1% in the [001] in-plane direction. Hence,
the system minimizes the lattice mismatch by placing the
larger a lattice parameter (11.380 Å) perpendicular to the
substrate. The b (4.029 Å) and c (4.837 Å) lattice parameters
are similar to each other, and they are closer in value to the
lattice parameter (4.079 Å) of the Au substrate. For the
SnS[301] orientation shown in Figure 6, the (301) plane is
also aligned with the Au. The distance between two sulfur

atoms in the [010] direction is 3.982 Å, and in the [103j]
direction the distance alternates between 8.437 and 8.701

(41) Lefebvre, I.; Szymanski, M. A.; Olivier-Fourcade, J.; Jumas, J. C.
Phys. ReV. B 1998, 58, 1896.

Figure 3. Stereographic projections for the (A) SnS[100] and (B) SnS[301]
orientations indicating the positions where the (210)-type reflections should
be observed in the pole figure. (C) Expected (210) pole figure for four
domains obtained by overlaying the stereographic projections for the two
orientations in (A) and (B) and rotating by 90°, 180°, and 270°.

Figure 4. Unit cell of SnS, with Sn atoms colored blue and S atoms colored
red. The (301) planes are shown for reference.

Figure 5. Interface model for SnS(100) on Au(100). The Au atoms are
colored yellow, and the S atoms are colored red. On the SnS(100) plane,
the spacing between adjacent sulfur atoms is 3.982 Å in the [010] direction
and 4.329 Å in the [001] direction. The in-plane mismatch is -2.4% in the
[010] direction and +6.1% in the [001] direction.
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Å. The mismatch in the [010] direction is -2.4%, and in
the [103j] direction the mismatch alternates between +3.4%
and +6.7%. In the [103j] direction the lattice mismatch was
calculated by comparing the spacing between the S atoms
(i.e., 8.347 and 8.701 Å) with a doubled Au unit mesh (i.e.,
2 × 4.079 Å). Hence, although the lattice mismatch is similar
for the [100] and [301] orientations, the [100] orientation is
energetically preferred because it provides a larger number
of coincidence points per unit area than the [301] orientation.

The quality of the epitaxial SnS nanostructure can be
obtained by X-ray azimuthal scans and X-ray rocking curves.
An azimuthal scan is a cross section of a pole figure at a tilt
angle � which corresponds to the maximum intensity of the
reflections in the pole figure. Figure 7 shows an azimuthal
scan for the (210) reflections of SnS at a tilt angle of 54.5°.
The expected 4-fold symmetry is observed for the SnS

deposit and the substrate. The average full width at half-
maximum (fwhm) of SnS is 3.16°. The average peak
intensity of SnS relative to the background is 16:1, indicating
that SnS has a [100] orientation with little or no fiber texture.
If the deposit had a fiber texture, the ratio between the
average peak intensity and the background would be 1:1.
Parts A and B of Figure 8 show the X-ray rocking curves of
SnS(400)/(301) and Au(200). The fwhm’s of SnS(400)/(301)
and Au(200) are 2.9° and 0.23°, respectively. These results

Figure 6. Interface model for SnS(301) on Au(100). The Au atoms are
colored yellow, and the S atoms are colored red. The mismatch in the [010]
direction is -2.4%, and in the [103j] direction the mismatch alternates
between +3.4% and +6.7%. In the [103j] direction the lattice mismatch
was calculated by comparing the spacing between the S atoms (i.e., 8.347
and 8.701 Å) with a doubled Au unit mesh (i.e., 2 × 4.079 Å).

Figure 7. Azimuthal scans for (210) reflection of SnS. The azimuthal scans
were obtained by setting 2θ equal to the angle of maximum diffracted
intensity for the (201) reflection (2θ ) 27.48°) and tilting the sample to
the angle � corresponding to the angle between the (201) and (100) planes
(� ) 54.5° for SnS). The four peaks in the azimuthal scan are separated by
90°. The average fwhm of the peaks is 3.16°.

Figure 8. X-ray rocking curves for (A) SnS(400)/(301) and (B) Au(200).
The fwhm is 2.9° for SnS(400)/(301) and 0.23° for Au(200).

Figure 9. SEM micrographs of an epitaxial deposit of SnS nanodisks on
Au(100) at low (A) and high (B) magnifications.
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indicate that SnS has predominately a [100] out-of-plane
orientation with a 2.9° mosaic spread.

Scanning electron micrographs of SnS electrodeposited
with a cathodic current density of 3 mA/cm2 are shown in
Figure 9 at two different magnifications. The ratio Sn:S is
approximately 1:1 when measured by energy-dispersive
spectroscopy (EDS). The morphology of the SnS deposit has
a disklike structure. The disks are approximately 300 nm in
diameter and 50 nm in thickness. Because the XRD results
show that the primary crystallographic orientation of the SnS
is [100], the disks in the SEM image have the (100) edge of
SnS in contact with the Au(100) surface.

Conclusions

Epitaxial SnS nanodisks are electrodeposited on a Au(100)
single crystal using the cathodic deposition approach. The

deposition solution was originally developed by Brownson
et al.19 The SnS deposit grows with two different out-of-
plane orientations of [100] and [301]. The two orientations
can be distinguished by X-ray pole figures. The quality of
the SnS is analyzed by azimuthal and rocking curve scans.
The rocking curve shows that the film has a 2.9° mosaic
spread. EDS also confirms a 1:1 Sn:S ratio. For photovoltatic
and photoelectrochemical applications, it will be interesting
in future work to deposit SnS on less expensive Au-sputtered
glass which has a [111] orientation. It will also be interesting
to deposit epitaxial SnS/Si and SnS/InP heterojunctions.
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