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Abstract−SnS nanospheres (NSPs) were synthesized, and the effects of thermal annealing on the structural, morpho-
logical, chemical compositional and optical properties were examined. As-synthesized SnS NPSs with a mean size of 3-
4 nm underwent a solid state morphological transformation by high temperature annealing in a nitrogen environment.
Upon annealing, the size of SnS NSP increased to 5-6 nm with enhanced crystallinity. Also, the photoluminescence
(PL) of the nitrogen-annealed samples slightly decreased in intensity with accompanying red-shift in spectrum. The
power conversion efficiency of the solar cells using a polymer and the SnS NSPs was ~0.71%. These results confirm
that the SnS NSPs demonstrate a potential as an inorganic material to be used in organic-inorganic hybrid bulk hetero-
junction (BHJ) photovoltaic devices.
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INTRODUCTION

Nanometer-sized inorganic semiconductors (PbS, PbTe, CdSe,
InGa, SnTe, etc.) have attracted considerable attention as candi-
dates for next-generation materials for energy devices. Many of the
previously studied nanostructures, however, include either earth
non-abundant or toxic elements such as Cd, Pb and In. Thus, there
have been some doubts regarding whether these materials will
contribute significantly to the future new and renewable energy sup-
ply. For this reason, high light-absorbing, non-toxic, abundant in
nature, not posing any health or environmental hazards, and low-
cost materials, such as CuS, SnS, and FeS2, have recently attracted
more interest as alternative materials for energy devices such as
solar cells and secondary batteries [1-3]. SnS crystallizes in a strongly
distorted NaCl structure (each Sn atom is coordinated by six S
atoms), having orthorhombic geometry [4]. SnS has indirect and
direct band gap of ~1.1 and ~1.3 eV, respectively [5,6], which is very
close to the ideal value required for the strongest sunlight absorp-
tion. Due to this large sunlight-absorption coefficient [7] and tun-
able band gap by size-controlled quantum confinement property,
SnS can be potentially useful as an absorber material in thin film
photovoltaics [8], near-infrared detectors and other optoelectronic
devices [9,10].

SnS nanoparticles (NPs) with different morphologies such as
nanowires [11], fullerene-like nanoballs [12], nanobelts [13] have
been synthesized using a range of methods, including spray pyro-
lytic deposition, plasma-enhanced chemical vapor deposition (CVD)
and atmosphere pressure CVD [14-16]. Oda et al. [17] obtained

colloidal SnS nanoparticles via wet chemical synthesis method with
a controllable size by changing the synthesis temperature. Smaller
nanoparticles showed more prominent quantum confinement effect
with its band gap becoming larger, leading to a blue-shift in the sun-
light absorption spectrum. The structural, morphological, and opti-
cal properties of SnS NPs have been previously studied, and char-
acterization has been performed using AFM for morphology, TEM
for size and XRD for structure identification [18].

However, the details of thermal annealing effects on the proper-
ties of SnS nanoparticles have not been reported. In this study, SnS
nanospheres (NSPs) were synthesized, and the effects of a post-
synthesis thermal treatment on the optical, morphological and chem-
ical compositional properties of the NSPs were investigated. Bulk
hetero-junction (BHJ) solar cells with the structure of indium tin
oxide (ITO)/(PEDOT: PSS)/(SnS : polymer)/Al were fabricated by
blending the nanoparticles with a conjugated polymer to form the
active layer for the first time. Current density-voltage characteriza-
tion of the devices showed that due to the addition of SnS nano-
particles to the polymer film, the device performance could be dra-
matically improved, compared with that of the pristine polymer solar
cells.

EXPERIMENTAL

SnS NSPs were obtained by using a typical wet chemical synthe-
sis method [17]. As-synthesized colloidal SnS nanoparticles were
washed four times with hexane to remove the excess organic ligands
and vacuum-dried to obtain the SnS NSPs. The NSPs were annealed
at 350 oC for 30 min under a nitrogen environment using a hot-
plate located in an N2 glove box. The effects of thermal treatment
in the nitrogen environment on the nanoparticle properties were
then investigated.



Effect of post-synthesis annealing on properties of SnS nanospheres and its solar cell performance 1209

Korean J. Chem. Eng.(Vol. 34, No. 4)

The BHJ solar cells were then fabricated as follows: ITO-coated
glass/PEDOT: PSS/(SnS+Polymer)/Al was then fabricated. A thin
(~70 nm) layer of poly(ethylenedioxythiophene) doped with poly
(styrene sulfonic acid)(PEDOT: PSS; Sigma Aldrich) was spin-
coated at 4,000 rpm for 30 s onto cleaned indium tin oxide (ITO)-
coated glass substrates, and dried at 100 oC for 30 min. The blend
of SnS nanospheres and polymer (weight ratio 1 : 1, loading amount
of 10 mg/mL) was dropped and spin-coated onto the preformed
PEDOT: PSS layers at 4,000 rpm for 30 s to form the photoactive
SnS/polymer bulk hetero-junction layers. The samples were then
dried at 140 oC for 30min under nitrogen flux in a glove box. Finally,
a 100-nm-thick aluminum (Al) electrode was deposited on top of
the film by thermal evaporation to complete the device structure.
These polymers were used in this study such as poly(3-hexylthio-
phene-2,5-diyl)(P3HT), poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclo-
penta[2,1-b;3,4-b']dithiophene)-alt-4,7(2,1,3-benzothiadiazole)]
(PCPDTBT)), and (poly({4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-
b']dithiophene-2,6-diyl}{3-fluoro-2-[(2 ethylhexyl)carbonyl] thieno
[3,4-b]thiophenediyl}) (PTB7). The current density-voltage (J-V)
characteristics of the devices were examined both in dark and
AM1.5G illumination conditions using a solar simulator (Keithley
69911).

Optical properties of the NSPs were characterized by photolu-
minescence (PL) analysis. The morphology and particle size of the
SnS NSPs were identified by atomic force microscopy (AFM), trans-
mission electron microscopy (TEM) and high resolution-TEM (HR-
TEM, H-7600 images). The chemical composition of the SnS NSPs
was examined by X-ray photoelectron spectroscopy (XPS).

RESULTS AND DISCUSSION

Fig. 1 shows TEM images of SnS NSPs (a) as-synthesized and
(b) nitrogen (N2)-annealed at 350 oC for 30 min. As shown in Fig.
1(a), the as-synthesized NSPs had a mean diameter of ~3.9 nm
(between ~3-4.5 nm) as calculated from a size distribution histo-
gram (Fig. 1(a) inset). The synthesized NSPs were monodispersed
and clearly separated without significant agglomeration. The N2-
annealed SnS NSPs at 350 oC for 30 min (Fig. 1(b)) retained the
sharp morphology of the nanoparticle, but the size of the nanopar-
ticles increased to a mean diameter of ~5.4 nm (between ~5-6 nm)
as can be seen in Fig. 1(b) inset.

The HR-TEM images of the as-synthesized (Fig. 1(c)) and nitro-
gen-annealed (Fig. 1(d)) SnS NSPs showed well-resolved lattice
fringes. The lattice fringe spacing of the as-synthesized and nitro-
gen-annealed SnS NPs were 0.32 and 0.54 nm, respectively, which
are consistent with the distance between (021) planes of orthorhom-
bic SnS [19], the as-synthesized and nitrogen-annealed at 350 oC
samples both showed good crystallinity. Moreover, the lattice fringes
were clearly visible, and there were no dislocations observed inside
the nanospheres, confirming that the NSPs synthesized in this
study were a single phase with very high quality. The morphology
of SnS NSPs was examined further by observing the surface mor-
phology of SnS film by AFM. A suspension of SnS NSPs in chlo-
roform was prepared and stirred for 1 h before being deposited on
a cleaned glass substrate (1×1 cm2) by spin-coating, and the thin
film coated substrates were dried at 80 oC in a drying oven. Fig.

1(e) and (f) show AFM images of the layers coated by as-synthe-
sized and nitrogen-annealed SnS NSPs, respectively. The sizes of
the as-synthesized and nitrogen-annealed SnS NPs were ~4.1 nm
and 5.6 nm, respectively, which is consistent with the TEM results.
This also shows that thermal annealing improves the crystallinity
and increases the size of the SnS NSPs. The effects of thermal an-
nealing on the nanocrystal’s morphological properties such as size,
shape and lattice fringe spacing were reported by many groups
[20]. Researchers reported that an increase in the size of the an-
nealed-SiO2 nanoparticles was caused by the thermal diffusion-
induced growth of the crystalline grains. The diffusion-induced
bonding of smaller grains reduced the surface energy of the sam-
ples by reducing the free surface; the resulting larger grains in turn
decreased the grain boundary area.

The effects of thermal annealing on the optical properties of SnS
NSPs were investigated by photoluminescence analysis. Fig. 2 shows
the room temperature PL spectra of the as-synthesized and nitro-
gen-annealed SnS NSPs. The as-synthesized SnS NSPs showed a
clear PL emission peak at 916nm (1.353eV), which was blue-shifted
by 37 nm (0.053 eV) from that of the bulk SnS (953 nm; 1.3 eV)
[4,5]. The blue-shift in photoluminescence emission could be eas-

Fig. 1. TEM of SnS nanosphericals: (a) As-synthesized; (b) nitrogen-
annealed at 350 oC; HRTEM images of SnS nanosphericals:
(c) as-synthesized; (d) nitrogen-annealed at 350 oC.
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ily explained by the quantum size effect [21]. In the semiconduc-
tor nanoparticles, the band gap increases with decreasing size,
which is attributed to the quantum confinement of the carriers.
After nitrogen-annealing of the as-synthesized SnS NSPs at 350 oC
for 30 min, the photoluminescence emission intensity decreased,
and the PL emission peak showed a red-shift by 2 nm (0.003 eV).

The effects of thermal annealing on the optical properties of nano-
particle, especially the emission peak have been well studied and
reported elsewhere. Alivisatos et al. [22] reported that the PL emis-
sion peak for cadmium selenide (CdSe) nanoparticles after anneal-
ing was red-shifted and the intensity of emission increased. The
authors attributed these effects to oxygen which reacted with CdSe
nanoparticles with possible formation of surface SeO2 and CdO,
influencing the PL enhancement. The optical properties of semi-
conductor nanoparticles are related to both extrinsic and intrinsic
effects [23,24]. The PL data elucidated the crystalline quality and
the purity in materials as well as exciton fine structure. A red-shift
and intensity reduction of PL with increasing temperature can be
induced by enhanced non-radiative recombination, and by tem-
perature-dependent variations in the band structure. In our study,
the red-shift and slight decrease in PL intensity suggest a reduction
of point defects in the SnS nanoparticle after thermal treatment.

The effects of nitrogen annealing on the chemical bonding of
SnS NSPs were examined by XPS (Fig. 3). The high resolution XPS
spectra of the as-synthesized and N2-annealed SnS NSPs were also
recorded to reveal the detailed nature of the peaks. Table 1 lists the
binding energies of the as-synthesized and N2-annealed SnS NSPs,
and Fig. 3(a) and 3(b) show the corresponding S 2p and Sn 3d peaks.
The S 2p peak (Fig. 3(a)) of the N2-annealed SnS NSPs shifted to a
higher binding energy of 161.91 eV compared to that of the as-
synthesized SnS NSPs (161.55 eV). The Sn 3d spectrum of as-syn-
thesized SnS NSPs (as shown in Fig. 3(b)) revealed two peaks with
binding energies of 486.11 eV and 494.08 eV, respectively, which is
consistent with the 3d5/2 and 3d3/2 spin-orbit components. The
high resolution XPS peaks were in good agreement with the data
reported for SnS [25,26]. After annealing, the binding energy shifted
to a higher value by approximately 0.08 eV, and the intensity of the
Sn 3d levels increased, indicating the formation of stronger bond-
ing within the SnS NSPs. The HR-XPS data shown in this study
confirmed the absence of tin oxides, hydroxides and sulfur oxides,
indicating that high-purity SnS NSPs were obtained after anneal-
ing in a nitrogen environment. From the aforementioned evidence,
it is clear that the structural and optoelectronic properties of SnS
NSPs were improved by nitrogen-annealing treatment at an ele-
vated temperature. The effects of SnS NSPs thermal treatment on
the performance of solar cells fabrication were also studied.

The devices were fabricated using a blend of P3HT as the elec-
tron donor and SnS NSPs (as-synthesized and nitrogen-annealed)
as the electron acceptor (weight ratio 1 : 1, composite solution load-
ing amount of 10 mg/mL) in the mixture solvent of chloroben-
zene/chloroform (volume ratio 1 : 1). Fig. 4 shows the device’s struc-
ture and device’s characteristics with the structure of ITO-coated
glass (ITO thickness of ~180 nm)/PEDOT: PSS (~70 nm)/(SnS+
P3HT) (~150 nm)/Al (~100 nm). The efficiency of the cells made

Fig. 2. PL spectrum of SnS nanosphericals: (solid line) as-synthe-
sized; (long dash line) nitrogen-annealed at 350 oC for 30min.

Fig. 3. XPS spectrum of as-synthesized and nitrogen annealed-SnS
nanosphericals: (a) S 2p spectrum, (b) Sn 3d spectrum.

Table 1. Binding energies of as-synthesized and nitrogen-annealed
SnS NSPs measured from the corresponding Sn 3d and S
2p spectra (unit: eV)

Sample S 2p Sn 3d5/2 Sn 3d3/2

As-synthesized SnS NSPs 161.55 486.11 494.08
N2-annealed SnS NSPs 161.91 486.19 494.16
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from as-synthesized SnS NSPs was ~0.15% (Jsc: 1.68 mA/cm2; Voc:
0.34 V), whereas the device made of nitrogen-annealed SnS NSPs
showed an efficiency of ~0.28% (Jsc: 2.68 mA/cm2; Voc: 0.42 V).
Device made of nitrogen-annealed SnS NSPs showed an improve-
ment in the efficiency of ~0.13%.

Results showed that due to the addition of SnS nanoparticles to
the polymer film, the device performance can be dramatically im-
proved, compared with that of the pristine polymer solar cells
~0.014% (Jsc: 2.01 mA/cm2; Voc: 0.02 V).

Effects of the composite solution’s loading amount on the device
performance were also investigated. The device made of nitrogen-
annealed SnS NPs showed a maximum efficiency of ~0.41% (Jsc:
~2.49 mA/cm2) at the loading amount of 30 mg/mL. The device’s
efficiency in this study was still relatively low compared to that of
the highest efficiency BHJ solar cells made from the nanocrystals
and P3HT polymers, possibly due to the poorer charge collection
because of poorer interfacial integrity between the polymer and SnS
NSPs, poorer light harvesting, and roughness of the active layer
surface morphology.

Fig. 5 shows that (a), (c) are the topography and (b), (d) are the
3-dimension (3D) AFM images of the active layer surface mor-
phology. The root mean squared (RMS) surface roughness of as-
synthesis SnS NSPs cells was ~15 nm, whereas the (RMS) surface
roughness of nitrogen-annealed SnS NSPs cells was ~9 nm. The
effects of photoactive layer’s surface morphology on the exciton
harvesting efficiency were reported elsewhere. The singlet excitons

Fig. 5. (a), (b) Topography and 3-dimension-AFM image of (as-synthesis-SnS+P3HT) film and (c), (d) topography and 3-dimension image
of (N2-annealed-SnS+P3HT) film.

Fig. 4. (a) Structure of the BHJ solar cells and (b) J-V curves of solar
cells with structure of glass/ITO/PEDOT: PSS/(SnS+P3HT)/
Al (as-synthesis- and N2 annealed-SnS).
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in organic materials are Coulombically bound electron-hole pairs,
and hence cannot generate a photocurrent. For solar cell applica-
tion, photoactive hetero-junction layers are used to generate charge
carriers, at which excitons can be dissociated owing to the energy
offset in the lowest unoccupied molecular orbital (LUMO) between
n-type and p-type materials that is enough energy to break the
Coulomb attraction [27]. So, excitons need to diffuse in to the p-n
junction interface to convert to charge carriers before deactivating
to the ground state. The exciton diffusion length (LD) is a charac-
teristic physical quantity, which is calculated by LD=(Dτ)1/2, where
D is the diffusion coefficient and τ is the exciton lifetime. Since the
lifetime of singlet exciton in most conducting polymer films is short
(<1 ns), the DL is limited to less than 20 nm for organic solar cells
and 10 nm for inorganic solar cells. The DL is much shorter than
the optical absorption pass length (~100-200 nm). So, only a lim-
ited part of the exciton can diffuse to the interface in photoactive
layer hetero-junction solar cells. When the surface roughness of
photoactive layer is smaller than the diffusion length, excitons can
easily arrive at the interface, leading to enhanced exciton harvest-
ing at the interface. However, if the surface roughness of photoac-
tive layer is too small, charge collection is interrupted because of
severe charge recombination [28]. This suggests that the SnS NCs
and P3HT were dispersed nonuniformly in the photoactive layer,
indicating that the surface roughness of the photoactive layer should
be further optimized. Our measured efficiencies were slightly lower
than those reported previously with a mixture of inorganic nano-
crystals and P3HT with efficiencies that can approach ~1% with
an optimization of the photoactive layer morphology, mixing ratio,
thermal annealing, and film thickness [29,30].

The absorption spectra of P3HT cover the entire absorption band
at 545-645 nm (as shown in Fig. 6 (inset) (solid-line)), with a band
gap of ~1.9 eV. Therefore, the polymers which have longer absorp-
tion wavelength (low band gap energy) were designed to increase
the harvesting of the solar spectrum. Fig. 6 (inset) (dot- and dash-
line) shows the absorption wavelength of the (PCPDTBT)) and
(PTB7) polymers, which covers the range of 350-900 nm.

Fig. 6 shows the J-V curves of the SnS/polymer devices, and the
efficiency of the devices was found to be enhanced about double
from ~0.41% (Jsc: ~2.49 mA/cm2) of (SnS/P3HT cell) to ~0.55% (Jsc:
~3.43 mA/cm2) of (SnS/PCPDTBT cell), and to ~0.71% (Jsc: ~3.90
mA/cm2) of (SnS/PTB7 cell). The increased efficiency was mainly
from the increase of the short-circuit current, which indicates an
improvement in the light harvesting by PCPDTBT and PTB7 poly-
mer because its absorption spectrum is extended to longer wave-
length into the visible region.

Although the device parameters require further optimization to
achieve commercial feasibility, solar cells devices using SnS NCs can
be an alternative for cheap performance, simple, and environment-
friendly polymer/inorganic hybrid solar cells, exhibiting long wave-
length absorption up to 900 nm and desirable charge transport
properties. Higher quality of nanospheres leads to enhanced inter-
penetration percolation pathways in photoactive layer morphology.
Thus, it is concluded that the post synthesis annealing under nitro-
gen environment is a good way to improve the performance of inor-
ganic-polymer bulk hetero-junction solar cells.

CONCLUSIONS

SnS nanospheres, 3-4 nm in size, were synthesized and charac-
terized. High temperature nitrogen-annealing resulted in improved
crystallinity of the nanospheres, an increase in the particle size and
a decrease in the number of point defects. The as-synthesized SnS
NSPs (mean size ~3-4 nm) showed a PL emission peak at 916 nm
(1.353 eV), while the high temperature nitrogen-annealed SnS NSPs
(average size ~5-6 nm) showed a PL emission peak at 918 nm (1.35
eV), which is closer to the bulk value (~1.3 eV). After annealing,
the binding energy was shifted to a higher energy, indicating the
formation of stronger atomic bonding within the SnS NSPs. The
power conversion efficiency of the BHJ solar cells with a glass/ITO/
PEDOT:PSS/(SnS+PTB7)/Al structure was ~0.71%, showing poten-
tial for SnS NSPs as an economic, earth-abundant and environ-
ment-friendly electron acceptor for the BHJ solar cells.
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