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ABSTRACT: Postdeposition treatments (PDTs) are common
technological approaches to achieve high-efficiency chalcoge-
nide solar cells. For SnS, a promising solar cell material, most
PDT strategies to control the SnS properties are over-
whelmingly based on an annealing in sulfur-containing ambient
atmosphere that is described by condensed-state reactions and
vapor-phase transport. In this work, a systematic study of the
impact of PDTs in a N2 atmosphere, ampules at temperatures
between 400 and 600 °C, and a SnCl2 treatment at 250−500 °C
on the properties of SnS films and SnS/CdS solar cells prepared
by close-spaced sublimation is reported. The ampule and N2
annealing conditions do not affect the grain size of the SnS
layers but significantly impact the concentration of intrinsic
point defects, carrier density, and mobility. Annealing at 500−600 °C strongly enhances the hole concentration and decreases
the carrier mobility, having detrimental impacts on the device performance. SnCl2 treatment promotes grain growth, sintering,
and doping by mass transport through the melted phase; it adjusts the hole density and improves the carrier mobility in the SnS
layers. SnS/CdS solar cells with an efficiency of 2.8% are achieved in the SnCl2 treatment step, opening new possibilities to
further improve the performance of SnS-based devices.

KEYWORDS: SnS, thin-film solar cells, annealing, melted-phase recrystallization, close-spaced sublimation

■ INTRODUCTION

The demand for electricity production with negligible
environmental impacts is increasing globally.1−3 Photovoltaics
(PVs) are a nonpolluting and low-maintenance route for
generating electricity from the limitless supply of sunlight.
However, for PVs to have a considerable impact, lowering the
cost of production of solar cells (SCs) is necessary. For
decades, thin-film solar cells (TFSCs) have been recognized as
important sources of low-cost and environmentally friendly
energy for the future.4 Inorganic TFCSs have achieved very
high conversion efficiencies; the copper−indium−gallium−
selenide (CIGS) technology reached a record efficiency of
22.9% in 2017,5 while the CdTe technology obtained a
remarkable result of 22.1%6 in a small area. However, these
technologies have some limitations due to the use of toxic or
scarce elements as the absorber compounds and difficulties in
scaling the automatic fabrication process. Considering these
aspects, new absorbers composed of inexpensive, nontoxic, and
earth-abundant elements have been investigated, and tin-based
chalcogenides have been identified as promising candidates.
Cu2(ZnSn)(SSe)4 (CZTSSe) is one of the most investigated
chalcogenide materials, with a record efficiency of 12.6%.7

However, theoretical studies have revealed several critical
issues with CZTS, most of which originate from the
multivalence of Sn and the narrow homogeneity range of
this multicomponent material.8

Orthorhombic tin monosulfide (SnS) has recently emerged
as a promising green alternative to CdTe and CIGS solar cells
due to its very attractive optoelectronic properties, such as a
suitable band gap of approximately 1.3 eV, a high absorption
coefficient (105 cm−1),9,10 and an effective onset of optical
absorption that coincides with the optimum band gap for
maximum efficiency according to the Shockley−Queisser limit
within the AM 1.5 illumination of the solar spectrum.11 In
addition, because SnS is a binary compound with a high vapor
pressure, a fast, low-temperature, vacuum-based deposition
technique can be employed similar to those established in
CdTe photovoltaics. Furthermore, the earth-abundant non-
toxic constituents and the easy fabrication of these cells
promise low-cost manufacturing. All of these attributes suggest
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the great potential of SnS for high-efficiency TFSCs and
commercial applications. However, in practice, the highest
certified power conversion efficiency of SnS devices is still only
4.36%,12 even though the first SnS PV device was reported in
1997 with a 0.5% efficiency.13 The current record efficiency has
been achieved by following three important approaches: (i)
growing p-type SnS by atomic layer deposition (ALD) and
subsequent annealing of the absorber in a H2S ambient
atmosphere, (ii) tuning the band offset and carrier
concentration in the ALD-Zn(O,S):N buffer layer, and (iii)
reducing the interface recombination by the formation of a
thin layer (<≈1 nm) of SnO2 between the absorber and buffer
layer.12 A number of studies have reported SnS devices with
efficiencies between 1 and 2%,9,14−18 which was mainly
achieved by refinements in the device design and specific
deposition methods rather than by refinements in postdepo-
sition treatments (PDTs). The great deficiency in the open-
circuit voltage (VOC) and the poor reproducibility remain the
major challenges for SnS TFSCs. For most of the SnS-based
devices, VOC values less than 0.25 V have been reported.14−20

This result could be related to a number of material issues,
including (i) low crystalline quality of the single-phase
absorber material, i.e., a ribbonlike or layered structure with
disordered growth orientations,21 a high concentration of
defects, pinholes, and grain boundaries (GBs),22 as well as the
presence of mixed phases (Sn2S3 or SnS2 polytypes),

23,24 which
are detrimental to the PV performance; and (ii) poor device
optimization, i.e., lattice mismatch, an unfavorable band offset
between p-type SnS and n-type materials, and electrical back
contacts.25,26

The second issue has been widely investigated by many
groups, combining different n-type buffer thin films and
varying materials used as electrical contacts.16−18,25,26 In
particular, recent investigations proposed an interesting
approach to solve this problem by fabricating SnS solar cells
with a p-SnS/n-SnS homojunction configuration,27 for which
the theoretical conversion efficiency is approximately 25%.28

The first issue appears to be simple in concept but difficult to
solve, as it requires improving both the crystal quality
(including GBs, interface, and grain interior recombination)
and hole density while maintaining a high purity of the SnS
phase. The most widely accepted approach to improve the VOC
and efficiency of TFSCs is to increase the carrier lifetime by
passivating the GBs and/or decreasing their density, employing
different procedures for controlling the growth process (using
a reactive or inert atmosphere) and different PDTs. For SnS
TFSCs, the latest knowledge regarding the novelty and
prospects of the kinetically controlled growth of phase-pure
SnS absorbers has been reported.29 Therein, a facile way to
modify the shape of orthorhombic SnS grains from vapor
transport deposition (VTD) from platelike to more cubelike
was demonstrated by controlling the growth pressure during
deposition using a flow of inert Ar gas. VTD is a proven, low-
cost, and fast-turnaround manufacturing technique for
commercial CdTe TFSCs.30 For the latter, a similar approach
has been adopted in a very recent publication,31 showing that
large columnar grains reaching through the entire CdTe layer,
a long lifetime, and the potential for improvement of the
overall device capability can be achieved by aggressive
postdeposition CdTe recrystallization in the presence of a
CdCl2 flux. Different PDTs have been tried to improve the
crystal quality and the optoelectronic properties of SnS films
and solar cells, including annealing in air,32 vacuum or

nitrogen/argon,9,33 and sulfur-containing ambient atmosphere
(H2S and H2S/H2 gas mixture),9,12,16,22,34−36 with varying
degrees of success. Generally, the PDTs have been observed to
change grain size and carrier concentration in SnS; however,
the results from different reports are often contradictory and
lack experimental details and the mechanism by which these
treatments induce changes in grain morphology and defect
behavior is often not known precisely. Among various PDTs,
annealing in H2S gas has been found to be one of the most
efficient approaches for controlling the properties of
SnS.9,12,16,22 It was shown that the treatment stabilizes the
sulfur-rich composition of SnS according to the partial pressure
of sulfur created by H2S dissociation;34 it modifies the grain
morphology and adjusts the concentration of majority carrier
and intrinsic point defects.12,16,22,34 Although it was considered
one of the key processing steps to achieve the current record
efficiency of SnS TFSCs, the annealing requires careful control
of H2S partial pressure to avoid the formation of secondary
phases.9,12,16,22,34−36 Following the example of CdTe and
CZTSSe, attempts were also made to improve the crystal
quality and the optoelectronic properties of SnS films and solar
cells by PDTs in the presence of metal halides and/or alkali
additives (SnCl2, SnCl4, KI, NaCl doping),

37−39 but in many
cases, these attempts were unsuccessful. Simulating CdCl2 air
treatment in CdTe technology, Paudel et al.37 applied SnCl4 air
treatment to improve the SnS device performance; never-
theless, a cell efficiency of 0.1% has been achieved. Di Mare et
al.38 investigated the recrystallization of SnS films by PDT with
SnCl2 and KI in the presence of oxygen at 350 and 450 °C,
also achieving results below expectations. The failure of these
halide treatment procedures that relied on alcohol-based
solvents is due to the fact that two very important aspects were
neglected: (i) the hydrolysis and oxidation processes, which
promote the formation of SnO2 and oxychlorides during
annealing in air, and (ii) the high volatility of SnCl2, which
reduces the contribution of SnCl2 to the recrystallization and
sintering of SnS grains under open system conditions. In the
case of alkali doping procedures,39 a major drawback is that
these procedures are overwhelmingly based on solid-state
reactions and vapor-phase transport, which do not provide
homogeneous doping of grains and enable them to make
contact on the lattice level. Remarkably, given the amount of
research into PDT processes, the possibility for a halide−
chalcogenide system with the formation of melted phase-
assisted recrystallization and doping has rarely been consid-
ered, with the exception of recent investigations demonstrating
the recrystallization of SnS monograin powders in CdI2, SnCl2,
and KI molten salts.40 In addition, systematic research related
to the influence of the various PDT conditions, including the
partial pressure of the system components, the environment,
the temperature, and duration of annealing, on the properties
of SnS thin films is scarce. A lack of a common understanding
of the physicochemical processes behind these treatment steps
is an impediment for further development of this promising
technology.
Considering these approaches, the aim of the current work

was to systematically investigate the influence of different PDT
variables, including annealing in a N2 ambient atmosphere,
isothermal treatment in sealed evacuated quartz ampules (with
and without a SnCl2 flux), and over a wide range of
temperatures, on the structural and optoelectronic properties
of close-spaced sublimated (CSS) single-phase SnS thin films
and SnS/CdS heterojunction TFSCs.
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It is demonstrated that SnS films with large, sintered, and
doped grains and the potential for improvement of the SnS
device efficiency overall can be achieved by recrystallization of
SnS absorber in the presence of a metal halide flux. A
comprehensive understanding on the mechanism and role of
melted phase recrystallization, grain growth, sintering, and
doping in SnS absorber layer and solar cells during PDT
processes in the presence of metal-halide flux is provided. With
this systematic approach, we present a new degree of freedom
to control the properties of SnS thin films and solar cells to the
research community, which can be applied not only to the SnS
field but also to other relevant PV materials.

■ EXPERIMENTAL SECTION
Close-Spaced Sublimation of SnS Thin Films and SnS/CdS

Solar Cells. A homemade CSS system was designed and built for this
study. The main design requirement for the equipment was that it had
to provide a high-purity deposition environment (a description of
close-spaced sublimation system for thin-film deposition is given in
Figure S1, Supporting Information). Three sets of samples were
prepared: SnS single layers on glass substrates, a superstrate
configuration of glass/fluorine-doped tin oxide (FTO)/CdS/SnS/
Au, and a substrate configuration of glass/Mo/SnS/CdS/i-ZnO/
Al:ZnO/Ni/Al heterojunction solar cells. For the SnS/glass structure,
the films were grown directly onto chemically and thermally etched 20
× 20 × 1 mm2 roughened glass plates. Roughened glass plates with a
root-mean-square roughness, Rq, of 2.66 nm (O. Kindler) were used
to ensure better adhesion of the SnS layers. FTO-coated soda lime
glass substrates (Sigma-Aldrich) were used for the fabrication of the
superstrate configuration of glass/FTO/CdS/SnS. The typical sheet
resistance of the FTO layer was 20 Ω/sq, with a nominal film
thickness of 200 nm. Prior to the deposition of the thin films, the 100
× 100 × 2 mm2 glass/FTO structures were cut into smaller samples
with dimensions of 20 × 20 × 2 mm2 and properly cleaned (the
substrate cleaning procedure is given in the Supporting Information).
CdS thin films were deposited onto the FTO layer by CSS. The
source was a powdered material with 5 N (99.999%) purity (Alfa
Aesar). The deposition time, source temperature, and substrate
temperatures were kept constant for all CdS layers and were
established as 8 min, 590 °C, and 300 °C, respectively. In a standard
deposition cycle, the CdS thickness was approximately 80−100 nm.
The SnS absorber layers were deposited from SnS source materials
with 4 N (99.99%) purity (Testbourne Ltd.). Prior to evaporation, the
SnS source material passed the so-called “standardization” preanneal-
ing procedure (see the standardization of SnS source material in the
Supporting Information). The source temperature, substrate temper-
ature, and deposition time were kept constant at 560 °C, 500 °C, and
2 min, respectively. The SnS absorber layers were typically
approximately 2−3 μm thick. For the substrate configuration of
glass/Mo/SnS/CdS structures, the SnS films were deposited on Mo/
glass substrates under the same conditions as those for the superstrate
configuration. After deposition, the SnS/glass, SnS/Mo/glass, and
SnS/CdS/FTO/glass structures were cleaved into smaller samples
with dimensions of 10 × 10 mm2 and subjected to a series of thermal
treatments under different conditions, which are described below.
Postdeposition Processing of SnS Films and Solar Cells.

Thermal annealing of the SnS films and SnS/CdS heterostructures
was carried out in a closed process tube in a N2 atmosphere and in
sealed, evacuated quartz ampules. For N2 annealing, the process tube
containing the samples was evacuated; the tube was then filled with 1
atm N2 gas at room temperature (RT), closed, and introduced into a
cylindrical preheated furnace to allow a rapid thermal annealing
process. The annealing temperature was varied in the 400−600 °C
range, and the annealing time was fixed at 30 min. The N2 pressure in
the process tube was maintained using a standard gas reduction gear
and was not influenced by the expansion of the gas at high annealing
temperatures. The large diameter (55 mm) and volume (1500 mL) of
the process tube ensured an excess of N2 and gas convection flow so

that the reaction products were transported to the colder part of the
tube.

Isothermal annealing in sealed, evacuated (∼10−3 Torr) quartz
ampules was carried out with the samples in the same preheated
furnace and over the same temperature interval of 400−600 °C for 30
min. The ampule volumes were typically approximately 10 cm3. Prior
to loading, the ampules were etched in HF/HNO3, followed by
annealing at 1000 °C under dynamic vacuum. For the SnCl2
processing step, a thin layer of SnCl2 (SnCl2 ultradry powder source
with 4 N purity, supplied by Alfa Aesar) with a thickness of ∼200 nm
was thermally evaporated on top of the SnS absorber, followed by
subsequent treatment in the same sealed ampules at temperatures
ranging from 250 to 500 °C for 30 min. For all annealing conditions,
the ampules and process tube with the samples were allowed to cool
in the cold region of the furnace, after the heating system was turned
off at the end of the annealing time. Typical cooling time was around
20−30 min to reach 70 °C. Such a cooling profile allowed removal of
residual phases of sulfur or SnCl2 and their precipitation in the cold
regions of the ampoules/process tube. After cooling to RT, the SnCl2-
treated samples were rinsed with deionized water and, in some cases,
etched in a standard NP (H3PO4/HNO3/H2O) solution to remove
the SnCl2 residue from the SnS surface.

Contact Formation. Different types of back contacts (Au, In)
were formed by vacuum evaporation using source materials supplied
by Sigma-Aldrich or Alfa Aesar. In and Au with dot contact
geometries were used for the Hall measurements of the SnS single
layers. For the superstrate configuration of glass/FTO/CdS/SnS, Au
back contacts with different geometries were deposited through a
mica mask placed between the evaporation source and the sample. A
bilayer front contact of i-ZnO and aluminum zinc oxide (AZO)
deposited by radio frequency (RF) sputtering (with thicknesses of
AZO ∼500 nm and i-ZnO ∼70 nm) were used for the substrate
configuration of glass/Mo/SnS/CdS heterostructures. For the latter, a
metallic Ni/Al wire grid was applied for improved front contact
conductivity.

Characterization of Thin Films and Solar Cells. Surface and
cross-sectional views of the samples were obtained using a high-
resolution scanning electron microscope to evaluate the SnS surface
morphology and SnS/CdS solar cell structure. We used a high-
resolution field emission scanning electron microscope Zeiss Merlin
equipped with an in-lens secondary electron detector for topographic
imaging. Measurements were made at an operating voltage of 2 kV.
The chemical composition of the SnS films was determined using an
energy-dispersive X-ray (EDX) analysis system Bruker EDX-XFlash6/
30. For EDX analysis, an operating voltage of 10 kV were used, and
the concentrations of elements were calculated by using PB-ZAF
standardless mode. The phase composition and crystallographic
properties were analyzed by X-ray diffraction (XRD) on a Rigaku
Ultima IV system using monochromatic Cu Kα radiation (λ = 1.5406
Å, 40 kV at 40 mA). Crystal phases were identified using data issued
by the Joint Committee on Powder Diffraction Standards. The
crystallite sizes and lattice constants were calculated using Rigaku
PDXL version 1.4.0.3 software. The Debye−Scherrer formula was
used to calculate the crystallite size.

Room-temperature Raman spectra were recorded in a 180°
backscattering geometry using Horiba’s LabRAM HR high-resolution
spectrometer. The incident laser light with a wavelength of 532 nm
was focused on the sample within a spot of diameter 10 μm, and the
spectral resolution of the spectrometer was approximately 1.5 cm−1.

A 0.64 m focal length single-grating (600 mm−1) monochromator
and the 442 nm line of a He−Cd laser power of 37.1 mW were used
for the photoluminescence (PL) measurements. A closed-cycle
helium cryostat was employed to measure the temperature depend-
encies of the PL spectra at temperatures from 10 to 300 K. The PL
signal was detected by an InGaAs detector.

The resistivity, charge carrier concentration, and mobility of the
SnS films were measured at RT using MMR’s variable-temperature
Hall system and a Hall and van der Pauw controller H-50. The in-
plane resistivity and hole densities were calculated for thicknesses of
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2−3 μm, which were estimated from the SEM analysis. Each
measurement was carried out 10 times and the mean value was taken.
For cell characterization, we used the current−voltage character-

istics (J−V) and the external quantum efficiency (EQE) spectra. The
J−V curves were measured under standard white light with an
illumination intensity of 100 mW/cm2 (AM 1.5) using the four-point
probe technique on an AUTOLAB PGSTAT 30 and Oriel class A
solar simulator 91159A. The EQE was measured in the spectral region
of 300−1000 nm using a computer-controlled SPM-2 monochroma-
tor (Carl Zeiss-Jena) and a 300 W Xe lamp as the excitation light
source. The dispersed light from the Xe lamp incident on the solar cell
as monochromatic light was optically chopped at 30 Hz.

■ RESULTS AND DISCUSSION

Influence of PDT Processing Conditions on the
Properties of SnS Thin Films. Structural Properties. As
described in Experimental Section, our experiments involved
three different PDT processes: (i) thermal annealing in sealed
quartz ampules at temperatures from 400 to 600 °C for 30
min; (ii) annealing in the processing tube under a N2
atmosphere from 400 to 600 °C for 30 min; and (iii) SnCl2
treatment in sealed ampules from 250 to 500 °C for 30 min.
For reference, the SnS films annealed with the conditions in (i)
were labeled as AMP-annealed, those annealed with the
conditions in (ii) were labeled as N2-annealed, and those
annealed with the conditions in (iii) were labeled as SnCl2-
annealed. Each sample that was subjected to annealing had a
reference as-deposited sample cleaved from the same substrate.

This approach allowed us to systematically follow the changes
in the properties of the SnS films induced by the PDT
processes.
Figure 1a−f shows the top- and cross-sectional-view SEM

images of the SnS/glass samples before and after the PDT
processes. The deposited films consisted of platelike-shaped
large grains with size between 1 and 2 μm, aligned
perpendicular to the substrate, with a relatively high density
of GBs. The growth followed the layered crystal structure of
orthorhombic SnS, which is frequently observed in SnS growth
by other methods due to the anisotropic growth rates of the
planes.14−22,29 There were no evident changes in the
morphology and thickness of the SnS films after the AMP-
annealing and N2-annealing processes (Figures 1b and S2 in
the Supporting Information). The energy-dispersive X-ray
spectroscopy (EDS) analysis (not shown) of the as-deposited
SnS indicates a stoichiometric composition, and after any of
the annealing steps, no detectable changes in stoichiometry
were observed. The morphology of the SnS thin films changed
dramatically after the SnCl2-annealing step.
The surface of the chloride-treated layers at 250 °C (Figure

S3 in the Supporting Information) preserves the same
structure with platelike-shaped large grains and penetrating
boundaries. SnS films treated at 300 and 350 °C had relatively
large grains (2−3 μm) with irregular forms, traversing holes,
and neck regions between the coalesced grains (Figure S3,
Supporting Information). In the case of the SnS films annealed

Figure 1. SEM images of CSS SnS films grown on glass substrates at 500 °C: (a) as-deposited films; (b) AMP-annealed at 500 °C for 30 min; (c)
cross-sectional view of as-deposited films; (d) SnCl2-annealed at 450 °C; (e) SnCl2-annealed at 500 °C; and (f) cross-sectional view of SnCl2-
annealed at 450 °C.

Figure 2. (a) XRD patterns of SnS thin films before and after the PDT processes. (b) Displacement of the (111) XRD peak of SnCl2-annealed SnS
films at 500 °C for 30 min. The double structure of the (111) peak is due to the Kα2 line.
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at 450−500 °C, it appears that the SnCl2 treatment further
increased the grain size up to 3−4 μm and induced sintering of
grains, which significantly decreased the number of inter-
granular pores/density of voids, resulting in films with a close-
packed morphology (Figure 1d−f).
Figure 2a displays the X-ray diffraction (XRD) patterns of

SnS films deposited on glass substrates before and after the
PDT processes. All of the films are polycrystalline, preferably
oriented along the (111) direction with dominant diffraction
peaks corresponding to the orthorhombic SnS crystal structure
(PDF card no: 01-075-1803) and matching well with those
reported in the literature for SnS films deposited by the CSS
and VTD techniques.29,37,41 In addition, a peak corresponding
to the (040) plane of SnS was observed for all layers.
It is well known that the growth methods determine whether

the polycrystalline SnS thin films have a dominant (111) or
(040) orientation. A number of studies have reported SnS films
grown by high-vacuum evaporation and sputtering methods
with flakelike-shaped small grains and the (040) preferred
orientation.17,33,36,42 The differences in the grain size, shape,
and orientation of the SnS films obtained by different physical
deposition methods can be explained by differences in the
nucleation density and coalescence rates in the deposition
system. In the case of CSS, nucleation takes place via a vapor−
solid phase transition.43,44 The molecules condense onto the
surface of the substrate (called adatoms), and an initial set of
nuclei is formed by deposition from the vapor phase. Nuclei
that are stable enough for reevaporation continue to grow by
the addition of material from the vapor and by the surface
diffusion of adatoms, thus forming islands. Ostwald ripening
and coalescence are assumed to be the dominant processes in
thin-film formation.43 All of these processes depend on the
temperature gradient (source−substrate temperature) and
vapor pressure in the CSS system. At a high substrate
temperature of 550 °C, as in our case, the adatom mobility and
surface diffusion are high, leading to fewer nucleation sites.
The small temperature gradient between the source and
substrate (50−70 °C) and the high vapor pressure of SnS in
the CSS system leads to the orientation of the crystallites along
the planes with the highest growth rate; for the orthorhombic
(distorted cubic) SnS, these planes are the densely populated
(111) planes. Orientation selection during the coalescence
stage is more pronounced, as it is driven by a decrease in the
total GB area as well as by minimization of the interfacial and
surface energies.43 Thus, large platelike SnS grains with low
surface energies grow in both perpendicular and lateral
directions, i.e., the creation of (040) planes bonded by van
der Waals forces with the lowest surface energy.22,36

The XRD patterns do not show any evident changes for
SnCl2-annealed SnS films. Furthermore, no secondary phases
were detected in the films, either after treatment alone or after
the etching procedure (Figure 2a). To understand the impact
of PDT processing conditions on the structural properties of
SnS thin films, we further analyzed the changes in the
crystallite sizes and lattice parameters of the films. The
crystallite size and lattice parameter values are listed in Table 1.
The deposited SnS films had a large crystallite size of
approximately 104 nm, indicating a high degree of crystallinity.
Subsequently, the AMP-annealing process at 400 °C slightly
increased the crystallite size up to 107 nm, and a further
gradual increase in the temperature to 600 °C assured a
systematic increase in the crystallite size of SnS films from 107
to 117 nm (Table 1). Considering the small volume of the

ampule (∼10 cm3) and the closed isothermal conditions in the
AMP-annealing step, this effect can be explained as being
generated by the low mass-transport rate in the solid and gas
phases, promoting slow crystallite growth. However, this effect
was not observed in N2-annealed films in which the processing
tube has a significantly larger nonisothermic volume that
inhibits this process.
As a result of the SnCl2-annealing step from 250 to 450 °C,

the crystallite size of the SnS films increased systematically
from 120 to 150 nm (Table 1). Further increasing the
temperature to 500 °C slightly decreased the crystallite size to
130 nm. At the same time, we observed side effects from 500
°C annealing, such as the precipitation of white-gray SnS−
SnCl2 (confirmed by EDS) in the cold regions of the ampoules
(for annealing temperatures ≤450 °C, only white SnCl2
residuals were detected). SEM analysis showed a decrease of
film thickness from 3 μm for as-deposited samples to 2.2−2.5
μm after the same annealing temperature. This result indicated
that 500 °C was the critical temperature at which the mass
transport and resublimation of the SnCl2 flux and SnS main
material occurred, so actively that significantly decreases the
thickness of the films. At 500 °C, the vapor pressure of SnS is
about 10−2 Torr,45 and it starts to sublimate quite intensively
in the CSS system. At the same temperature, the vapor
pressure of SnCl2 is very high (>30 Torr) and the eutectic of
the SnS−SnCl2 system is lower than 247 °C.46 Under these
conditions, considering fast cooling profile used in our
experiments, the SnCl2 vapor flux carries the SnS in the cold
part of the ampoule and hence the film thickness decreases.
An interesting phenomenon was observed for SnS films that

passed the AMP-annealing and N2-annealing steps, in which
the lattice parameters along the b and c axes decrease
systematically, while along the a axis, a gradual increase was
observed (Table 1). This effect was accompanied by the
displacement of the main (111) XRD peak and was more
pronounced for SnCl2-annealed layers, especially at high
temperatures of T = 450−500 °C (Figures 2b and S4 in the
Supporting Information). Thus, after the SnCl2-annealing step
at 450−500 °C, high-resolution analysis demonstrated a shift
of the (111) peak toward higher 2θ values, corresponding to
the decrease in the lattice parameter along the b axis from
11.199 to 11.174 Å (Table 1). A similar phenomenon
previously observed for the (111) peak in the CdCl2-activated
CdTe films that was explained by the incorporation of chlorine
at tellurium sites (with chlorine having a smaller ionic radius

Table 1. Average Crystallite Size (D) and Lattice Parameter
(a0) of SnS Films Depending on the PDT Processing
Conditions

a0 (Å) (±0.001)

PDT conditions T (°C) D (nm) a b c

as-deposited 104 4.319 11.199 3.992
AMP-annealed 400 107 4.319 11.189 3.985

500 112 4.322 11.180 3.983
600 117 4.326 11.180 3.983

N2-annealed 400 104 4.314 11.190 3.986
500 106 4.321 11.182 3.981
600 103 4.325 11.180 3.981

SnCl2-annealed 250 120 4.326 11.190 3.983
350 135 4.327 11.183 3.983
450 150 4.329 11.174 3.980
500 130 4.329 11.174 3.973
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than tellurium; Cl−: 167 pm, Te2−: 221 pm) together with the
formation of cadmium vacancies causing contraction of the
CdTe sublattices.47,48 Analogous to CdTe, assuming the
incorporation of SnCl2 into the SnS lattice, we explain the
shift of the (111) peak shown in Figure 2b by the presence of
chlorine at the sulfur sites and the formation of tin vacancies.
The ionic radius of chlorine (Cl−: 167 pm) is smaller than the
ionic radius of sulfur (S2−: 184 pm),49 and thus, together with
the tin vacancies (VSn), they cause a contraction of the SnS
sublattices and a decrease in the lattice parameter.
An explanation of the changes in the lattice parameters of

SnS films induced by the AMP-annealing and N2-annealing
steps at 400−600 °C is based on the sulfur-rich composition of
the SnS films. Indeed, according to the phase diagram of the
Sn−S system,50 there is a tendency for the formation of sulfur-
rich compositions with concentrations lower than 1% (below
the detection limit of XRD and Raman spectroscopy). Rau34

experimentally measured the equilibrium pressures and
amounts of sulfur from the SnS crystals between two
consecutive pressure values along the three-phase lines,
including the solid-phase SnS for temperatures of 560−600
°C, and obtained a sulfur-rich composition with excess sulfur
concentrations between 1017 and 1018 cm−3. Considering the
extremely low vapor pressure of Sn above the metal phase
(<10−5 Torr) and the low SnS fraction in the vapor phase (<7
Torr, i.e., ∼25% of the total pressure of SnS, S2, and Sn) at the
SnS melting point (881 °C),50 the sulfur pressure predom-
inates over the entire investigated SnS composition temper-
ature range. In other words, the SnS homogeneous domain is
always situated in the sulfur-rich region relative to the
stoichiometric compound. Under these conditions, the
increased partial pressure of sulfur (especially for isothermal
conditions of the AMP-annealing step at 500−600 °C)
generates more tin vacancies (VSn) and probably generates
interstitial sulfur (Si), thus promoting rearrangement of the
SnS lattice along the a, b, and c axes (Table 1).
The dependence of the phase composition of SnS thin films

on the PDT processing conditions was also analyzed by Raman
spectroscopy. Figure S5 in the Supporting Information shows
the characteristic Raman modes at 95, 165, 193, and 219 cm−1,
commonly observed for orthorhombic SnS films.15,29,33 No
vibrational peaks were detected at 302 and 310 cm−1 belonging
to the SnS2 or Sn2S3 secondary phases, neither for the as-
deposited films nor after any of the PDT processes, indicating
the presence of pure-phase SnS thin films. At the same time, a
shift in the peak positions toward lower energies was observed
for SnCl2-annealed films (Figure S5b, Supporting Informa-
tion). This type of red shift in the Raman peak position

indicates the presence of tensile strain in the films.51

Considering the chloride treatment step, this phenomenon
can be explained by the development of internal stress in the
films and/or compressive strain generated by the lattice and
thermal mismatch between SnS and the underlying substrate
during the grain growth and sintering processes.
Based on the obtained results, we claim that the SnCl2

treatment induces the formation of liquid flux and mass
transport through the melted phase, promoting grain growth
by recrystallization and sintering in the SnS films. The grain
growth is accomplished by the incorporation of flux
components into the growing SnS lattice. According to the
phase diagram of the SnS−SnCl2 system,46 enhanced mass
transfer and recrystallization of SnS through the liquid phase
can be expected for temperatures higher than the eutectic
temperature (∼246 °C). At these temperatures, melted
solutions of SnS in SnCl2 with high concentrations of SnS
will form. The liquid-phase recrystallization of SnS films during
the SnCl2 treatment can be explained as follows. When the
ampule with SnS films coated with SnCl2 is placed into the
preheated furnace, some time is required to reach the
equilibrium composition of the flux solution and achieve
uniform distribution of the liquid phase in the intergranular
spaces. In the first step of the process, the intergranular
capillaries are filled with the formed liquid phase of the flux,
which promotes grain growth by Ostwald ripening.43 Because
of the fast evaporation of SnCl2, the volume of the flux
decreases, and the grains are compressed by the capillary
contracting force created by surface tension on the liquid-
phase meniscus between the contacting grains, leading to
sintering of the grains and good contact between them. The
degree and rate of liquid-phase sintering depend on the
temperature and time and are inversely proportional to the
dimensions of the initial SnS grains. Thus, a higher annealing
temperature and smaller grains (high surface energies) result in
a more intense recrystallization and grain growth by mass
transport through the melted flux. At higher temperatures
(450−500 °C), larger SnS grains with lower surface energies
grow in both perpendicular and lateral directions, leading to
the formation of a dense, continuous, and pore-free SnS thin
film (Figure 1d−f). At the same time, to avoid the fast
evaporation of SnCl2 (vapor pressure at 400−450 °C is ∼22.5
Torr46) and its loss before the formation of liquid phase and
starting of the sintering process, a rapid thermal annealing
profile should be used.
Compared to H2S annealing at 400−450 °C,9,12,16,22,34−36

where the grain growth is slow due to the low vapor pressure of
SnS, ∼10−5 Torr36,45 at these temperatures (corresponding to

Figure 3. RT hole concentration and hole mobility in SnS films: (a) AMP-annealed (μ●; p○) and N2-annealed (μ■; p□) at
temperatures between 400 and 600 °C for 30 min (average values for ∼60 samples); (b) after SnCl2 annealing at 250−500 °C for 30 min (average
values for ∼30 samples).
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the low concentration of SnS in the vapor phase), the mass
transport and grain growth rate in the presence of melted
solution of SnS in liquid SnCl2 (flux) is very high, due to the
high solubility of SnS in SnCl2 (about 10 atom %46). It is well
known that the diffusion rate in the melted flux is about 5
orders of magnitude higher than in solid phase. Considering
these aspects, SnCl2 treatment is a feasible processing step to
obtain SnS films with large, columnar, and sintered grains.
Electrical Properties. To investigate the impact of the PDT

processing conditions on the electrical properties of SnS films,
van der Pauw resistivity and Hall effect measurements were
carried out at room temperature for a series of ∼100 samples.
Figure 3a displays the carrier density and Hall mobility of SnS
films after the AMP-annealing and N2-annealing steps at 400−
600 °C for 30 min. For both annealing conditions, 10 samples
were used for each processing temperature and the average
values are presented.
The as-grown films always exhibited p-type conductivity

with a resistivity of 10−15 Ω cm, a carrier density of ∼1017
cm−3, and a Hall mobility of 1.8 ± 0.3 cm2/(V s). Similar
values of the hole concentration have been reported by Albers
et al.52 for SnS single crystals and by Yanuar et al.41 for SnS
films grown by close-spaced vapor transport at 500 °C.
Generally, for most of the orthorhombic p-type SnS films
grown by different techniques, including physical deposition
methods such as sputtering,36 pulsed laser deposition,53

vacuum evaporation,10 and chemical methods, including
spray pyrolysis9 and chemical bath deposition,54 typical values
of the hole concentration between 1013 and 1015 cm−3 are
reported.
The changes in the hole density of SnS films induced by the

AMP-annealing and N2-annealing steps in the temperature
range of 400−600 °C can be divided into two intervals. The
first interval at 400−450 °C is characterized by a small but
gradual increase in the hole concentration to a level of (2−4)
× 1017 cm−3 and the hole mobility up to 3 ± 0.3 cm2/(V s). In
the second interval at 500−600 °C, the hole density increased
abruptly to 1019 cm−3 and a sharp decrease in hole mobility
was observed (Figure 3a).
A reduction in the SnS film resistivity with the development

of a high hole density (∼1019 cm−3) after 30 min of annealing
at 500−600 °C represents the most striking result. These
carrier concentration values in the absorber layer might
crucially influence the quality of the p−n heterojunction in a
SnS/CdS solar cell. Therefore, it is extremely important to
explain the physicochemical mechanism behind the changes in
the SnS electrical properties. These phenomena can be
explained considering the previously mentioned claim that
solid SnS contains excess sulfur. According to Piacente et al.,45

SnS molecules do not dissociate in the vapor phase, i.e., the
dissociation constant is very low, and the evaporation of SnS
occurs according to eq 1

↔SnS SnS(s) (g) (1)

Sulfur-rich conditions can be understood as a solid solution of
molecular sulfur in SnS, accompanied by the formation of tin
vacancies, VSn (eq 2)

+ ↔ [ ]+ +n nS SnS Sn S 2 Vn n2(g) (s) (1 ) (1 2 ) Sn (s) (2)

It is widely accepted that VSn acts as a shallow acceptor and is
mainly responsible for the p-type conductivity of SnS.50,52

Taking into account the isothermal conditions of the AMP-
annealing step and the nitrogen contrapressure in the N2-

annealing process step, a high vapor pressure of sulfur above
that of SnS promotes an increase in the concentration of [VSn].
The higher the annealing temperature, the higher the sulfur
partial pressure above that of SnS and the greater the
concentration of tin vacancies [VSn], leading to an increased
hole density. The sulfur overpressure contributes to the
rebuilding of the sulfur sublattice by decreasing the overall
concentration of sulfur vacancies (VS, donor defect

53), and the
tin sublattice responds with the formation of tin vacancies to
reach equilibrium in the crystal. The formation of Schottky
defects and the equilibrium constant in the SnS lattice are
given below.
1. Formation of intrinsic vacancy defects

+ =− +V V 0Sn
2

S
2

(3)

= [ ]·[ ]− +K V VScottky Sn
2

S
2

(4)

Incorporation of sulfur

= + +−1/2S V S 2h, h hole2(g) Sn
2

s (5)

Generation of holes

↔ +−V V h (ionization at room temperature)Sn
0

Sn (6)

↔ +− −V V h

(ionization at high annealing temperatures)
Sn Sn

2

(7)

Mass action law and electroneutrality condition

· = =n p n consti
2

(8)

[ ] + = [ ] +− +V n V p (at high annealing temperatures)Sn
2

S
2

(9)

≪ → [ ] = ‐−n p V p, p type conductivity determined by 

doubly ionized tin vacancies at high annealing 

temperatures

Sn
2

(10)

According to Rau,34 the first ionization energy of VSn is very
low (∼20 meV), so the hole concentration in SnS at room
temperature is dependent on the concentration of [VSn] in the
lattice. The energy of the second ionization step is
approximately 0.2−0.3 eV, and due to the association of VSn
in the lattice, the hole concentration in SnS is low,
corresponding to a high resistivity at the lowest pressure of
sulfur, which is determined by the homogeneity region.34

Another way to study the increased density of holes in SnS
films after the AMP-annealing and N2-annealing steps at 400−
600 °C can be achieved following the model of the
association−dissociation of tin vacancies proposed by Albers
et al.52 for SnS single crystals, within the same approach of
sulfur-rich condition

+ ↔− ×2h 2V (V V )Sn Sn Sn (11)

+ ↔− ×4h 2V (V V )Sn
2

Sn Sn (12)

Assuming that the (VSnVSn) neutral complex acts neither as a
donor nor as an acceptor, the concentration of holes in the SnS
films depends only on the annealing temperature, time, and
cooling rate due to the dissociation of neutral centers, resulting
in an increased concentration of VSn capable of ionizing at
room temperature. Considering the high cooling rate used in
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our experiments, the concentration of ionized tin vacancies
(which determines the hole density measured at room
temperature) reflects the values of [VSn] generated at the
annealing temperature. The high cooling rate (quenching) is a
common approach used in thin-film technologies to examine
the properties of the layers at the annealing temperature. On
the other hand, as shown in the Structural Properties section,
the rapid thermal annealing is also very important to control
the morphology and concentration of defects in SnS films
(especially for SnCl2-annealing step). Thus, to control the hole
concentration in SnS by annealing, the crucial conditions are
the sulfur pressure at the annealing temperature, thermal
annealing, and cooling profile of the sample. Compared to
Albers et al.,52 the hole density in the AMP/N2-annealed SnS
films did not change significantly at annealing temperatures
below 500 °C (Figure 3a), while in the single crystals, the hole
concentration increased by more than 1 order of magnitude
(from (5 × 1016) to 1018 cm−3) at temperatures between 200
and 400 °C. In our case, the SnS films were deposited at 500
°C, allowing large grain growth with the corresponding
concentration of [VSn] for these conditions. Because the
concentration of defects was already established during the film
deposition at 500 °C, very little change in the defect
concentration could occur during the subsequent AMP-
annealing and N2-annealing steps at lower temperatures of
400−500 °C. As the hole density increased with increasing
annealing temperature, the Hall mobility decreased systemati-
cally from 3 to 0.2 cm2/(V s) (Figure 3a). This behavior is
explained by the scattering of carriers through ionized tin
vacancy defects with high concentrations at elevated temper-
atures.
We next investigated the changes in the electrical properties

of SnS films induced by the SnCl2-annealing step from 250 to
500 °C. An interesting effect was observed for SnCl2-treated
films annealed at 250 and 300 °C: the films exhibited n-type
conductivity with a resistivity of (1−2.5) × 102 Ω cm, an
electron density of (6 × 1016)−1017 cm−3, and a Hall mobility
of 0.25−0.85 cm2/(V s) (Figure 3b). These changes in the
electrical properties are stable to the subsequent etching
procedure, indicating that they occur in the bulk of the
polycrystalline material and not only at the SnS film surface.
Starting at 350 °C, the films showed p-type conductivity, and a
further increase in the SnCl2-annealing temperature resulted in
a systematic decrease in the hole density. In contrast, the Hall
mobility increased from 1.5 to 9 cm2/(V s) as the SnCl2
annealing temperature was increased from 350 to 500 °C
(Figure 3b). The changes in the electrical properties of SnCl2-
annealed SnS films can be explained based on the
incorporation of SnCl2 into the SnS layers, as already presented
in the Structural Properties section.
Chlorine seems to incorporate into SnS at the sulfur site,

similar to the scheme of ClS and ClTe incorporation into CdS
and CdTe, respectively, acting as a shallow donor.47,55,56

+ ↔ [ + ]n n n nSnS SnCl (1 )Sn S V (2 )Cl(s) 2(l) Sn S Sn S (s)

(13)

Each SnCl2 molecule generates one VSn for every pair of
incorporated ClS (eq 13). As a result, the double-charged
acceptor VSn

2− is compensated by the ClS
+ shallow donors.

Additionally, a neutral defect (VSn2ClS)
× can be formed at high

concentrations of dopant, and as a result of (VSn2ClS)
×

dissociation (eq 14), the created shallow acceptor defect
(VSnClS)

− compensates the ClS
+ shallow donor so that the

SnCl2-treated SnS films can behave as n- or p-type semi-
conductors depending on the ratio of [VSn]/[ClS].

↔ +× − +(V 2Cl ) (V Cl ) ClSn S Sn S S (14)

As shown, grain growth takes place by mass transport through
the liquid flux. The equilibrium between the liquid flux and the
solid SnS determines the rate of chlorine doping according to
the distribution coefficient (Kd) between the liquid and solid
phases at the processing temperature (eq 15)48,57

=K C C/d s l (15)

where Cs ≈ 1019 cm−3 and Cl ≈ 1022 cm−3 are the estimated
chlorine concentrations in the solid and liquid fluxes,
respectively. This high value of Kd ≈ 10−3 corresponds to
the incorporation of the saturated chlorine concentration into
the lattice of growing SnS and at the GBs, which is assured by
the limitless supply of chlorine in the liquid flux. Although the
etching procedure removed the residual SnCl2 from the
surfaces of the SnS films (in Figures 2a and S5 (Supporting
Information), the XRD and Raman results did not show any
secondary phases), the residual in the GBs could not be
eliminated completely. Presumably, high concentrations of
residuals strongly limit the density of charge carriers in p-type
SnS by self-compensation and could cause hygroscopicity of
the solar cells.
Segregation of residual impurities at the GBs is also common

for other TFSC PV technologies, such as CIGS or CdTe. For
CdTe, segregation of the CdCl2 and CdCl2·2CdO residual
phases at GBs with a concentration of ∼1019 cm−3 was
observed by transmission electron microscopy and secondary-
ion mass spectroscopy analysis after CdCl2 activation treat-
ment,58−60 which is the key processing step to achieve high-
efficiency CdTe cells. The high resistivity and conversion from
p- to n-type conductivity of the SnCl2-annealed SnS films at
250 and 300 °C suggest that the SnCl2 treatment left a high
concentration of chlorine in the films. It is likely that the low
annealing temperatures and high cooling rate promote
conditions for the segregation of chloride residuals at GBs.
This process leads to an increase in the concentration of ClS

+

shallow donors and neutral (VSn2ClS)
× complex defects and

results in n-type conductivity of the SnS films. The small Hall
mobility values in these films (0.45−0.65 cm2/(V s), Figure
3b) are consistent with previously reported values in Cl-doped
SnS single crystals and can be explained via ionized impurity
scattering, which is assumed to be the dominant scattering
mechanism in chlorine-doped n-type SnS ceramics.27,61 It
should also be noted that the carrier-type conversion from p-
to n-type in polycrystalline SnS ceramics has been observed for
Cl-doping concentrations lower than 0.3%.61

In SnCl2-treated films at higher temperatures (especially at
450 and 500 °C), the chlorine concentration seemed to be
more balanced with the concentration of native [VSn] defects.
Indeed, considering the high annealing temperatures, a longer
time is needed for cooling to room temperature, and the longer
exposure time of samples at high temperatures promotes
conditions for the out-diffusion of residual and excess chlorine
from SnS films. Because of the lower amount of chlorine in
these films, the concentrations of [VSn

−] and [(VSn
2−ClS

+)−]
shallow acceptors increase and the p-type properties and
mobility improve (Figure 3b). These results indicate the
possibility for a subsequent treatment procedure under a
temperature gradient to allow the gathering of SnCl2 residuals
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from SnS layers, hence enabling control of their p-type doping
properties.
Photoluminescence Study. To confirm the aforementioned

statements, we measured the photoluminescence (PL) spectra
at 10 K of SnS films as a function of the PDT processing
conditions. Generally, there are a very limited number of
reports in the literature on PL studies of SnS films deposited
by physical deposition techniques. Referring to the solution-
based deposition methods, the first report of PL investigations
was published by Sajeesh et al.62 and had a major impact for
SnS films deposited by chemical spray pyrolysis (CSP). A
number of studies have employed PL analysis in nonconven-
tional quantum dot SnS nanoparticle hybrid structures for
application in battery-based storage systems and photocatalytic
activities.63,64 The limited number of PL reports on conven-
tional SnS-based thin-film structures seems to be related to the
complex nature of this material, i.e., the indirect and direct
band gap dual behavior of SnS and the difficulties in attaining
single-phase SnS material with a high crystalline quality and a
low concentration of defects and GBs by different methods.
Figure 4a,b shows the PL spectra at 10 K for the as-

deposited, AMP-annealed, and N2-annealed SnS films at 400−

600 °C for 30 min. For both the as-grown and annealed films,
the PL spectra exhibited a broad asymmetric emission band at
approximately 1.03 eV. At the same time, different features in
the PL spectra were found to be characteristic of a distinct
annealing temperature range. Thus, for both N2 and ampule
annealing conditions, with increasing temperature, the
intensity of the 1.03 eV PL band slightly decreases, and
starting at 500 °C, a new PL band appears at higher energies.
The prevalence of one or the other emission band was
determined by the annealing temperature. The 1.03 eV
emission band prevailed at 400−500 °C annealing temper-
atures, whereas at 550−600 °C, the 1.12 eV band
predominated. The appearance of a 1.12 eV emission band
at high annealing temperatures is the most striking result. For
the same temperature interval, we observed an abrupt increase
in the hole concentration of SnS films (Figure 3a). Therefore,
it is important to find the correlation between these two
phenomena and to explain the mechanism by which the
annealing step induced these changes.
Figure 5a,b shows the PL spectra of the SnS films after the

AMP-annealing and N2-annealing steps at 500 °C for 30 min.
We have found that acceptable agreement between the
experimental data and the fit can be achieved by assuming

that there are two peaks. Thus, two PL bands (B1 and B2) are
clearly distinguished at approximately 1.03 and 1.12 eV,
respectively. The energetic distance between the B1 and B2 PL
bands was approximately 90 meV. To determine the thermal
activation energies (EA) of the B1 and B2 PL bands, the
temperature dependence of PL emission was analyzed.
Arrhenius plots of the resulting integral intensities for both
bands are shown in Figure 5d,e. The best fits were achieved
using a model65 in which the temperature dependence of the
hole capture cross section was taken into account (eq 16)

= [ + + − ]I T I A T A T E kT( ) / 1 exp( / )0 1
3/2

2
3/2

a (16)

where I is the integral intensity of the PL band, I0 is the
intensity at 0 K, A1 and A2 are process rate parameters, and Ea
is the activation energy. The obtained activation energies Ea for
the B1 and B2 bands were 21 ± 4 and 136 ± 14 meV,
respectively.
The B1 emission band has been observed previously by

Sajeesh et al.62 for CSP SnS films, and the obtained value for
the activation energy was ∼20 meV. Therein, a donor−
acceptor pair (DAP) recombination involving a shallow donor
at 20 meV and a deep acceptor at 0.22 eV was also proposed. It
is well established that, as a rule, the recombination rate of
DAPs exponentially increases with decreasing separation
between donors and acceptors. This fact usually leads to the
well-known shift of the DA PL bands toward higher energy
with increasing laser power because more distant pairs saturate
more easily. In our case, the laser power dependence of the
low-temperature PL spectrum revealed a blue shift of
approximately 10 meV per decade for both B1 and B2 bands,
clearly suggesting that these bands are related to DAP
recombination. Two recombination processes were assumed
to take place for B1 and B2 bands: (i) a deep donor to shallow
acceptor transition for B1 and (ii) a shallow donor to deep
acceptor transition for the B2 band. The DAP recombination
model for these bands is presented in Figure 6.
To identify the origin of these defects, the following aspects

have been considered. The obtained activation energy of Ea =
21 meV for B1 emission indicates the presence of shallow
acceptor defects. Considering that VSn represents the main
native defects responsible for p-type conductivity in SnS films,
we attributed this shallow acceptor to the first ionization
energy of VSn, which is known to be ∼20 meV.34 For the B2

Figure 4. Low-temperature PL spectra of SnS films vs (a) AMP-
annealed from 400 to 600 °C for 30 min and (b) N2-annealed from
400 to 600 °C for 30 min.

Figure 5. Low-temperature PL spectra of SnS films vs PDT
conditions: (a) AMP-annealed at 500 °C for 30 min, (b) N2-
annealed at 500 °C for 30 min, (c) SnCl2-annealed at 500 °C for 30
min, and (d, e) Arrhenius plots of the integral intensity of the B1 and
B2 PL bands with the fitting results, respectively.
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band, we achieved Ea = 136 meV, which is compatible to the
doubly ionized VSn

2− deep acceptor in SnS films. According to
Vidal et al.,53 the first ionization transition of the tin vacancy
from VSn

0 to VSn
− and the second transition from VSn

− to VSn
2−

have low formation energies. The second ionization step of VSn
was estimated to be ∼0.2 eV from the dark conductivity
studies.10,34 Although this defect configuration has a high
probability, involving only VSn

2− as a deep acceptor implies the
pinning of the Fermi level closer to the middle of the band gap
(the B2/B1 ratio increases with annealing temperature (Figure
7b)), meaning a decrease in the carrier concentration. In our

case, the hole density increased at elevated annealing
temperatures, indicating a high concentration of [VSn].
Considering the high partial pressure of sulfur (due to the
high solubility of sulfur in SnS) at these temperatures, the
presence of the sulfur interstitial defect, Si, is highly likely. It is
assumed that Si also acts as an acceptor since the sulfur atom in
the SnS lattice has a much higher probability of accepting
electrons from the valence band than of donating electrons to
the conduction band. Thus, both Si and VSn

2− deep acceptor
defects could be involved in the B2 emission band. It is clear
that involving both VSn and Si acceptor defects implies the
existence of sulfur-rich conditions in SnS, but the hole
concentration in the films is mainly determined by the overall
concentration of ionized tin vacancies at the temperatures
under investigation.
To identify the origin of the shallow donor level involved in

B2 emission, we analyzed the shift of this band as a function of
the measurement temperature. Figure 7a shows that the B2
band is shifted toward higher energies as the measurement
temperature is increased. This is a typical situation for DAPs at
relatively low temperatures. When the donor level is first
occupied and as the temperature is increased, recombination

occurs between the conduction band and the deep acceptor
(Figure 6). The overall shift of B2 approximates the activation
energy of the donor level (∼16 meV), i.e., a shallow donor
(Figure 7a). Considering the high concentration of holes at
elevated temperatures generated by the high concentration of
[VSn] in SnS films, we assume that this shallow donor is due to
the singly ionized sulfur vacancies, VS

+. This concept is
consistent with the trend in the electrical properties. The
higher the annealing temperature, the higher the sulfur partial
pressure above the SnS films, the smaller the concentration of
[VS], and the greater the hole density in the layers. Thus far,
we have proven the nature of the donor level for the B2
emission band.
To estimate the depth of the deep donor involved in the B1

emission band, eq 17 was used

ε
= − + +

·
E E E E

e
r

( )B g D A

2

1 (17)

where EB1
is the energy of the B1 emission, Eg is the band gap,

ED and EA are the depths of the donor and acceptor states,
respectively, and the last term is the Coulomb term. ED was
estimated to be ∼300 meV. This deep donor could be assigned
to doubly ionized sulfur vacancies (VS

2+), which lie close to the
valence band maximum at ∼0.25 eV and, therefore, do not
compensate for the hole concentration generated by VSn.

53 The
concentration of [VS

2+] is dependent on the S pressure so that
if the SnS films are pushed to a high S-rich state (as is the case
for high annealing temperatures), the formation energy of VS

2+

becomes larger, and its equilibrium concentration is reduced.53

We next investigated the changes in the PL spectra of SnS
films induced by the SnCl2-annealing step (Figure 5c). As
shown previously, higher temperatures of recrystallization
(450−500 °C) resulted in the formation of dense, continuous,
and pore-free SnS thin films with a random orientation (SEM,
XRD). The same layers exhibited improved p-type con-
ductivity and hole mobility, suitable for application in solar
cells. Considering these approaches, we chose only the SnCl2-
treated films at 500 °C for further PL analysis. The PL
spectrum of the recrystallized SnS films exhibited a broader
emission at a slightly lower energy (0.98 eV) compared to the
previous annealing conditions, suggesting the incorporation of
different defects. Due to the lower PL intensity, it was difficult
to determine the temperature dependence for this emission
band and the activation energy. Considering the incorporation
of chlorine in the SnS films, the 0.98 PL emission band is most
likely related to the donor−acceptor recombination between
the ClS

+ donor and the VSn
2− or Si deep acceptors (Figures 6

and 5, BCl band). Different chlorine complex defects, such as
the [(Si

2−ClS
+)−] deep acceptor complex, could also be

involved in this emission band. As shown in the Electrical
Properties section, a neutral defect [(VSn

2−2ClS
+)×] can be

formed at high concentrations of dopant, and as a result of its
dissociation (eq 14), the created shallow acceptor defect
[(VSn

2−ClS
+)−] compensates for the ClS

+ shallow donor. These
complex defects are usually formed in chlorine-doped CdS and
CdTe films.55,66,67 For the latter compounds, the Cl atom is
thought to substitute for a Te or S atom and act as a shallow
donor related to the formation of ClTe

+ and ClS
+ with an

energy level of Ec = 10−20 meV.55,66,67 The Cl solubility at
substitutional Te/S sites at 500 °C is ∼1017 cm−3.68 With Cd
vacancies, Cl forms defects, shallow acceptors or so-called A
centers [(VCd

−ClTe
+)−] or [(VCd

−ClS
+)−] at EV = 0.12 eV, and

Figure 6. DAP recombination model for SnS films at 10 K vs PDT
conditions.

Figure 7. (a) Shift of the B2 PL band peak position with increasing
measurement temperature. (b) B2/B1 ratio at T = 10 K after the
AMP-annealing and N2-annealing steps at 400−600 °C for 30 min.
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neutral complexes [(VCd
2−2ClTe

+)×], [(VSn
2−2ClS

+)×].55,67,69

In CdTe, Cd vacancies are deep acceptors at EV = 0.47 eV.67,69

Our results seem to support these well-established processes.
Thus, the hole concentration in SnCl2-treated films decreases,
indicating the compensation effect of the ClS

+ donor defect. As
shown, the rate of chlorine doping is determined by the
equilibrium between the liquid and solid SnCl2−SnS phases at
the processing temperature. At the same time, high chloride
annealing temperatures of 450−500 °C promoted the removal
of excess Cl from the SnS lattice, hence contributing to the
stabilization of the [(VSn

2−ClS
+)−] shallow acceptor defect,

which was assumed to be the main defect responsible for p-
type conductivity in chlorine-doped films. The changes in the
lattice parameter (Table 1) indicate processes taking place
inside the lattice of SnCl2-treated SnS films. Thus far, the
changes in the electrical and structural properties correlate well
with the defect features in the photoluminescence spectra.
Further PL investigations of the SnCl2-annealed SnS films are
necessary to prove the origin of chlorine complex defects and
their impact on the electrical properties of the layers. A
summary of the SnS thin-film properties influenced by various
PDT processes is presented in Figure 8.
Dependence of the Solar Cell Efficiency on PDT

Processes. To investigate the influence of the PDT processing
conditions on the device performance, a series of 100 solar
cells with a superstrate configuration of glass/FTO/CdS/SnS/
Au (where FTO is fluorine-doped tin oxide) were fabricated.
Figure 9a shows the cross-sectional SEM image of the stack
and a representative photograph. Figure 10 shows the changes
in the PV device parameters before and after the AMP-
annealing and N2-annealing steps from 400 to 600 °C. For
both annealing conditions, 10 cells were used for each
processing temperature and the average values of PV
parameters are presented (Figure 10). The representative
current density−voltage (J−V) characteristics, measured under
AM 1.5 conditions, are shown in Figure 11.
The untreated solar cells exhibited a conversion efficiency

(η) of ∼1% with the open-circuit voltage (VOC), short-circuit
current density (JSC), and fill factor (FF) of 200 mV, 11.5 mA/
cm2, and 42%, respectively. Both annealing conditions at 400−
450 °C promoted improvements in solar cell output
characteristics, leading to VOC, JSC, FF, and η values of 250

mV, 14 mA/cm2, 48%, and 1.7%, respectively. However, a
further increase in the annealing temperature (≥500 °C)
produced a drastic decrease in all PV parameters of the cells.
When explaining the impact of both annealing conditions on

the device performance, the changes in the structural defects
and optoelectronic properties of SnS films induced by these
treatments should be considered. Although the grain size and
GBs have a major impact on the device efficiency, we did not
observe any evident changes in the morphology of the layers
after the AMP-annealing and N2-annealing steps at 400−600
°C. Both annealing procedures affect the concentration of
intrinsic point defects and the hole density in SnS films. As
shown by the variations in the PV device parameters, JSC and
VOC are strongly influenced by the carrier collection length, the
width of the space charge region (SCR), and the diffusion
length. The width of the SCR in a p−n heterojunction depends
on many factors, but among these parameters, the carrier
concentration is crucial in both n-type and p-type components.
Generally, the SCR is virtually located in the semiconductor,
which has a low carrier density, usually in the p-type absorber.
For example, in CdTe and CIGS TFSC, where the p−n
junction is basically formed between the n-type transparent
conducting oxide (TCO)/CdS window and the p-type
absorber, the SCR extends mainly in the absorber material
with a higher resistivity and a lower carrier density (low doping

Figure 8. Summary of the impact of various PDT processes on the properties of SnS thin films.

Figure 9. Cross-sectional SEM images and photographs of the (a)
superstrate configuration of glass/FTO/CdS/SnS and (b) substrate
configuration of glass/Mo/SnS/CdS/i-ZnO/AZO heterostructures
with SnCl2-annealed SnS films at 500 °C.
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level, 1014−1016 cm−3) than those of the n-type partner (1018−
1020 cm−3).70 The ideal electron density for the n-type layer is
1−2 orders of magnitude above the hole concentration in the
absorber material, assuming the existence of an ideal 0.2−0.4
eV conduction band spike offset between the p-type and n-type
layers.71 This configuration also provides a major advantage
since the absorption starts in the SCR, which is the main
region where the photogenerated electron−hole pairs are
effectively separated, giving rise to the short-circuit current and
voltage.
In our case, the electron density in the CSS CdS layer is

much lower (1012−1013 cm−3) than that of the SnS absorber
(∼1017 cm−3) so that the SCR is very narrow and most likely
extends into the window layer at the CdS/SnS interface,
leading to ineffective charge separation, high recombination
rates, and poor performance for the untreated solar cells.
Annealing at 400−450 °C seems to promote conditions for
better lattice matching at the CdS−SnS interface, hence
improving the quality of the electrical p−n junction. A
balanced carrier concentration and the increased mobility
improve the cell efficiency. The improved mobility likely
reduces the carrier recombination. The above conclusions are
supported by the changes in the external quantum efficiency
(EQE) spectra of the SnS/CdS solar cells (Figure 11b). Thus,
the untreated solar cell showed a decreased EQE response in
the long-wavelength (600−800 nm) regions due to the short
carrier diffusion length and/or the narrow SCR. The EQE
response showed evidence for improved carrier collection after
the AMP-annealing and N2-annealing steps at 400−450 °C
(Figure 11b).
The hole concentration increased in the SnS films (∼1019

cm−3) as the temperature of AMP-annealing and N2-annealing
increased (Figure 3a). This increase would have the effect of

shrinking the width of the SCR, thereby decreasing the carrier
collection length and decreasing the device output (Figure 10).
Following our ambitious goal to prove the applicability of

SnCl2 PDT in SnS solar cells, we next investigated the impact
of this processing step on the device performance. In the first
stage of the experiment, we encountered some difficulties. We
observed the disappearance of the CdS buffer layer after the
SnCl2-annealing step at 450−500 °C for 30 min. This effect
was present even at low annealing temperatures of 250−300
°C. In addition, we observed side effects from annealing, such
as the precipitation of yellow-brown CdS−SnCl2 in the cold
regions of the ampules. In the case with only SnS single layers,
white SnCl2 residuals in the cold part of the ampule were
detected in the same treatment step. Following the
experimental evidence of CdS precipitation, we analyzed the
possible thermodynamic reaction in the SnCl2−CdS−SnS
system (eq 18)

+ → + Δ °

= −

GSnCl CdS CdCl SnS , (250 C)

2.7 kcal/mol

2(l) (s) 2(s) (s)

(18)

According to the thermodynamically favored eq 18, the
equilibrium is shifted toward the formation of solid CdCl2
and SnS species over the entire temperature interval (250−500
°C). The Gibbs free energy (ΔG) is negative, and even with an
increasing annealing temperature, ΔG tends to be positive
(Table S1 in the Supporting Information); at 500 °C, ΔG < 1,
indicating the predominant formation of CdCl2 and SnS. This
finding is also supported by the equilibrium constant, showing
that the molar concentration of the reaction products is higher
than that of the reactants over the entire temperature interval
(Table S1 in the Supporting Information). The melting point
of CdCl2 is ∼567 °C, while the eutectic temperature of CdS−
CdCl2 is ca. 515−520 °C.72 The melting point of SnCl2,

Figure 10. PV parameters of the superstrate configuration of glass/FTO/CdS/SnS/Au solar cells before and after AMP-annealing and N2-
annealing at temperatures between 400 and 600 °C for 30 min. For both annealing conditions, 10 cells were used for each processing temperature
and the average values of PV parameters are presented.

Figure 11. J−V characteristics and EQE spectra of three solar cells (SCs): superstrate configuration of glass/FTO/CdS/SnS/Au SC with as-
deposited (black curve) and AMP/N2-annealed SnS films for 30 min (blue curve); substrate configuration of glass/Mo/SnS/CdS/i-ZnO/AZO/
Ni/Al SC with SnCl2-annealed SnS films at 450 °C for 30 min (red curve). The inset shows the modified EQE plot, giving a band gap estimation of
1.33 eV of SnS at RT.
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SnCl2−SnS,46 and eutectic CdCl2−SnCl273 is lower than 247
°C. Both SnCl2 and CdCl2 have high partial vapor pressures in
the temperature range of 250−500 °C,48,74 where the intensive
recrystallization and sintering of SnS and CdS occur. These
facts indicate the high solubility of CdS in the SnCl2−CdCl2−
SnS melted flux and thereby its excessive consumption during
the chloride treatment step. These results indicate that the
SnCl2 treatment is not applicable for the superstrate
configuration of SnS/CdS/TCO. However, this approach
would be appropriate for solar cells in a substrate
configuration.
For a proof-of-concept demonstration, a series of solar cells

were fabricated with the glass/Mo/SnS/CdS/i-ZnO/Al:ZnO/
Ni/Al substrate configuration (see Experimental Section).
From various annealing temperatures used for the SnCl2-
annealing step, only SnS films treated at 450−500 °C for 30
min were used in substrate configuration solar cells because at
these temperatures, SnS films with more suitable properties for
solar cell application could be obtained. Figure 11 shows the
J−V curve for a glass/Mo/SnS/CdS/i-ZnO/Al:ZnO/Ni/Al
solar cell with a SnCl2-annealed SnS film at 450 °C. It is
evident that the treatment produced significant improvements
in the device performance. It should be noted that the
untreated substrate configuration cells exhibited a conversion
efficiency between 1 and 1.1%, comparable to the untreated
superstrate device performance (as deposited solar cell in
Figure 11). The cross-sectional SEM image and plan view of
the substrate configuration stack are shown in Figure 9b. The
contributions of large, columnar, and sintered SnS grains with
enhanced mobility and a balanced carrier concentration
improved the VOC, JSC, FF, and conversion efficiency up to
290 mV, 17.2 mA/cm2, 56%, and 2.8%, respectively. For the
same device, the EQE measurements clearly indicate improve-
ments over almost the entire spectrum, implying better
collection efficiency (Figure 11). The enhancements in VOC
and FF are clearly determined by the decrease in the density of
GBs and pinholes, leading to decreased recombination rates in
the SCR. These results, together with the enhanced carrier
mobility and balanced carrier concentration, lead to improve-
ments in the carrier collection, thereby improving the JSC and
conversion efficiency. Following the achieved 2.8% efficiency
of the solar cells with a substrate configuration of glass/Mo/
SnS/CdS/i-ZnO/Al:ZnO/Ni/Al, substantial room remains for
device improvement. This improvement may involve the
optimization of the SnCl2-annealing step in the temperature
range of 450−500 °C by controlling the duration of annealing
and the concentration of chloride flux. The chloride processing
step could be performed in one, two, or even more subsequent
steps to obtain SnS films with large columnar and sintered
grains. The chlorine concentration in the films could be
controlled by subsequent AMP-annealing or N2-anneling steps
in the process tube under a narrow temperature gradient. The
high partial vapor pressure of SnCl2 allows an efficient
accumulation of chloride excess from the SnS lattice. The
ideal case for chloride-treated SnS films would be to obtain
large columnar sintered grains with a concentration of Cl
dopant in the range of 1016−(5 × 1016) cm−3, which is
assumed to be the optimal concentration to provide a hole
density within the same range. This is a well-established
technology for CdTe, where chloride is an active agent for
recrystallization and sintering acts as a dopant to promote p-
type conductivity in CdTe. As shown above, during doping,
chlorine associates with Cd vacancies, forming shallow

acceptor centers [(VCd
−2ClTe

+)−] at EV = 0.12 eV,67,69 thereby
improving the hole density in CdTe. This process has a great
advantage since the formation of such a complex annihilates
the contribution of Cd vacancy deep acceptors at EV = 0.47
eV.67,69 The presence of deep acceptor states in CdTe, CIGS,
SnS, and other p-type absorbers is known to be detrimental for
efficient solar cells. Thus far, the optimized chlorine doping in
CdTe has enabled an efficiency as high as 15%.75 In SnS, we
expect to observe a similar effect in which chlorine doping
generates an associated [(VSn

−2ClS
+)−] shallow acceptor

complex, removing the contributions of [VSn
2−] deep accept-

ors, improving the hole carrier density and mobility in SnS
films and enhancing the device performance. The optimization
of the buffer layer is also a promising and active area of
research. Thus, in addition to adopting conventional strategies
such as H2S treatment and optimizing interface band
alignment with more suitable n-type buffer layers, a chloride
treatment could be a formidable approach for making further
progress in the efficiency of SnS TFSCs.

■ CONCLUSIONS
A systematic study of changes in the properties of CSS SnS
thin films and SnS/CdS solar cells induced by PDT processes,
including the AMP-annealing, N2-annealing, and SnCl2-
annealing steps, was carried out to understand the
physicochemical mechanisms of the processes and to optimize
the device efficiency.
The AMP-annealing and N2-annealing conditions at temper-

atures between 400 and 600 °C did not affect the grain size or
GB density of the SnS layers but significantly impacted the
concentration of intrinsic point defects, hole carrier density,
and mobility in the films. No secondary phases were detected
by XRD and Raman analyses for both the as-deposited SnS
films and after any of the PDT processes. Annealing at 400 and
450 °C enhanced the hole mobility in SnS films, promoted
conditions for better lattice matching at the CdS−SnS
interface, improved the quality of the electrical p−n junction,
and hence, enhanced the solar cell efficiency. High annealing
temperatures (500−600 °C) promoted rearrangement of the
SnS lattice, strongly enhanced the hole concentration to the
level of 1019 cm−3, and decreased the carrier mobility, which
had a detrimental impact on the solar cell performance. For the
same interval of annealing temperatures, the PL spectra
showed two distinct emission bands, B1 and B2. The
experimental results for these PL bands could be consistently
explained by the DAP model, which involved VSn acceptor
defects and VS donor defects. Changes in the properties of SnS
films induced by AMP-annealing and N2-annealing processes
were explained based on the claim that the SnS homogeneous
solid phase exists only in the sulfur-rich region and by the
dynamic behavior of tin vacancies prevailing under sulfur-rich
conditions.
The SnCl2-annealing step at temperatures between 250 and

500 °C promoted grain growth and sintering, especially at 450
and 500 °C. The changes in the lattice parameter accompanied
by displacement of the main (111) XRD peak indicated the
incorporation of chlorine and the formation of tin vacancies
inside the lattice of SnCl2-treated SnS films. The recrystallized
films at 250 and 300 °C exhibited n-type conductivity and low
Hall mobility. The p-type conductivity was restored, and the
Hall mobility improved as the SnCl2 annealing temperature
was increased from 350 to 500 °C. The broader PL emission at
a slightly lower energy (0.98 eV) compared to the previous
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annealing conditions suggested the incorporation of chlorine
defects.
Based on these systematic results, it is claimed that the SnCl2

treatment process induced the formation of a liquid flux and
mass transport through the melted phase, promoting grain
growth by recrystallization and sintering. The grain growth was
accomplished by incorporating flux components (doping) into
the growing SnS lattice under saturation concentrations
according to the distribution coefficient between the liquid
and solid phases at the processing temperature. For the first
time, a comprehensive understanding of the evolution of the
structural, electrical, and optical properties of SnS as a result of
the SnS−SnCl2 treatment process was obtained. We
experimentally demonstrated that SnS/CdS solar cells with
an efficiency of ∼2.8% can be achieved by recrystallization of
SnS films in the presence of a SnCl2 melted flux. Following
these achievements, additional systematic work is required to
further improve the efficiency of this novel device.
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