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a b s t r a c t

Cu2SnS3 is investigated as a potential solar absorber material, which is known to exist in several poly-
morphs. In the present work, the transition to the most efficient monoclinic polymorph is investigated
and an explanation is given why this one seems to be the best for solar cells. Cubic, mixed polymorphs
and monoclinic polymorphs are synthesised with increasing temperature. Photoluminescence spectra of
the mixed and cubic polymorphs show mainly defect emissions below the band-gap energy, while the
monoclinic modification shows only one sharp peak, which is attributed to the conduction to valence
band transition. The monoclinic polymorph also grows in combination with a secondary phase con-
taining sodium, NaxCuSnS3, with x between 0.5 and 1. It exhibits a cubic (F43m) crystal structure like
CuSn3.75S8 and a band-gap of around 1.6 eV. Devices with absorber layers of monoclinic Cu2SnS3, in
which NaxCuSnS3 is either present or removed, gave similar power conversion efficiencies of above 1%.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

The emerging p-type compound semiconductor Cu2SnS3, con-
sisting of only earth abundant and non-toxic elements, attracts
attention as an absorber layer for thin film solar cells. Cu2SnS3
exhibits a high optical absorption coefficient of greater than
104 cm�1 and a band-gap energy of between 0.9 and 1.4 eV [1–11].
The variation of the band gaps measured is due to the existence of
different Cu2SnS3 polymorphs. There is neither a consensus on the
synthesis temperature at which the polymorphs are formed nor
their exact band-gap. Reported polymorphs of Cu2SnS3 include
cubic, tetragonal, monoclinic, or triclinic. Between temperatures of
300 and 450 °C, a tetragonal crystal structure is observed [1–5],
while above 400 °C the compound is present as cubic and/or
monoclinic polymorph [1,5,7]. Between 400 and 550 °C there is a
large variation in the measured band-gap energies, varying be-
tween 0.95 [8] to 1.11 [6] eV for the cubic/monoclinic structures.
The reported data above 520 °C show more consensus, with the
monoclinic structure measured to have a lower band gap at
0.93 eV and another optical transition at 1.0 eV [9–11]. This poly-
morph also shows the highest reported solar cell power conver-
sion efficiency for a standard solar cells structure [11]. Like other
chalcogenide based compound semiconductors the introduction of
sodium through NaF has led to even higher device efficiencies [10].
The aim of this manuscript is to investigate the transition to the
pure monoclinic polymorph which is around 520 °C and why it
seems to be the best material quality for solar cells. Additionally,
an effect of Na is also presented.

In the present work, metallic precursors are annealed in a
sulphur and tin sulphide environment at various temperatures just
below 520 °C and at 520 °C degrees in order to investigate the
monoclinic transition of Cu2SnS3. It is demonstrated that the
monoclinic polymorph is grown from a cubic via a cubic/mono-
clinic mixture to the monoclinic polymorph at 520 °C. Photo-
luminescence measurements show that this polymorphic transi-
tion decreases the defects in the materials. Furthermore it is
shown that the monoclinic polymorph grows with a new semi-
conductor compound containing sodium. The composition is
preliminary determined to be NaxCuSnS3 and a band gap of 1.55 eV
is derived. Additionally Raman spectra are recorded and an elec-
tron backscatter diffraction (EBSD) measurement is performed. To
investigate the influence of this secondary phase on solar cell
performance, monoclinic absorber layers with and without this
secondary phase are made into devices.
2. Material and methods

Cu/Sn precursors are prepared by a wet-chemical method. Si-
milar chemistry has been used to make highly efficient

www.sciencedirect.com/science/journal/09270248
www.elsevier.com/locate/solmat
http://dx.doi.org/10.1016/j.solmat.2016.04.039
http://dx.doi.org/10.1016/j.solmat.2016.04.039
http://dx.doi.org/10.1016/j.solmat.2016.04.039
http://crossmark.crossref.org/dialog/?doi=10.1016/j.solmat.2016.04.039&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.solmat.2016.04.039&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.solmat.2016.04.039&domain=pdf
mailto:jessica.dewild@uni.lu
http://dx.doi.org/10.1016/j.solmat.2016.04.039


Fig. 1. GIXRD of S480, S490, and S520 samples. The main peak is at 28.4° consistent with Cu2SnS3 polymorphs. S480 has an additional Cu3SnS4 (X) [PDF 00-036-0217] and a
CuS phase [PDF 00-006-0464] (KCN etch, left below). The monoclinic phase [PDF 04–010-5719] is pronounced at 520 °C with unidentified peaks (*) that can be removed by
HCl etch (right below).
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Cu(In,Ga)Se2 containing solar cells [12] and it was subsequently
adapted to the Cu2ZnSnS4 system [13]. The metals are introduced
in tetramethylguanidine (TMG, 99%, Sigma Aldrich) as organic
salts: tin methoxide (Sn(OCH3)2, Alfa Aesar) and copper formate
(Cu(COOH)2 prepared from copper nitrate (99.999%, Abcr) dis-
solved in formic acid (495%, Sigma Aldrich). Methanol (anhy-
drous, 99.9%, Abcr) is added to reduce the viscosity of the Cu/Sn
solution and the salts are dissolved around 105 °C. The ink is then
passing through a 200 nm diameter filter to reduce the amount of
undissolved particles which cause pinholes in the precursor. The
filtered ink is coated on soda lime glass, or molybdenum covered
soda lime glass substrates by blade. The use of glass substrates
allows the measurement of optical properties whereas the Mo is
required for an electrical back contact. ‘Reduction of the metals on
the substrate happens with heating the substrate with the liquid
on a hot plate up to 210 °C in 10 min in a nitrogen atmosphere and
leave it for 5 min at 210 °C. During the increasing temperature the
metals are reduced with the release of CO2 and the other organic
constituents, methanol and TMG, evaporated [12,13].’ The metallic
precursors are annealed in a closed box with sulfur (100 mg,
99.99995%. Alpha Aesar) and SnS (10 mg, 99.95%, Alpha Aesar)
powders for 30 min. Prior to device preparation, the sample is
etched for 30 s in aqueous (0.77 M) KCN solution and/or HCl
(75 °C, 10 M) solution to remove possible secondary phases, then a
CdS buffer layer is deposited by chemical bath deposition. Devices
are finished with a sputtered i-ZnO/AZO layer and a Ni/Al front
contact grid.

Cu2SnS3 absorber layers are characterized with grazing in-
cidence-XRD (GI-XRD: ϴ¼0.5°, Bruker D8, Cu Kα(1þ2) X-ray
source), Raman (Renishaw inVia Micro-Raman spectrometer with
several excitation wavelengths at 633, 532 and 422 nm), diffuse
and specular reflection and transmission (LAMBDA 950 UV/Vis/NIR
spectrophotometer). Where applicable, powder cell was used to
plot the reference diffraction spectra. Micrographs are recorded
with a scanning electron microscope (Hitachi SEM (SU-70)) and
Cu/Sn/S compositions are measured by EDX/WDX (Oxford instru-
ments INCA X-MAX, 20 keV). One sample was analyzed by EBSD to
determine the crystalline structure of the secondary phase using
an Oxford Instruments NordlysNano EBSD detector, attached to a
Zeiss Ultraplus scanning electron microscope, and the AZtec ac-
quisition and evaluation software. Room temperature photo-
luminescence measurements were done in homebuilt set up
(514 nm, 50 kW/cm2). Finished devices are characterized by
homebuilt current density-voltage (IV) and external quantum ef-
ficiency spectra (EQE) measurements.
3. Results and discussion

3.1. Cu2SnS3 formation

The metallic precursors are annealed in S and SnS vapor. SnS
vapor is required to stop Sn losses from the front surface of the
forming Cu2SnS3, via release of volatile SnS [14,15]. Fig. 1 top
shows the GI-XRD of the absorber layers annealed at 480, 490 and
520 °C (referred to as S480, S490 and S520 respectively). All
samples show peaks belonging to a Cu2SnS3 polymorph of which
S520 shows clearly the monoclinic structure and an additional
phase assigned with *. Above 520 °C no significant phase changes
in the diffractogram are found, see S1. S480 and S490 show a
mixture of Cu2SnS3 polymorphs; there are signatures of the
monoclinic phase but not all of the minor peaks are visible. The
inset in Fig. 1 top shows that the main peak is at 28.4° for all
samples, with only a little broadening for S480, which could



Fig. 2. SEM top view images of Cu2SnS3 thin films Left: S480, middle S490 and right S520. X is identified as the Cu3SnS4 phase and * is the unknown phase.
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indicate a smaller crystal coherence length or the presence of
multiple phases. The full S480 pattern shows that more than one
phase is visible for this sample as well. One phase is identified as
Cu3SnS4, which is also a semiconductor with a band gap around
1.6 eV [16]. The other phase is CuS which is detected by comparing
XRD before and after etching in aqueous KCN, known to remove
copper sulfides, see Fig. 1(b) left below. Increasing the annealing
temperature from 480 to 490 °C significant changes the absorber.
After only an increase of 10 °C both the Cu3SnS4 phase and CuS
phases are now absent. We propose a change in the following
equilibrium reactions as the temperature is raised from 480 to
490 °C:

Cu3SnS4(s) 2 CuS(s) þ Cu2SnS3(s) (1a)

4CuS(s) 2 2Cu2S(s) þS2(g) (1b)

Cu2S(s) þ SnS(g) þ1/2S2(g) 2 Cu2SnS3(s) (1c)

Reaction (1a) explains the disappearance of the Cu3SnS4 phase at
490 °C. CuS is likely dissociated into Cu2S (1b) since its reported
dissociation temperature is around 507 °C [17] and the equilibrium
is pushed to the right, accounting for the disappearance of the
Cu3SnS4 and CuS phase. Above 490 °C reaction (1c) can be
expected and is pulled to the right side due to the excess of SnS
in the gas phase. The experimentally determined phases fit the Cu-
Sn-S theoretical chemical potential phase space according to ref.
[18] in which with increasing chemical potential of Sn, Cu2SnS3
can be formed via Cu3SnS4. That the chemical potential of Sn is
increasing is due to the additional SnS powder and its vapor
pressure, ie at higher temperature more Sn is available via SnS.
Between S490 and S520 only minor changes are visible in the
diffractograms. At 520 °C the minor peaks of the monoclinic
polymorph are pronounced, differentiating it from the mixed
polymorph at 490 °C. Although S520 can be unambiguously
assigned to a monoclinic Cu2SnS3 structure, it also contains a
secondary phase, since several new peaks appear in the diffracto-
gram and are assigned with *. These peaks remain after S520 is
etched with aqueous KCN. However, concentrated HCl removes
this secondary phase and leaves the Cu2SnS3 intact, as can be seen
from the disappearance of the * peaks in the diffractogram in Fig. 1
(b) right below. These new peaks could not to be attributed to any
phase in the ICDD PDF database. In order to investigate further the
effect of temperature on the changes within the films, and to try to
identify the unknown secondary phase electron microscopy mea-
surements were made.

Fig. 2 shows the top view SEM images of the samples and
Table 1 gives the composition as measured with EDX/WDX over
large areas (130�90 mm2) and single micron points. S480 has at
least three phases, according to the XRD measurement (Fig. 1). The
SEM image shows the dominant Cu2SnS3 phase is present as a
continuous layer. The additional surface or island features, as-
signed with an ‘X’, are identified with EDX to correspond to a
copper poor Cu3SnS4 phase. CuS phases could not be differentiated
from the background, likely due to the small size of the features
mixed within the Cu-Sn-S phases. S490 has two seemingly dif-
ferent morphologies of Cu2SnS3, the first one is a dense phase, the
second a porous phase. However, the composition of the dense
and porous phases is the same within error. Since the morphology
of the S490 dense area is similar to that of S480 this phase ten-
tatively could be assigned to a cubic morphology, while the
smaller porous features on top could be assigned to a monoclinic
morphology. S520 displays a dense homogenous film but with a
clearly distinguishable feature assigned with *. EDX point and area
measurements are performed on the different samples and fea-
tures to determine the compositional changes.

Over the large area, [Cu]/[Sn] ratios are the same for all samples
within error and are always copper poor, which has previously
been shown to give the lowest net acceptor doping concentration
[19]. The [S]/([Cu]þ[Sn]) ratios are the same for all samples except
for the * phase, that has a [Cu]/[Sn] ratio of 1:1. Fig. 3 top shows an
EDX line scan on such a feature where the elemental compositions
of Cu, Sn, and Na are measured. It shows that the [Cu]/[Sn] ratio is
constant over the Cu2SnS3 and decreases over the secondary
phase, that coincides with an increase in the [Na]/[Sn] ratio. Thus,
the secondary phase appears to be NaxCuSnS3. An exact quantifi-
cation of x is difficult due to the low sensitivity of EDX to sodium,
but we estimate it to be between 0.5 and 1 on grounds of charge
balance assuming Cuþ , Sn4þ and S2� . The bottom of Fig. 3 shows
the identical location after etching in concentrated HCl. The Na
phase is etched away and the surrounding Cu2SnS3 remains un-
affected. Therefore this Na containing secondary phase is linked to
the * peaks in the diffractogram of Fig. 1 bottom right. Cu2SnS3
made on quartz, did not show these peaks, see S2, which could
indicate that the Na diffuses from the soda lime glass. An initial
investigation on the crystalline structure of the Na phase was done
with EBSD. The measurement appears to show that it has the same
space group as CuSn3.75S8 i.e. F43m, however with a larger lattice
constant due to the larger ionic radius of Na (116 pm) compared to
Cu (90 pm). Further investigations are required to confirm both
the composition and crystal structure of this phase.

Raman spectra were recorded on all samples to identify more
precisely the polymorphs present. The size of the excitation spot
was approximately 1 mm in diameter. Despite the small probe size
the SEM images suggest that several phases may be detected
within a single spot. Fig. 4 top shows the Raman spectra of the
different samples, all displaying two major peaks and two minor
peaks or shoulders to the right of the main peaks. The positions of



Table 1
EDX/WDX results of areas and point measurement of secondary phases (X and *, averaged over 4 points).

S480 S490 S520

Spot (X) Area Spot Area Spot (*) Area

Compositional ratio Cu/Sn 2.670.3 1.770.1 1.770.1 1.870.1 1.070.2 1.870.2
S/(CuþSn) 1.270.1 1.270.1 1.270.1 1.270.1 1.570.4 1.270.1

Compound stoichiometry Measured EDX/WDX Cu2.6SnS4.3 Cu11.7SnS3.2 Cu1.7SnS3.2 Cu1.8SnS3.4 NaxCuSnS3 Cu1.8SnS3.3
XRD Cu3SnS4 Cu2SnS3 Cu2SnS3 Cu2SnS3 Unknown Cu2SnS3

Fig. 3. Top: EDX line scan on S520 with a Na containing feature shown in the SEM
image middle. Bottom SEM image is the identical location after etching in con-
centrated HCl.
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the two dominant peaks are 303/355 cm�1 for S480, and
291/352 cm�1 for S520 matching the positions reported for
Cu2SnS3 in its cubic [16] and monoclinic [20] phases respectively.
The peak at 318 cm�1 (X) is attributed to Cu3SnS4 [16] and only
seen in S480. The peaks for S490 are broader and located at in-
termediate positions, which likely indicates a superposition of the
peaks and a co-existence of the cubic and the monoclinic poly-
morphs. This is consistent with the S490 GIXRD, which did not
show a clear monoclinic or cubic diffraction pattern, and the SEM
image that showed the two different morphologies intermixed on
the sub-micron scale. Fig. 4 below shows the Raman spectra of the
Na phase * found in S520 obtained with blue, green and red ex-
citation and none of the peaks overlap with those of Cu2SnS3. The
peaks at 320 cm�1 and 380 cm�1 found for red excitation, were
previously attributed to the Cu2Sn3S7 polymorphs [20]. This pre-
vious identification to Cu2Sn3S7 was made on a sample also grown
on soda lime glass, but from an electrodeposited metallic pre-
cursor, indicating that this Na containing phase is not dependent
on the precursor synthesis method. Blue light shows a single peak
at 312 cm�1 and the green spectra can be interpreted as a super-
position of both the blue and red spectra. Since the Raman spectra
change with the excitation wavelength we speculate either that
the composition of NaxCuSnS3 varies in depth since the longer
wavelength light presumably penetrates deeper within the
material, or it indicates different near resonant transitions [21]. A
compositional difference in depth can be expected if the Na is
diffusing from the glass. That the diffusion of sodium from soda
lime glass influences chalcogenide growth is already known from
kesterite and chalcopyrite compounds [22]. Additionally, sodium
from NaF has already been shown to increase the Cu2SnS3 grain
size [10] However, the formation of this NaxCuSnS3 compound has
not been observed before.

3.2. Optical properties

Transmission and photoluminescence spectra are recorded to
determine some optical properties of the samples. The results are
shown in Fig. 5. When the high energy wing of the photo-
luminescence spectra comes from the valence band to conduction
band transition [23] it can be fitted with the following formula:
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where kB is the Boltzmann constant and T the temperature in K
which equals room temperature. hν is the photon energy and Eg
corresponds to the band gap. A band gap of 0.94 eV was de-
termined for S520, however for the other samples the fit did not
give reliable results indicating that the emission is not due to band
to band transitions. This is a first sign of defective material. An-
other sign is the height of the peak, since the height of the peak is
an indication of the quasi fermi level splitting. It is worth to
mention that the PL yield of S520 was at least one order of mag-
nitude higher than the others, indicating higher splitting. The
higher splitting means that the material has fewer electronic de-
fects and therefore has a higher open circuit voltage potential in a
solar cell [24,25]. Thus from this it can be concluded that the
monoclinic polymorph is the least defective material. It is a rea-
sonable conclusion when the structure of the polymorphs is con-
sidered. In ref. [26] it is proposed that the cubic Cu2SnS3 poly-
morph is a disordered phase, in which the Cu2Sn2 and Cu3Sn ca-
tion distributions form clusters. These clusters cause significant
amount of energy states near the band edges and midgap states
and thus defects. This could explain the very large emission peak
at lower energies for S480 and S490, the impossibility to extract
the band gap from formula (2) and the much lower yield.

On the right side of Fig. 5, the PL spectra measured on the Na
feature is shown, indicating that NaxCuSnS3 is in fact also a
semiconductor. The exact band gap could not be extracted with
(2) either, but it is estimated to be around 1.55 eV.

Fig. 6 below shows the transmission spectra of Cu2SnS3 grown
on soda lime glass at 480, 490 and 520 °C to match the growth
temperatures of samples S480, S490, and S520. None of the sam-
ples show the expected sharp edge for a direct band gap, which
could be an indication of multiple phases, an indirect band gap or
multiple optical transitions. The latter is expected for the mono-
clinic polymorph and the two transitions can be seen between at
0.9 and 1.1 eV [27]. At higher energies, differences are visible as
well. The inset shows a zoom of the transmission between 1.5 and



Fig. 5. Top: Photoluminescence spectra of S480, S490 and S520 (left) and of the Na feature (right). Below: Transmission spectra of S480, S490 and S520.

Fig. 4. Raman spectra of Cu2SnS3 polymorphs (excitation 442 nm). Peak positions for the monoclinic and cubic polymorphs are indicated by dashed lines and solid lines
respectively [20] and for Cu3SnS4 with an X [16]. Right: The peak maxima of the two main Cu2SnS3 peaks vs annealing temperature. Bottom: Raman spectrum of the
NaxCuSnS3 compound with different excitation wavelengths. Peaks marked with grey lines were previously attributed to Cu2Sn3S7 [20].
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2.0 eV, which shows that the 480 °C and 520 °C samples do not
absorb all the light in this energy region, suggesting the presence
of multiple phases with different band gaps. S480 transmission
shows a steady increase in transmission from ∼2.0 eV onwards
which is attributed to the known presence of copper sulfides (the
exact band gap depends upon the phase) [28] and Cu3SnS4
(�1.6 eV) phases. S520 shows a step like transition at �1.6 eV that
matches the energy position of the photoluminescence emission
attributed to NaxCuSnS3. This increase in transmission below the
band gap of Cu2SnS3 is seen before in ref. [29] but not really
commented on. In summary, the two optical transitions belonging
to the monoclinic phase are most visible for the sample annealed
at 520 °C indicating this is the monoclinic polymorph on the
macroscopic scale as already shown by SEM, Raman, XRD and
photoluminescence measurements. The impact of the NaxCuSnS3
phase on macroscopic solar cell properties is investigated by fin-
ishing the monoclinic absorber layers into devices.
3.3. Devices

Solar cells are completed from Cu2SnS3 absorbers annealed at
520 °C in the commonly used Mo/Cu2SnS3/CdS/i-ZnO/Al:ZnO/Ni:Al
configuration to investigate the effect of the NaxCuSnS3 phase. A
summary of detrimental effects of secondary phases on device
performance in the related kesterite system is given in [30]. For
NaxCuSnS3, it can be expected that current collection will be re-
duced proportionally to the surface area taken up by NaxCuSnS3,
owing to the larger band-gap energy of the Na-containing phase.
This effect would be a similar to that of ZnSe in Cu2ZnSnSe4 thin
films [31].

In order to test this prediction absorber layers were grown at
520 °C on molybdenum coated soda lime glass, which were either
etched in KCN only or KCN and HCl. KCN removes any traces of
CuxS phases present, and as shown earlier HCl removes the
NaxCuSnS3 phase. The current-voltage characteristics under



Table 2
Solar cell device parameters of absorber layers annealed at 520 °C, averaged over 3 cells.

Etching n (%) FF (%) Voc (mV) Jsc (EQE) (mA/cm2) Rp (Ω cm2) Rs (Ω cm2)

KCN 1.370.1 3271 16277 24.371.5 16.770.8 6.470.7
KCNþHCl 1.170.1 3271 14771 23.670.5 14.170.7 5.570.1

Fig. 6. Solar cell measurements: top left: JV curves in the light for HCl etched/unetched absorber layers grown at 520 °C, left below: EQE representative for all solar cells and
right: band gap extraction from EQE and absorption measurements.
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illumination of the completed devices are shown in Fig. 6 and
summarized in Table 2. The band-gap energies for the absorber
layers extracted from EQE and absorption measurements (Fig. 6)
are 0.9270.01 eV and 1.0070.01 for the second optical transition
belonging to the monoclinic Cu2SnS3 polymorph. Devices with and
without the NaxCuSnS3 phase exhibited the same short-circuit
current density, which indicates that this secondary phase does
not influence substantially the charge-carrier collection in the
device. Analysis of the dark current-voltage curves reveals a very
high saturation current density of 0.4 mA/cm2 and higher for all
devices. Ideality factors of higher than 4 were obtained for all solar
cells, which explains the overall low efficiency measured for these
devices. The high ideality factor is likely due to recombination at
the interfaces and it is clear that optimization is required. How-
ever, we may conclude from these preliminary unoptimized solar
cells that the secondary phase NaxCuSnS3 does not affect any of
the main device parameters significantly.
4. Conclusion

In the present contribution, the transition from a cubic to a
monoclinic Cu2SnS3 polymorph is investigated. This transition is
confirmed by Raman spectroscopy. Photoluminescence measure-
ments indicate large defect densities in Cu2SnS3 layers produced at
temperatures below 520 °C, which were attributed to the disorder
of the cubic phase. The monoclinic polymorph showed the lowest
defect densities, which may be due to the highly ordered mono-
clinic structure. However, a new semiconducting compound con-
taining Na with stoichiometry NaxCuSnS3 (x¼0.5–1) is formed
while growing the monoclinic polymorph. Optical measurements
showed that the Na-Cu-Sn-S phase exhibits a band-gap energy
around 1.6 eV. It was preliminarily deduced that NaxCuSnS3 is not
harmful for Cu2SnS3 devices with their currently low efficiencies.
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