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Cu,SnSs3 (CTS) is starting to gain interest in the PV research community as an alternative earth abundant
absorber for thin film photovoltaics. In this work, the structure, morphology and the composition of the
CTS absorbers as well as their influence on the optoelectronic properties of the solar cells are analysed.
The synthesis of Cu-Sn-S thin films by co-evaporation at a nominal temperature of 400 °C is presented. A
combination of X-ray diffraction, Raman and UV-Vis spectroscopy suggests that the Cu,SnSs is crystal-
lising in a cubic structure with disorder in the Cu and Sn sites, leading to substantial band tailing.

The best device was fabricated from absorbers exhibiting a Cu/Sn ratio of approximately 1.7 and had an

K ds: . L o .
Tl?llr‘:,gqnf efficiency of 1.8%, a short circuit current of 28 mA cm™2, and an open circuit voltage of 147 mV with a fill
Solar cell factor of 42.9%. From the quantum efficiency measurement, we estimate a band gap of 1.06 eV for the CTS

Earth abundant absorber material. Capacitance-voltage measurements show charge carrier concentrations between 4

Co-evaporation and 6 x 106 cm3.
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1. Introduction

Cu-Sn-S derived materials are increasing interest as absorber
layers produced from earth abundant elements for application in
thin film solar cells. Efficiencies up to 4.6% have been already ach-
ieved using the same device architecture used for Cu(In,Ga)
Se,(CIGS) and for CuyZnSn(S,Se)s (CZTSSe) based solar cells [1]. In
the Cu-Sn-S system, several compounds with different stoichiom-
etry have been reported in literature, including Cu,SnSs; [2—8],
CusSnSy [3,6,9—1]], CuysSnSy [2], Cu,SnsSy [2] and CusSn7S16 [12].
Particularly, Cu;SnSs is so far the ternary compound of the Cu-Sn-S
system that has been studied most for solar cells applications.

Several synthesis approaches have been demonstrated to be
suitable for producing CupSnSs; films including sputtering [6],
reactive sputtering [13], electrodeposition [5,14], pulsed layer
deposition [15] and several non-vacuum routes [16,17].

Cu,SnSs, has been reported to crystallize in several structural
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polytypes including a cubic (F-43 m) [3,6], a tetragonal (I-42 m)
[3,6,12] and a monoclinic (C1c1) [4,5,7,8,18,19] structure depending
on the temperature during synthesis. With increasing temperature,
a change in the crystal structure to unit cells with higher symmetry
has been predicted, changing from monoclinic to orthorhombic,
then tetragonal and cubic [20]. However, experimental results in
literature suggest that for synthesis process at temperatures below
550 °C, CuzSnSs adopts a cubic or a tetragonal structure [3,6] and
when the synthesis temperature is above 550 °C it adopts a
monoclinic structure [8,19,21]. A large discrepancy in the value of
the bandgap of Cu,SnSs in its different crystal structures is also
found in literature. For the monoclinic form, the presence of two
bandgaps was reported, one at 0.92—0.93 eV and a second one
around 0.99 eV [5,8,18,19]. Fernandes et al. reported a bandgap of
135 eV for the tetragonal Cu,;SnS; and 0.96 eV for the cubic
structure [3].

Most of the Cu,SnSs absorber layers that have been used in solar
cell devices have been synthesised in a two stage process with a
reactive annealing step at temperatures higher than 550 °C under a
sulphur or sulphur-tin atmosphere. This high temperature step
resulted in monoclinic Cu,SnSs [1,5,21]. However, it is difficult to
find reports of solar cells prepared at low or moderate temperature
processes, for which the Cu,SnSs3 is not monoclinic. In addition to
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the fact that in low temperature synthesis, the grain growth is more
limited, the cubic CTS structure might present mid gap states and
band tailing, making it difficult to make efficient solar cells out of
this structure [22].

In this work, we report the synthesis of Cu-Sn-S absorber layers
by a single step co-evaporation method with a nominal substrate
temperature of 400 °C. Microstructural analysis of the absorber
layers based on SEM, Raman spectroscopy and X-Ray diffraction is
presented. It was found that Cu,SnSs crystallises mostly in the cubic
structure, however the presence of other Cu-Sn-S phases in the
absorber layers have been identified. Solar cells fabricated from
these absorber layers show a power conversion efficiency of 1.8%,
mainly limited by a low value of the open circuit voltage.

2. Experimental
2.1. CTS absorber synthesis

A series of CTS absorber layers was deposited using a PVD sys-
tem equipped with elemental Sn and Cu thermal evaporation
sources and a sulphur evaporator with a cracking unit. The tem-
perature of the Cu and Sn source and S cracking unit were 1285,
1295 and 500 °C respectively. 50 x 12.5 mm? molybdenum coated
soda-lime glass substrates were used in this study, which were
rotated during the deposition. The total pressure of the chamber
during the deposition was around 1.5 x 103 Pa. For all the de-
positions the substrate temperature was set to a nominal temper-
ature of 400 °C. Infrared reflectometry was used for in situ process
control. The deposition was stopped after achieving a layer thick-
ness of approximately 1 um.

2.2. CTS absorber characterisation

The CTS thin films were measured with a PANalytical X'Pert
MPD Pro X-ray diffractometer in Bragg-Brentano (BB) configuration
using a Cu Ko radiation source (A = 0.15406 nm). The composition
of the samples was determined using a FEI Quanta 200 scanning
electron microscope (SEM) equipped with an Oxford Instruments
energy dispersive X-ray analyser (EDS) with an acceleration voltage
of 20 kV from the top view. The cross section images of the solar
cells were acquired with a Zeiss Gemini SEM. Raman scattering
measurements were performed with He-Ne laser (633 nm) exci-
tation using a CCD detector coupled to a 0.5 m spectrometer. The
transmittance/reflectance of the absorber layers were measured
with a Perkin-Ellmer UV-Vis setup after a lift off the films from the
Mo substrate.

2.3. Device fabrication and characterisation

A CdS buffer layer of approximately 50 nm in thickness was
deposited by chemical bath deposition (CBD) on the absorber layers
followed by a i-Zn0O/Zn0:Al window layer deposited by RF sput-
tering. Ni:Al metallic front contact grids were evaporated on top of
the window. No etching treatment was applied before the CdS
deposition. Cells of area 0.5 cm? were mechanically scribed. Illu-
minated |-V curves were measured under 100 mW/cm? simulated
AM1.5 solar illumination calibrated with a Si reference cell and the
external quantum efficiency (EQE) was measured using a lock-in
amplifier combined with a 1/4 m monochromator. Capacitance-
voltage (CV) measurements were performed with an HP4284 LCR
meter and four-point probes.

3. Results and discussion
3.1. Microstructure and morphology of CTS absorber layers

The absorber layers showed a Cu/Sn ratio of around 1.7. Fig. 1
shows a cross sectional view of the solar cells processed for this
study. The CTS absorber layer is about 1 pm thick and shows
columnar like morphology suggesting that the films are highly
textured. A similar morphology has been also reported for CTS
samples grown by RF sputtering from Cu,S and SnS targets heating
the substrates to around 300° C [6], suggesting that this columnar
growth type is typical for low temperature synthesis.

Fig. 2 shows the X-Ray Diffraction (XRD) pattern of CTS absorber
layer acquired in Bragg-Brentano configuration. An intense peak
appears at 28.3° that can be attributed to CupSnSs in the cubic (F-
43 m, ICSD 43532), the tetragonal (I-42 m, ICSD 50965) or the
monoclinic (Clcl, ICSD 91762) structure. No other peaks can be
observed related to this phase. Therefore, it is difficult to determine
the crystal structure only based on the information provided by the
XRD pattern. The single peak suggests that the films are preferen-
tially orientated, which is consistent with the columnar growth
morphology observed for the cross sectional images in Fig. 1. The
inset of Fig. 2 shows a magnification of the XRD pattern between 20
and 50°. The diffractogram shows the presence of low intensity
peaks at 27.4 and 30.7° that can be attributed to the presence of
orthorhombic CusSnS,4 [11]. The presence of Cu3SnS4 in films has
been already reported to coexist with Cu,SnSs3 [6,22], however the
relatively low intensity of these reflexes in comparison with the
strong peak attributed to Cu,SnSs suggests that the amount of the
CusSnS4 orthorhombic phase is rather low. No other phases have
been identified with this technique.

In order to confirm the crystal structure of the CTS absorber
layers Raman spectroscopy was performed on the sample and it is
shown in Fig. 3. The peaks observed in the spectrum have been
qualitatively fitted with Lorentzian functions to determine the
position of the observed Raman modes. Two high intensity peaks at
303 and 359 cm~! suggest that Cu,SnSs is mainly present in the
cubic structure, in accordance with the studies reported by Fer-
nandes et al. [3,23]. Unfortunately, no calculations of the phonon
spectra of the different crystal structures of Cu;SnSs have been
reported up to now and the assignments for the cubic Cu,SnSs are
made based on reported experimental data. In addition, lower in-
tensity peaks at 319 cm~! and 337-346 cm~!can be observed. In the
literature, peaks at these positions have been correlated with the
presence of orthorhombic CusSnS4 [11,23], which agrees with its
identification by XRD presented in Fig. 2. The position of the modes
for the orthorhombic CuzSnS4 to perform the fitting for this phase
was adjusted according to the phonon spectrum calculated by
Dzhagan et al. [11]. Raman measurements with Aexc = 633 nm
would potentially be very sensitive to the modes of CuzSnS4, due to
near resonant conditions [24], since a bandgap of 1.6 eV has been
reported for this phase [3]. This would explain the fact that we
clearly observe modes related to this phase even when its con-
centration in the film is low, as suggested by the low intensity peaks
in the XRD patterns corresponding to Cu3SnS4. Also a Raman mode
at 265 cm™! is observed, which we are not able to attribute to a
specific phase. Although calculations have predicted Raman active
modes close to this frequency [11], the experimental data in liter-
ature for orthorhombic CuszSnS4 does not agree with this mode
being the most intense for this phase [11].

A bandgap value of 1.02 eV was calculated form the Tauc's plot
generated with the optical transmission spectrum of a lifted-off CTS
absorber as shown in Fig. 3b. Strong subgap absorption can be
observed up to 0.85 eV, in good agreement with theoretical cal-
culations of the density of states for the disorder cubic CTS that
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