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Secondary phases like Cu2SnS3 are major obstacles for kesterite thin film solar cell applications.
We prepare Cu2SnS3 using identical annealing conditions as used for the kesterite films. By x-ray
diffraction, the crystal structure of Cu2SnS3 was identified as monoclinic. Polarization-dependent
Raman investigations allowed the identification of the dominant peaks at 290 cm1 and 352 cm1
with the main A0 symmetry vibrational modes from the monoclinic Cu2SnS3 phase. Furthermore,
micro-resolved Raman investigations revealed local variations in the spectra that are attributed to a
secondary phase (possibly Cu2Sn3S7). This exemplifies the abilities of micro-resolved Raman
C 2012 American Institute of Physics.
measurements in the detection of secondary phases. V
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Kesterites Cu2ZnSnS4 and Cu2ZnSnSe4 are considered
promising p-type semiconductor candidates for the next generation of thin film solar cells.1,2 Efficiencies above 10%
have been reached.3 A major challenge for the preparation of
these quaternary absorbers is the presence of secondary
phases.1,4 According to the phase diagram, the existence
region of kesterite is small.4 The most probable secondary
phases in the sulfide system near the stoichiometric region
are ZnS and Cu2SnS3.5 It is not possible to distinguish these
phases by x-ray diffraction, because of their structural similarity.1,6 However, Raman spectroscopy offers an alternative
to detect these phases because of the differences in the phonon spectra from these compounds.7,8
Cu2SnS3 exists in a number of polymorphs.9–12 One of
them, the cubic Cu2SnS3,13 is a high temperature polymorph
(>775  C) and is not likely to appear in kesterite thin films
due to the fact that typical growth temperatures are limited
to 600  C. Other polymorphs are reported to form at low
temperatures (<775  C), such as the tetragonal,12,14 and
triclinic/monoclinic phases,9,10,13 and are likely to form during the growth of kesterite thin films. To study which modification of Cu2SnS3 is likely to appear in the Cu2ZnSnS4 as a
secondary phase, we have prepared a Cu2SnS3 film under the
same annealing conditions as we prepare kesterite films.15 In
the following, we discuss the crystal structure and the phonon spectra of such films. Furthermore, we demonstrate the
powerfulness of micro-resolved Raman measurements for
identifying the presence of structural inhomogeneities that
have been related to the existence of secondary phases.
Two samples (alpha and beta, thicknesses: around 500
and 800 nm, respectively) have been prepared independently
by electrodepositing the metals and subsequently annealing
them in sulfur to form the compound. For sample alpha, a
single Cu/Sn stack has been deposited onto a Mo-coated
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soda-lime glass substrate and subsequently been annealed
at 550  C for 2 h in 500 mbar forming gas together with
elemental sulfur inside a tube furnace. Sample beta was prepared by annealing a Mo/Cu/Sn/Cu/Sn stack under the same
conditions but with additional SnS powder, as described in
detail elsewhere.15,16 After annealing, both samples were
etched for 30 s in an aqueous 5 wt. % KCN solution in order
to remove possible copper sulfide phases. Composition and
phase analysis of both samples were gained using energydispersive x-ray spectroscopy (EDX, Oxford Instruments; at
10 keV), calibrated with elemental standards, and grazing
incidence x-ray diffraction (GI-XRD, Bruker D8; grazing
angle of 0.75 ). Raman spectroscopy measurements were
performed on two independent setups. For sample alpha, parallel and perpendicular polarized spectra were measured
with a T64000 Horiba Jobin-Yvon spectrometer in backscattering configuration with an excitation wavelength of
514 nm, and a spot size diameter of 100 lm. For sample
beta, spectra were measured on a home-built confocal setup
with a piezo-stage for micrometer resolved analysis. The excitation wavelength was 514 nm, the area under investigation
was a line scan of 20 lm, with a setup resolution of just
below 1 lm. Scanning elecron microscopy (SEM) top view
images were obtained using a Hitachi SEM (SU-70).
Figure 1 shows the GI-XRD patterns from both samples.
All major as well as minor reflections in both patterns can be
attributed to the monoclinic Cu2SnS3 phase, and contributions due to molybdenum and molybdenum sulfide are also
observed. This result correlates well to the findings of Moh13
and Onoda et al.10 who report on the synthesis of a monoclinic Cu2SnS3 phase at 600  C. The Cu/Sn compositional
ratio of both samples was measured to be 2.0 (60.1 for sample alpha and 60.2 for sample beta), being stoichiometric
for Cu2SnS3. According to the phase diagram of the Cu2SSnS2 system as reported by Fiechter et al.,17 Cu2SnS3 only
exists at the exact stoichiometric point. For Cu/Sn > 2.0, the
additional secondary phase is expected to be Cu3SnS4, and
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FIG. 1. GI-XRD patterns of samples alpha and beta. The vertical lines in
grey correspond to the monoclinic Cu2SnS3 phase, the black lines in
between the spectra to the Cu2Sn3S7 phase, the peaks labeled with Mo to the
molybdenum substrate, and “þ” to a contribution of the MoS2 phase. All
reference data are according to the ICDD database (Cu2SnS3: 04-010-5719,
Cu2Sn3S7: 00-039-0970, Mo: 04-001-0059, MoS2: 00-009-0312).

for Cu/Sn < 2.0, the additional presence of Cu2Sn3S7 is
expected. The larger deviation in the Cu/Sn ratio for sample
beta could reflect the presence of small amounts of secondary phases. However, neither sample alpha nor beta shows
any of the distinctive x-ray diffractogram peaks related to
the Cu2Sn3S7 and Cu3SnS4 phases.
From the vibrational point of view, the zone center phonon representation of the monoclinic structure (space group
Cc) is constituted by six Raman and Infrared active modes of
irreducible representation C ¼ 3 A0  3 A00 .18 Figure 2 shows
the Raman spectra measured from sample alpha under parallel and perpendicular polarization configurations in the
150–500 cm1 spectral region. These spectra are characterized by the presence of two dominant peaks at 290 cm1 and
352 cm1. The intensity of these peaks decreases when
working in perpendicular configuration. This is consistent
with the identification of these peaks as the main A0 modes

FIG. 2. Macroscopic Raman spectra from sample alpha measured under
parallel (black) and perpendicular (red) configurations.
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of monoclinic Cu2SnS3. The spectra also show weaker peaks
at 314 cm1 and 374 cm1. The decrease of intensity of the
peak at 314 cm1 when working under perpendicular configuration suggests this peak to be related to the third A0 symmetry mode from Cu2SnS3, while the peak at 374 cm1
behaves as a A00 mode (decrease of intensity under parallel
configuration). However, as discussed later, contribution
from other secondary phases cannot be excluded at these
spectral regions. Finally, the spectra in Figure 2 also show a
weak peak at 408 cm1. This is identified with the main
vibrational mode from MoS2, due to the presence of pinholes
in the layer allowing the sulfurized molybdenum substrate to
be observed.
Figure 3(a) shows the results obtained from a microresolved Raman line scan on sample beta. Here, the intensity
of the measured Raman signal is shown in a color-coded plot
with respect to the Raman shift and position on the sample.
Blue color corresponds to low and red to high signal intensity. The measurement shows that the spectra vary with significant differences between the regions labeled (1) and (2).
This suggests that between regions (1) and (2) there is a
change in the material properties. The position of the major
Raman modes observed in region (1) matches with those
found for the macroscopic measurement of sample alpha,
whereas those in region (2) differ. To test the uniformity of
sample beta, ten Raman spectra were acquired at random
points on the sample. Nine of the ten spectra were very similar to the spectrum from sample alpha, and the average of
these nine spectra is shown in Figure 3(b). The similarity of
the averaged spectrum in Figure 3(b) compared to that in
Figure 2 alongside the previous evidence of GI-XRD shows
that sample beta contains mainly monoclinic Cu2SnS3. A
representative SEM top view image of the majority of the
film is shown in Figure 3(d). Returning to the measurement
obtained from region (2) of the line scan in Figure 3(a),
which is clearly different from those shown in region (1) (in
Figure 3(a)) and in Figure 2, the peaks at 314 cm1 and
374 cm1 shift to 316 cm1 and 375 cm1, respectively, and
become much more intense. The additional band at
218 cm1 also increases in intensity. The spectrum from
region (2) of the line scan was found to be similar to one of
the spectra measured from the ten random points as discussed above and is shown in Figure 3(c). For identification
of the fundamental reason for the differences between
regions (1) and (2), additional line scans were performed
near the area of the first line scan and a careful SEM study
was made at the very same sample position. The SEM study
found evidence of a second phase, shown in Figure 3(e),
with different morphology to the majority of the film, and
with a feature length scale of a few microns similar to the
length scales observed in the line scans.
A first possible explanation for the differences
observed in the relative intensity of the peaks from these
spectra could be related to local differences of the orientation of the crystals leading to a decrease of the intensity of
A0 symmetry modes. However, this does not agree with the
increase of the relative intensity of the peak at the
314–316 cm1 spectral region that behaves as an A0 symmetry mode, as shown in Figure 2. Therefore, the differences
observed in the spectra can be attributed to the presence of
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FIG. 3. (a) Microscopic Raman analyses for sample beta. Color-coded intensities of a line scan of 20 lm. (b) Raman spectrum obtained by averaging over
nine spectra taken at random points over the film beta. (c) Representative Raman spectrum taken in the area of the unknown phase. (d) Representative SEM
top view image of the majority of the film. (e) SEM top view image of the unknown minority phase.

a secondary phase in addition to the dominant monoclinic
Cu2SnS3 phase. This agrees with the observation of an additional band at 218 cm1 in this region of the sample. An average compositional value of the unknown phase shown in
Figure 3(e) could be determined to be Cu/Sn ¼ 0.9 6 0.4,
after averaging over seven point EDX measurements in this
area. In accordance with the Sn-rich composition of the
area and the phase diagram of the Cu2S-SnS2 system,17
Cu2Sn3S7 is suggested as a possible candidate for a secondary phase. This enables the explanation of the Raman peaks
at 316 cm1 and 375 cm1 and the weaker band at
218 cm1 with the presence of this secondary phase. Identification of the peaks at 316 cm1 and 375 cm1 with the
modes characteristic of Cu2Sn3S7 has recently been proposed by Cheng et al.19 Other phases such as Cu3SnS4 and
SnS2 could account for the peak near 316 cm1, being characterized by the presence of dominant modes at this spectral
region but do not explain satisfactorily the presence of the
375 cm1 peak.8
We have grown Cu2SnS3 films under exactly the same
conditions as are used for kesterites. This allows us to study
the relevant polymorph. By GI-XRD, we find that this is the
monoclinic polymorph. Since the main reflections of this
phase coincide with the reflections of Cu2ZnSnS4, it is not
possible to identify this secondary phase by XRD. The
Raman spectrum of this modification has not been measured
before. We present and analyse the Raman spectrum of
monoclinic Cu2SnS3. The main modes have A0 symmetry
and appear at 290 cm1 and 352 cm1. Micrometer resolved

Raman spectroscopy allowed the detection of a minor phase
which is preliminarily identified as Cu2Sn3S7 with Raman
peaks at 218, 316, and 375 cm1.
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