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The formation of single-phase Cu2ZnSnS4 thin films is known to be challenging, mainly due to the difficulties to
detect secondary phases in the Cu2ZnSnS4 system. Here, the ability to quantitatively discriminate themost likely
secondary phases ZnS and Cu2SnS3 from Cu2ZnSnS4 using common approaches but also usingmore complex and
time-consuming Rietveld refinement analysis techniques to analyse X-ray diffractograms is investigated in a
comparative study to the peak analysis of Raman spectra measured with standard conditions. In studying not
only individual samples of the respective phases but also a phase-gradient sample containing various amounts
of Cu2SnS3 and ZnS alongside Cu2ZnSnS4, we found that refinement analyses can only discriminate more than
10% ZnS and 50% Cu2SnS3 from Cu2ZnSnS4, respectively. In comparison, Raman measurements performed with
green-wavelength excitation can discern more than 30% Cu2SnS3 from Cu2ZnSnS4 while ZnS is indiscernible.
The results show that the identification of secondary phases in the Cu2ZnSnS4 system is more difficult than cur-
rently assumed in literature. Furthermore, the potential of multiple-wavelength Raman spectroscopy as a tool to
identify ZnS secondary phases is shown. Characterization of a Sn-rich sample (composition nearly Cu2ZnSn3S8)
shows no sign of a Sn-rich quaternary phase, questioning its existence under typical annealing conditions.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Cu2ZnSn(S,Se)4 (“kesterite”) is a promising p-type semiconductor
for thin film solar cell applications that only contains earth abundant
metallic elements. Device power conversion efficiencies of over 12%
have been achieved [1]. Device efficiencies are currently lower than
those based on Cu(In,Ga)Se2 (CIGSe) absorber layers [2], often consid-
ered to be a similar semiconductor. One simple reason for the lower
performance of the kesterite is the presence of detrimental secondary
phases. For example, recently it was shown that ZnSe on the surface
acts to lower the current output of the device [3]. It has also been
shown, that a Cu2SnS(e)3 phase reduces the open circuit voltage [4].
Similarly copper chalcogens are known to short the device if present
from the top to bottom. Hence there are two inherent challenges
when growing the kesterite semiconductor: Firstly, to grow single
phase Cu2ZnSnS4 (CZTS), and secondly how to identify this. This report
concerns itself with the identification and quantification of secondary
itute of Energy Conversion, 451
1 3778; fax: +1 302 831 6226.
phases present in thin film CZTS samples with the commonly used
grazing incidence X-ray diffraction (GIXRD) and Raman scattering
techniques. These experiments are critical as they are designed to test
the current trend in literature which is to assume that if no secondary
phases are observable in neither XRD nor Raman, then the kesterite
sample must be phase pure. The results of this report show that the
general validity of this assumption is not certain. Furthermore, the
presented study shows quantitative results on how much of ZnS and
Cu2SnS3 (CTS) secondary phases can be discerned from the CZTS
phase within a composition/measurement series where all preparation
and measurement parameters are kept fixed. The absence of secondary
phase signals in both XRD and Raman measurements is insufficient
evidence to conclude on the presence of secondary phases. This result
must be taken into considerationwhen (re-)interpreting other physical
measurements made on the material.

Central to the argumentation of this report is the pseudo ternary
phase diagram of the CZTS system as depicted in Fig. 1, which is based
on the findings of Olekseyuk et al. [5]. It shows that the small single
phase CZTS region is bounded by two two-phase regions, region “G”
(CTS + CZTS) as well as region “H” (ZnS + CZTS). ZnS and Cu2SnS3
both have similar lattice constants and crystal structure as CZTS, so
their XRD patterns look similar which makes the discrimination from
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Fig. 1. Pseudo-ternary phase diagram of the Cu–Zn–Sn–S system at 400 °C according to
[5]. The important regions contain the following phases: “*” Cu2ZnSnS4 (CZTS); “G”
CZTS + Cu2SnS3; “H” CZTS + ZnS; “K” CZT3S8; “L” Cu2SnS3; “B” CZTS + CZT3S8 + CTS;
“C” CZTS + CZT3S8 + ZnS; “A” CZT3S8 + CTS + Cu2Sn3S7 + SnS2 + ZnS. The violet and
green circles indicate the position in the phase diagram of the measurement points of
interest (1) to (6). The red square represents the composition of the Sn-rich sample F.
(For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Table 1
Composition summary of all samples investigated in this study. Standard deviations of
the ratios were determined by a multiplicity of measurements and are given as follows:
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the CZTS phase difficult, as stated elsewhere [6–15]. So far, however,
this statement has not been quantified yet, meaning that the presence
of CZTS can be confirmed by its unique reflections but the presence of
CTS and ZnS cannot be discounted. Instead, Raman scattering analysis
has been suggested, since the dominant peaks in the Raman spectra of
individual ZnS, CTS, and CZTS phases differ well enough for a discrimi-
nation to be possible [8,16,17].

This report is structured in three main sections. In the first part, we
report on the qualitative discrimination of ‘close to phase pure’ ZnS
and CTS phases on individual sample from a ‘close to phase pure’ CZTS
filmusing standard lab X-ray diffraction (XRD) andRaman spectroscopy
analysis tools. For both techniques, the characteristic lines of the three
phases of interest are shown and difficulties with respect to phase
discrimination are discussed. The second part of this paper deals with
quantitative analyses of the phase composition of a mixed sample that
contains a deliberate gradient of ZnS, CTS, and CZTS phases. We report
on XRD and Raman analyses performed on several points of the mixed
sample in order to quantify how much of a secondary ZnS or CTS
phase can be discerned from a majority CZTS phase. To analyse the
GIXRD results in more detail, Rietveld Refinement techniques were
utilized, besides looking at changes in the (112)-peak position,
intensity, and width. Within the scope of this study, the difficulties of
detecting ZnS are stressed by the analysis of a highly ZnS-rich film
mixed with a CZTS phase. In Fig. 1, it is depicted that the single phase
region of CZTS is bound to two three phase regions (“B” (CZTS +
Cu2ZnSn3S8 + CTS) and “C” (CZTS + Cu2ZnSn3S8 + ZnS)) in the Sn-
rich part of the phase diagram. The quaternary phase Cu2ZnSn3S8
(CZT3S8) so far has only been observed by Olekseyuk et al. [5]. In the
third part of the paper, in order to confirm this part of the phase
diagram, a sample with similar composition to CZT3S8 (see red square
in Fig. 1) was synthesized and analysed.
Δ(Cu/(Zn + Sn)) = 0.06, Δ(Zn/Sn) = 0.03, Δ(Cu/Sn) = 0.05.

Sample Phase Cu/(Zn + Sn) Zn/Sn Cu/Sn

A Cu2ZnSnS4 0.95 0.97 1.87
B ZnS – 0.97 –

C Cu2SnS3 – – 1.71
D CTS, CZTS, ZnS (Mixed sample, see Table 2 for details)
E ZnS, CZTS 0.12 12.16 1.61
F Cu2ZnSn3S8 0.40 0.33 0.53
2. Experimental details

To qualitatively discern the presence of ZnS and CTS secondary
phases from CZTS samples, individual and ‘close to phase pure’ samples
of each phase (CZTS = sample A, ZnS = sample B, CTS = sample
C) were prepared by an electro-deposition and annealing (EDA)
process. In each case, the respective metals were electrodeposited
onto a Mo-coated soda-lime glass (SLG) substrate and subsequently
annealed in a sulphur containing atmosphere. The commonly used
annealing conditions (550 °C, 2 hrs, 50 kPa N2/H2 (90/10) gas) were
chosen to be identical for all samples – adjusted to the standard condi-
tions to form CZTS in our lab – in order to simulate the formation of
those phases that would also form under the used reaction conditions
to form CZTS. With the intention of quantitatively investigating how
much of ZnS and CTS can be discerned from CZTS in a mixed sample, a
sample (sample D) with a deliberate phase gradient was synthesized.
At first a homogeneous Cu layer has been electrodeposited onto a
Mo-coated soda-lime glass substrate. Subsequently, a Zn layer with a
deliberate thickness gradient along the sample was electrodeposited
by continuously varying the deposition time by slowly pulling the sam-
ple from the deposition solution. Thismetal precursorwas subsequently
annealed (the same conditions as before) in a sulphur and tin sulphide
containing atmosphere in order to form equilibrium amounts of CZTS,
CTS, and ZnS phases. For the purpose of stressing the difficulty of
identifying the presence of ZnS in a mixed sample with single-
wavelength Raman spectroscopy a bit more, and in order to demon-
strate the usefulness of multiple-wavelength Raman spectroscopy, an
extremely ZnS-rich film (sample E) was fabricated. To do so, a small
amount of Cu and a large amount of Zn were electrodeposited and
annealed under standard conditions in the presence of sulphur and tin
sulphide. In order to study a possible Sn-rich quaternary phase, CZT3S8
(sample F, see the red square in Fig. 1) was synthesized using a similar
EDA approach (electrodepositing a Mo/Cu/Sn/Cu/Zn stack and anneal-
ing under standard conditions together with elemental sulphur and
tin sulphide). Further details on the electro-deposition and annealing
processes are given elsewhere [12,18]. Tables 1 and 2 contain composi-
tion summaries of all samples of this study.

All synthesized samples were analysed with respect to their
morphology, composition, crystal structure, and their vibrational char-
acteristics. The composition was determined using wavelength- and
energy dispersiveX-ray spectroscopy (WDX&EDX:Oxford Instruments
INCAX-MAX, using 20 kV acceleration voltage, calibrated using elemen-
tal standards for Cu, Zn, Sn, and Mo as well as using ZnS to calibrate S,
attached to a ‘Hitachi SU-70’ SEM). The phase analysis was performed
by analysing grazing incidence X-ray diffraction (GI-XRD: PANAlytical
X'Pert PRO; a grazing angle of 1.0° so that the Mo peak was just
observed (probing of whole film depth), Cu Kα1+ 2 X-ray source,
width of measurement area of 3 mm) patterns as well as Raman
(home built setup, 514.5 and 532 nm green light excitation wavelength
(approximately 100 nm information depth), 80 × 80 μm2measurement
area, and 325 nm UV-excitation wavelength) spectra. In order to find
out which secondary phases have been formed at six different points
of interest ((1) to (6)) across sample D, the composition results were
correlated to the pseudo-ternary phase diagram (see Fig. 1) in order
to obtain a quantitative estimate of the phases present at the respective
points of interest. For each of those six points of interest, a phase analy-
sis was performed using GIXRD as well as Raman spectroscopy. Each
GIXRD pattern has been refined following the Rietveld method (using
the software “FullProf” [19]) in order to obtain quantitative results on
the present phases (CZTS, ZnS, and CTS). Each GIXRD pattern has been

image of Fig.�1


Table 2
Composition summary of sample D. Standard deviations of the ratios were determined
by a multiplicity of measurements and are given as follows: Δ(Cu/(Zn + Sn)) = 0.06,
Δ(Zn/Sn) = 0.03, Δ(Cu/Sn) = 0.05.

Point of interest Expected
phases

Expected amount
of phases (%)

Zn/Sn Cu/Sn

(1) CZTS/CTS 50/50 0.50 1.76
(2) CZTS/CTS 72/28 0.72 1.74
(3) CZTS/CTS 85/15 0.85 1.79
(4) CZTS/ZnS 93/7 1.07 1.80
(5) CZTS/ZnS 73/27 1.37 1.78
(6) CZTS/ZnS 47/53 2.15 1.74
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refined multiple times (as summarized in Table 3), with and without
the presence of secondary phases, as well as with and without taking
into account texture and temperature coefficients, and the best refine-
ment for each pattern was chosen by comparing the RBragg goodness
values of the individual refinements, considering the smallest RBragg

value. All RBragg values of the chosen refinements were typically around
2 to 4. The obtained Raman spectra (see later in Fig. 8(a) and (c)) from
the respective points of interest were fitted and analysed in terms of
peak position and full width of half maximum (FWHM).

3. Results and discussion

3.1. Qualitative discrimination of individual ZnS and Cu2SnS3 phases
from Cu2ZnSnS4

This section focuses on the question whether it is qualitatively
possible to discern ZnS and CTS secondary phases from a Cu2ZnSnS4
phase using GIXRD and single wavelength Raman spectroscopy. The
compositions of the respective samples (A, B, and C) are listed in Table 1.
Table 3
Summary of the refined parameters. Bov is the overall and Biso the atom specific temperature
Marked in a bold font are the results with the best quality factor as used in this study.

Point of interest Refined parameters Texture factors Pref1/Pref2 T

(1) CZTS 1.0/0.0 B
CZTS + texture 5.5/1.0 B
CZTS + texture + CTS 1.18/0.0 B

CZTS + texture + CTS + Bov 1.27/0.0 B

(2) CZTS 1.0/0.0 B
CZTS + texture 0.99/0.0 B
CZTS + texture + CTS 1.0/0.0 B
CZTS + texture + CTS + Biso 3.1/1.0 B

B
CZTS + Biso 1.0/0.0 B

(3) CZTS 1.0/0.0 B
CZTS + texture 3.95/0.97 B
CZTS + texture + CTS 3.95/0.97 B

CZTS + texture + Bov 3.92/0.96 B
(4) CZTS 1.0/0.0 B

CZTS + texture 1.8/0.9 B
CZTS + texture + ZnS 1.2/0.0 B

CZTS + texture + Bov – B
(5) CZTS 1.0/0.0 B

CZTS + texture 1.01/0.01 B
CZTS + ZnS + texture 0.7/0.04 B

CZTS + ZnS + texture + Bov 0.7/0.07 B

(6) CZTS 1.0/0.0 B
CZTS + texture 0.7/0.0 B
CZTS + texture + ZnS 0.7/0.0 B

CZTS + texture + ZnS + Bov 0.7/0.0 B
(u
3.1.1. X-ray diffraction
Fig. 2(a) shows the GIXRD patterns as obtained from the individual

samples B and C in comparison to the pattern obtained from sample A,
a ‘close to pure’ CZTS film. The expression ‘close to pure’ is chosen to
indicate that the sample most probably consists solely of a CZTS phase
but that possible secondary phases cannot completely be excluded.
Samples A to C represent the best attempts to form ‘close to single
phase’ material. According to the crystallographic database of the
International Center of Diffraction Data, the obtained X-ray patterns of
samples A, B, and C could be assigned to the respective Cu2ZnSnS4
(JCPDS: 01-075-4122), ZnS (JCPDS: 04-001-6857), and Cu2SnS3
(JCPDS: 04-010-5719) phase. The X-ray patterns of ZnS and CTS are
very similar to that of the CZTS phase. This is due to the similar crystal
structure of the three phases. The cubic ZnS, being the phase with the
highest symmetry, shows the fewest peaks. The tetragonal CZTS phase
has a lower symmetry and subsequently some additional minor, unique
peaks. Even lower is the symmetry of the monoclinic ternary phase. It
shows an even larger number of minor and unique peaks. The main
peaks of the ZnS, CTS, and CZTS phases are very close together. Because
of this, the minor peaks are important to identify whether a CZTS or
CTS phase is present. The absence of minor peaks, however, does not
sufficiently exclude the presence of the respective phase due to the
effect of a textured film, for example.

Fig. 2(b) shows an enlarged view of the most prominent peak
(around 28.5°) of the ZnS, CTS, and CZTS phases, as measured and as
given from the crystallographic database (vertical lines). The position
of the measured peaks for the ZnS and CTS are very close to those of
literature values, while the peak position of the CZTS phase is slightly
shifted to higher angles compared to the literature data. Such a shift
can, for example, be a result of strain in the CZTS layer. With regard to
the ability to discern the three phases, Fig. 2(b) depicts that the angular
position of their main peaks is not identical but lies within an angular
coefficient, Pref1 and Pref2 are the texture coefficients, and RBragg is the quality coefficient.

emp. value B (Å2) Quality coefficient RBragg % of phase by refinement

ov = 1.0 7.43 CZTS: 100%
ov = 1.0 8.99 CZTS: 100%
ov = 1.0 7.91 CZTS: 96.0%

CTS: 4.0%
ov = 1.7 5.93 CZTS: 95.0%

CTS: 5.0%
ov = 1.0 4.33 CZTS: 100%
ov = 1.0 4.33 CZTS: 100%
ov = 1.0 4.93 CZTS:98.8%CTS: 1.2%
iso,S = 1.58
iso,Sn = 2.75

4.41 CZTS: 98.8%
CTS: 1.2%

iso,S = 2.06Biso,Sn = 3.6 3.73 CZTS: 100%
ov = 1.0 6.75 CZTS: 100%
ov = 1.0 5.42 CZTS: 100%
ov = 1.0 5.43 CZTS: 99.8%

CTS: 0.2%
iso,S = 2.52 5.28 CZTS: 100%
ov = 1.0 4.58 CZTS: 100%
ov = 1.0 4.08 CZTS: 100%
ov = 1.0 5.23 CZTS: 73.2%

ZnS: 26.8%
ov b 0 – –

ov = 1.0 6.63 CZTS: 100%
ov = 1.0 6.31 CZTS: 100%
ov = 1.0 2.22 CZTS: 81.9%

ZnS: 18.1%
ov = 2.0 2.57 CZTS: 76.3%

ZnS: 23.7%
ov = 1.0 8.83 CZTS: 100%
ov = 1.0 3.72 CZTS: 100%
ov = 1.0 3.16 CZTS: 66.1%

ZnS: 33.9%
ov = 4.3
nrealistic)

2.33 CZTS: 55.3%
ZnS: 44.7%



Fig. 2. (a) XRDpattern of the individual and ‘close to pure’ phases: CZTS, ZnS, and CTS, as prepared under the standard annealing conditions. (b) EnlargedXRDpattern of samplesA, B, andC
to view the differing peak positions of the (112)-peak (CZTS), the (111)-peak (ZnS), and the (131)-peak (CTS) at around 28.5°. The vertical lines in (a) and (b) indicate the position of the
respective phases according to the crystallographic database (JCPDS: CZTS: 01-075-4122; ZnS: 04-001-6857; CTS: 04-010-5719).
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range of 0.2°. Assuming ideal measurement conditions, this result
suggest the possibility that the individual CTS and ZnS phases might
be discernible from the individual CZTS phase by the angular position
of the main peak (as indicated in Fig. 2(b)). Additionally, the presence
of minor peaks in the pattern is an indicator to whether CZTS and/or
CTS are present in the film. This conclusion, however, is only true for
‘close to pure’ and individual phases under the use of optimal measure-
ment conditions. How this translates into samples with mixed phases,
where a minority ZnS or CTS shall be discerned from a majority CZTS,
is discussed in Section 3.2.

3.1.2. Raman spectroscopy
Fig. 3 depicts the results of the Raman spectroscopy investigations

on the individual samples B and C in comparison with a CZTS Raman
Fig. 3. Raman spectra of the individual and ‘close to pure’ phases Cu2ZnSnS4, ZnS and
Cu2SnS3 of samples A, B, and C that have been prepared under the standard annealing
conditions.
spectrum (sample A). These spectra were measured with standard
excitation conditions (514 or 532 nm excitation wavelengths). The
spectrum obtained from sample B shows four narrow peaks at 286,
351, 382, and 408 cm−1 and three broad peaks at 219, 452, and
467 cm−1. The peaks at 286, 382, 408, and 467 cm−1 can be assigned
to MoS2 while the peaks at 219 and 351 cm−1 are attributed to the
ZnS phase [20–23]. The observation of the MoS2 modes is related to
the very low absorption of the green excitation light in ZnS, as most of
the green light passes through the high band gap ZnS layer (3.7–
3.9 eV [24]).

A detailed interpretation of the Raman spectrum obtained from
sample C has been published in [25]. The spectrum depicts a number
of different peaks which originate from the following phases: The
weak peak at 408 cm−1 can be assigned to the MoS2 phase. The pres-
ence of the most dominant modes at 290 and 352 cm−1 is explained
by the monoclinic Cu2SnS3 phase (see [25] for details), and the weaker
peaks at 218, 316, and 375 cm−1 have been explained by the presence
of a secondary Cu2Sn3S7 phase [25].

Fig. 3(a) shows the Raman modes obtained from the ‘close to pure’
CZTS sample A. Aside from the contribution of MoS2 at 408 cm−1, the
peaks at 286, 337, and 370 cm−1 correlate well with literature data [6,
7,26–29]. Comparing the positions of the characteristic lines assigned
to ZnS and CTS to those of the Cu2ZnSnS4 phase, it can be concluded
that the peak positions of the main modes of ZnS (351 cm−1) and
monoclinic CTS (352 cm−1) are separated well enough from the main
mode of CZTS (337 cm−1) to generally allow a discrimination of ZnS
and CTS secondary phases from a Cu2ZnSnS4 phase. This is in agreement
with thefindings of Fernandes et al. (for the case of tetragonal and cubic
CTS as well as for cubic ZnS [27]), yet again this conclusion is only true
for the comparison of individual and ‘close to pure’ binary or ternary
phases with an individual and ‘close to pure’ CZTS phase. In such
individual samples (such as samples A, B, and C), the measurable
Raman signal can be optimized individually, whereas in a sample with
a diversity of phases, the measureable signal is typically optimized to
the most Raman-efficient phase, as not all phases have the same
Raman efficiency under the same measurement conditions (e.g. excita-
tion wavelength). This can lead to misinterpretations of the results. In
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addition, the potential contribution of CZTS vibrational modes at the
350 cm−1 spectral region cannot be discarded, as shown in references
[30,31]. These works report the detailed analysis of the vibrational
properties of this compound from Raman scattering measurements
performed under different polarization configurations on bulk powder
and single crystal stoichiometric samples. Peaks at 314 and 346–
347 cm−1 have been identified with E(TO,LO) symmetry CZTS modes,
in agreement with the theoretical calculation of the vibrational modes
of this compound [32]. In the following section, the discrimination of a
ZnS and CTSminority phase fromamajority CZTSphase in amixed sam-
ple (sample D) is analysed quantitatively using Raman spectroscopy
with green light excitation.

3.2. Quantitative discrimination of minority Cu2SnS3 and ZnS secondary
phases from a Cu2ZnSnS4 phase

The previous section showed that XRD and Raman spectroscopy
may be useful tools to discern ZnS and Cu2SnS3 secondary phases
from amajority Cu2ZnSnS4 phase. As the previous resultswere obtained
from individual sampleswith ‘close to phase pure’ phases, themeasured
signals are typically optimized to eachphase individually and don't have
to ‘compete’with one another. Contrarily, when investigating a sample
with multiple phases, the measured intensity can only be optimized to
one, typically the dominating phase. As the measured signal represents
a convolution of the individual signals coming from each phase, and
as each of these individual signals can have different strengths (for
example caused by different Raman efficiencies), it is likely that weaker
signals are screened by stronger ones and do not contribute to the over-
all measured signal. Hence it can be difficult to discern phases (such as
ZnS, CTS, and CZTS) from one another. In order to investigate howmuch
of a ZnS and CTS minority phase can be discerned from a CZTS majority
phase using XRD and Raman spectroscopy techniques, a sample with a
deliberate Zn gradient (sample D) has been prepared. Along the Zn-
gradient, this sample containsmixed phaseswith a composition variety.
Sample D was prepared such that the variety of phases covers a range
from a CTS-rich to a ZnS-rich side in a sample with a CZTS majority
phase. Six points (points (1) to (6)) of interest on sample D were
analysed compositionally as well as with respect to their phase compo-
sition using XRD and Raman spectroscopy. The target was to determine
which tool can sufficiently and quantitatively discern a minority ZnS or
CTSphase fromamajority CZTSphase. The composition values are listed
in Table 2 and Fig. 1 shows the compositional position of the six points
in the phase diagram.

3.2.1. Composition and morphology of mixed films
The compositional ratios of the six points of interest on sample D

were obtained by multiple EDX measurements along a line across the
Fig. 4. (a) to (f) show top viewSEM images overlaidwith EDXmapping results of the six points o
red colour, that of Sn by blue, and that of Zn by green colour. Thus, a violet colour indicates the
cross section taken at point (6) of sample D. (For interpretation of the references to colour in t
sample. The obtained values are given in Table 2 and each value repre-
sents an average of the obtained EDX results thatweremeasuredwithin
a 3mm range along that line. The 3mm range was chosen, as it was the
width of the area investigated with GIXRD. The Zn/Sn ratios of the six
points vary between 0.50 and 2.15, spanning from a Zn-poor to a
Zn-rich area with respect to the stoichiometric amount of Zn in
Cu2ZnSnS4. The Cu/Sn ratios all lie at a value of around 1.75. For a
stoichiometric Cu2ZnSnS4, a Zn/Sn ratio of 1.0 and a Cu/Sn ratio of
around 2.0 are expected. In the present case, the latter condition is not
completely met but it is comparable to the composition of the most
efficient CZTS solar cells with Cu/(Zn + Sn) ≈ 0.8 and Zn/Sn ≈ 1.1,
resulting in Cu/Sn ≈ 1.7 [33]. As a result of the constant Cu/Sn ratio
and thewide span of the Zn/Sn ratio, a pure CZTS phase can be expected
at one point on these samples.

In order to study the discrimination of ZnS and CTS from CZTS,
GIXRD and Raman spectroscopy measurements were performed on
the six points of interest, whose compositional positions are shown in
Fig. 1. For points (1) to (3), it is expected that Cu2SnS3 (violet colour)
is present in addition to CZTS while the presence of ZnS (green) is
expected together with CZTS in points (4) to (6). To calculate the
maximum amount of CZTS that can be present at the six different points
of interest, the Zn/Sn ratio was used. For a value of Zn/Sn = 1.0, a
maximum of 100% of the material in the film can form CZTS. For
Zn/Sn b 1.0, it is assumed that CZTS forms as much as possible and the
residual Sn is used to form Cu2SnS3. Similar to this, for Zn/Sn N 1.0, it
is assumed that CZTS forms as much as possible and the residual Zn is
used to form ZnS. The respective amounts of Zn or Sn used to make
CZTS and that amount used to make ZnS or CTS finally calculate out
the maximal percentage of CZTS in the layer. The numbers are listed
in Table 2.

In order to study the morphology and composition of the six points
of interest, Fig. 4 depicts SEM top view images overlaid with EDX
mapping as obtained on the respective points. One thing to notice is
the different morphology of the six points. In position (1) (Fig. 4(a))
with the least Zn deposited, less material is observed. As a consequence,
the surface is not fully coveredwith grains, but the pinholes are present.
The size of the pinholes decreases in points with larger Zn deposit
(positions (2) to (6), Fig. 4(b) to (f)), but never vanishes, even at posi-
tion (6) (see cross section in Fig. 4(g)). This is due to theway the sample
was fabricated. The violet colour in Fig. 4(a) displays the lack of Zn
(green colour), while Cu (red) and Sn (blue) are dominant. This results
hardens the hypothesis that CTS should be present aside from CZTS. The
more Zn inside the layer, the greener the images become. Fig. 4(c) and
(d) appear fairly grey, indicating their proximity to the stoichiometric
point. In all EDXmaps it can be seen that themajority of grains is similar
of colour within the same image. This indicates that the present phases
are not laterally distributed. Only in Fig. 4(a), more blue-rich/violet
f interest (1) through (6) of sampleD. In themapping, the presence of Cu is represented by
presence of a CTS-rich region and green areas indicate ZnS-rich regions. (g) shows a SEM
his figure legend, the reader is referred to the web version of this article.)
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regions indicate an aggregation of Sn. Fig. 4(g) shows a cross-sectional
SEM image of position (6) in sample D and the fairly open morphology.
One discovers small grains surrounded by big grains. Qualitative EDX
analyses (not shown here) of the different objects give indications for
the big grains to be CZTS and the small gravel to be ZnS.

3.2.2. X-ray diffraction
Previously, it was stated that ZnS and Cu2SnS3 might potentially be

discernable from CZTS by analysing the angular position or the FWHM
of the main peak of the three phases. This assumption was based on
comparing individual XRD patterns from three individual samples con-
taining ‘close to pure’ ZnS, CTS, and CZTS phases. In themixed sample D,
the majority of CZTS is mixed with secondary ZnS or CTS phases, and
hence the measured XRD peak represents a convolution of signals
from the secondary and primary phases. Fig. 5(a) and (b) depict the
dependence of the peak position on the amount of CZTS and of the
respective secondary phase of the six points of interest in sample D. In
Fig. 5(b), one can see that the main peak does shift by increasing the
amount of CZTS. In the case of 50% CZTS (position (1)), the measured
diffractogram shows the presence of a monoclinic Cu2SnS3 phase, with
a peak position of 28.46° for the main peak and the presence of the
distinct minor peak at 20.9° (see Fig. 5(d)). By increasing amounts of
CZTS, this peak shifts towards higher values until it reaches a steady
state at 28.52° for around 93% of CZTS and 7% of ZnS (as can be seen
in the Fig. 5(a), position (4)). The overall peak shift of 0.06° from a
50% CTS/50% CZTS case to an almost pure CZTS phase is fairly small
and in this case only significant due to a series of data points. In a single
XRDmeasurement, a peak position of plus or minus 0.06° would not be
convincingly significant to clearly tell one phase from another as devia-
tions in this order of magnitude could also be related to strain effects or
to a not properly aligned setup. The discrimination using only the peak
position is hence not sufficient.

A more convincing proof for the presence of a CTS phase is the pres-
ence of the briefly mentioned distinct and minor CTS peak at 20.9°.
Fig. 5(d) shows the behaviour of this peak for increasing amounts of
CZTS. This peak completely disappears by going from 50% CTS to 28%
CTS. Simultaneously, the minor and distinct CZTS peak at 29.7° (see
Fig. 5(c)) simultaneously appears. This concludes that the “minor peak
indicator” can help to discern CTS from CZTS, but only down to values
of 50% of CTS in the film. As commented earlier, ZnS does not have a
distinct minor peak, which makes it impossible to judge whether a
ZnS phase is present or not.

Analysing the relation of a phase mixture on the peak broadening of
the convoluted main CZTS and ZnS/CTS peaks as shown in Fig. 5(b), a
change of the FWHM of 0.018° and 0.010° of the main peak could be
observed between positions (1) and (4) as well as between positions
(4) and (6), respectively (details are not shown). In both cases, only a
very small peak broadening is observed for ZnS- and CTS-rich points.
Fig. 5. (a) Position of main XRD peak as a function of the amount of CZTS. (b) Peak shift of the
proves the existence of Cu2ZnSnS4. (d) Disappearance of significant (021)-peak of the monocli
Such a change in FWHM is at a similar order of magnitude than that
caused by changes in grain size, for example, and hence can also not
be used as an indicator to discern CTS or ZnS phases from CZTS.

The previous discussion is a typical example of how XRD results are
commonly discussed in CZTS literature, especially in terms of phase
identification. Typically, only the presence/absence of peaks, their
intensity, position, and FWHM are analysed in a very basic and time
efficient way, and only in rare cases further – more time consuming –

analysis tools are exploited. As shown previously, the commonly used
way to analyse XRD data cannot be used to discern ZnS and CTS second-
ary phases from CZTS. Therefore, a more detailed and time consuming
analysis approach using Rietveld refinement techniques has been
conducted on the obtained XRD pattern of points of interest (1) to
(6) in order to investigate its practicality for phase discrimination. The
analysis was performed using the software “FullProf” assuming that
thefilmwas homogeneous in depth and that all phaseswere distributed
evenly throughout the film, which might not be completely correct in
the present case. In order to obtain a quantification of secondary phases
aside the majority CZTS phase, multiple refinements were performed
per measured XRD pattern as discussed in more detail in Section 2.
Table 3 depicts the results of some of those refinements. The measure
for the goodness of each refinement is the RBragg value. For each point
of interest, the best refinement (as shown in Fig. 6) has been selected
and the percentages of the amount of CZTS and a secondary phase
have been compared. The results have been summarized and compared
in Fig. 7.

In Fig. 7, both the expected (black line) and the determined (from
XRD; red line) molar fraction of kesterite as a function of Zn/Sn ratio,
as measured by EDX, are shown. The blue circles with error bars repre-
sent the experimental uncertainty of the fraction of kesterite phase
within thefinitemeasurement range of the respective points of interest.
The uncertainty range arises from the continuously varying phase
gradient across the sample. These points are based on the measured
composition and the phase diagram. The red squares in Fig. 7 represent
the amount of CZTS as obtained from the Rietveld refinement analysis
of the measured GIXRD patterns of the respective points of interest.
Overall, by comparing the theoretical amount to the experimentally
determined amount, these data show that Rietveld refinement analyses
of the GIXRD patterns underestimate the amount of a secondary phase
(ZnS, CTS). In position (1), for example, where the compositional
analysis indicates the presence of even amounts of CZTS and CTS, refine-
ment analysis of themeasured GIXRD pattern only reveals the presence
of only 4% of CTS vs. 96% of CZTS. In points (2) and (3) (28% and 15% of
CTS, respectively) the performed refinements had a much higher
quality when refining the patterns without taking a CTS phase into
account. Similarly in point (4) (7% of ZnS as suggested by composition)
the best refinement was obtained by neglecting the presence of a
secondary ZnS phase. In points (5) and (6) (27% and 53% of a ZnS,
main peak as observed in the XRD pattern. (c) Appearance of significant (103)-peak that
nic Cu2SnS3 phase.
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Fig. 6.Refined GIXRD pattern obtained from points of interest (1) to (6) of sample D. Themeasured points are shown in red, the black lines indicate the calculated respective patterns, and
the difference between the simulated and the measured patterns are shown in blue. The small green vertical lines indicate the positions of the ZnS, CTS, or CZTS phases that were refined.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. Amount of CZTS as obtained from Rietveld refinement analysis performed on
the measured GIXRD pattern (red filled squares) and as expected from the phase diagram
(blue open circles) of the respective points of interest. The black line indicates the theoretical
position in the phase diagram. The percentages of the CZTS phase present at positions
(1) through (6) are inversely with respect to the percentage numbers given for Cu2SnS3
or ZnS, respectively. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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respectively), however, the best refinements were obtained when
considering both phases, CZTS and ZnS. Hereby, the results of the refine-
ment suggest the presence of 18% and 34% of ZnS, respectively. As these
values are significantly smaller than those expected from the composi-
tion, it can be concluded that a quantitative measure for the presence of
ZnS in a CZTS film is not possible using Rietveld refinement analysis.
Furthermore, these results show that the presence of ZnS in a CZTS
film can only be detected qualitatively, if more than about 10% of ZnS
is present in the film. In the case of CTS, a qualitative identification is
even only possible if more than half of thefilm consists of CTS. Therefore
GIXRD of thin films cannot be used to discern small amounts of CTS or
ZnS from CZTS quantitatively or qualitatively. It appears that the signal
coming from the CZTS phase is too dominant and that the signal from
a ZnS and CTS phase appears to be hidden. One possible explanation is
that the structural perfection of the crystallites of the secondary phases
produced in the annealing process is far from perfection and size, which
could give rise to extinction. Furthermore, as pointed out earlier, the
used model in the refinement analysis assumes a homogeneous distri-
bution of all phases within the film, which might not be completely
true, where ZnS was found at the back interface. As a qualitative identi-
fication of ZnS could be made for more than 10% of ZnS in the film, this
proves however that the assumptions made were legitimate to a first
order ofmagnitude. Nonetheless, these results show that small amounts
of a secondary CTS or ZnS phase are not easily discernible from CZTS,
even with the more complex refinement analysis presented here. A

image of Fig.�6
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more detailed Rietveld refinement analysis taking a layered structure
into account might be useful to give indications of the presence of ZnS
or CTS secondary phases, but it will also increase the analysis time and
hence decrease the sample analysis throughput.

In summary, the presented results agreewith the general findings of
Bolle and Heizmann, which discuss for thin filmswith layered structure
as well as for homogeneous thin films, that a standard quantification
procedure using Rietveld refinement methods generally fails [34,35]. A
qualitative identification of ZnS in a majority CZTS film, however, is
possible if more than 10% of the films consist of ZnS.

3.2.3. Raman spectroscopy
Investigating whether and how well visible excitation (514.5 nm)

Raman spectroscopy can help to discern ZnS and Cu2SnS3 from
Cu2ZnSnS4, Raman spectra have been obtained with this excitation
wavelength for each point of interest, as shown in Fig. 8(a) and (c). In
general, all of the obtained spectra look similar and are dominated by
the CZTS phase with the main modes at 286, 337, and 370 cm−1 (as
compared to the results of reference [6]). Differences of the position of
the peak at 280–290 cm−1 spectral region and of the FWHM on the
main CZTS mode at about 337 cm−1 are discernible and thus were
analysed as a function of Zn/Sn ratio to see if there was a correlation
with the presence of expected secondary phases. Fig. 8(b) shows the
shift in peak position. It can be seen that the peak at 293 cm−1 signifi-
cantly shifts to 286 cm−1 between points (1) (50% CTS) and (4) (0%
CTS). This shift is well in accordance with the observed values of
the peak position of Cu2SnS3 (at 290 cm−1) [25] and Cu2ZnSnS4 (at
Fig. 8. (a, c) Raman spectra measured on the respective points of interest (1) to (6). (b) Chang
(Cu2ZnSnS4 [6]) with respect to the Zn/Sn ratio. (d) Change in FWHM of the Raman peak at 337
The vertical lines in (a) and (c) indicate the peak positions of the CZTS (in black), ZnS (in green)
[16,20,22,25]. The vertical lines in (b) and (d) represent the position of pure CZTS. (For interp
version of this article.)
286 cm−1) [6]. The discrepancy between the measured 293 cm−1

peak and the reference line at 290 cm−1 is probably due to the poor
crystallinity of the film which leads to a broadening of the Raman
peaks, making it hard to fit the peak position. Asymmetric broadening
towards the lower frequency side of the main CZTS peak at 337 cm−1

due to the presence of disorder effects related to a low crystalline
quality of the film can also contribute to the observed shift of the peak
to 293 cm−1, in relation to the position of the main Raman peak at
290 cm−1 reported for monoclinic CTS [25]. Between points (4) and
(6), no major changes, in neither peak position nor peak intensity, are
observed, which indicates that the measured signal is dominated by
the CZTS mode at this spectral region, and no effect is detected related
to the presence of ZnS. Within this measurement series, the presence
of 50% of CTS can be discerned from CZTS based on the shift of the
peak position around 290 cm−1. Fig. 8(d) shows the change in FWHM
of the major CZTS peak at 337 cm−1. A peak broadening for CTS — as
well as ZnS-rich points is expected because the main peak of ZnS at
351 cm−1 [20] and that of CTS at 352 cm−1 [8,25] would lead to a
broadening of the observed CZTS peak at the high frequency side. As
Fig. 8(d) shows, a clear decrease in FWHM from 22 cm−1 to 10 cm−1

is observed between points (1) and (3). This indicates that, within this
measurement series, 28% of CTS can be discerned from Cu2ZnSnS4,
based on the considerable peak broadening of the main Raman mode.
The FWHMbetween point (3) and point (6), however, does not change
significantly. This is due to the reduced Raman efficiency of ZnS with
respect to that of CZTS at the used excitation conditions (visible wave-
length of 514.5 nm) [6]. Hence, the experimental spectra are dominated
e in peak position of the peak at 290 cm−1 (Cu2SnS3 [25]) towards a position at 286 cm−1

cm−1 (Cu2ZnSnS4 [6]) with respect to the Zn/Sn ratio and hence the respective positions.
, CTS (in violet), and of theMoS2 (in orange) phases, according to the following references
retation of the references to colour in this figure legend, the reader is referred to the web
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by the CZTS Raman modes and neither a quantitative nor qualitative
discrimination of ZnS from CZTS is possible by Raman when using an
excitation below the band gap of ZnS. From this series of measurements
one can conclude that single wavelength Raman spectroscopy (with
green excitation wavelength) investigations can help to discern more
than about 30% of CTS from 70% CZTS, whereas ZnS is indiscernible.
However, analysis of changes of the FWHM of the peak also has to
take into account the potential presence of additional features affecting
the shape of the peaks as the crystalline quality and presence of defects,
aswell as stress gradients. This compromises detection of the CTS phase
down to the observed limit in this series of measurements (~30% of
CTS). Without the comparison within this sample series it appears
impossible to discern CTS solely based on the FWHM of the main peak.

As reported by Fontané et al. [6], efficient detection of a ZnS
secondary phase by Raman scattering can be obtained when using pre-
resonant excitation conditions that are achieved with UV (325 nm)
excitation wavelength.

3.2.4. ZnS-rich sample
The previous Raman spectroscopy study assumes that the secondary

phases are distributed homogeneously throughout the whole film.
Unpublished data, however, shows that the used fabrication process
might lead to an enhanced accumulation of ZnS at the back interface.
As Raman spectroscopy is a surface sensitive technique, such a back
side ZnS accumulation could explain why ZnS was not detectable at
the surface of the film. In order to stress the point that Raman spectros-
copy, using green light excitation, is not the right tool to detect ZnS
secondary phases, an example of an extremely ZnS-rich sample is
given in which ZnS is present at the surface of the film. This example
is furthermore used to support the findings Fontané et al. who show
that Raman spectroscopy using UV-excitation can be very useful [6].

For this study, a very Zn-rich sample E has been prepared. Composi-
tional analysis found Zn/Sn = 12.16 and Cu/(Zn + Sn) = 0.12, respec-
tively. Assuming that all present Cu and Sn form to CZTS leaving ZnS
behind, roughly 90% of the sample consists of ZnS, and only 10% of
CZTS. SEM top view images overlaid with EDX maps and cross-
sectional images are shown in Fig. 9(c) and (d), respectively. One can
Fig. 9. (a) Raman spectra of sample E obtainedwith 532 nmand 325 nmexcitationwavelength.
view image (left) overlaidwith an EDXmap (right) of sample E. The green colour indicates the p
the colours of Cu, Zn, and Sn results inwhitewhich embodies the presence of CZTS. (d) Cross-se
the reader is referred to the web version of this article.)
see that the few big grains are CZTS (white colour in EDXmap)whereas
the small grains in betweenmainly consists of ZnS (green colour). These
data correlate nicely to the findings of position (6) on sample D.
Fig. 9(b) depicts the measured XRD pattern of this sample. Aside the
minor and distinct CZTS peak at 29.7°, a peak broadening of the major
peak at 28.5°, and a peak splitting of the peaks at 69° and 77° are
observed which indicates the presence of CZTS and ZnS phases. This
result furthermore shows that 90% ZnS can be discerned from 10%
CZTS using XRD.

Knowing that sample E contains a majority of ZnS and some
minority CZTS phase this sample has been investigated using Raman
spectroscopy with two excitation wavelengths (325 nm and 532 nm).
Fig. 9(a) depicts the respective Raman spectra. While that obtained at
325 nm excitation clearly shows the modes of ZnS, the spectrum
taken at 532 nm looks the same as obtained for positions (5) and
(6) of sample D, where only a contribution of CZTS (besides some
MoS2) can be seen. This result also shows that ZnS is present at the
surface of the film, as the information depth for 325 nm excitation is
even shallower than for 532 nm excitation. The very different results
for the different excitation wavelengths can be explained with the
different Raman efficiencies of CZTS and ZnS at the different excitation
wavelengths. While the energy of the excitation light is smaller than
the band gap of ZnS in the case of 532 nm, the majority of the light
passes through the transparent ZnS while only a small part is Raman
scattered. At the same time, the probability of Raman scattering on the
CZTS grains is orders of magnitude higher and leads to the observed
spectrum. In the case where the excitation energy is equal or higher
than the band gap of ZnS (in the case of 325 nm excitation), quasi-
resonant Raman scattering excitation of ZnS occurs. This means that
the probability of Raman scattering is increased by the excitation of
electrons in real states. For the spectrum shown here, this means that
the majority of the signal contribution comes from the ZnS phase. This
is also corroborated by the presence in this spectrum of the 2nd and
3rd order ZnS Raman peaks at 697 cm−1 and 1045 cm−1 spectral
regions, respectively (not shown in the figure).

To be able to discern large and especially small amounts of a
secondary phase from a CZTS phase, this presented data give a good
“*” denotes a contribution ofMoS2. (b) GIXRD pattern obtained from sample E. (c) SEM top
resence of Zn, blue indicates that of Sn, and red indicates the presence of Cu. The addition of
ction image of sample E. (For interpretation of the references to colour in this figure legend,
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example that single wavelength Raman spectroscopy is insufficient and
that multiple wavelength Raman spectroscopy is necessary.

3.3. Presence of a Sn-rich Cu2ZnSn3S8 phase

The quaternary phase Cu2ZnSn3S8 (CZT3S8), as depicted in Fig. 1, so
far has only been observed by Olekseyuk et al. [5], although analogues
are known to exist, e.g. Cu2XSn3S8, where X = Cd, Ni, Co. Interestingly,
the unit cell volume of the tetragonal Cu2CdSn3S8 VCd = 575.04 Å
(JCPDS: 00-054-0393) is significantly different than compared to the
unit cell volume of the tetragonal CZT3S8 as given by Olekseyuk et al.
(VZn = 319.76 Å [5]) which leaves a doubt whether the CZT3S8 phase
was detected.

In order to confirm the phase diagram and hence to investigate the
presence of the Sn-rich CZT3S8 phase, sample F has been prepared
with the compositional ratios of Cu/(Zn + Sn) = 0.40 and Zn/Sn =
0.33. As depicted in Fig. 1 (see red square), the obtained composition
of the sample is close to the stoichiometric point for CZT3S8, suggesting
that the majority of the sample ought to be composed of this phase,
while the rest of the film could contain SnS2 and ZnS. Fig. 10 shows
(a) the GIXRD pattern, and (b) the measured Raman spectrum of
this sample. In the case of the XRD investigation, all detected peaks
could be assigned to the following phases: SnS, SnS2, Cu2Sn3S7, and
Cu2ZnSnS4, having Mo as the substrate; even though the composition
would suggest the majority phase to be CZT3S8. Similarly, the obtained
Raman spectrum can also sufficiently be explained by only the presence
of abovementioned phases, as shown in Fig. 10(b). The peaks at 159 and
187 cm−1 can clearly be assigned to SnS [36,37], the peak at 336 cm−1 is
clearly attributed to CZTS [28]. The remaining peaks at 216, 312, and
372 cm−1 are relatively close to the peaks reported at 217, 318, and
377 cm−1 that have been attributed to Cu2Sn3S7 [25]. Finally, the peak
at 286 cm−1 can also belong to CZTS or SnS phases [28,36,37], as
indicated in Fig. 10(b). Hence, both investigations (XRD as well as
Raman spectroscopy) show no sign of an additional Sn-rich quaternary
Fig. 10. (a) GIXRD of the Sn-rich sample F. The grey diamond shape represents the Mo
phase (JCPDS: 00-042-1120), the open circle the SnS phase (JCPDS: 01-075-2115), the
filled circle the SnS2 phase (JCPDS: 01-089-3198), the open square the Cu2Sn3S7 phase
(JCPDS: 00-039-0970), and the filled square the CZTS phase (JCPDS: 01-075-4122).
(b) Raman spectrum obtained from the same Sn-rich sample F. The open circle represents
the SnS phase (according to [36,37]), the filled circle the SnS2 phase (according to [37]),
the open squares the Cu2Sn3S7 phase (according to [25]), and the filled square the CZTS
phase (according to [28]).
phase (CZT3S8), as all characteristic peaks can be explained without this
additional phase. This result suggests the conclusion that the Sn-rich
quaternary phase (CZT3S8), shall it exist, does not form in the used
fabrication process.

4. Conclusion

GIXRD investigations, simply comparing peak positions, intensities
and FWHM, as commonly done, and using first order Rietveld analysis
techniques, cannot be used to identify sufficiently small amounts of
ZnS (b10%) or Cu2SnS3 (b50%) phases in amixed, Cu2ZnSnS4 containing
sample. A quantitative analysis is not possible, even if more than half of
the sample consists of a secondary phase. Further, single wavelength
Raman spectroscopy, using a green excitation wavelength, is also not a
suitable tool to discern small amounts of Cu2SnS3 (b30%), even in
a measurement series as presented here, despite it being suggested
elsewhere [8]. Worse, even in very ZnS-rich films, ZnS seems to be
indiscernible from CZTS at green excitation wavelength, which is the
commonly applied excitation wavelength in Raman spectrometers. As
away out, multiple-wavelength Raman analysis, using UV— in addition
to green light excitation could be shown to be useful to discern ZnS from
CZTS, as previously suggested by Fontané et al. [6]. For the used experi-
mental conditions, a quantitative discrimination of small amounts of
ZnS or Cu2SnS3 from Cu2ZnSnS4 is not possible, neither in a single
measurement nor in a measurement series. These results show that
the identification of secondary phases in the kesterite system is much
more difficult than currently assumed in the literature, and therefore
brings up the question to what extent the published XRD and Raman
data concerning secondary phases have to be re-interpreted. Further-
more, the existence of the Sn-rich quaternary phase Cu2ZnSn3S8 could
not be confirmed in a thin film grown under typical annealing condi-
tions, as XRD and Raman results on a sufficiently Sn-rich sample could
be adequately explained with the presence of CZTS, SnS, and SnS2
phases.
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