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Secondary phases in Cu,ZnSnS, (CZTS) are investigated by x-ray absorption spectroscopy.
Evaluating the x-ray absorption near edge structure at the sulfur K-edge, we show that secondary
phases exhibit sufficiently distinct features to allow their quantitative determination with high
accuracy. We are able to quantify the ZnS fraction with an absolute accuracy of 3%, by applying
linear combination analysis using reference spectra. We find that even in CZTS thin films with
[Sn]/[Zn] = 1, a significant amount of ZnS can be present. A strong correlation of the ZnS-content
with the degradation of the electrical performance of solar cells is observed. © 2011 American

Institute of Physics. [doi:10.1063/1.3671994]

Cu,ZnSn(S,Se), (CZTS) thin film semiconductors have
attracted much interest recently because of their potential
application as absorber layers in thin-film solar cells." For
purely sulfide-based CZTS, solar conversion efficiencies of
up to 6.7% have been demonstrated, and for CZTS contain-
ing sulfur and selenium, even higher efficiencies up to
10.1% have been achieved recently.> Due to the presence
of four or even five elements in this semiconductor, there are
many possibilities for the formation of secondary phases
such as ZnS, CuS, Cu,S, SnS,_,, and Cu,SnS; which consti-
tute a serious problem for the preparation of CZTS.* It was
shown theoretically and experimentally that there is only a
narrow existence region of single phase kesterite in the equi-
librium phase diagram which supports the formation of sec-
ondary phases.>® Zinc sulfide (ZnS) is the most stable binary
phase with a high negative enthalpy of formation of —205kJ
mol ™" Therefore, its formation can be expected in non-
equilibrium processes such as physical vapor deposition
(PVD) or rapid thermal annealing (RTA) of precursor
layers.®? At the same time, ZnS has a much larger band gap
than CZTS and will lead to the formation of internal barriers,
which are expected to degrade the solar cell performance.
The crystal structures of CZTS and cubic ZnS exhibit similar
lattice constants and differ significantly only by the occupa-
tion of their cationic lattice sites.'®!! Thus, their diffraction
patterns overlap in both x-ray and neutron diffraction. Sec-
ondary phases (ZnS, ZnSe, Cu;SnS,) have been identified by
Raman spectroscopy.'>!? However, this method suffers from
the different absorption coefficients related to the primary
and secondary phases making a quantitative analysis very
difficult, and we are not aware of a report of a quantitative
determination of secondary phases in CZTS by Raman spec-
troscopy. As will be shown, x-ray absorption spectroscopy
(XAS) allows to identify the most important secondary
phases and in particular enables the quantification of the ZnS
content in CZTS thin film absorber layers.

X-ray absorption near edge structures (XANES) at the
sulfur K-edge (2472eV) contain information about the
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chemical environment of the central atom, the electronic
density of unoccupied states, as well as the local crystal
structure. Thus, those spectra provide an effective fingerprint
of the investigated substances.'* The investigation of the sul-
fur absorption spectra is preferable because the XANES of
the cation K-edges (copper, zinc, tin) do not differ substan-
tially for most secondary phases. This is due to strong inter-
actions between sulfur and the cations in all of the secondary
phases and the similar local structures surrounding the cati-
ons. An additional advantage of sulfur K-edge experiments
is the high intrinsic monochromator resolution at these ener-
gies of about 0.35eV for Si (111) revealing even subtle dif-
ferences of the spectra.

A CZTS reference sample was prepared by a solid state
reaction of the pure elements copper, zinc, tin, and sulfur in
stoichiometric composition in a sealed evacuated silica tube
at a maximum temperature of 750 °C and a cooling rate of
1°C/h."> Because of its exact stoichiometric composition
and equilibration at high temperature, this sample is assumed
to consist of a CZTS single phase. The investigated thin film
samples, including the references of secondary phases, were
prepared on molybdenum-coated soda lime glass substrates
by PVD co-evaporation of copper, tin, zinc sulfide, and sul-
fur at a nominal substrate temperature of 550 °C and a depo-
sition time of about 20min yielding a film thickness of
~2 um.'® In total, samples with six different Sn/Zn-ratios
were prepared by PVD co-evaporation with copper-poor
compositions (Cu/(Zn+ Sn) ~0.6) as determined by x-ray
fluorescence.

XANES measurements at the sulfur K-edge have been
performed at the beamline A1 at HASYLAB in transmission
mode."” The total fluorescence yields were recorded simulta-
neously and result in consistent spectra. Measurements of
the total fluorescence yield can be applied directly to thin
film samples. For transmission measurements, the thin film
samples were scratched from the substrates, ground in a mor-
tar, and sandwiched homogeneously between adhesive tape
in order to avoid the strong parasitic absorption of the glass
substrates in the transmission mode setup of the pristine sam-
ples in their as-deposited state. For accurate background

© 2011 American Institute of Physics
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subtraction and normalization a pre-edge range of 70eV
below the edge and a post-edge region of 200eV above the
edge were recorded. Spectral processing (energy calibration,
background subtraction, normalization, and fitting) was
performed with the help of the FEFF/IFEFFIT software
packages.'®1?

Normalized XANES spectra at the sulfur K-edge of
CZTS and the binary phases (ZnS, CuS, SnS,) are compared
in Fig. 1. It can be seen that those spectra differ significantly
from each other and in particular from the XANES of CZTS,
which exhibits a strong pre-edge peak at 2470eV and three
distinct peaks between 2472 and 2477 eV. Especially, the
XANES of zinc sulfide is substantially different from that of
CZTS due to an edge shift of about 1.1 eV as a result of their
different densities of states and the absence of any pre-edge
features in ZnS.?>?' XANES at the sulfur K-edge of binary
sulfides were also measured in previous works which show
comparable spectra.’”** The XANES of CZTS cannot be
reproduced by a linear combination of the considered sec-
ondary phases. Thus, all binary mixtures of CZTS with a sec-
ondary phase can be detected by XANES even in low
concentrations (~3%) by employing a linear combination fit.

The normalized XANES spectra of the sample series are
compared to the spectrum of the CZTS powder reference in
Fig. 2. Due to shape and position of the absorption edge, the
presence of the secondary phases CuS and SnS,_, in signifi-
cant amounts (>2%) can be excluded for all samples as con-
firmed by linear combination analysis. This is also in
agreement with the copper-poor stoichiometry of the sam-
ples. Furthermore, it is clearly recognizable that the shape of
the XANES varies systematically with the Sn/Zn-ratio. The
first absorption maximum at 2470eV grows with increasing
CZTS content, while the second maximum at 2472.7eV
decreases continuously, which suggests that the spectra are a
superposition of the XANES of ZnS and CZTS.
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FIG. 1. (Color online) XANES spectra at the sulfur K-edge (inorm(E)) of
CZTS and secondary phases normalized to an edge step of one. Sulfur-
containing adhesive tape used as a substrate for transmission measurements
does not influence the XANES spectra in the evaluated region
(2467-2478¢V).
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FIG. 2. (Color online) Measured and edge step normalized XANES spectra
at the sulfur K-edge (tt,orm(E)) of a sample series with varying Sn/Zn-ratio
together with the spectrum of the CZTS reference. The first maximum
increases with increasing Sn/Zn-ratio, while the second maximum decreases
as indicated by arrows.

To perform a quantitative analysis, all sample spectra
are least-square fitted with a linear combination of the refer-
ence spectra of CZTS and ZnS. Fig. 3 shows the best fit of
one particular sample spectrum yielding a ZnS content of
12% = 1%. The fit error of about 1% absolute also applies
when two different samples are compared. The absolute error
additionally depends on fitting details and the purity of the
reference and, thus, might be slightly larger and is estimated
to be about +=3% absolute. Also shown are linear combina-
tions with hypothetic ZnS contents of 15%, 25%, and 50%.
The obvious differences confirm the high sensitivity of the
presented analysis. Because both CZTS and ZnS contain the
same number of sulfur anions per volume and nearly have
the same lattice constant, the ratio of the linear combination,
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FIG. 3. (Color online) Measured and edge step normalized XANES at the
sulfur K-edge (tnorm(E)) of one particular thin film (squares) together with
the least square fit obtained from a superposition of the spectra of CZTS and
ZnS with ratios 88%:12%. In order to demonstrate the dependence of the
XANES on the ZnS:CZTS ratio, linear combinations with 15%, 25%, and
50% ZnS content are plotted additionally.
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FIG. 4. (Color online) Results of the ZnS quantification in CZTS samples
by XANES and its relation to the Sn/Zn composition ratio (left axis) deter-
mined by XRF (error bars from relative error of atomic composition). The
normalized efficiencies of the solar cells (right axis) strongly correlate with
their ZnS volume fraction. Each data point consists of the averaged effi-
ciency of eight cells per sample, with the standard deviation indicated by the
error bars.

which corresponds to the fraction of sulfur anions bound in
ZnS, directly leads to the respective volume fraction.

XANES fit results of the sulfur K-edge of all samples
and the correlation between the Sn/Zn-ratio and the amount
of ZnS in the samples are shown in Fig. 4. It is apparent that
Sn/Zn-ratios smaller than one lead to significant amounts of
ZnS. Furthermore, even in samples with Sn/Zn ~ 1, a signifi-
cant amount of ZnS (~12%) is present. Eight solar cells with
an active area of 0.5 cm”® were made from each thin film
sample by standard processing (KCN-etching, CdS buffer,
ZnO window).'® Solar cell parameters were recorded by four
point probe measurements under illumination of a simulated
AML1.5 solar spectrum for each cell. To demonstrate the
influence of ZnS in CZTS on the solar cell performance, the
normalized efficiencies of all samples are plotted in Fig. 4 to-
gether with their ZnS fraction. A strong correlation can be
observed with a loss of almost half of the cell efficiency
when 25% ZnS is present. Assuming that ZnS in CZTS only
appears as an insulator reducing the CZTS-content of the
sample, its influence would only affect the achievable cur-
rent density of the cell. However, we also observe a signifi-
cant decrease in the fill factor and open circuit voltage.
Therefore, the influence of ZnS must also be due to other
electronic effects that need further investigation.

In summary, it was shown that important secondary
phases in the CZTS system can be identified using x-ray near
edge absorption spectroscopy. All investigated secondary
phases show differing near edge absorption spectra at the
sulfur K-edge enabling high accuracy quantification of phase
mixtures using linear combination fitting. This was demon-

Appl. Phys. Lett. 99, 262105 (2011)

strated for the quantification of ZnS in CZTS with a sample-
to-sample uncertainty of less than 1% absolute. We antici-
pate that with this method, small amounts of ZnS in CZTS
down to at least 3% by volume can be quantified. It is shown
that the amount of detected ZnS is correlated to the degrada-
tion of the electrical performance of CZTS solar cells. Fur-
thermore, sulfur K-edge XANES seems to be a promising
tool for a detailed analysis and understanding of other sulfur
containing solar cell or light emitting materials.
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