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1. Introduction

Sulfurization of Cu(In,Ga)Se2 (CIGSe) absorber layers has
been studied for many years[1,2] and was used in the recent world
record Cu(In,Ga)(S,Se)2 (CIGSSe) solar cell of 23.35%.[3] To
improve CIGSe solar cells, an increasing [Ga]/([Ga]þ [In])
(GGI) ratio toward the back contact and/or a decreasing
[S]/([S]þ [Se]) (SSSe) ratio from the surface to the bulk can be
introduced. In both cases, the bandgap is gradually widened
toward the corresponding interfaces, which reduces non-radiative

recombination in these defect-rich areas.
A GGI grading can be implemented during
co-evaporation of the CIGSe absorber,
which widens the bandgap toward the
molybdenum back contact by shifting the
conduction band upward.[4] An SSSe grad-
ing is usually obtained by adding S in a
sequential absorber deposition process
such as sulfurization-after-selenization[3] or
annealing of stacked-elemental layers in
S-containing atmosphere.[5] In both meth-
ods, sulfur is added during the baseline
processing, which is claimed to enable the
formation of a CIGSSe alloy at the absorber
surface. The main aim of a surface SSSe
grading is to increase the bandgap energy
near the absorber/buffer interface via
shifting the conduction band minimum
upward and lowering of the valence band
maximum,[6,7] while maintaining a smaller
bandgap in the absorber bulk. This reduces
the interface recombination, as the hole bar-
rier toward the buffer layer is increased.[8]

Other beneficial effects of the sulfurization were suggested as
well: passivation of deep defect states,[9,10] increase in hole mobil-
ity,[11] and increase in electron lifetime.[5] For the 23.35%
world record and also by others,[12–14] H2S has been used for
the sulfurization. In an attempt to avoid toxic H2S, several studies
were conducted on sulfurization of co-evaporated absorbers in
elemental sulfur atmosphere,[9,11,15,16] aiming at a similar device
improvement. However, sulfurization in elemental S was found
to induce the formation of a pure CuInS2 (CIS) phase on top
of the CIGSe (with a Ga accumulation at the CIGSe/CIS interface,
which reduces the fill factor [FF]).[17,18] Although the CIS layer
introduces a higher surface bandgap and, consequently, has been
observed to increase the open-circuit voltage,[17] the conversion
efficiency could not be improved, presumably due to the formation
of an electron barrier at the CIGSe/CIS interface. For CuInSe2
(CISe), it has been shown that sulfur diffusion is faster in Cu-rich
compared with Cu-poor samples.[19,20] A likely explanation is the
rapid transformation of Cu2� xSe precipitates within Cu-rich sam-
ples into Cu2� x(S,Se), which then act as channels that accelerate
sulfur in-diffusion and promote transformation of the absorber
into a CuIn(S,Se)2 alloy.

[21]

In this work, elemental sulfur incorporation into co-evaporated
CISe and CuGaSe2 (CGSe) absorber layers has been compar-
atively studied as a means to better understand the sulfurization
of CIGSe absorber. To find the optimum conditions of S
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Herein, sulfurization of CuInSe2 and CuGaSe2 (CGSe) absorber layers is com-
pared to improve the understanding of sulfur incorporation into Cu(In,Ga)Se2
films by annealing in a sulfur atmosphere. It is found for Cu-poor CuInSe2 that for
an annealing temperature of 430 �C, sulfur is incorporated into the surface of the
absorber and forms an inhomogeneous CuIn(S,Se)2 layer. In addition, at 530 �C,
a surface layer of CuInS2 is formed. In contrast, for Cu-poor CuGaSe2 samples,
S can only be introduced at 530 �C, mainly forming an alloy of CuGa(S,Se)2,
where no closed CuGaS2 layer is found. In Cu-rich CuGaSe2 samples, however,
selenium is substituted by S already at 330 �C, which can be explained by a rapid
phase transformation of Cu2� xSe into Cu2� x(S,Se). This transformation facili-
tates S in-diffusion and catalyzes CuGa(S,Se)2 formation, likewise that previously
reported to occur in CuInSe2. Finally, the Cu-poor CuInSe2 solar cell performance
is improved by the sulfurization step at 430 �C, whereas for the 530 �C sample,
a decreasing fill factor and short-circuit current density are observed, indicating
lower diffusion length accompanied by possible formation of an electron
transport barrier. In contrast, the electrical characteristics deteriorate for all
sulfurized Cu-poor CuGaSe2 cells.
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incorporation, the annealing temperature was varied from 330 to
530 �C. In this way, the resulting material quality and cell param-
eters could be compared across a range of annealing conditions,
which allows to account for possible differences in sulfurization
rates. In addition, the [Cu]/[III] ratio of the CGSe was varied from
0.55 to 1.14, which is meant to gain a deeper insight into the
sulfurization and deduce the effect of off-stoichiometry.

2. Experimental Section

2.1. Film and Device Fabrication

Full stacks of thin-film solar cells based on p-type ternary chal-
copyrite CISe or CGSe absorber layers were processed, as shown
in Figure 1.

First, as the back contact, 350 nm of Mo was deposited on a
2mm thick soda-lime glass (SLG) substrate using direct current-
magnetron sputtering. In the next step, 15 nm of sodium fluoride
(NaF) was deposited by thermal evaporation using an effusion
source. Next, while the substrate temperature was ramping from
350 to 550 �C, the absorber layer of either CISe or CGSe was
co-evaporated in a high vacuum deposition system. Flat evapora-
tion rates were used for selenium and group-III elements,
respectively, whereas the Cu rate followed a low rate–high
rate–low rate protocol to implement the optimum three-stage-
process profile. We used mass spectrometer control for the metal
rates and temperature control for the selenium source. The com-
position was adjusted to [Cu]/[III]¼ 0.86 (where III is either Ga
or In), unless otherwise specified. The composition values were
extracted from X-ray fluorescence (XRF) measurements using a
CIGSe standard sample with known composition. The thick-
nesses of the absorber layers were in the range of 1.5–1.9 μm,

as estimated with XRF. Subsequently, the samples were divided
into two equal pieces: one for sulfurization (see next paragraph)
and another one as a reference. To protect the samples from oxi-
dation, a cadmium sulfide (CdS) capping layer was grown by
chemical bath deposition (CBD) within 5min after removing
the samples from the CIGSe evaporation system.

2.2. Sulfurization

Prior to the sulfurization, the capping layer of CdS was removed
by etching in a solution of 2 M HCl for 60 s. The etched sample
was immediately transferred into a custom-built furnace in a
small graphite carrier box. After the sample was placed,
350mg of elemental S was introduced into a preheated sublima-
tion source chamber. Then, during 60 s, with a flow of argon (Ar)
carrier gas, the vaporized sulfur was brought into the reactor at
the estimated sample temperature TS¼ 330–530 �C (correspond-
ing sample labeling is: CISe/CGSe-TS). The Ar background pres-
sure was set to 500mbar. The sulfurization lasted for 10min and
was followed by cooling down in Ar atmosphere until room tem-
perature was reached after about 30min. More details about the
sulfurization process and sulfurization system can be found in
the previous study.[17]

2.3. Solar Cell Fabrication

To create a pn junction, a�50 nmCdS buffer layer was deposited
on top of the absorber layer using CBD. Then, a bilayer of 100 nm
intrinsic ZnO (i-ZnO) and 230 nm aluminum-doped ZnO
(ZnO:Al) was deposited by radio frequency magnetron sputter-
ing. A metallic Ni/Al/Ni electrode was deposited through a
shadow mask by electron-beam evaporation. Finally, mechanical

Figure 1. Schematic of a full stack processing of CISe and CGSe solar cell. Each sample is divided into two pieces: one for sulfurization (bottom) and one
as a reference (top). CdS is removed before sulfurization and re-deposited again promptly after it. Identical window layers are deposited on both pieces.
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scribing with a stylus was used to define individual solar cells
with an area of 0.5 cm2. In this way, 12 cells were defined for
each sample, which allowed to verify the lateral homogeneity
and perform statistical analysis of the electrical characteristics.

2.4. Material and Electrical Characterization

Raman spectroscopy and X-ray diffraction (XRD) techniques
were used to determine sulfur incorporation and crystallinity,
respectively. The Raman excitation source was a 532 nm
laser in a RENISHAW spectroscopy system. Both θ–2θ and graz-
ing incidence-XRD (GI-XRD) scans were conducted in a Philips
X’pert MRDII system. Further cross-sectional imaging and ele-
mental mapping were obtained by transmission electron micros-
copy and energy dispersive X-ray spectroscopy (TEM-EDS);
FEI-Titan Themis 200, which operated at an acceleration voltage
of 200 kV, where the TEM lamellae were prepared using focused
ion beam. For investigation of compositional depth profiles, glow
discharge optical emission spectroscopy (GDOES; Spectruma-
Analytik-GMBH GDA 750) was performed. Finally, electrical
characterization of solar cell devices was conducted using two
homebuilt measurement setups: 1) current–voltage ( J–V ) under
a Halogen lamp-solar simulator calibrated to AM 1.5G with an
intensity of 100mW cm�2 and 2) external quantum efficiency
(EQE) under a Xe arc lamp.

2.5. Theory Method

The first-principles calculations were carried out within density
functional theory using the Vienna Ab initio Simulation Package
(VASP).[22–24] The projector augmented wave (PAW) pseudopo-
tentials[25,26] with valence electron configurations of Cu 3d104s1,
In 4d105s25p1, Ga 3d104s24p1, Se 4s24p4, and S 3s23p4 were used.
The Perdew–Burke–Ernzerhof (PBE) exchange–correlation func-
tional[27] was utilized. The interaction parameters for enthalpies
of Cu(III)(S,Se)2 alloys were extracted from parabolic fits of 11
formation energy datapoints computed for the supercells con-
taining 240 atoms (see Figure S1, Supporting Information).
The stochastic nature of the alloys was reproduced with special
quasi-random structure (SQS) algorithm[28] implemented in the

Alloy-Theoretic Automated Toolkit (ATAT) package.[29] Other
example of such methodology applied to solar absorber alloys
can be found in our earlier works.[30,31] The Brillouin-zone inte-
grations were performed using 3� 2� 2 Γ-centered Monkhorst–
Pack grid[32] and a cutoff energy of 350 eV. The ionic force
threshold for atomic relaxations was set to 0.01 eV Å�1. The lat-
tice optimizations were allowed for all systems. To account for
supercell errors, the formation energies of the terminal phases
were adjusted to the corresponding values for the primitive cells
of ternary chalcopyrites computed using a cutoff energy of
550 eV and k-points grids with a density of 4000 k-points per
reciprocal atom.

3. Results and Discussion

This section is separated into three parts. First, a comparative
material characterization of sulfurized CISe and CGSe with
[Cu]/[III]¼ 0.86 is shown and discussed with the help of the
first-principles calculations. In the second part, the impact of
Cu content on sulfur incorporation into CGSe is presented.
Finally, the corresponding solar cell characteristics are presented
and discussed in the third part.

3.1. Materials Characterization: Comparison of CISe and CGSe

In this section, for a detailed analysis, we use a set of four com-
plementary characterization techniques. In particular, we utilize
Raman spectroscopy to detect sulfur in the near-surface regions,
XRD to determine crystal structures of the formed phases,
GDOES to evaluate depth profiles for the changes, and TEM-EDS
to further examine surfaces locally and in detail.

3.1.1. Raman Spectroscopy

Figure 2 shows the Raman spectra of the CISe and CGSe sam-
ples before and after sulfurization at different temperatures. As
shown in Figure 2a, the CISe samples exhibit the dominating
peaks at 174 and 290 cm�1. These two peaks are associated with
the A1 mode of Se–Se and S–S vibrations, respectively.[33,34]

Figure 2. Normalized peak intensities of Raman spectra of a) CISe and b) CGSe thin films sulfurized at different temperatures.
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Importantly, the A1-Se–Se peak intensity decreases, as the
A1-S–S peak becomes more pronounced with sulfurization tem-
perature, which is a direct evidence of sulfur incorporation
within the probing depth of the Raman laser (about
200 nm[35]). In addition, the A1-Se–Se peak shifts toward higher
wavenumbers and broadens for both sulfurized samples, which
indicates the formation of a CuIn(S,Se)2 alloy. The full width half
maximum (FWHM) values of the aforementioned peaks increase
from 12.9 cm�1 for the CISe-Ref sample to 14.5 and 29.0 cm�1

for the CISe-430 and CISe-530 samples, respectively. No notice-
able shift or broadening was observed for the second peak at
290 cm�1. This is in agreement with the behavior previously
described for CuIn(S,Se)2 alloys.[33]

In contrast to the CISe-430 sample, no sulfur peaks can be
distinguished in Raman spectra for the CGSe-430 sample, sug-
gesting a negligible amount of incorporated sulfur. However, sul-
fur was certainly introduced into the CGSe-530 sample, because
the sulfur peaks corresponding to A1, E, and E/B2 modes of S–S
vibrations appear around 312, 344, and 378 cm�1, respectively
(Figure 2b). At the same time, no broadening or shift of the
A1-Se–Se peak is observed for this sample. Further investigations
are needed to verify if pristine CuGaS2 (CGS) crystals or a
CuGa(S,Se)2 alloy is formed.

The peaks at 156 and 168 cm�1 indicate CuIn3Se5 and
CuGa3Se5 ordered vacancy compounds (OVC), respectively.
These phases are clearly present at the surfaces of the references
and both samples sulfurized at 430 �C. The peak intensities
decrease after sulfurization at 530 �C for both compounds, proba-
bly due to the formation of closed surface layers covering the OVC.

3.1.2. X-Ray Diffraction

Figure 3 shows the results of the XRD analysis for the CISe-430
and CISe-530 samples. For both sulfurized samples in Figure 3a,
the (112) peak at 26.6� is slightly broadened asymmetrically to
higher 2θ angles, which points to S incorporation in the form
of an alloy. Furthermore, for CISe-530, a second peak emerges
at �27.8�, which corresponds to the (112) peak of CIS (JCPDS
No.01-075-0106).[36] It should be noted that this new peak is very
close to the (103) peak of CISe at 27.65�, meaning that these sig-
nals can overlap. As such, to amplify the signal from the near-
surface regions, the GI-XRD analysis at a grazing incidence angle
α¼ 0.5� was carried out. As shown in Figure 3b, a clear tail
appears already in CISe-430, and it evolves into a distinct peak
in CISe-530. This strong dependence on the sulfurization

Figure 3. XRD analysis of sulfurized a,b) CISe and c,d) CGSe samples. a,c) θ–2θ scans and b,d) GI-XRD scans at α¼ 0.5�. CGSe-430 was not analyzed by
XRD, because no sulfur was detected by Raman.
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temperature indicates the presence of CIS crystals at least for
CISe-530. Moreover, there is a systematic shift in the CISe (112)
peak position, which implies that the CuIn(S,Se)2 alloy forms in
the surface region at temperatures as low as 430 �C.

For the CGSe-530 sample, a peak shift to higher 2θ angles is
seen directly from θ–2θ scans in Figure 3c, which indicates the
CuGa(S,Se)2 formation. Furthermore, as shown with GI-XRD in
Figure 3d, not only the (112) peak shifts, but also a secondary
peak emerges at the position of CGS.[37] We interpret these
changes as the formation of CGS and CuGa(S,Se)2 phase mixture
close to the surface of the sample sulfurized at 530 �C.

3.1.3. GDOES Profiling

Figure 4 shows the semi-logarithmic GDOES profile for the CISe
and CGSe stacks. The interfaces are defined by the onset of the
sulfur and copper signals. After the sulfurization of both films,
the Se concentration decreases, as the S content increases below
the CdS buffer. Importantly, the graphs show deeper and more
significant S incorporation in CISe, in good agreement with
the GI-XRD analysis. Negligible S concentration is measured
at the Mo back contact (not shown here), indicating that the
sulfurization did not chemically alter the MoSe2 layer, which
is usually formed during absorber deposition.[38,39] Moreover,
the GDOES results indicate a slight enrichment in Cu near
the buffer in CISe-530 but not for CGSe-530.

3.1.4. TEM-EDS Imaging

The TEM-EDS analysis of CISe-430, CISe-530, and CGSe-530
samples is shown in Figure 5. For the CISe-430 sample, S is pre-
dominantly incorporated at the surface and in grain boundaries/
cavities. There is no closed CIS layer visible for this sample
within the resolution limit of TEM-EDS (in the order of 5 nm).
For the CISe-530, a fully covering layer of CIS with varying thick-
ness is observed. For both CISe samples, a consistent increase in
Cu concentration is evident in all regions of noticeable S incor-
poration (see Figure S2, Supporting Information). This behavior
is likely to originate from the CuIn(S,Se)2 formation requiring

near-stoichiometry of [Cu]/[III]� 1,[40] which stimulates Cu dif-
fusion toward the reaction front during sulfurization. As a result,
the rate of Cu supply may become the limiting factor for S incor-
poration into CISe as observed previously in our group.[21]

For the CGSe-530, sulfur enrichment was found at the surface with
no evidence of a closed CGS layer. Instead, widely dispersed of
what appears to be small CGS particles were found, which explains
the corresponding signature in GI-XRD for this sample. In con-
trast to CISe, there does not seem to be a Cu increase in the regions
of S incorporation (see Figure S2, Supporting Information). This
indicates that the sulfurization of CGSe does not incur asmuch Cu
diffusion toward the reaction front as is the case for CISe.[21] In
other words, CGSe surface remains Cu-deficient even after the
S incorporation, signifying that Cu-supply controlled mechanisms
do not apply to CGSe. Furthermore, accounting for the similarities
in lattice structures of CGSe and CISe, this finding points to
the need to revisit the hypothesis about the governing role of
Cu supply in sulfurization of CISe.

3.1.5. First-Principles Calculations

By comparing CISe-430 and CGSe-530, we can estimate
that CGSe needs roughly 100 �C higher temperature to reach
a similar level of S incorporation. Fundamentally, there are only
two possibilities why this could be the case; it is either 1) more
favorable thermodynamics or 2) faster kinetics of the underlying
processes for CISe. To test the former scenario, one can compare
energies for converting CISe and CGSe into the sulfides.
Unfortunately, to the best of our knowledge, standard enthalpy
of formation of CGS has not been reported, whereas the values
for CIS and CISe[41] seem inconsistent with model estima-
tions.[42] Therefore, as an approximation, we obtained all enthal-
pies of formation (ΔHf ) from the first-principles calculations.
The computed values of ΔHf for CISe, CGSe, CIS, and CGS
are �1.7819, �1.9287, �1.9728, and �2.3282 eV formula�1,
respectively. We did not implement any correction of chemical
potentials for elemental solids, because they anyway cancel out in
the calculation of reaction energies below. In fact, the same con-
clusions were obtained with two different correction schemes
implemented in the Materials Project[43] and Open Quantum

Figure 4. GDOES profiles of a) CISe and b) CGSe stacks. The solid and dashed lines represent reference and sulfurized (at 530 �C) samples, respectively.
The sulfur signals in the reference samples emanate from the CdS buffer layers. For a better visualization, the curves are aligned with respect to the onset
of the S signal of the CdS buffer.
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Materials Database (OQMD).[44] Next, we extracted the interac-
tion parameters (Ω) for CuIn(S,Se)2 and CuGa(S,Se)2 from
the parabolic fits of formation energies for random alloy super-
cells (see the Experimental Section) and obtained 78.5 and
130.4meV formula�1, respectively, where the former agrees well
with a previous report by Chen et al.[45] Using the regular solu-
tion model, these values translate into the consolute tempera-
tures of �45 and 106 �C for the respective systems, meaning
that both of them are completely miscible at the used sulfuriza-
tion temperatures. This is not surprising as there are multiple
reports of successful synthesis of CIGSSe alloys with arbitrary
compositions.[7] The larger interaction parameter for CuGa(S,
Se)2 could lead to slower intermixing between CGSe and CGS
from a diffusion couple. However, for the used sulfurization
by annealing in S-rich atmosphere, the process is better
described by enthalpies ðΔHr) of the following reactions

CuðIIIÞSe2 þ 2xS ! CuðIIIÞðSx, Se1�xÞ2 þ 2xSe (1)

The computed values ofΔHr for (III)¼ In and Ga are�190.9·x
þ 78.5·x(1� x) and �399.5·xþ 130.4·x(1� x) meV formula�1,
where x ≡ SSSe (see Figure S1, Supporting Information),
respectively, indicating that CGSe is thermodynamically more
favorable to sulfurize at all SSSe values. This conclusion clearly
contradicts our experimental findings, thereby pointing to the
dominance of kinetic factors, most likely slower diffusion of
S in bulk CGSe compared with CISe. This could be justified
by more densely packed lattice of CGSe (smaller ionic radius
of Ga), which may impede S diffusion by increasing both the

migration barrier and formation energy of S interstitials.
Unfortunately, complexity of diffusion pathways in defective
chalcopyrite restrains further computational verification of this
trend. It is possible to conclude, however, that S incorporation
into CGSe is limited by slower S in-diffusion and not by the
thermodynamic factors.

3.2. Sulfurized CGSe with Varying Cu Content

To investigate the influence of Cu off-stoichiometry on sulfuri-
zation of CGSe, a series of samples with different [Cu]/[III] ratios
were fabricated, and their sulfurization was compared in this
section.

3.2.1. Raman Spectroscopy

Figure 6 shows the Raman spectra of CGSe samples with
[Cu]/[III] varying from 0.55 (very Cu-poor) to 1.14 (Cu-rich),
before and after sulfurization. Raman peaks at 168 cm�1 indicate
the presence of OVC for the two Cu-poor samples in Figure 6a,b.
We find that the appearance of sulfur peaks correlates with a
decrease in intensity of the OVC peak, indicating that the
OVC is buried under a layer formed at the surface. Moreover,
we get more S incorporated into the sample with a [Cu]/[III]
of 0.55 than 0.86, akin to the behavior of CISe observed in
our previous study.[21] As expected, the near-stoichiometric
([Cu]/[III]¼ 0.95) and Cu-rich ([Cu]/[III]¼ 1.14) samples show
no evidence of OVC neither before nor after the sulfurization.

Figure 5. TEM-EDS cross-sectional imaging of CISe-430 (top), CISe-530 (middle), and CGSe-530 (bottom) films. The scales of color bars in the middle
and right columns quantify at% of S and Se, respectively.
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For the Cu-poor and near-stoichiometric samples, sulfur incor-
poration is only significant at 530 �C, as can be concluded from
the appearance of the corresponding A1-S–S signature. The
behavior of the Cu-rich sample ([Cu]/[III]¼ 1.14) is drastically
different. Here, a large amount of S is incorporated already at
330 �C but as Cu2� x(S,Se), as is evident from the appearance
of intense Raman peaks at 272 and 460 cm�1 (green line in
Figure 6d).[46] At the higher sulfurization temperatures of 430
and 530 �C, these peak intensities decrease, whereas the latter
peak position shifts toward that of Cu2� xS at 475 cm�1.[46]

Moreover, the peak corresponding to the A1-S–S vibrational
mode of CGS emerges already at 430 �C (red line in Figure 6d),
suggesting that the presence of Cu2� x(S,Se) in the Cu-rich
films promotes sulfurization of CGSe. A likely scenario is that
residuals of Cu2� xSe secondary phase in the grain boundaries
undergo rapid transformation into Cu2� x(S,Se) and subse-
quently into Cu2� xS upon exposure to S-rich atmosphere,
and then act as the channels supplying S into the film interior.
As such, the slow kinetics of S incorporation into the chalcopyrite
phase stops being the limiting factor for sulfurization, resulting
in much faster conversion of Cu-rich CGSe into CGS. Further
investigation by TEM-EDS was made to verify this hypothesis.

3.2.2. TEM-EDS Imaging

The heterogeneous character of S incorporation is best exempli-
fied by the TEM-EDS analysis of near-stoichiometric CGSe with
[Cu]/[III]¼ 0.95 in Figure 7. In the reference sample, the surface
region contains grains of the Cu2� xSe phase (encompassed by
black circles). This is not surprising, considering that Cu2� xSe
and Cu2� xS tend to segregate in Cu-rich films[47–49] and are
often detected in Cu-poor absorbers as residuals from the
three-stage deposition.[50] After the sulfurization, these Cu2� xSe
inclusions are converted into Cu2� xS (or Cu2� x(S,Se) with
minor Se concentration; shown by the white arrows), whereas
the CGSe grains are barely affected. Importantly, small patches
of CuGa(S,Se)2 alloy can be distinguished at the left edge of the
Cu2� xS inclusion pointed to by the arrows to the right in each
image, confirming the catalyzing role played by Cu2� x(S,Se) in
S incorporation and proving limited S diffusion into bulk CGSe.
A weak S signal (�3 at%) anti-correlating with the Se distribution
is traceable along the grain boundaries. This can be explained by
Cu2� xSe residuals in grain boundaries transforming into
Cu2� x(S,Se) during the sulfurization. Although not resolved
with TEM-EDS, this phase could convert the grain boundaries

Figure 6. Normalized Raman spectra for CGSe thin films with a) [Cu]/[III]¼ 0.55, b) [Cu]/[III]¼ 0.86, c) [Cu]/[III]¼ 0.95, and d) [Cu]/[III]¼ 1.14 sulfurized
at different temperatures.
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into the rapid S diffusion channels, thereby facilitating
sulfurization of the entire film. This reaction path should be
responsible for the rapid sulfurization of the Cu-rich CGSe
([Cu]/[III]¼ 1.14), as we hypothesized based on Raman spectra
described earlier. It cannot be ruled out, however, that a part of
the explanation is the inherently higher diffusion in grain bound-
aries, which may themselves transport S at higher rates com-
pared with bulk CGSe.

3.3. Solar Cell Performance

Solar cells were made from the samples with [Cu]/[III]¼ 0.86 to
investigate the influence of sulfurization on device performance.
Although special care was taken to protect the surfaces from
unwanted reactions such as oxidation, all sulfurized sample still
had to go through several extra process steps involving short air
exposures, which could have an adverse effect on the cell quality.
The general tendencies could still be deduced, and the main cell
results are presented as follows.

3.3.1. Properties of CISe Devices

The results from J–V measurements on the CISe samples are
summarized in Figure 8. The solar cells were made from differ-
ent regions of the same samples and characterized using the
Raman, XRD, GDOES, and TEM-EDS, details of which are dis-
cussed in the previous sections.

Statistical variations of the electrical characteristics for sulfu-
rized and reference CISe cells are given in Figure 8. The EQE and
J–V measured for devices with the highest Voc values are pre-
sented in Figure 9. From the J–V curves in Figure 9b, the
extracted series resistance values (extracted from the J–V curves
as the reciprocal slope at V¼Voc) increase from 1.49Ω cm2

for the CISe-Ref sample to 1.51 and 2.24Ω cm2 for the CISe-430
and CISe-530 samples, respectively. The highest efficiency is
obtained for the CISe-430 sample. Here, we observe an improve-
ment in Voc (�60 mV) and a slight increase in FF (�2%) com-
pared with the non-sulfurized reference sample. However, the

EQE analysis indicates slightly lower collection for λ> 700 nm,
which signifies increased losses for electrons generated
further away from the heterojunction. As a result, the Jsc is
slightly decreased after the sulfurization at 430 �C for the
sample shown in Figure 9, although this cannot be stated as
a general trend, because the changes in current are within
the standard deviation (error bar). For the sample annealed
at 530 �C, a severe deterioration of all device parameters is
observed. At the same time, the EQE analysis suggests that
the effective optical bandgap remains unchanged, which is rea-
sonable, because the S-containing surface is expected to have a
wider gap compared with the main absorbing CISe layer
underneath.

To further explore the origin of the collection losses (drop in
EQE), we performed EQE measurements at an applied bias of
�0.5 V on the sulfurized samples and compared them with
the EQE spectra at short circuit condition. The results are shown
in Figure 10.

The CISe-430 sample shows only a marginally improved
collection (i.e., widening of space charge region has only minor
effect), indicating negligible electrical Jsc changes after the low
temperature sulfurization. In contrast, the CISe-530 sample
shows a significantly increased EQE with negative voltage bias,
approaching the EQE level of the CISe-430 sample. Figure 10c
shows the ratios of the biased EQE to non-biased measure-
ments for the corresponding samples. While the slight gain
for the CISe-430 sample is found for the longer wavelengths,
the CISe-530 sample shows continuously improving carrier col-
lection with increasing wavelength for λ> 400 nm. This points to
a reduced diffusion length after sulfurization at 530 �C. Possible
reasons may be the creation of deep S-related point defects in the
absorber bulk or altered electrical properties of grain boundaries
(e.g., by Cu enrichment). In addition to the increasing collection
with wavelength, a step-like increase at�810 nm is visible, which
corresponds to the absorption edge (bandgap energy) of the
newly formed CIS top layer. This indicates the existence of a
transport barrier at the CISe/CIS contributing to the collection
losses. From the TEM analysis (not shown here), it is found that
the extension of the CIS region into the absorber varies locally

Figure 7. TEM-EDS cross-sectional analysis of CGSe-Ref (top) and CGSe-530 (bottom) films with [Cu]/[III]¼ 0.95.
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between 50 and 180 nm for the CISe-530 sample. Thus, a voltage
bias of �0.5 V may locally move the edge of the space-charge
region across the CISe/CIS interface, thereby reducing the effec-
tive barrier height.

The findings explain the observed FF reduction after too
strong sulfurization, which was not observed in the previous

study[21] (i.e., for thinner CIS layers), thereby indicating that a
transport barrier evolves at the CIS/CISe interface when the
CIS layer becomes too thick. However, the complexity of the
newly formed heterojunction does not allow to exclude other
mechanisms affecting the carrier collection, such as increased
recombination at either CISe/CIS or CIS/CdS interface.

Figure 8. Solar cell parameters of a) Voc (V ), b) Jsc (mA cm�2), c) FF (%), and d) efficiency (%) are compared for the sulfurized and reference CISe devices
with [Cu]/[III]¼ 0.86 as extracted from J–V measurements.

Figure 9. a) EQE and b) J–V for the sulfurized and reference CISe solar cells as measured on the devices with the highest Voc values. The dark and light J–V
are given by the dashed and solid lines, respectively.
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3.3.2. Properties of CGSe Devices

Figure 11 shows the J–V characteristics of the CGSe sample. In
general, due to the wider bandgap of 1.68 eV for CGSe compared
with 1.04 eV for CISe, higher Voc and lower Jsc are expected for
CGSe devices. Indeed, this trend is observed for the reference
cells. However, in contrast to the improvements observed for
CISe, Voc drops significantly after the sulfurization of CGSe
absorbers, with the deterioration being more severe for higher
annealing temperature. Similarly, the EQE of the sulfurized

samples is reduced for all wavelengths (see Figure 12), which
can be caused by a variety of factors. Severe degradation is par-
ticularly surprising for CGSe-430, which showed no signs of sul-
fur alloying in XRD and Raman spectra. As such, other factors
related to S-based point defects or different Na distribution are
likely responsible for this loss in performance. The negative
trends are observed for Jsc and FF as well, thereby consolidating
the overall adverse effect of sulfurization on CGSe devices.

Fundamentally interesting changes in electrical performance
were observed for the Cu-rich CGSe ([Cu]/[III]¼ 1.14) devices.

Figure 10. a,b) Bias-dependent EQE of the CISe-430 and CISe-530 devices. c) The ratios of biased and unbiased EQE are presented for clarity.

Figure 11. Solar cell parameters of a) Voc (V ), b) Jsc (mA cm�2), c) FF (%), and d) efficiency (%) are compared for the sulfurized and reference CGSe
devices with [Cu]/[III]¼ 0.86 as extracted from J–V measurements.
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All cells made of these references were shunted due to
the metallic conductivity of Cu2� xSe phase.[51] However, they
became weak diodes and started giving photovoltaic response
after sulfurization at 330 �C, as shown in Figure 12c,d. For
higher annealing temperatures, the EQE at λ< 500 nm
increased, absorption/collection at λ> 500 nm diminished,
and the effective bandgap approached the corresponding value
for CGS (2.4 eV). These transformations can be explained by the
conversion of Cu2� xSe into Cu2� xS, which is then followed by
its complete consumption at higher temperatures. There results
once again highlight the catalyzing role of Cu2� xSe in sulfuri-
zation of chalcopyrite absorbers.

4. Conclusion

In this work, sulfurization of CISe and CGSe in elemental sulfur
atmosphere was performed at the temperatures ranging from 330
to 530 �C. The resulting films were analyzed using Raman, XRD,
GDOES, and TEM-EDS. We found several profound differences
in sulfurization of Cu-poor CISe and CGSe. In particular, while
surfaces of the CISe films accepted significant amounts of
sulfur already at 430 �C, the CGSe films required about 100 �C
higher annealing temperature to achieve a similar level of

S incorporation. This tendency can be justified by slower diffusion
of S in CGSe, as the thermodynamic factors point to the faster
sulfurization of CGSe. However, Cu-rich CGSe films were found
to incorporate large amounts of sulfur at a temperature as low as
330 �C. We explain the facilitated sulfurization of these films by a
two-step transformation of the segregated Cu2� xSe residuals via
Cu2� x(S,Se) into CGS crystals. Another difference is that a fully
covering CIS layer is formed at the CISe surface after sulfurization
at 530 �C. For CGSe, however, there was no evidence of a closed
layer of CGS. Furthermore, CGS seemingly allows for a larger off-
stoichiometry than CIS, which can only form at [Cu]/[III]� 1 and
imposes similar constraints on the formation of CuIn(S,Se)2.
Thus, no long-range redistribution of Cu is necessary to form
the CuGa(S,Se)2 layer at the CGSe surface, suggesting that Cu dif-
fusion is not the governing factor in sulfurization of chalcopyrites.
On the device level, sulfurization of CGSe was found to have a
strong adverse effect on all cell parameters, even when no signifi-
cant S incorporation was taking place. This result is also in con-
trast with CISe cells, which showed a small improvement in Voc

and FF for the absorber sulfurized at 430 �C, resulting in the over-
all 1.5% efficiency improvement for the best cell. However, for the
CISe absorber sulfurized at 530 �C, lower diffusion length accom-
panied by possible formation of an electron transport barrier can
explain a decreasing FF and short-circuit current density (Jsc).

Figure 12. The corresponding a,c) EQE and b,d) J–V graphs of the CGSe sample with [Cu]/[III]¼ 0.86 and 1.14, before and after sulfurization. The EQE of
CGSe-Ref is not included in c), because it is zero for all wavelengths.
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