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Homogeneous and Graded Ag Alloying in
(Cu1-xAgx)2ZnSnSe4 Solar Cells

Louis Grenet,* Fabrice Emieux, and Frédéric Roux

1. Introduction

Cu2ZnSn(S,Se)4 (CZTSSe) absorbers have attracted considerable
attention in the past few years due to their favorable optoelectronic
properties for thin film photovoltaic (PV) applications without
using critical raw materials. However, the maximum power con-
version efficiencies (PCEs) of kesterite-based solar cells are limited
to 12.6%, which is far from the 23.4% achieved by the chalcopyrite-
based ones.[1] The main difference between this cousin technology
lies in a much smaller open-circuit voltage (VOC) for the CZTSSe-
based solar cells. This VOC deficit can be partially attributed to
band tails in the kesterite absorber, which arises from a large
amount of CuZn antisites in the lattice.[2] Replacing part of the
Cu atoms by Ag has been proposed as a solution to significantly
reduce band tails in the absorber and thus the VOC deficit.[3,4]

The fabrication of graded (Cu1-xAgx)2ZnSn(S,Se)4 (CAZTSSe)

absorbers with increasing [Ag]/([Cu]þ[Ag])
(ACA) ratio toward the front surface is
claimed to be particularly beneficial for
the PV properties.[4]

Some recent studies have shown an
improvement of the kesterite-based solar
cell PV properties with the introduction
of Ag in the lattice.[5–13] In almost all cases,
the CAZTSSe absorbers (containing both
S and Se) have been fabricated with
solution-based processes and show an opti-
mum ACA ratio between 3% and 20%. In
the studies by Yan et al. and Yang et al.,[8,12]

physical vapor deposition (PVD) methods
have been used to fabricate pure sulfide
CAZTS absorbers, whereas in the study by
Gershon et al.,[9] a pure selenide CAZTSe
absorber synthesized by a chemical method
exhibits a small PCE improvement for a
10% ACA ratio. Interestingly, ACA-graded
CAZTSSe absorbers have been fabricated
in the study by Qi et al.[6] with significant

PCE improvement. This grading is made possible by the solution
process used, which consists of spin-coating multilayered
CAZTS precursors with different ACA ratios.

In this study, we aim at demonstrating the fabrication of
CAZTSe (pure selenide) materials with homogeneous and graded
ACA ratio in the depth of the absorber by PVD synthesis pro-
cesses. It is first shown that PVD processes are able to produce
high-quality homogeneous CAZTSe solid solution with ACA ratio
varying from 5% to 50%. A novel method is presented as well to
produce graded CAZTSe absorbers with ACA ratio increasing
toward front and back interfaces. Both homogeneous and graded
alloys are then used in solar cells. A very large scan of the synthe-
sis conditions for CAZTSe absorbers does not show any perfor-
mance improvement compared with efficient pure CZTSe-based
solar cells and opens the debate on whether the beneficial effect
of Ag is universal or linked to specific device optimization in
previous studies. On the contrary, increasing Ag content at the
back contact helps to collect the carrier generated deep in the
absorber and tackle the back contact issue[14] in kesterite devices.

2. Results and Discussion

2.1. Material Characterization

2.1.1. Homogeneous Ag Alloying

In this study, two strategies have been followed to improve
kesterite device performances with Ag alloying. In this first part,
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Cu2ZnSn(S,Se)4 (CZTSSE)-based solar cell performances are limited by band
tailing due to a large amount of CuZn antisite defects. Partially replacing the Cu
atoms by larger Ag ones can significantly reduce the prevalence of these defects,
which are particularly detrimental close to the front interface. Herein, the pos-
sibility of synthesizing (Cu1-xAgx)2ZnSnSe4 absorbers with various Ag contents by
vacuum-based processes is demonstrated. Although the synthesis of high-quality
materials is demonstrated, their use in thin film photovoltaic devices does not
exhibit performance improvement compared with efficient pure CZTSSE-based
solar cells. Moreover, the comparison with literature data reopens the debate of
the beneficial effect of homogeneous Ag alloying in kesterite. On the contrary, a
new method is proposed to fabricate graded (Cu1-xAgx)2ZnSnSe4 absorbers with
increased Ag content at the interfaces. The solar cells with graded absorbers
exhibit better performances than the reference Ag-free ones. Particularly, improved
current collection at the back contact and slight reduction of the front interface
recombination are demonstrated.
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CAZTSe absorbers with various but constant ACA ratios
throughout the depth of the layer have been synthesized.

To achieve this goal, a Ag layer has been added to the Cu/Sn/
Cu/Zn/Se stack of precursors. Different ACA ratios have been
targeted (0%, 5%, 10%, 20%, and 50%) by adjusting the thick-
nesses of the Ag and the intermediate Cu layers. For the sake
of simplicity, the Ag layer can be deposited either below or above
the Cu/Sn/Cu/Zn stack. Both configurations have been tested
but has neither performed significantly better when used in a
solar cell, nor revealed a much better morphology by scanning
electron microscopy (SEM). The Cu/Sn/Cu/Zn/Ag stack has
been chosen in the whole study. It is claimed in different stud-
ies,[7,15] that the process temperature has to be decreased with Ag
content for the CAZTSe absorber synthesis, particularly because
of morphology degradation at high temperatures and a high
Ag content. However, in our case, the temperature optimization
(in the 400–500 �C range) has only been made by comparing the
PCEs of the Mo/CAZTSe/CdS/i-ZnO/ZnO:Al devices.
Systematically, the highest temperature gives the best or similar
performance for all ACA ratios in the absorber. All samples
shown thereafter have thus been synthesized at 500 �C for 5min.

Due to the limited energetic resolution of the X-ray fluores-
cence (XRF) set up (overlapping between the Sn L and Ag L tran-
sition peaks), energy dispersive X-ray spectrometry (EDX) has
been used to measure the CAZTS absorbers composition
(Table 1). A comparison between values measured by EDX and
XRF is given as well for the pure Ag 0%. EDX measurement
uncertainty is much larger than the XRF one and muchmore sen-
sitive to sample inhomogeneity (lateral and in depth) because of a

shorter integration time and a limited number of measurement
points (two per sample). By comparison, 36 points mapping is sys-
tematically made by XRF on the CZTSe samples. ACA ratios mea-
sured in the layers slightly differ from the targeted values, but the
denomination ACA 0%, ACA 5%, ACA 10%, ACA 20%, and ACA
50% is maintained in the following.

X-ray diffraction (XRD) diffractograms of the CAZTSe
samples for different ACA ratios are shown in Figure 1a. All
peaks related to the kesterite structure (PDF 04-010-6295) are
visible for all CAZTSe absorbers along with the Mo (110) peak
and a broad MoSe2 contribution around 32�. It is noticeable that
the kesterite peaks are shifted to lower angles with increasing
Ag content (a larger lattice constant) due to the substitution of the
Cu element by the larger Ag atoms. A zoom on the (112) peak
(Figure 1b) reveals that the shape of the shifted peak is not modi-
fied by Ag incorporation, indicating a homogeneous solid solution
in the layer. It is visible as well that the separation of the (204/220)
and (312/116) peak increases with Ag content (Figure 1a). It is
attributed to a decrease in the c/a ratio in the lattice when Ag
replaces Cu.[7] Finally, for the ACA 50% sample, the signature
of a surface SnSe2 secondary phase is visible at 14.4� (only the
low-angle peak is clearly visible[16]) and is systematically present
even when lowering the Sn content in the absorber. Thus, the
synthesis of a CAZTSe pure phase with ACA �50% is not
successfully achieved (at lower Ag content, no evidence of
secondary phases has been obtained but the presence of a unique
CZTSe phase cannot be claimed only based on XRD analysis).

To confirm the homogeneous solid solution throughout the
depth of the layer, elemental profiles have been measured with
glow discharge optical emission spectroscopy (GDOES)
(Figure 2). ACA ratios are depicted for all samples as a function
of the sputtering time, which is translated into depth in the
absorber. Cu, Se, and Mo profiles (of the ACA 10% sample)
are shown as well for clarity. These profiles confirm that a
perfectly homogenous (Cu and Ag) alloying occurs throughout
the layer. The small ACA increase at the surface is probably
an artifact effect due to the Cu signal drop. Indeed, the hatched
area is not reliable as the modulus and phase of the plasma
impedance matching are fast varying.

Figure 3 shows the SEM top views of the CAZTSe absorbers
with different ACA ratios. All these absorbers have been

Table 1. Composition of the CAZTSe absorbers measured by EDX. The
values in brackets for Ag 0% are the XRF measurements made on the
same sample.

Sample Cuþ Ag [at%] ACA [%] Zn [at%] Sn [at%]

ACA 0% 44.3� 1.2 (42.6) 0.0 29.8� 1.3 (29.6) 25.9� 1.3 (28.0)

ACA 5% 45.7� 1.1 5.9� 2.9 27.8� 1.3 26.5� 1.3

ACA 10% 46.0� 1.1 10.5� 2.4 29.9� 1.3 24.1� 1.4

ACA 20% 46.1� 1.1 20.4� 1.9 27.8� 1.3 26.0� 1.3

ACA 50% 44.6� 1.1 48.1� 1.5 28.9� 1.3 26.5� 1.3

Figure 1. a) XRD patterns for the CAZTSe absorbers with different ACA ratios and b) zoom of the XRD patterns on the (112) diffraction peaks. Same color
code for both graphs.
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synthesized at 500 �C and are very similar. Large (>1 μm) and
slightly rounded grains are obtained regardless of the Ag content.
Particularly, no material decomposition such as that mentioned
in the study by Huang et al.[7] is observed, even for the ACA 20%
and ACA 50%. In the latter case, the presence of small dots on
the surface is attributed to the unavoidable presence of SnSe2.

The use of these homogeneous CAZTSe absorbers in
Mo/CATZSe/CdS/i-ZnO/ZnO:Al solar cells is described in
Section 2.2.1.

2.1.2. Graded Ag Alloying

A second approach developed in this study consists of producing
absorbers with graded (Cu and Ag) alloying, with Ag content

increasing at the interfaces. To clearly discriminate the two
approaches, absorbers with graded (Cu and Ag) alloying are
named CZTSe:Ag in the following sections.

These absorbers are fabricated by Ag incorporation in
standard CZTSe absorbers. In a first step, Cu/Sn/Cu/Zn/Se pre-
cursor stacks are annealed at 520 �C in additional Se atmosphere
to produce the desired material. The process is exhaustively
described in the study by Grenet et al.[16] No modification of
the standard process is brought in this approach, particularly
concerning the cationic composition: the thicknesses of the
precursor stacks are not modified and are similar to those used
in the highly efficient CZTSe technology.[16] The composition of
the CZTSe absorbers is shown in Table 2. After CZTSe synthesis,
a Ag thin layer (from 5 to 15 nm) is sputtered on top of the
absorber without intentional heating. To force Ag diffusion in
the CZTSe layer, a hot plate annealing stage in air is then
performed. Temperatures of 200, 300, and 400 �C for 10min
have been tested.

Elemental profiles in the CZTSe:Ag layers have been deter-
mined by GDOES. ACA ratios for the Ag 10 nm sample with
different hot plate annealing temperatures are shown in Figure 4
along with the ACA ratio for the homogeneous Ag 10% sample.
Se and Mo profiles are shown for clarity. This graph shows clearly
the interest of this approach: contrary to the CAZTSe absorbers,
the CZTSe:Ag materials have an almost null ACA ratio in the
bulk but with significant signal increase at both interfaces. The
presence of Ag at the front interface can be debated because of
the plasma stabilization artifact but is further confirmed by
X-ray photoelectron spectrometer (XPS) measurements (Table 3).
Surprisingly, the ACA ratios are absolutely not modified by the hot
plate annealing stage: indeed, the as-deposited (as dep.) sample
(without hot plate annealing) already shows a large ACA ratio
at the back interface, meaning that diffusion occurs at room tem-
perature during the Ag sputtering process.

Table 3 shows the ACA ratio measured in the Ag 10 nm
sample (same as in Figure 4) with EDX and XPS. EDX measure-
ments have been carried out at 20 keV, for which the integration

Figure 2. GDOES profiles of the CAZTSe absorbers for different ACA
ratios. Cu, Se, and Mo profiles of the Ag 10% sample are shown as well.
The MoSe2/Mo back contact has been arbitrarily placed at the Cu and Mo
signal intersection. The hatched area at the surface shows the unreliable
zone of plasma stabilization (large variation of the plasma module and
phase impedance matching).

Figure 3. SEM top views of the CAZTSe absorbers for different ACA ratios.
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sphere is similar to the layer thickness (the contribution of the
Mo back contact is negligible). These values are not significant
and cannot be compared with Table 1 as the distribution of Ag is
totally not homogeneous in the sample. However, they show that
the amount of Ag in the CZTSe:Ag layers is not negligible before
and after the hot plate annealing stage. XPS measurements
(Figure S1, Supporting Information) have been carried out to
confirm the presence of Ag at the very surface of the absorber.
First, ACA ratio for the as-deposited sample reveals that the
surface does not only consist of a thin Ag layer but is already
made of CAZTSe. Only a slight decrease in the ACA ratio is
observed with the hot plate annealing stage (Table 3). In addition,
XPS spectra focused on Ag 3d peaks (Figure S1, Supporting

Information) do not show any shift in the peak position, confirm-
ing that most of the Ag present at the surface is in the form of
CAZTSe alloy even before annealing.

Further insight into the CZTSe:Ag layers is given with the
EDX cross section shown in Figure 5 for the Ag 10 nm sample.
The first, second, and third columns show the Ag, Cu, and Mo
signals, respectively. On the second line the Ag 10 nm sample is
shown without hot plate annealing, whereas the third, fourth,
and fifth lines, respectively, exhibit the sample with 200, 300,
and 400 �C hot plate annealing stages. The first line shows
the homogeneous ACA 10% sample for comparison. In this case,
the Ag signal is relatively well overlapped to the Cu signal and
above the Mo one. On the contrary, for the CZTSe:Ag sample
depicted in all other lines, the Ag signal is mainly visible at
the absorber interfaces. A weak (sometimes hardly discernible)
but continuous Ag signal is always visible close to the back inter-
face, whereas additional bright Ag spots (Ag particles) are equally
visible at both interfaces (front surface and absorber/back contact
interface). In the Ag 10 nm sample post-annealed at 300 �C, an
Ag spot is even visible within the absorber.

The integration of the CZTSe:Ag absorbers in Mo/CZTSe:Ag/
CdS/i-ZnO/ZnO:Al solar cells is described in Section 2.2.2.

2.2. Integration in Devices

2.2.1. Homogeneous Alloying

CAZTSe absorbers have been used in Mo/CAZTSe/CdS/i-ZnO/
ZnO:Al solar cells. A vast amount of process parameters have
been tested to synthesize the CAZTSe absorbers (Ag below or
above the Cu/Sn/Cu/Zn stack, synthesis temperature varying
from 400 to 500 �C, variation in the cationic Cuþ Ag, Zn,
and Sn composition). PCEs of all these devices are shown as
a function of their ACA ratio in Figure 6a, regardless of the syn-
thesis process. This representation has been chosen to evidence
that the incorporation of Ag is not beneficial for kesterite devices
despite numerous attempts to optimize the performances of
CAZTSe-based solar cells. At first sight, this result is in contra-
diction with numerous previous studies[6–13] in which an opti-
mum is found at low (but not null) ACA ratios. All the literature
data concerning Ag alloying for kesterite solar cells have been
shown in Figure 6b along with the state-of-the-art PCE for
sulfur, selenium, and sulfoselenium Ag-free absorbers. With
this representation, the beneficial effect of Ag alloying is more
subject to discussion, whether it is a fundamental effect or the
result (in each publication) of a specific process optimization
centered at low Ag content: indeed, it can be noticed that in
each study, limited efficiencies are obtained for the reference
Ag-free device (between 3% and 9%). In addition, numerous
studies have been published for CAZTSSe devices and no
particular ACA ratio optimum can be evidenced (variation from
3% to 20%).

J–V curves of CAZTSe-based solar cells with increasing ACA
ratios (from 0% to �50%) are shown in Figure 7a. All PV prop-
erties (fill factor [FF], open-circuit voltage VOC, and short-circuit
current JSC) decrease with increasing ACA ratio and no VOC gain
is observed though smaller band tails are expected. External
quantum efficiency (EQE) spectra of the same solar cells are
shown in Figure 7b. The shapes of the spectra are not affected

Figure 4. GDOES elemental profiles in the Ag 10 nm sample for different
post-annealing temperatures: all curves almost overlap. The ACA 10%
profile is added for comparison purpose. The MoSe2/Mo back contact has
been arbitrarily placed at the Cu and Mo signal intersection. The dashed
area at the surface shows the unreliable zone of plasma stabilization.

Table 2. Composition of the CZTSe samples used for Ag-graded alloying
before Ag diffusion measured by XRF.

Sample Cu [at%] Zn [at%] Sn [at%]

Ag 0 nm 42.8� 0.3 29.5� 0.3 27.7� 0.4

Ag 5 nm 42.9� 0.3 29.8� 0.3 27.3� 0.4

Ag 10 nm 42.9� 0.3 29.9� 0.3 27.1� 0.4

Ag 15 nm 42.9� 0.3 29.7� 0.3 27.4� 0.4

Table 3. ACA ratio for the Ag 10 nm sample after hot plate annealing at
various temperatures and measured by EDX at 20 keV and XPS.

T [�C] ACA [%] – EDX ACA [%] – XPS

As dep. 3.9 45

200 �C 2.6 –

300 �C 3.3 37

400 �C 0.9 –
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by Ag incorporation but the maximum value is strongly reduced
(Table S1, Supporting Information), and the bandgap is shifted
to higher energies. The low EQE at all wavelengths can originate
from high series resistance, low doping (along with a limited life-
time), or a potential barrier at the absorber/buffer interface.[20]

The bandgap extracted from the maximum of the EQE first
derivative is shown in Figure 7c. It increases linearly with the
Ag content; the absence of bowing confirms the well-defined
(Cu1-xAgx)2ZnSnSe4 alloy solid solution. A decrease in p-type
conductivity (and shift to n-type conductivity for ACA> 50%)[9]

can be claimed to be responsible for the efficiency drop in
CAZTSe/CdS/ZnO:Al solar cells at a high ACA ratio. C–Vmeas-
urements carried out at room temperature reveal a one order of
magnitude decrease in the apparent free carrier concentration for
ACA varying from 0% to 50%. This reduction cannot explain the

poor performances at high Ag content. According to the set of
characterizations shown in Figure 7, a detrimental interface or
band alignment is more likely to explain the low CAZTSe-based
solar cells performances.

2.2.2. Graded Alloying

In a second part, CZTSe:Ag absorbers have been used in
the same solar cell structures. The PCEs of Ag 5 nm, Ag
10 nm, and Ag 15 nm are shown in Figure 8a as a function
of the hot plate annealing temperature. For clarity, only the best
cell PCE is shown in Figure 8 but the results from all cells are
depicted in terms of box plots in Figure S2, Supporting
Information.

Figure 5. EDX mappings (Ag in violet, Cu in green, and Mo in yellow) for the ACA 10% sample (first line) and the Ag 10 nm sample with different post-
annealing temperatures.
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As it is well-known that CZTSe absorbers are improved by
air annealing prior to CdS deposition,[21,22] the PCE of the pure
CZTSe solar cell (Ag 0 nm) is depicted as well. The PCE of
CZTSe:Ag-based solar cells shows a very narrow air-annealing
temperature optimum compared with the Ag-free device. In the

CZTSe case, reasonable efficiencies are obtained in a 200–300 �C
range of temperature, whereas for CZTSe:Ag samples, good
performances are only achieved at 300 �C. At this temperature,
Ag 5 nm and Ag 10 nm exhibit PCEs comparable and even better
in the latter case than the reference Ag 0 nm sample. The lower

Figure 7. a) J–V curves of selected solar cells with various ACA ratios. b) EQE spectra of the same CAZTSe-based solar. c) Apparent free carrier
concentration (NCV) (left scale in orange) and bandgap (right scale in blue) of the CAZTSe absorbers as a function of the ACA ratio.

Figure 6. a) PCE of the CAZTSe-based solar cells as a function of the ACA ratio. Each point represents the median PCE over at least nine cells for each
sample. A mean 2.5% x-error bar (from EDX uncertainty) has been applied to all samples; the y-error bar is the difference between the maximum and
median values for each sample. The dashed line is a guide for the eye. b) Literature review of the maximum PCE for CAZTS(S)(e) as a function of the ACA
ratio.[6–13] Stars represent the state-of-the-art efficiency for CZTS, CZTSSe, and CZTSe solar cells respectively.[17–19] The dashed line is a guide for the eye.
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PCE in the case of Ag 15 nm is attributed to a too important Ag
incorporation in the sample (the (Cuþ Ag)/(Znþ Sn) ratio
becomes too large). Improvement in the PCE for the CZTSe:
Ag-based solar cell is mainly attributed to a larger JSC, as clearly
visible in the J–V curve shown in Figure 8b. EQE spectra
(Figure 8c) confirm the larger JSC for CZTSe:Ag-based devices
and explicit the long wavelength improvement of the EQE, which
is attributed to a better carrier collection at the back of the
absorber. Values of the integrated photon current density are
shown in Table S2, Supporting Information. The improved car-
rier collection at the Mo/absorber interface in case of the graded
ACA ratio toward the back interface has already been observed.[6]

A small EQE improvement at short wavelengths can also be
noticed. As similar CdS thicknesses are used for all samples,
the higher EQE can be attributed to reduced interface recombina-
tion, as shown in the study by Suzon et al.[23] The small amount of
Ag at the surface improves as well the CZTS:Ag/CdS interface.

3. Conclusions

This study demonstrates the possibility of synthesizing
(Cu1-xAgx)2ZnSnSe4 absorbers with homogeneous and graded
alloying profiles by vacuum processes. In the first case, perfect
solid solutions are obtained in the depth of the absorber for

Ag content up to 50%. These CAZTSe absorbers reveal good
morphologies with large grains and without evidence of second-
ary phases except for the highest Ag content. However, and
contrary to most of the published literatures, homogeneous
incorporation of Ag in kesterite absorbers does not lead to better
performances of the PV devices. A careful literature review shows
that the performances of the best Ag-substituted CAZTS(e)
devices are still lower than the state-of-the-art Ag-free CZTS(e)
ones. Thus, the PCE value of the reference solar cell is a critical
parameter to claim for a beneficial effect of cationic substitution
(with Ag, Cd, Mg, Ge, and so on) in the kesterite matrix.

On the other hand, a very innovative method has been devel-
oped to fabricate CAZTSe absorbers with graded Ag content.
A significant ACA ratio increase close to the back and front inter-
faces has been demonstrated by different methods. Particularly,
the presence of a Ag-rich (Cu1-xAgx)2ZnSnSe4 layer close to the
Mo back contact helps to collect the carrier at this interface
and improve current in the devices. A slight reduction of the
absorber/buffer recombination is shown as well.

The post-treatment method used to fabricate Ag-graded
absorbers is easily implementable in a process line and can be
tested by others groups without modifying the baseline process.
It allows to optimize the solar cell performances with very limited
amounts of Ag by limiting the losses at the interfaces.

Figure 8. a) PCE of the solar cells with Ag post-diffusion for different Ag thicknesses and as a function of the post-annealing temperature. b) J–V curves of
the best CZTSe and CZTSe:Ag after hot plate annealing at 300 �C for 10min. c) EQE spectra of the CZTSe and CZTSe:Ag solar cells after 10min—300 �C
post-annealing.
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4. Experimental Section

Samples Preparation: CZTSe absorbers were synthesized in a two-step
selenization process. Cu/Sn/Cu/Zn precursors were sputtered in an
Alliance Concept equipment onto a Mo-coated soda-lime glass substrate.
The samples were positioned in a graphite susceptor with Se pellets and
annealed at 520 �C for 5min at 8.5� 104 Pa Ar pressure in a lamp furnace.
Additional details of the CZTSe absorber fabrication were shown in the
study by Grenet et al.[16]. Ag was deposited in an Alliance Concept
DP1100 equipment with high-power impulse magnetron sputtering.

The solar cells were completed with a 70 nmCdS buffer layer deposited by
a chemical bath. Cadmium acetate (1� 10�3

M), thiourea (5.1� 10�3
M),

ammonium acetate (20� 10�3 M), and ammonia (0.3� 10�3 M) were
stirred at 600 rpm, and the samples were immersed in the solution at
80 �C for 15min. A 50 nm/250 nm i-ZnO/ZnO:Al (Al2O3 2 at%) window
layer was radio frequency (RF) sputtered in an MRC2 chamber without
intentional sample heating. Ni (50 nm)/Al (500 nm) grids were thermally
evaporated on top of the solar cell. At least ten 0.5� 0.5 cm2 solar cells
were manually scribed on each sample. No antireflecting coating was used
in this study.

Characterization: XRD diffractograms were acquired in a D8 Advance
Bruker AXS with a copper counter electrode X-ray tube. SEM images
and energy-dispersive spectroscopy (EDS) measurements were carried
out in a Zeiss LEO 1530 equipment. The compositions of the CZTSe layers
were determined by XRF in a FISCHERSCOPE X-RAY XDV-SDD equipment
working at 50 kV. Elemental profiles in the absorber were measured by
GDOES in a Horiba Profiler II equipment.

A Spectra-Nova’s CT Series Solar Cell Tester was used to carry out
current–voltage ( J–V ) measurements under simulated AM1.5G spectrum
(100mW cm�2). Solar spectrum of the simulator was calibrated prior all
measurements with a calibrated crystalline Si device. All J–V measure-
ments (light and dark) were carried out at 25 �C in a four-point probe
configuration. EQE measurements were carried out in a ReRa Spequest
spectrometer. Capacitance–voltage (C–V ) measurements were carried
out at 110 kHz and at room temperature with a 50mV oscillating voltage
in an Agilent HP E4980A Precision LCR meter. XPS analyses were
conducted on a PHI Versaprobe II spectrometer using a monochromated
Al Kα (1486.7 eV) X-ray beam.
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