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Wide band-gap kesterite-based solar cells are very attractive to be used for tandem devices as well as for
semi-transparent photovoltaic cells. Here, Cu,ZnGe(S,Se)4 (CZGSSe) thin films have been grown by sulfur-
ization of co-evaporated Cu,ZnGeSe,. The influence of a NaF precursor layer and of a Se capping film on
CZGSSe absorbers and solar cells has been investigated. It has been found that the distribution of [S]/([S]
+[Se]) through the CZGSSe absorber layer is strongly dependent on the Na content. Na promotes the dif-
fusion of S towards the bulk of the absorber layer. Thicker NaF layers >6 nm lead to a higher S content in the

Ke ds:

l(?slrgirtes bulk of the absorber layer, but to a decreased accumulation of sulphur at the surface, as detected by GIXRD,
Solar cells GD-OES, and Raman spectroscopy measurements. A relationship between J,., FF and Na-content supplied
Sodium was found; higher Na content resulted in improved solar cell efficiencies. It has also been possible to modify

the [S]/([S]+[Se])-gradient throughout the CZGSSe film by the absence of the Se capping layer, achieving
devices with 2.7% performance and Eg = 2.0 eV. This work reveals two ways to control the [S]/([S]+[Se])

Selenium capping layer
Sulphur-gradient

Wide band gap energy

depth-profile to produce wide band gap CZGSSe absorber layers for efficient solar cells.

© 2021 The Author(s). Published by Elsevier B.V.
CC_BY_NC_ND_4.0

1. Introduction

In the last years, kesterite-type Cu,ZnSn(S,Se)4 (CZTSSe) has been
shown as a promising material to be used as absorber for thin-film
solar cells. This material presents a high optical absorption coeffi-
cient, a tuneable band gap energy from 1.0 eV (Cu,ZnSnSe,) to 1.6 eV
(CuyZnSnS,), and a p-type conductivity. Furthermore, CZTSSe is
composed of earth-abundant elements of low toxicity, making this
material more attractive. However, the record efficiency of CZTSSe-
based solar cells is still of 5 = 12.6% [1,2], very far from that obtained
by Cu(In,Ga)Se,-based photovoltaic devices [3]. Many works have
reported that the large Voc-deficit, which can be defined as Eg/q -Voc,
is the main limitation of this technology [2,4,5]. Different attempts
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have been carried out to find a way for the reduction of the re-
combinational losses that are identified as the main source of the
Voc-deficit. The partial substitution of Sn with Ge has led to a re-
duced Vpc-deficit, which was suggested to be due to the suppression
of Sn-related defects [4]. An efficiency of 12.3% was achieved for
CupZn(Sn,Ge)Se4 (CZTGSe)-based solar cells with [Ge]/([Sn]+[Ge])
atomic ratio of 0.22 and E; = 1.1 eV [5]. The increase of the Ge
concentration in the kesterite structure resulted in a higher band gap
energy, around 1.4 eV for Cu,ZnGeSe, (CZGSe) [6] and 2.25 eV for
CupZnGeS, (CZGS) [7], but also in a lower device performance [8,9].
This decreased solar cell efficiency has been related to the formation
of a deep donor defect [8,9]. Very recently, the emerging trend of Ge
for Sn substitution has been shown as a successful strategy to im-
prove the open circuit voltage, achieving 8.5% efficiency for CZGSe-
based solar cells [10].

On the other hand, the observed positive effect of some alkaline
elements on kesterite-type thin films has been the goal of some
laboratories to enhance the efficiency of kesterite solar cells [11]. Up
to now, Na and Li are the most promising alkalis for that [12]. A
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12.2% efficiency (active area) was achieved by introducing Li in the
kesterite material, as reported by Cabas-Vidani et al. [13]. Na is the
most investigated alkaline element, enabling larger kesterite grain
sizes and increasing the carrier concentration [11]. In addition, an
influence of Na on the in-depth distribution of elements through the
absorber layer [14], as well as on the incorporation of S into CZTSe
lattice has been detected [15]. Recently, the promotion of Ge in
CZTSe via Na addition has been shown, demonstrating the role of Na
also in indirectly tuning the band gap energy of kesterite semi-
conductors [16].

Wide band gap kesterite-type material can open new market
opportunities and increase the range of applications. This will tackle
two technological applications. First, it can be used for the top cell of
cost-efficient tandem photovoltaic devices, and, secondly, for semi-
transparent solar cells for advanced concepts of efficient and stable
Building Integrated Photovoltaics (BIPV). In the last years, first semi-
transparent kesterite-based devices have been successfully pro-
duced, achieving efficiencies of 7.9% (CZTSSe with E, = 1.47 eV) [17]
and 5.6% (CZTGSe with E; = 1.28 eV) [16].

CZGSSe has been shown as a promising candidate to be used for the
applications mentioned above, because of its higher band gap energy.
In [18], CZGSSe thin films with E; ranging from 1.5 to 1.7 eV were
obtained by controlling the amount of GeS added during the seleni-
zation treatment of solution-processed CZGS layers. The increase of the
[S]/([S]*+[Se]) atomic ratio is responsible for an increased Eg but
the optimization of its distribution through the absorber layer is one of
the key challenges for enhancing the device performance. Hironiwa
et al. [19] simulated the optimum band gap grading profile of CZTSSe,
considering flat, single and double [S]/([S]+[Se]) gradients through the
kesterite-type thin film. They concluded that a graded band gap leads
to higher efficiencies than a flat distribution of S because of an im-
proved carrier collection. Yang et al. [20] reported a 12.3% CZTSSe-
based device achieved by an in-depth S distribution, which consisted of
a higher S-content near the surface and a minimum S-content inside
the space charge region, resulting in a higher Voc and #. More recently,
Lee et al. [21] have also observed that a S-enriched surface makes
CZTSSe surface band gap widened and increases Voc.

In this work, the effect of Na on CZGSSe thin films fabricated by
sulfurization of co-evaporated CZGSe layers is investigated. The Na
content is varied via different thicknesses of a NaF precursor layer
deposited before CZGSe co-evaporation. The Na content does not
only affect the distribution of S through the absorber layer, but also
the band gap energy of the kesterite and the short-circuit current of
the final photovoltaic devices. The influence of using a Se capping
layer before the sulfurization is also studied.

2. Experimental section
2.1. Deposition of Cu,ZnGe(S,Se), thin films

Cu,ZnGe(S,Se), thin films were fabricated by sulfurization of co-
evaporated Cu,ZnGeSe, onto Mo/SLG substrates. The co-evaporation
of Cu, ZnSe, Ge and Se was performed at a nominal substrate tem-
perature of 150 °C. A first stage consisted of the co-evaporation of all
elements together, followed by the co-evaporation of ZnSe, Ge and
Se and finishing with a short co-evaporation of Ge and Se [16,22].
Due to the low substrate temperature used and the known beneficial
effect of Na on kesterite solar cells [11], a NaF precursor layer was
added before the co-evaporation process, varying its thickness from
0 to 15 nm. Before the sulfurization of CZGSe thin films, 500 nm of a
Se capping layer was evaporated at room temperature in the same
vacuum chamber to protect the samples against possible oxidation
and enhance the homogenization during the annealing, as per-
formed in [16,22]. The sulfurization process was carried out at 480 °C
for 1 h in Ar atmosphere. The samples, together with elemental S
(22 mg) and GeS (5 mg), were placed in a partially closed graphite
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box and inserted into a tubular furnace. GeS was added to minimize
the losses of Ge. The heating rate was set to 20 °C/min and the
cooling rate to 10 °C/min [16,21]. In order to investigate the effect of
the Se capping layer on the CZGSSe thin films and the resulting solar
cells, a deposition process was carried out by using the same growth
conditions described above, 15 nm NaF precursor layer and without
any Se capping layer.

2.2. Device fabrication

CZGSSe thin films were etched with KCN to clean and remove
oxide phases from the absorber surface. After that, a CdS buffer layer
of around 50 nm of thickness was grown by chemical bath. A
window layer composed of i-ZnO (50 nm) and In,03:Sn0, (ITO)
(350 nm) layers was deposited by DC-pulsed sputtering deposition.
Neither grids nor an anti-reflection coating were deposited onto the
final photovoltaic devices. In addition to that, no thermal treatment
was performed to the solar cells.

2.3. Characterization techniques

Energy dispersive X-ray spectroscopy (EDX) (Oxford instruments,
model INCAx-sight) using a Hitachi S-3000N scanning electron mi-
croscope (SEM) was used to measure the chemical composition of
the kesterite-type thin films. For that, operating voltages of 10 kV
and 25 kV and the CuK, Zn K, Sn L, Ge K, Se K and S K lines were used
for elemental quantification. The distribution of elements
throughout the thickness of the kesterite absorber layer was mea-
sured via glow discharge optical emission spectrometry (GD-OES)
using a Spectrum GDA 650. Depth profiles are collected using an
Argon plasma in a pulsed RF mode for sputtering and a CCD-array for
the optical detection. Measurements were carried out after opti-
mizing the sputtering parameters according to the procedure de-
scribed in [23]. The measurements were done without calibration
samples, which is the reason of showing the depth profiles as qua-
litative plots. However, these give a reliable representation of the
qualitative distribution of the containing elements in the kesterite
layers, since all measurements were performed under the very same
conditions. The morphology of the CZGSSe/Mo structure was in-
vestigated by SEM, using a Philips XL30S FEG SEM, operating at 5 kV.

The structural properties of the CZGSSe thin films were in-
vestigated by Grazing incidence X-ray diffraction (GIXRD). A
Panalytical X 'Pert Pro MPD diffractometer, using CuK, radiation and a
multilayer mirror to produce a parallel beam, were used to collect the
GIXRD data. Detector scans with four different incident angles of 0.5°,
1°,2° and 5° were performed for all of the thin films, in order to collect
information from different depths of the absorber (subsurface, bulk
and back interface of the absorber). Micro-Raman spectra were re-
corded using a Horiba's LabRam HR800 spectrometer with a 532 nm
laser line to investigate the surface of the CZGSSe absorber layers.

Current-Voltage (I-V) characteristics of the photovoltaic devices
were measured by using a Sun 3000 class solar simulator (Abet
Technologies Inc., Milford, Connecticut, USA) under standard test
conditions (25 °C, AM 1.5, 100 mW/cm?). External quantum effi-
ciency (EQE) of the solar cells was measured using a Bentham
PVE300 system (Bentham Instruments Ltd., Berkshire, UK) calibrated
with a Si and Ge photodiodes.

3. Results and discussion
3.1. Effect of Na content

Table 1 shows the composition of the samples investigated as
measured by EDX at 10 kV and 25 kV. Higher Cu and Zn concentra-

tions were measured closer to the surface for all the absorber layers,
with the exception of the sample without Se capping layer (Sample 5
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Table 1

Thickness and composition of Cu,ZnGe(S,Se), thin films measured by EDX. Sample 5 is the only one without Se capping layer.
kv No. NaF [nm] CZGSSe [pm] [Cu] [%at] [Zn] [%at] [Ge] [%at] [Se] [%at] [S] [%at] [Cu]/ ([Zn]+[Ge]) [Zn]/[Ge] [S]/[v1] [vI]/[M]
25 1 0 1.36 179 133 124 422 18.2 0.69 1.07 0.30 1.38
10 20.0 174 10.9 25.7 26.2 0.71 1.65 0.51 1.07
25 2 6 131 18.6 11.9 13.9 46.2 9.4 0.72 0.85 0.17 1.25
10 234 12.3 12.9 343 171 0.93 0.95 0.33 1.05
25 3 12 133 213 11.5 12.7 27.0 28.0 0.88 0.90 0.51 1.21
10 243 11.9 12.7 24.9 26.3 0.98 0.94 0.52 1.04
25 4 15 1.00 16.1 14.8 119 36.8 20.4 0.61 1.24 0.36 1.34
10 18.0 20.5 9.6 30.2 21.7 0.60 215 0.42 1.08
25 5 15 1.40 17.7 13.4 131 393 16.5 0.67 1.02 0.30 1.30
10 22.6 12.9 12.2 30.9 215 0.90 1.06 0.41 1.10

Note: [VI] = [S] + [Se]; [M] = [Cu] + [Zn] + [Ge]

in Table 1). Also, the sulphur concentration is generally higher closer
to the surface than in the bulk of the samples, indicating a [S]/([S]
+[Se]) gradient through the absorber layer. However, a much more
uniform distribution of [S]/([S]+[Se]) atomic ratio is detected for
Sample 3 with 12 nm NaF, followed by the sample with thicker NaF
layer (Sample 4).

Fig. 1(a)-(d). display the GD-OES depth profiles of the CZGSSe
thin films onto which a NaF precursor layer of different thicknesses
was evaporated and a Se capping layer was added. There are some
common features in most of the samples; namely an accumulation
of Ge, a lower Cu and a higher Se-signal near the Mo back contact
were detected. A higher S content is also measured at the surface of
all the samples. An increased Zn-signal is also observed at the sur-
face of the samples with the exception of the absorber with 12 nm
NaF precursor layer. Na diffuses from the back interface towards the
absorber surface, increasing the Na-signal inside the kesterite-type
film when the thickness of the NaF layer increases. The Na GD-OES
signal of Sample 1 corresponds to the Na diffusion from the SLG
substrate. Once the NaF thickness is increased to 6 nm (see Fig. 1b),
the Na signal is completely altered, and so are the Cu, Ge and Zn

depth profiles. A peculiar Na distribution is measured with a sig-
nificantly increased Na GD-OES signal at around 450 nm from the
surface, coinciding with higher Ge and Se contents and lower Cu and
Zn concentrations. This behavior demonstrates the known affinity of
Na for the Cu vacancies [24]. An increased Ge GD-OES signal is ob-
served near the Mo layer in Sample 2, but much more reduced than
that observed for the kesterite absorber without the NaF layer. A
single S gradient through the absorber layer is developed, increasing
the S content at the same position at which the Na-signal starts to
increase (around 450 nm from the surface). When a 12 nm thick NaF
precursor layer is evaporated, a rather uniform distribution of S, Se,
Ge, and Zn is measured throughout the kesterite film, very different
from the rest of the absorber layers, as shown in Fig. 1(c). However,
surprisingly, the evaporation of 15 nm NaF precursor layer leads to
an accumulation of Ge and Se contents near the Mo back contact as
well as to higher Zn and S-GD-OES signals near the surface, similar
to the observation made for samples with lower Na concentrations.
The CZGSSe absorber layers with 12 and 15 nm NaF precursor layers
are characterized by a slight increase of the S signal near the back
contact.
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Fig. 1. GD-OES depth profiles of CZGSSe/Mo structure with a Se capping layer before the sulfurization of CZGSe and a NaF precursor layer of (a) 0 nm, (b) 6 nm, (c) 12 nm, (d)
15 nm of thickness. (e) GD-OES depth profiles of CZGSSe/Mo structure with 15 nm NaF and without Se capping layer. (f) Distribution of the normalized [S]/([S]+[Se]) atomic ratio
through the absorber layer for all the samples investigated. Dashed and dotted lines are plotted to orientate about the presence of the Mo layer for samples with and without Se

capping layer.
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As mentioned before, the S and Se-depth profiles, and in con-
sequence, the [S]/([S]+[Se]) gradient through the absorber layer
plays an important role to maximize the efficiency of corresponding
solar cells [19]. Fig. 1(f) shows the variation of the normalized [S]/([S]
+[Se]) atomic ratio through the absorber thickness for all the sam-
ples. A similar [S]/([S]+[Se]) depth profile is detected for the samples
with 0 and 6 nm NaF, decreasing from the absorber surface towards
the back interface, presenting an exponential decay behavior.
However, the kesterite thin film with 12 nm NaF precursor layer
presents a slighter and continuous increase of the [S]/([S]+[Se])
atomic ratio from the back to the surface of the absorber layer. The
CZGSSe layer with the thickest layer of NaF, 15 nm, also presents a
continuous increase of the [S]/([S]+[Se]) as in Sample 3, but with a
more pronounced slope. All the samples are characterized by a single
[S1/([S]*+[Se]) gradient through the absorber layer, but with a dif-
ferent evolution depending on the amount of Na, from exponential,
up to 6 nm NaF layer, to a polynomial behavior, for thicker NaF layer.

Fig. 2(a)-(d) shows the GIXRD diffraction patterns of the CZGSSe
thin films measured with four incidence angles (0.5° 1°, 2°, and 5°).
A sample depth of around 240, 480, 950 and 2500 nm is estimated
by using grazing incidence angle of 0.5°,1°, 2° and 5° respectively. A
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comparative study like this allows us to get the “depth profile” of the
samples. All of the diffraction patterns show Bragg peaks which can
be attributed to the kesterite-type structure of CZGSSe, with dif-
ferent [S]/(|S]+[Se]) atomic ratios resulting in different lattice con-
stants. The diffraction patterns of the samples with 0 and 6 nm NaF
layers, clearly show the presence of two CZGSSe phases with dif-
ferent [S]/([S]+[Se]) ratios, but in all of the cases the Se richer phase
stays dominant. A shift to more sulphur-rich compositions towards
the surface can be observed in these two samples, which is in a very
good agreement with the results of the GD-OES measurements. The
a and c lattice parameters, shown in the Fig. 2(e) and (f), are
the result of the LeBail refinement, using Kkesterite-type structure
(space group I4) as the starting model for refinement. Two CZGSSe
phases were included in the refinement for each of the patterns
alongside the Mo phase but only the lattice parameter corre-
sponding to the dominant phase is plotted. A decrease in both lattice
parameters towards the 0.5° incident angle reflects the change to-
wards the higher [S]/([S]+[Se]) atomic ratio for the dominant CZGSSe
phase. The situation changes significantly for the samples with
12 nm and 15 nm NaF. Here, only one CZGSSe phase was used in the
refinements. Even though the tendency of slightly S richer
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Fig. 2. GIXRD diffraction patterns of CZGSSe absorber layer deposited on Mo/SLG substrate with (a) 0 nm, (b) 6 nm, (c) 12 nm and (d) 15 nm NaF precursor layer and a Se capping
layer using incidence angles of 0.5¢, 1% 2¢ and 5°. Variation of (e) a and (f) ¢ lattice parameters with the incidence angle obtained by LeBail refinement, using kesterite-type
structure (space group I4) as the starting model for the refinement of all the CZGSSe thin films.

4



A. Ruiz-Perona, G. Gurieva, M. Sun et al.

(@’ ' 356 1=532nm
—— 0 nm NaF A(S-S)
6 nm NaF 397
4——12 nm NaF
—— 15 nm NaF

230

A (Se-S
GeSe, << =]

Intensity (arb. units)

1 1 1 1 1

50 100 150 200 250 300 350 400 450 500

Raman shift (cm™)

Journal of Alloys and Compounds 868 (2021) 159253

1.6 ®)

/356 / /230

T T T T T

3 6 9 12 15
NaF thickness (nm)

oA

Fig. 3. (a) Raman spectra of CZGSSe absorber layers deposited on Mo/SLG substrate with different thicknesses of the NaF precursor layer and with a Se capping layer. The
dominating peaks of CZGSSe are indicated with the dashed lines. (b) Raman peak intensity ratio I3s¢/l>30 in dependence of the NaF precursor layer thickness in CZGSSe absorber
layers. (For interpretation of the references to colour in this figure, the reader is referred to the web version of this article)

composition towards the surface of the film is maintained in these
samples as well, the overall drop in the lattice parameters of the
samples corresponds to a much S-richer composition, which is in a
very good agreement with the values obtained by EDX and shown in
Table 1. These results are also in coherence with the different [S]/([S]
+[Se])-gradients through the absorber layer as displayed in Fig. 1(f).
Therefore, GD-OES and GIXRD measurements show that the devel-
opment of the [S]/([S]+[Se])-gradient depends on the Na con-
centration. GIXRD patterns of all the samples are compared for an
incidence angle of 1° in Fig. S1 of the Supplementary Material. An
increase of the S content for samples with higher Na concentrations,
12 and 15 nm NaF (see Fig. S1) is observed, as mentioned above. The
refinements of the absorber layer with 6 nm NaF for a grazing in-
cidence angle of 2° is shown in Fig. S2, as an example.

Apart from the kesterite-type phase, GeSe, as secondary phase
was detected in all of the samples (see Fig. 2a-d). The behavior of
this phase differs very much from sample to sample. There is a clear
depth distribution, with agglomeration of this phase at the back
contact for the Samples 1 and 4 (it can be clearly observed in
Fig. 2(a) and (d)). For the Sample 2, the distribution of this phase
through the sample is almost uniform, while for Sample 3, this phase
is only hardly noticeable in the 5° incident angle measurement, at
the back contact. All of these seem to be in a rather good agreement
with the Ge and Se profiles of the GD-OES, where Sample 3 (12 nm
NaF) is the one with the most homogeneous distribution of Ge
throughout the thin film.

GD-OES depth profiles and GIXRD analysis have indicated that Na
promotes the diffusion of S towards the bulk of the CZGSe thin films.
In general, a certain Na concentration near the Mo back contact
seems to be necessary to incorporate S in the bulk of the absorber
layer. The same behavior was observed during the sulfurization of
CZTSe thin films using ceramic and SLG substrates [15]. As shown in
Table 1, the [Cu]/([Zn] + [Ge]) and [Zn]/[Ge] atomic ratios are not the
same for all the samples. Therefore, we cannot rule out that those
different ratios could affect the [S]/([S]+[Se]) distribution through
the CZGSSe layer. However, those cationic ratios have been obtained
by the only variation of the thickness of the NaF layer without
modifying any other growth process parameter.

As it has been already shown, a clear [S]/([S]+[Se])-gradient with
a higher S content near the surface of all the CZGSSe thin films has
been determined by GD-OES and GIXRD measurements. The accu-
mulation of S near the surface can be a key parameter to increase the
device performance, mainly due to a higher Vpc. In order to shed
light to the composition at the surface of the absorber layers, Raman
spectroscopy measurements were carried out using 532 nm excita-
tion wavelength. Fig. 3(a) shows the Raman spectra of the CZGSSe
films with different NaF precursor layer thicknesses. The main

modes corresponding to the kesterite-type CZGSSe phase showing
bi-modal behavior are detected for all the samples, the dominating A
symmetry modes positioned at 230 cm™! (related to Se-Se vibrations
in CZGSSe) and 356 cm™! (related to the S-S vibrations in CZGSSe)
[18,25]. In addition, the Raman peak at around 210 cm™! could cor-
respond to the GeSe, secondary phase [26]. That Raman mode could
also correspond to the kesterite phase; however, the presence of
GeSe, gains strength as it has been identified by GIXRD measure-
ments (see Fig. 2). Furthermore, that mode at around 210 cm™ is not
detected for Sample 3, in agreement with GIXRD diffraction patterns
in which GeSe, was only observed near the back contact. A clear
dependence of the intensity of the Raman mode at around 356 cm™!
with the NaF thickness is observed. Fig. 3(b) displays the intensity
ratio of the dominating Raman modes at 356cm™ and 230cm™’,
I356/I230, in dependence of the NaF precursor layer thickness. One can
see from Fig. 3(b) that the I356/I30 ratio is decreasing with the in-
crease in the Na concentration which indicates the decrease in the
sulphur concentration at the surface. As detected by GD-OES and
GIXRD measurements, a higher accumulation of sulphur near the
surface with respect to the bulk of the absorber occurs for samples
with lower Na concentrations. Moreover, in addition to the intensity
ratio Izs/lo30, the intensity of the Raman peak at around 397 cm™
can be correlated with the [S]/([S]+[Se])-atomic ratio as can be seen
from Fig. 3(a). Using a green excitation wavelength of 532 nm as in
these Raman measurements creates close to resonance conditions
for the pure CZGS compound influencing the sulphur related E/B
symmetry modes (like the mode at around 397 cm™') [25,27]. The
higher the [S]/([S]+[Se])-atomic ratio, the closer is the band gap of
the CZGSSe solid solutions to the resonant conditions resulting in
the increased intensity of the Raman peak at around 397 cm™'. Then,
a higher band gap energy is expected for the CZGSSe without NaF
precursor layer. Raman spectroscopy allows us to confirm the in-
fluence of Na content on the S concentration accumulated near the
surface of CZGSSe layers.

Fig. 4 displays the cross-sectional SEM images of the CZGSSe/Mo
structure using the different absorber layers, showing a dense and
pinhole-free absorber morphology. Larger grain sizes are observed
for samples with a NaF precursor layer with the exception of the
Sample 2 with 6 nm of NaF, which could be related to its lower S
concentration, as measured by EDX and confirmed by GIXRD. Very
large grains of the kesterite-type semiconductor are detected for
absorber layers with higher Na content. It can be also distinguished a
very thin layer of smaller grain sizes at the surface of some absorber
layers, especially for the sample without and with 15 nm NaF [11].
Both samples are characterized by a high Zn content, as measured by
EDX at 10 kV, which could be related to the formation of a Zn(S,Se) or
ZnS secondary phase. This phase cannot be detected by GIXRD
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(a) 0 nm NaF

Fig. 4. Cross-sectional SEM pictures of CZGSSe/Mo structure of all the samples in-
vestigated.

measurements because the ZnS Bragg peaks (ICDD number:
01-071-59769) overlap with those of CZGSSe.

Fig. 5(a) shows the EQE spectra of the best solar cells using the
different NaF precursor layers. The integrated short circuit current
density Jsc was calculated from EQE measurements (see Fig. 5a). The
less Na is added, the lower the EQE is in the whole range of wave-
lengths, explaining the lower Jsc. The average optical band gap en-
ergy was determined from the EQE spectra. The peak energy of the
derivative (or inflection point) of the EQE curve can be interpreted as
the average band gap energy of the absorber layer. It has been
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reported that the derivative method, dEQE/dE, gives results in best
agreement with absorption measurements [28]. The variation of Eg
with the NaF thickness is plotted in Fig. 5(b). For the lowest Na
concentration, the sample without NaF layer, a band gap energy of
2.21 eV is obtained. The addition of a NaF precursor layer decreases
Eg, achieving a plateau at around 1.83 eV starting at 6 nm NaF pre-
cursor layer. A slightly increase of E, up to 1.84 eV is observed again
when adding 15 nm NaF precursor layer. The samples with 12 and
15 nm NaF present smaller lattice parameters due to a higher S in-
corporation into the bulk of CZGSe layers (see Fig. 2e and f). How-
ever, lower band gap energies are achieved for those thin films in
comparison to the one with the lowest Na concentration. Thus, the
sample without NaF layer presents the highest E; and the higher S
accumulation at the surface region, as determined by Raman spec-
troscopy. This emphasizes the importance of the S-gradient devel-
oped through the absorber layer, that allows for higher E; when
more S is accumulated at the surface despite a lower S content in the
bulk of the CZGSSe layer. A similar effect was observed in CIGSSe
thin-film solar cells, in which a higher S content did not lead to a
higher band gap energy of CIGSSe. Part of the sulphur was not ac-
tually incorporated into the crystal but accumulating at grain
boundaries and defects, as observed by Transmission Electron Mi-
croscopy (TEM) investigation [29].

Table 2 shows the photovoltaic parameters of the best solar cells
represented in Fig. 5. The integrated Jsc determined by EQE mea-
surements is presented in brackets as well as the efficiency calcu-
lated using this integrated value (active area). As it is observed, the
integrated Jsc is lower than that obtained from J-V curve analysis for
the samples with a Se capping layer, especially for Devices 2 and 3.
Becerril-Romero et al. [17] claim that this behavior indicates the
presence of charged defects that affect collection during low-light-
intensity EQE measurements, but are partially neutralized by pho-
togenerated carriers under more intense illumination in J-V curve
acquisition. From here on, we will consider the active area-efficiency
of the devices. Generally, an enhanced V¢ for higher Na con-
centrations has been reported [11]; however, here no tendency in
Voc with the Na content can be found. It should be taken into ac-
count that GeSe, secondary phases are present in the absorber
layers, as well as the presence of Zn(S,Se) near the surface of some of
the samples cannot be ruled out in view of the EDX and GD-OES
results, which can be detrimental for Voc [16]. In addition, the dif-
ferent S-gradient and S contents are fundamental factors for the
enhancement of Voc. Sample 1 without NaF precursor layer presents
a Voc=756mV and it is the absorber layer characterized by the
highest S content on the surface as determined by Raman spectro-
scopy. The high increase of Zn near the surface region (see Fig. 1a)
and the inhomogeneous in-depth distribution of the elements could
be responsible for the low device performance. Sample 3 with 12 nm
NaF precursor layer was characterized by a very uniform distribution
of S throughout the CZGSSe layer as detected by GD-OES and the
uniform in-depth distribution of the lattice parameters; however,
only a 1.8% efficiency was achieved. Despite the higher S con-
centration measured by EDX, the lowest V¢ is obtained. As reported
by Hironiwa et al. [19], a flat distribution of S throughout a CZTSSe
film resulted in lower performance than the development of a
graded band gap obtained via a gradient of the S distribution.

However, there is a relationship between the Na content and Jsc
and fill factor, FF, values. A higher Na concentration results in an
improved carrier collection, which leads to a higher Jsc, as well as in
higher FF, leading to better devices. The highest efficiency of 2.8%,
mainly due to a higher Vo and FF, is achieved for the CZGSSe thin
film with the thickest NaF layer and E, = 1.84 eV. The better FF values
obtained for the devices with 12 nm and 15 nm NaF could be related
to an enhanced CZGSSe/Mo back interface. As mentioned above, not
only a higher Se concentration was detected near the Mo layer, but
also a slight increase of S for absorber layers with 12 and 15 nm NaF
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Fig. 5. (a) EQE spectra and integrated Jsc of the best devices of all samples investigated. (b) Variation of the band gap energy E; of the different CZGSSe absorber layers versus the
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Table 2

PV parameters of the different CZGSSe photovoltaic devices investigated.
Sample Se capping layer NaF (nm) Voc (mV) Jsc (mA/cm?) FF (%) n (%)
1 Yes 0 756 1.3 (1.0) 43.8 0.4 (0.3)
2 Yes 6 642 7.9 (4.8) 48.0 2.5 (1.5)
3 Yes 12 631 144 (5.7) 50.0 4.6 (1.8)
4 Yes 15 793 6.6 (6.2) 56.3 3.0(2.8)
5 No 15 828 5.4 (6.2) 52.0 2.3(2.7)

(see Fig. 1), could be an indication of the formation of a thin Mo
(S,Se), layer between the absorber and back contact that allows for
enhancing that interface. As shown in Fig. 2(d) for the sample with
15 nm NaF precursor layer, the intensity of that Bragg peak increases
when the incidence angle increases. The sample with 12nm NaF
presents this Bragg peak only near the back contact. It is known that
Na acts as a catalyst that promotes the formation of MoSe; at the
CIGSe/Mo interface [30], and something similar could occur here
with S and Se when more Na is added. Further investigations are
necessary to be able to conclude about this aspect.

Therefore, it has been demonstrated that the Na content is a key
parameter to control the sulfurization process of the CZGSe thin
films, as observed previously by de la Cueva et al. [15] for CZTSSe,
which influences not only the structural and compositional proper-
ties of the absorber layer, but also its band gap energy and the device
performance.

3.2. Effect of the Se capping layer

In previous works, a Se capping layer was evaporated before the
thermal treatment in the case of CZTGSe thin films [16,22]. This
capping layer was used to enhance the homogeneity during the
annealing, reduce elemental losses and protect the absorber surface
of possible oxidation. However, when the annealing is performed in
the presence of another new element as S, the Se capping layer does
not play the role of homogenization, as detected by GD-OES depth
profiles (see Fig. 1). In view of these results, a new experiment was
designed to investigate the influence of the Se capping layer on the
CZGSSe thin films and final devices. In this experiment, no Se cap-
ping layer was evaporated after the CZGSe co-evaporation process
and a 15 nm thick NaF precursor layer was deposited because of the
highest solar cell efficiency obtained by using this thickness. Table 1
shows the composition of this Sample 5 without Se capping layer. A
lower sulphur content was incorporated in the bulk of the absorber
layer. Fig. 1(e) displays the GD-OES depth profile of the elements
through the CZGSSe layer grown without the Se capping layer. The
main difference between this sample and the Sample 4 (see Fig. 1d)
occurs near the surface. The absorber layer with the Se capping layer,
Sample 4, presents a drop of the Ge and Cu-signals and an increased
Zn concentration at the surface, while the sample without the

capping layer is characterized by a more uniform distribution of the
cations near the surface. Furthermore, the distribution of S and Se
are different, as it is revealed in Fig. 1(e) and (f). Now, the [S]/([S]
+[Se])-gradient of the sample without Se capping layer is similar to
those observed for lower Na concentrations, but with a higher S
concentration in the bulk of the absorber layer.

Fig. 6(a) shows the diffraction patterns of Sample 5 using different
incident angles. Kesterite-type, Mo and GeSe, phases are identified, as
in the other samples investigated. An accumulation of GeSe; in the
back region of the absorber layer is detected in agreement with the
GD-OES results. Fig. 6(b) displays the 112 Bragg peak of Samples 4 and
5 for incident angles of 0.5°, 1°, 2° and 5°. A higher S content near the
surface is detected in both samples, in agreement with EDX mea-
surements and GD-OES depth profiles. As mentioned above, only one
CZGSSe phase was necessary for the refinement of the diffraction
patterns of Sample 4; however, it is clearly observed that two phases
with different S content are necessary for Sample 5. In addition to
that, a higher S content in the bulk of the absorber layer is confirmed
for the sample with the Se capping layer. Fig. 2(e) and (f) display the a
and c lattice parameters of Sample 5 without Se capping layer, pre-
senting a similar variation of a and ¢ with the incident angles to that
determined for the CZGSSe with lower Na concentration in agreement
with GD-OES profiles. In order to confirm the higher accumulation of
S on the surface for the absorber layer without Se capping layer,
Raman spectroscopy was performed, as shown in Fig. 6(c). As ob-
served, a completely different Raman spectrum is measured for the
sample without Se capping layer. The shift of the Raman peaks to-
wards higher wavenumbers and the double peak structure of the
CZGS peak at around 355 cm™ (352 and 360 cm™!) indicates a higher
sulphur content in this sample [27]. In addition, the high intensity of
the peak at 392 cm™! supports this, similar to the mode at around
397 cm™! for the sample without NaF precursor layer.

It could happen that the Se capping layer can hinder the S in-
corporation at the surface in the beginning of the thermal process,
then the diffusion and replacement of Se by S take place during the
sulfurization process at 480 °C. This results in a higher S con-
centration in the bulk of the absorber film and the S-grading de-
creasing from surface to the back of the CZGSSe layer. Further
investigations are necessary to understand the role of the Se capping
layer on the growth kinetic of CZGSSe.
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Fig. 6. (a) GIXRD patterns of sample 5 without Se capping layer using different incident angles. (b) 112 Bragg peak of CZGSSe absorber layers with 15 nm NaF, with and without Se
capping layer for grazing incidence angles of 0.5% 1°, 22 and 5% (c) Raman spectrum of CZGSSe with 15 nm NaF and without Se capping layer measured using 532 nm excitation

wavelength.

Cross-sectional SEM images of the CZGSSe/Mo structure using
Sample 5 are shown in Fig. 4.e). This is characterized by a compact
structure with large kesterite grain size. In comparison with Sample
4, it is not possible to distinguish any thin layer at the surface for
Sample 5 in agreement with a more uniform distribution of the
cations in this region, as detected by GD-OES measurements.

A band gap energy of 2.0 e V was determined from EQE of Device
5 with an efficiency (active area) of 2.7% (see Fig. 5 and Table 2). The
evaporation of 15nm NaF precursor layer led to the same Jsc in-
dependent from the presence or absence of the capping layer.
However, a higher Voc of 828 mV is achieved for the absorber
without Se capping layer. The increased V¢ can be due to different
factors, such as the uniform distribution of the cations near the
surface no expecting ZnS secondary phase, and the distribution of S
through the absorber layer. As mentioned above, the CZGSSe ab-
sorber layer without Se capping film presents some similar char-
acteristics to the sample with lowest Na concentration, as the [S]/([S]
+[Se]) depth profile but with a higher S concentration in the bulk of
CZGSSe, which can be the key factor to enhance Voc and control the
E, of the absorber. The efficiency of 2.7% of the Device 5 is limited by
a FF lower than that of Device 4.

For the first time, the importance of the Na content and a Se
capping layer to modify the [S]/([S]+[Se])-gradient and the band gap
energy of the kesterite absorber layer has been demonstrated. The
next challenge is to develop a way to increase Eg maintaining a high
efficiency. In addition, the knowledge obtained here can be transfer
towards designing devices with transparent back contacts for stable
semi-transparent solar cells.

4. Conclusion

CZGSSe thin films have been fabricated by sulfurization of co-
evaporated CZGSe. The effect of a NaF precursor layer and the pre-
sence of a Se capping layer before the sulfurization process have
been investigated. The dependence of CZGSSe properties on the

addition of Na via a NaF layer, with thickness from 0 to 15 nm, when
a Se capping layer was evaporated, has been demonstrated:

1. A higher S concentration was detected near the surface in-
dependent from the Na content added, as investigated by GD-OES
and GIXRD measurements. However, the S distribution depended
on the thickness of the NaF layer, distinguishing different beha-
viors for samples between 0 and 6nm NaF and those with
12-15 nm NaF layer.

2. A band gap energy of 2.21 eV was achieved for CZGSSe absorber
layer without NaF. From 6 nm NaF, E; was maintained in the
range of 1.83 eV. The much higher E; for the NaF-free sample may
be related to the much higher accumulation of S at the surface, as
determined by Raman spectroscopy.

3. A uniform S-depth profile does not lead to better solar cells and
also, not necessarily to higher band gap energies, as observed for
the Sample with 12 nm NaF.

4. A relationship between the Na added and the Jsc and FF values of
the final solar cells was found: higher Na contents lead to higher
Jsc and FF. Thicker NaF layer of 15nm resulted in higher effi-
ciencies of 2.8%.

The suppression of the Se capping layer is investigated on the
CZGSSe properties when 15 nm NaF precursor layer was added. This
allows for a higher accumulation of S near the surface, achieving an
efficiency of 2.7%, Vo of 828 mV and Eg=2.0eV.
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