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ARTICLE INFO ABSTRACT

Keywords: CuyZnGe(S,Se)4 (CZGSSe) thin films were fabricated by sulfurization of co-evaporated CuzZnGeSe4 (CZGSe) thin

Kesterite films. The goal of this work is to investigate the effect of the composition of CZGSe layers on the structural,

gulsznQe(§,Se)4 vibrational and morphological properties of CZGSSe compounds. Different CZGSe layers with different cation’s
ulfurization

Break-off experiments
Thin films

ratios (Cu-poor, Zn-rich; Cu-poor, Zn-stoichiometric and Cu-poor, Ge-rich) were investigated before and after the
sulfurization process. Break-off and different cooling experiments during sulfurization of CZGSe were also carried
out. Break-off experiments revealed that 440 °C is the key temperature to incorporate S into CZGSe lattice, being
required 480 °C to enhance the interdiffusion of the elements. Fast cooling experiments during sulfurization
appeared to be a promising strategy to avoid the formation of secondary phases. All the samples showed the
CZGSSe kesterite phase, as well as higher S content and different secondary phases at the surface. These ex-
periments demonstrate that a minimum Ge content in CZGSe is required to assist the growth of CZGSSe grains
and develop a compact structure. These results indicate the importance of controlling the cation’s ratio of CZGSe
to develop high quality wide band gap CZGSSe compounds, which can be very attractive for different

applications.

1. Introduction

CuyZnSn(S,Se)s-kesterite type material was shown to be a promising
absorber for thin-film solar cells, achieving an efficiency of 13.6% [1].
This material which is formed by elements abundant in the Earth’s crust
and of low toxicity, presents a p-type conductivity and a high absorption
coefficient ~10* cm™! in the visible range. However, the device per-
formance is still very far away from that obtained by Cu(In,Ga)Sez and
CdTe solar cells with 23.4% and 22.1% respectively [2]. The main
limitation of kesterite technology is the open circuit voltage V¢ deficit,
defined as Eg/q - Voc, where Eg is the band gap energy and q is the
electron charge, or in many studies as Voc—SQ deficit defined by the V¢
difference respect to the Schockley-Queisser limit. Many reasons were
proposed to explain this deficit, as for example, the presence of sec-
ondary phases, the formation of deep defects, band gap potential fluc-
tuations, short minority carrier lifetimes, interface recombination, etc.

* Corresponding author.
** Corresponding author.

[3,4]. The partial substitution of Sn with Ge showed an enhanced V¢
[5]; however, the increase of Ge led to a reduced device performance
and the formation of deep defects [6,7]. Nevertheless, Choubrac et al.
[8] demonstrated that the total substitution of Sn with Ge, CuyZnGeSe4
(CZGSe), is a successful strategy to improve the Vo of kesterite-based
solar cells, achieving an efficiency of 8.5% for E; near 1.4 eV. The
band gap energy of this material can be modified by the substitution of
Se with S, varying from 1.4 eV (CZGSe) to around 2.2 eV (CupZnGeSy,
CZGS) [9,10]. This range of Eg allows to open new market opportunities,
as for example, Ge-pure Kkesterite material can be used for
semi-transparent solar cells or as top cell of an efficient tandem device.
For that, it is necessary to achieve Eg of 1.5 eV at least. In a previous
work [11], we reported the first semi-transparent CZGSe-based solar
cells with 5.8% efficiency (active area) and E; = 1.47 eV. The incor-
poration of S into the CZGSe lattice has led not only to an increase in Eg,
but also to a larger Vo deficit [12,13]. Therefore, the fabrication of
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wide band gap kesterite is a challenge to improve the device efficiency.
However, there are not a lot of studies about wide band gap of pure
Ge-kesterite material and solar cells in comparison with their Sn coun-
terpart. Gunder et al. [14] revealed the existence of different defects in
off-stoichiometric kesterite-type CZGSe powder samples, such as copper
vacancies V¢, various cation antisite defects (Cugzy, Zncy, Znge, Cuge) as
well as interstitials (Cuj, Zn;). The Cug, defect, which is very detrimental
for the optoelectronic properties, exists only in Cu-rich CZGSe condi-
tions. In addition, they showed an increase in the E; of CZGSe with
decreasing [Cul/([Zn]+[Ge]) atomic ratio [14]. More recently, Ratz
et al. [15] studied the Ge-related defects in CZGS by first-principles
calculations. They identified Gez, as recombination centre, which pre-
sents higher formation energy than that of V¢, Cuz, and Zng, defects.
But the distortion of the lattice induced by Geyz, defect is reduced in
comparison to its Snz, counterpart, being less detrimental with a
reduction of non-radiative recombination rate that could explain the
Voc improvement by Ge incorporation. Schnabel et al. [13,16,17]
studied the incorporation of S into solution-processed CZGSSe layers by
the variation of the GeS amount added during the annealing step at high
temperature, achieving CZGSSe-based PV devices with 1 = 2.1% and
6.0% for E; = 1.54 eV and 1.47 eV respectively. Courel et al. [18]
fabricated one of the first CZGS thin films by evaporation, that could
tailor the band gap of the semiconductor in the range of 2.00-2.23 eV by
varying Ge concentration. More recently, we already achieved a prom-
ising performance of 3.2% for CZGSSe-based devices with E; = 1.98 eV
by the sulfurization of co-evaporated CZGSe and controlling the incor-
poration method of a NaF layer that affects the [S]/([S]+[Se]) gradient
[12]. It is well known that the control of the [S]/([S]+[Se]) distribution
through the kesterite layer is important to enhance the photovoltaic
parameters [4,12,19,20]; but the difficulty of creating the proper
gradient with a higher S concentration at the surface is also well known
[21]. It is of prime importance to identify the key parameters during the
growth of the thin films that enhance the properties of the CZGSSe
compound to produce high efficiency solar cells. It is known that a
Cu-poor and Zn-rich composition is necessary to achieve high efficiency
kesterite-based solar cells. However, as mentioned before, the formation
of secondary phases can be very detrimental for the PV device [22],
being very important the control of the cation atomic ratios of the
absorber layer.

In this work, CZGSSe thin films were grown by sulfurization of
CZGSe co-evaporated onto Mo/soda-lime glass (SLG) substrates. The
growth of CZGSSe thin films was first studied by different break-off
experiments during the sulfurization process. The goal of this work is
to investigate the influence of the CZGSe composition on the structural,
vibrational and morphological properties of the final CZGSSe com-
pound. The importance of controlling the cation ratios of CZGSe grown
at low temperature to produce a good quality CZGSSe material is
demonstrated here. This study is critical to understand and control the
incorporation of S into the CZGSe lattice, which is fundamental to in-
crease both Eg and solar cells performance. These results can be trans-
lated to the fabrication of semi-transparent devices to expand the range
of applications.

2. Materials and methods
2.1. CuyZnGe(S,Se)4 thin films growth process

CuyZnGeSe4 thin films were fabricated by co-evaporation of Cu,
ZnSe, Ge and Se onto Mo/SLG substrates at a nominal substrate tem-
perature of 150 °C [12,20]. This low temperature was chosen in order to
reduce the re-evaporation of Ge and Se. The co-evaporation process
consisted of 3 stages. During the first stage, Cu, ZnSe, Ge and Se were
evaporated to obtain a Cu-rich composition to assist the formation of
kesterite-type crystals. In the second stage, ZnSe, Ge and Se were
deposited to achieve a final Cu-poor composition. Finally, in the third
stage, Ge and Se were evaporated to avoid a Zn excess on the surface [12,
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20]. Due to the low substrate temperature used during co-evaporation
process and the beneficial effect of Na on kesterite absorber layers
[23], a NaF precursor layer of a nominal thickness of 6 nm was evapo-
rated at a substrate temperature of around 35 °C before the
co-evaporation process in the same vacuum chamber. Therefore, the Na
present in the kesterite-type material is coming from the NaF layer and
the diffusion from the SLG substrate. Different co-evaporation processes
were carried out to investigate the effect of the composition of the
CZGSe thin films on the formation of CZGSSe compound. The different
concentrations of the cations were regulated by modifying the evapo-
ration rates of Cu and/or Zn. Table 1 shows the different processes 1, 2, 3
and 4 with different cation ratios. The Mo back contact was deposited by
DC sputtering in a Leybold Optics A600V7 P379 tool under high vacuum
conditions, using a dynamic deposition process, i.e. the substrate is
oscillating in front of a Mo target (99.95%) at a speed of ~0.5 m/min.
The nominal targeted thickness of the Mo back contact was 800 nm.

The co-evaporation procedure was followed by a sulfurization pro-
cess in a tubular furnace in Ar atmosphere. The samples were placed into
a graphite box, along with 22 mg of S and 6 mg of GeS to incorporate S
into the material [20]. In order to understand the growth kinetic of
CZGSSe, different break-off experiments were performed during the
sulfurization process: the sulfurization procedure was interrupted at
different temperatures (350°, 400°, 440° and 480 °C) for the CZGSe thin
films coming from the first co-evaporation process (see Table 1). The
break-off experiments were carried out by removing the samples from
the hot zone of the furnace by means of a transfer bar. Fig. 1 shows a
scheme of the break-off experiments performed during the sulfurization
process. After that, the sulfurization at 480 °C for 60 min, at a pressure of
around 950 mbar with a heating rate of 20 °C/min, and cooling rate of
10 °C/min was considered as the standard process and was therefore
used to investigate the influence of the CZGSe composition on the
CZGSSe properties in the case of co-evaporation 2, 3 and 4 as shown in
Table 1. The effect of the cooling rate during the thermal treatment and
the time at the maximum temperature, i.e. co-evaporation 4, was finally
studied. The conditions of the sulfurization processes can be found in
Table 1.

CZGSSe thin films were grown with thicknesses <1 pm and at
maximum temperature of 480 °C because these are the optimal condi-
tions to increase the straight-through transmittance, as shown elsewhere
[11]. By this way, these results are easier to translate for the fabrication
of wide band gap kesterite on transparent substrates.

2.2. Sample characterization

The chemical composition of the samples was measured by energy
dispersive X-ray spectroscopy (EDX) using an Oxford INCAx-sight de-
tector connected to a Hitachi S-3000 N scanning electron microscope
(SEM). Bulk measurements were carried out at 25 kV operating voltage.
CuK, Zn K, Ge K, Se K and S K lines were used for elemental quantifi-
cation. Additionally, elemental EDX mapping was performed at a lower
operating voltage of 5 kV using an Octane Plus detector connected to a
SEM FEI VERIOS 460 SEM. The morphology of the CZGSSe/Mo structure
and the CZGSSe surface was investigated by using the last SEM system
described above operating at 2 kV. Glow discharge optical emission
spectrometry (GD-OES) was used to measure the in-depth element dis-
tribution through the CZGSSe thin-film. The measurements were ob-
tained with a Spectruma GDA 650 spectrometer with Argon plasma in a
pulsed RF mode for sputtering and a CCD-array for the optical detection.
The measurements are shown in arbitrary units since they were per-
formed without a calibration sample (Kodalle et al., 2019). Grazing
incidence X-ray diffraction (GIXRD) was measured using a PANAlytical
X’Pert Pro MPD diffractometer, with CuK, radiation and a multilayer
mirror to produce a parallel beam. The measurements were performed at
incidence angle of 4°. The references patterns for phase identification
were taken from the International Centre for Diffraction Data. Raman
scattering spectra were measured using the monochromator FHR 640
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Table 1
Description of the growth processes and composition of all the samples measured by EDX.
Exp. T (°C) Cu (at %) Zn (at %) Ge (at %) S (at %) Se (at %) [Cul/[Zn]+[Ge]) [Zn]/[Ge] [S1/([S]1+[Se])
Coev.1 - 20.2 15.4 7.7 - 56.7 0.87 2.00 -
bo 350 19.3 15.4 7.6 12.3 45.2 0.84 2.03 0.21
bo 400 19.8 15.5 7.7 23.1 33.8 0.86 2.01 0.41
bo 440 20.8 16.5 8.1 43.5 11.0 0.84 2.03 0.80
bo 480 20.6 16.1 8.1 40.3 14.9 0.85 1.98 0.73
60 min 480 18.4 14.1 11.0 45.9 10.7 0.74 1.29 0.81
Coev. 2 - 21.3 12.3 11.9 - 54.6 0.88 1.04 -
60 min 480 19.6 11.5 14.9 16.9 37.2 0.74 0.77 0.31
Coev. 3 - 16.7 12.1 12.4 - 58.8 0.68 0.98 -
60 min 480 15.1 11.2 12.2 39.0 22.5 0.64 0.92 0.63
Coev. 4 - 16.2 13.0 19.9 - 50.9 0.49 0.66 -
30 min-bo 480 17.3 13.2 11.2 23.6 34.6 0.71 1.18 0.40
30 min 480 16.9 13.5 11.5 21.1 37.1 0.68 1.17 0.36
60 min 480 17.2 13.5 11.6 20.1 37.5 0.68 1.17 0.35
Note: bo = break-off experiments.
3. Results and discussion
500 - 480 °C 950 mbar 3.1. Sulfurization process of Zn-rich CZGSe thin films
440°C  / 60 min 7m
gy 400 °C C/’77' The atomic composition measured by EDX of each sample corre-
O 400 350 °C n sponding to the different break-off experiments made at different tem-
S peratures during the sulfurization process is shown in Table 1. These
o 300 4 L samples are coming from the co-evaporation process 1 with a very Zn-
% g g rich and Cu-poor composition. It can here be observed that the S con-
o £ E tent clearly rises as the temperature is increased up to 440 °C. However,
Q. 200 4 = g a significant increase in Ge content and Zn loss can be seen when
» O - -
g maintaining the temperature at 480 °C for 60 min which allows to get a
- -off experiments final optimal composition, Cu-poor and Zn-rich with [Zn]/[Ge] = 1.29,
100 to produce efficient solar cells as already shown elsewhere [8,12]. The
main reason for working with Zn-rich composition is to avoid the for-
mation of Geyz, antisite deep defect [15], which is detrimental for the
0- - - solar cell.
' time (min) GD-OES measurements were performed to investigate the elements

Zn-rich CZGSe

Fig. 1. Scheme of the break-off experiments carried out during the sulfuriza-
tion process as well as the temperature profile of the standard sulfuriza-
tion route.

from Horiba Jobin Yvon coupled with a CCD detector. The spectra were
measured in backscattering configuration using a special probe designed
at IREC. The HeCd gas laser (325 nm, ~90 W/cm? and 442 nm, ~90 W/
crnz) and YAG:Nd solid state laser (532 nm, ~100 W/cmz) were used as
excitation sources. Spectral position was corrected by imposing the main
peak of single crystalline Si to 520 cm ™"

In-depth micro-Raman spectra were obtained using a LabRam HR
800 spectrometer coupled to an optical microscope Olympus BXFM with
a dispersive grating of 600 g/mm and a CCD detector cooled at —65 °C
using as an excitation source a 532 nm solid-state laser. The laser power
at the sample was fixed at 0.05 mW in order to avoid thermal effects
with a 100x microscope objective (~1.5 kW/cm?). In order to get an in-
depth Raman study of the absorber layer, the samples were prepared as
follows: The back layer of SLG was first manually polished to get a total
sample thickness between 150 and 350 pm. Further thinning was carried
out using a low angle ion milling machine (Model 1010 Low Angle Ion
Mill Fischione Instrument). An argon ion source with 5 kV voltage and 5
mA current was used to thin the sample at 7° angle.

distribution through the kesterite-type material in all the experiments.
Fig. 2 shows the elements depth profile corresponding to the samples of
the Process 1. It should be mentioned that the steep gradient observed
for the element’s signals at the surface of the thin films during the first
seconds of the measurement, seems to be an artifact induced by the
sputter process (dashed line in Fig. 2). As explained in the Experimental
section, the CZGSe co-evaporation process was finished with the evap-
oration of only Ge and Se after 7.5 min, explaining the higher Ge and Se
contents and lower Zn concentration at the surface of the co-evaporated
thin film (see Fig. 2a.). The higher Cu content observed near the back
contact is explained by the evaporation of Cu-rich ratio of elements
during the first stage of the growth process. This indicates that the
substrate temperature of 150 °C is very low to enhance the interdiffusion
of the elements. This fact is also corroborated by the Na-signal, which is
only detected at the back interface and at the back contact. It is also
interesting to observe that Se and Ge-depth have similar depth profiles,
whereas Cu shows an opposite evolution. The local minimum of the Cu-
signal coincides with the maximum of the Ge-signal which could suggest
the formation of Gec, antisite defects, similar to what happens for
CuyZnSnSe, with the formation of Snc, defects, or Ge-Se secondary
phase formation, both being negative for the device performance [6,11].
However, such Gec, defects would be expected for Ge-rich composition
[14]. This behaviour is observed up to 400 °C and can be related to the
low temperature used. The interruption of the sulfurization process at
350 °C shows the incorporation of S through the thin film, specially
accumulated at the surface region, as well as the interdiffusion process
of the rest of the elements that starts to take place (see Fig. 2b.).

The results show a significant high Cu content near the surface for
the experiments interrupted at 350, 400 and 440 °C (Fig. 2b and d)
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Fig. 2. GD-OES depth profiles of CZG(S)Se/Mo structure for all the samples corresponding to the Process 1.

which seem to indicate that Cu accumulated near the Mo layer for the
CZGSe thin film diffuses towards the surface as the sulfurization tem-
perature increases. In contrast, the Cu concentration is found to be lower
at the surface when the temperature achieves 480 °C (Fig. 2e and f). A
lower Cu content at the surface region of the absorber layer is beneficial
to increase the device efficiency. A slightly higher Zn-signal is detected
at the surface for the samples sulfurized at temperatures >400 °C. A
more uniform distribution of the elements takes place when the samples
are treated at the highest temperature, i.e. 480 °C for 60 min, and this
coincides with the desired [Zn]/[Ge] atomic ratio. It is essential to
highlight the importance of the dwell time at the highest temperature,
necessary for the elements redistribution and Na diffusion towards the
surface of the kesterite layer. In any case, all the samples treated under
elemental S and GeS are characterized by a higher S content near the
surface. The depth profiles also show that the Se and S distributions
exhibit opposite tendencies, which confirms that S atoms substitute Se
atoms. Fig. 3a. Shows the normalized [S]/([S]+[Se]) atomic ratio
gradient through the kesterite layer. 440 °C is clearly the key tempera-
ture, in which a higher S content is incorporated and a different and
larger single [S]/([S]+[Se]) gradient starts to be developed with a more
pronounced increase of the atomic ratio at the surface. The importance
of the S accumulation at the surface region of kesterite in enhancing the
Voc of the solar cell device is known [19,20]. We already reported a
[S1/([S1+[Se])-gradient through CZGSSe thin films with a higher ratio
at the surface and decreasing towards the back contact, where the S
distribution was controlled by the NaF precursor layer thickness [20] as
well as by the incorporation method of the NaF film [12]. We also

showed that Na promotes the partial substitution of Se with S, replacing
the possible Se vacancies by S, increasing the band gap energy of
kesterite-type material [20,25]. As shown in Fig. 2, the increase of
annealing temperature leads to a higher Na content near the surface of
CZGSSe, corresponding with the region with higher S concentration.
Simulations of the optimum band gap grading profile of CZTSSe [25]
concluded that a graded band gap results in higher performances than a
flat distribution of [S]/([S]+[Se]) because of an increase of the carrier
collection. In our study, no flat distribution of S was observed.

Elemental EDX mapping of the surface of the different samples was
performed, as shown in Fig. 4. Formation of different grains was
observed, which correspond to different phases. A high amount of Se and
regions with high Ge and Zn content, where Cu was not detected, can be
observed in the elemental EDX map of the co-evaporated CZGSe sample
which is in agreement with the GD-OES signal of the sample surface.
Once the sulfurization process starts, Se content begins to decrease and
bigger grains corresponding to Cu-S-Se are formed, being more signif-
icant until 440 °C. At around 440-480 °C higher Zn content is also
detected, in agreement with the Zn- GD-OES signal. However, the sul-
furization at the maximum temperature for 60 min leads to a much more
uniform distribution of all the elements that constitute the kesterite
compound. These results are in good agreement with the GD-OES
measurements.

GIXRD diffractograms of the samples corresponding to Process 1 are
displayed in Fig. 5. The co-evaporated sample is characterized by the
presence of CZGSe phase (01-070-7623) with the identification of the
main 112, 220, 204, 312 and 116 Bragg reflections with a low

Fig. 3. GD-OES depth profiles of the normalized [S]/([S]+[Se]) atomic ratio for all the sulfurized samples corresponding to (a) Process 1, (b) Processes 2 and 3, and

(c) Process 4.
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Fig. 4. Elemental EDX mapping of all the samples corresponding to the Process 1.
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Fig. 5. GIXRD patterns measured of all the samples investigated corresponding to Process 1.

crystallinity due to the low growth temperature used. Mo Bragg re-
flections (04-014-7439) corresponding to the back contact was also
identified. A diffraction peak was observed at around 26° that could
correspond to CusSe phase, which disappears when the annealing tem-
perature is higher than 350 °C. The presence of ZnSe and CuxGeSes
secondary phases cannot be discarded because of the proximity of their
diffraction peaks with those of the kesterite phase. Once the sulfuriza-
tion starts, CZGSSe phases can be identified with the Bragg peaks posi-
tion situated between CZGS (04-012-7580) and CZGSe. A shift towards
higher diffraction angles is observed when increasing the sulfurization
temperature, corroborating the higher amount of S incorporated into the
lattice. In addition, the presence and formation of ZnS and/or Zn(S,Se)
phases cannot be ruled out during the sulfurization process, in agree-
ment with the Zn-rich composition. During the incorporation of S, a
Cuy(S,Se) secondary phase is segregated and only disappears when the
sample is heated at the maximum temperature for the longer time in
agreement with the elemental EDX mapping results. A clear contribution
of two different peaks related to the existence of two phases with
different [S]/([S]+[Se]) atomic ratios are detected from the sample

sulfurized at 400 °C, being very significant at 440 °C. Fig. 5b. Shows a
plot of the region of the 112 Bragg peak of CZG(S)Se thin films, indi-
cating the incorporation of S into the lattice as well as the clear presence
of secondary phases. Finally, the 112 Bragg reflection peak of the sam-
ples annealed during 60 min at 480 °C appears quite narrow with only a
small asymmetry towards the lower angles and close to the position of
pure CZGS. The former denotes good crystalline quality of the obtained
thin film and a gentle change of the [S]/([S]+[Se]) ratio in accordance
with GD-OES results, while the later correlates with the S-rich compo-
sition of this sample obtained from EDX.

In order to identify all phases potentially forming at different stages
of the formation of CZGSSe compound, a multiwavelength Raman
scattering analysis was carried out. We used UV and visible excitation
wavelengths (332, 442 and 532 nm) to obtain information about the
phase formation at the layer surface. 332 and 442 nm excitation
wavelengths were used to examine the possible presence of ZnS and
ZnSe secondary phases respectively, or their possible solid solutions.
Note, that the spectra measured under 442 nm excitation wavelength
are not presented here as they did not exhibited the presence of ZnSe
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secondary phase and were similar to the spectra measured under 532 nm
excitation wavelength. Fig. 6 plots the Raman scattering measurements
of all the samples investigated using the different excitation wave-
lengths. The main Raman peaks of the co-evaporated sample can be
attributed to pure Se phases (trigonal t-Se and amorphous a-Se [26], in
agreement with the significant amount of Se detected by elemental EDX
mapping (see Fig. 4a). The small vibrational modes at 194 and 142 cm ™
can be related to GeSey [27] and/or CupGeSes [28] secondary phases,
the former being more probable, due to the final evaporation stage
where only Ge and Se atoms are evaporated. Thus, no Raman peaks of
kesterite compound were found at the surface of this co-evaporated
sample. Low annealing temperatures (<400 °C) also do not result in
the formation of the kesterite phase at the samples surface, as shown in
Fig. 6a., and the main Raman peaks in the spectra of samples sulfurized
at 350° and 400 °C can be attributed to different secondary phases as
GeS, CupGeSes, Zn(S,Se), etc. Annealing at the temperatures >440 °C
results in the formation of the kesterite phase which becomes dominant.
However, in all these samples there is a significant amount of ZnS sec-
ondary phase, very small for the sample treated during 60 min (see
Fig. 6b measured under 325 nm excitation) and some amount of Ge(S,
Se), secondary phase (see Fig. 6a measured under 532 nm excitation).
Analysis of the Raman spectra measured in different points of each
sample revealed a significant lateral inhomogeneity in terms of
[S1/([S1+[Se]) ratio and in terms of the presence of secondary phase
presence for all the samples, but it is significantly reduced for the sample
annealed at 480 °C for 60 min, indicating a greater uniformity of this
sample surface, in agreement with elemental EDX mapping. Note, that
the anions ratio was estimated from the Raman spectra by comparing
the relative integrated intensities of the peaks related to Se-Se vibra-
tions, S-Se vibrations and S-S vibrations, in agreement with previously
published methodology proposed for CZGSSe [12,21] and for familiar
CuZnSn(S,Se)4 solid solutions [29].

The phase analysis performed before shows some inconsistency be-
tween GIXRD and Raman results. GIXRD difractograms show the pres-
ence of main diffraction peaks between the main Bragg reflections of
CZGSe and CZGS phases, pointing to the formation of the kesterite phase
in the bulk of the co-evaporated sample and also of the thin films
annealed at low temperatures below or equal to 400 °C, although un-
ambiguous identification of the kesterite phase formation from the
GIXRD data alone is rather complicated. On the other hand, Raman
spectroscopy measurements do not show formation of the kesterite
phase at the surface of the same samples. In order to clarify this incon-
sistency, in-depth Raman spectroscopy measurements have been per-
formed for the co-evaporated sample, before the sulfurization treatment
(Fig. 7). In accordance with the previous macro-Raman analysis, before
the ion milling, the spectra exhibited mainly pure Se phases at the
sample surface, and a strong difference between different measurement
spot has been seen in terms of relative intensity of the peaks related to
amorphous and trigonal Se phase. However, the spectra measured at the
depth close to the front interface of the thin film shows a strong peak at
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Fig. 7. Raman scattering spectra measured under 532 nm excitation in the co-
evaporated sample before (black curve) and after (dark red and red curves) ion
milling. Note that two curves after the ion milling correspond to different depth
closer to front interface (dark red curve) and closer to the back interface
(red curve).

198 cm™! assigned to the CZGSe kesterite phase (see dark red curve in
Fig. 7). This, however, appears to be quite broad denoting the low
crystalline quality of the compound. No peaks of secondary phases can
be already observed at this depth, resulting that pure Se phase is mainly
collected at the samples surface. Going more in depth, the spectra of the
kesterite phase becomes more pronounced with a decreased width of the
main peak shifted to 202 em™! (see red curve in Fig. 7). In addition,
several less intense peaks all attributed to CZGSe kesterite phase [30]
become better visible. All these Raman features correlate with better
crystalline quality of the films close to the back contact. Finally, these
measurements confirmed the in-depth formation of kesterite phase even
for the as co-evaporated CZGSe thin film, as detected by GIXRD mea-
surements, and allowed to conclude about the improvement of the
crystalline quality with depth, which is in line with the used 3 deposition
steps.

Fig. 8 shows cross-sectional SEM images of all thin films deposited
onto Mo/SLG substrate. The co-evaporated sample is characterized by a
dense structure without a clear definition of grains related to the low
substrate temperature used during the co-evaporation process.
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Fig. 6. Raman scattering spectra of all the samples corresponding to Process 1 measured under (a) 532 nm and (b) 325 nm excitation wavelengths.
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Fig. 8. Cross-sectional SEM images of CZG(S)Se/Mo structure for all the samples of Process 1. After annealing at 480 °C, CZGSSe thin film presents a thickness of

1 pm.

However, it is possible to detect some small bright areas which corre-
spond to the ZnSe secondary phase. The sample interrupted at 350 °C
during the sulfurization process presents a bilayer structure with very
small grains at the back region. After that, all the samples are charac-
terized by a small grain size, being a little bit larger for the sample
annealed at the highest temperature (480 °C).

3.2. Investigation of the CZGSe composition on the CZGSSe properties

In order to investigate the effect of the composition of the co-
evaporated CZGSe thin film on the final CZGSSe compound, different
co-evaporation processes were performed with different cation ratios.
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From the previous break-off experiments, it was concluded that it was
necessary to sulfurize the CZGSe thin films at 480 °C for some time to
obtain the proper composition and enhance the interdiffusion of ele-
ments. Therefore, the following sulfurization processes were performed
at 480 °C for 60 min.

Co-evaporation processes 2 and 3 present almost the same [Zn]/[Ge]
atomic ratio, but very different Cu concentrations. Therefore, these two
experiments allow investigating the role of Cu content of the co-
evaporated CZGSe thin film on the S incorporation. As shown in
Table 1, the amount of S incorporated into the Cu-poorer CZGSe sample
(Process 3) was more than twice of that incorporated into the CZGSe
sample coming from Process 2. As we reported previously, Na promotes
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Fig. 9. GD-OES depth profiles of CZG(S)Se/Mo structure for the samples corresponding to the Process 2 (a) and (b), and 3 (c) and (d).
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the incorporation of S into the kesterite lattice [20,24], and Na has also
affinity for Cu vacancies as in CIGSe [31]. Here, the same nominal
amount of Na is used, but, CZGSe samples have been grown with
different Cu contents, and, there seems to be an affinity of Cu vacancies
to the incorporation of S, which will lead to a higher band gap energy,
similar to that observed in CZGSe thin films with higher E; for lower Cu
content [14]. The sulfurization of both samples results in a decrease of
Zn content; however, the sulfurization of the co-evaporated sample of
Process 2 leads to a significant increase of Ge content similar to what
happens for the sample of Process 1.

Fig. 9 displays the elements depth-profiles of samples corresponding
to Processes 2 and 3, as measured by GD-OES. As in the case of the co-
evaporated samples of Process 1, the elements distribution follows the
different stages of the co-evaporation process, presenting a higher Ge, Se
and lower Cu, Zn GD-OES signals at the surface regardless of the bulk
composition. In both cases, the samples are characterized by a higher Ge
and Zn and lower Cu GDO-ES signals near the surface after the sulfuri-
zation, with a much higher S and lower Se amount in that region. It is
interesting to point out the clear opposite behaviour of Na and Cu after
sulfurization, indicating the affinity of Na to Cu vacancies Vg,. The
normalized [S]/([S]+[Se]) atomic ratio of these sulfurized samples is
shown in Fig. 3 b. A continuous increase of the ratio towards the surface
is obtained for the sample of Process 3, being the sample of Process 2
more similar to that of Process 1.

GIXRD diffractograms measured at grazing incidence angle of GI =
4° of CZGSSe thin films corresponding to Processes 2 and 3 are shown in
Fig. 10. The co-evaporated samples presented the same characteristics as
shown in Fig. 5 for Process 1 (not shown here): CZGSe kesterite as the
main phase and additional CuySe secondary phase. The presence of ZnSe
and CuyGeSes cannot be ruled out once again. After the sulfurization of
the samples, the main diffraction peaks of CZGSSe are detected together
with Mo. Moreover, the sample corresponding to Process 3 presents a
diffraction peak at around 15° that can be attributed to a Ge(S,Se)
secondary phase. This means that the composition of CZGSe is essential
for the appearance of secondary phases after sulfurization. A zoom of the
112 Bragg peak of both CZGSSe samples is shown, corroborating a
higher incorporation of S into CZGSe lattice for the sulfurized sample
corresponding to Process 3, as well as the contribution of two different
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Fig. 10. GIXRD diffraction patterns of CZGSSe after sulfurization coming from
Processes 2 and 3. A zoom of 112 Bragg peak is shown.
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peaks, being more intense the one corresponding to higher S content in
agreement with EDX measurements.

In accordance with the above analysis, the Raman scattering spectra
of the sulfurized thin films obtained in the Process 2 and 3 show a sig-
nificant difference in the anions ratio at the sample surface (Fig. 11).
These results show a significantly higher intensity of the Raman peaks
related to the Se-Se and S-Se vibration in the sample obtained in the
Process 2. In both cases, the presence of the peak related to Ge(S,Se):
secondary phases can be observed, although, this phase was only
detected in the bulk of the thin film of Process 3 by GIXRD analysis.
Note, that the Raman spectrum of the as co-evaporated sample was
significantly different from the spectrum of the Process 1, and similar to
the Process 4, discussed in more detail later on.

Cross-sectional SEM pictures of the samples coming from Processes 2
and 3 before and after sulfurization are displayed in Fig. 12. In these
experiments, the kesterite layer is much thinner with a thickness of
around 600 nm and 470 nm for samples corresponding to Process 2 and
3 respectively. The co-evaporated samples present a similar structure to
that observed for the Process 1 with the inclusion of bright areas cor-
responding to ZnSe phase in the case of sample 2 related to a slightly
higher Zn content. However, the sulfurization results in a much more
compact structure of the kesterite-type material with larger grain size,
completely different from that obtained in Process 1. Kim et al. [9] re-
ported that GeSe; li-quid phase acts as a flux forming large CZTGSe
grains. Something similar happens here, the CZGSe with higher Ge
content leads to larger CZGSSe grain size. Therefore, it can be concluded
that the [Zn]/[Ge] ratio of the CZGSe thin film is extremely important
for the development of a compact structure and CZGSSe larger grains.

In the case of the co-evaporation process 4, EDX measurements
indicate the loss of Ge excess after the sulfurization at 480 °C for very
Ge-rich and very Cu-poor CZGSe thin film which is due to the volatility
of Ge at high temperature. In the case of Process 3, a very slight decrease
of Ge content was measured after sulfurization. The main common
feature between CZGSe from Processes 3 and 4 is the much lower Cu
concentration (~16-17 at % of Cu); and the main difference is the
content of Ge. The loss of Ge by the lower Cu content of CZGSe could be a
way to avoid the formation of Gec, antisite defects; however, a deeper
investigation is necessary to understand the relationship between Cu
and Ge and their role during the sulfurization process. Some laboratories
have observed that CZGSe-based solar cells work better for very Cu-poor
composition kesterite layers [32,33]. On the other hand, CZGSe samples
from Processes 1 and 2 present very similar Cu concentrations, being the
main difference the [Zn]/[Ge] atomic ratio. The higher Ge content or
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Fig. 11. Raman scattering spectra measured in the surface of the CZGSSe films
obtained in Process 2 and 3, after sulfurization.
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(b) Process 2: 480 °C, 60 min

Fig. 12. Cross-sectional SEM pictures of CZG(S)Se/Mo structure corresponding to Process 2 (a) and (b), and 3 (c) and (d). CZGSSe thin films present a thickness of

around (b) 550 nm and (d) 450 nm.

lower Zn concentration of Process 2 results in much less incorporation
quantity of S into the lattice than in the case of Process 1. A similar
behaviour takes place when comparing Processes 3 and 4. Therefore, not
only the Cu content is a key parameter for the incorporation of S, but
also the [Zn]/[Ge] atomic ratio is relevant for the same amount of Cu;
always when the bulk composition is Cu-poor. The sulfurization at
480 °C for 60 min allows for the redistribution and loss of the excessing
elements, so that kesterite is the main phase.

As mentioned before, 480 °C is the chosen temperature for the sul-
furization process. But, what would occur if some other parameters are
modified during the sulfurization? In the samples of Process 4, the effect
of the cooling rate and the time at the maximum temperature in the
sulfurization process on the properties of the final CZGSSe compound
were also investigated. It was observed that neither the time at 480 °C
nor the cooling rate significantly affect the bulk composition of the
samples. In any case, the optimal composition, Cu-poor and Zn-rich, is
achieved to produce efficient solar cells. The question that arises here is
whether these parameters will not affect its structural, vibrational and
morphological properties to obtain the best kesterite material quality.

Fig. 13 shows GD-OES depth profiles of the samples corresponding to
Process 4. Similar to the other CZGSe thin films, the distribution of el-
ements of the co-evaporated sample follows the sequence used during
the co-evaporation process. Therefore, the opposite behaviour of the
distribution of Cu and Ge can be related more to the low substrate
temperature used here, than to the formation of Gec, defects because it
is independent of the bulk composition of the CZGSe film. The
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Fig. 13. GD-OES depth profiles of CZG(S)Se/Mo structure for all the samples
the sputtering.

sulfurization at 480 °C leads to a higher S, Zn and Na GD-OES signal and
a lower Cu and Se intensities at the surface region. It is interesting to
highlight the different Na depth-profile through the CZGSSe thickness
for the three sulfurized samples. A much lower Na GD-OES signal near
the back contact is detected for the sample heated at 480 °C for 60 min,
indicating an enhanced Na diffusion towards the surface for longer dwell
time. Something similar seems to happen for the S in-depth profile. An
increase of the S diffusion towards the surface is produced when
increasing the time at the higher temperature. As mentioned before, a
relationship between the Na and S distribution was already observed in
kesterite-type material [20]. Fig. 3c. Shows the [S]/([S]+[Se]) intensity
ratio depth-profile of these three samples heated at 480 °C. A higher
[S1/([S1+[Se]) gradient was observed for the sample annealed for
longer time. Moreover, the cooling rate has also a slight effect on this
gradient. In comparison with the samples heated at 480 °C from Pro-
cesses 1, 2 and 3, this series of samples present a stronger [S]/([S]+[Se])
gradient from half of the CZGSSe film thickness up to the surface.

Fig. 14 displays the GIXRD diffractograms of the samples of Process
4. The co-evaporated sample presents a diffractogram very similar to
those of the rest of the CZGSe analyzed in this work. The main diffraction
peaks corresponding to the CZGSSe kesterite phase are detected in all
the samples after sulfurization. The main difference between them is the
appearance of a significant diffraction peak at around 15° corresponding
to Ge(S,Se); secondary phase for the samples cooled down at slower rate
of 10 °C/min. It seems that there is a competition process between the
Ge loss because of the higher temperature and the GeS added during the
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Fig. 14. GIXRD patterns of all the samples investigated corresponding to Process 4.

sulfurization process. These results indicate that a slower cooling rate
allows for a higher incorporation of Ge coming from the GeS added in
the graphite box used in the sulfurization process, and this extra Ge leads
to the formation of Ge(S,Se), secondary phases. Also, the presence of Zn
(S,Se) secondary phases cannot be discarded. Fig. 14b. Plots the 112
Bragg peak of all the studied samples corresponding to Process 4. All the
sulfurized samples present the contribution of two different peaks due to
the non-uniform distribution of [S]/([S]+[Se]) ratio.

Fig. 15 displays the Raman scattering measurements of all the sam-
ples corresponding to Process 4 using two excitation wavelengths. In the
case of the co-evaporated sample Raman peaks corresponding to Se-Se
are present close to 200 cm ! (see Fig. 15a.). This peak can be assigned
to the main A symmetry peak of CZGSe phase [29]. Here the shoulders at
the both sides of the main peak as well as low intensity peaks in the
range 230-310 cm ™! can also be attributed to the kesterite phase, but
the crystalline quality is quite low as a result of large bandwidth of all
peaks and high overlapping. No secondary phases (including ZnSe phase
as follows from the analysis of the Raman spectra measured under 442
nm excitation) or significant lateral inhomogeneity can be noticed in the
Raman spectra of this sample. Therefore, despite of the similar GD-OES
results showing an increase of the Ge and Se contents at the surface of all
as co-evaporated samples, Raman spectroscopy shows that the surface
regions of the co-evaporated sample of Process 4 as well as of Processes 2
and 3 are completely different to that of Process 1, and may be related to
the uncontrollable precipitation of Se in the evaporation chamber, after
the process is finished, although, as mentioned, the pure Se phase can be
seen only at the very surface of the thin film from Process 1, and can be

easily removed either by thermal or by chemical treatments.

In accordance with the above results, application of different
annealing and/or cooling conditions in the sulfur atmosphere to the
CZGSe film from the Process 4 leads to the formation of the CZGSSe solid
solutions. The Raman spectra show a significant amount of S at the
surface, which however decreases in-depth (this can be concluded from
the comparison of the spectra measured under 442 and 532 nm excita-
tion wavelengths, not shown here), in well agreement with GD-OES
measurements. The in-depth inhomogeneity is also accompanied with
the lateral inhomogeneity in all samples (there is a significant variation
of the relative intensity of Se-Se peaks from one point to other). From
the analysis of the spectra measured under 532 nm excitation wave-
length, the Ge(S,Se), secondary phase seems to be present in all samples
(peak close to 260 cm~! [12]). While the Ge(S,Se)s phase was not
detected for the sample with a much faster cooling process by GIXRD;
this secondary phase is present at the film surface, and its strong over-
lapping with the peaks of the main CZGSSe phase compromises any
quantitative estimation of the amount of this secondary phase. Addi-
tionally, analysis of the spectra measured under 325 nm excitation
wavelength shows the presence of Zn(S,Se) secondary phase in all
samples (see Fig. 15b.) [34].

Cross-sectional SEM pictures of the CZG(S)Se/Mo structure corre-
sponding to Process 4 are displayed in Fig. 16. The sulfurized samples
present a compact structure, free of pin-holes with large grains, very
different from the co-evaporated sample and the samples of Process 1
but similar to Processes 2 and 3. The samples with a controlled cooling
rate present a slight larger grain size and a thin layer of smaller grains at
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Fig. 15. Raman scattering spectra of all the samples corresponding to Process 4 measured under (a) 532 nm and (b) 325 nm excitation wavelengths.
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Fig. 16. Cross-sectional SEM pictures of CZG(S)Se/Mo structure corresponding to Process 4. CZGSSe thin films present a thickness of around 1 pm.

the surface. Elemental EDX mapping reveals that this thin layer corre-
sponds to the accumulation of Zn (not shown here). These results show
the importance of the cooling rate to avoid the segregation of secondary
phases. On the other hand, Fig. 16a. Does not show the typical bright
areas related to the ZnSe secondary phase, similar to those observed in
CZGSe sample obtained in Process 3, presenting these samples a Ge(S,
Se), secondary phases in the bulk after annealing at 480 °C for 60 min.
Once again, the importance of the composition of CZGSe thin films for
the formation of CZGSSe compounds is demonstrated here.

The question arising now is, what is the optimal CZGSe composition
to produce the higher quality CZGSSe compound? There are some
common features between the samples investigated despite the different
CZGSe starting composition.

o GIXRD diffractograms of all the CZGSe samples show kesterite as the
main phase together with CuySe despite the Cu-poor composition of
some of the thin films with a Cu concentration of only around 16 at.
%. These results indicate that CupSe is a very stable phase at low
temperature and needs higher temperature to react with the rest of
phases and forms the kesterite-type material independent from the
initial amount of Cu, which is clearly observed in the break-off ex-
periments carried out at low temperature (see Figs. 4 and 5).
The distribution of the elements through the CZGSSe thickness is
very similar after the sulfurization at 480 °C for 60 min. A much
higher S content near the surface is detected in all cases, which is
very important in order to increase the Vo of a future solar cell.
o All the samples after the standard sulfurization present CZGSSe
kesterite as the main phase and secondary phases at the surface.
However, proper chemical etching could remove them.

However, the samples also present some clear differences.

The incorporation of S to form CZGSSe compound and the loss of
Zn-Ge during the sulfurization process depend on the Cu-content of
CZGSe thin films.

The [S]1/([S1+[Se]) gradient is different from one sample to another,
and this is an important parameter to consider in order to increase
the device performance.

CZGSe thin films with [Zn]/[Ge] < 1 produce CZGSSe films with
larger grain size and with a compact structure free of pinholes.

The standard sulfurization of Ge-rich CZGSe (or [Zn]/[Ge] < 1) leads
to the segregation of Ge(S,Se); secondary phases in the bulk of
CZGSSe, which can be avoided with a faster cooling process.

From the structural and morphological point of view, these experi-
ments reveal that it is preferable to co-evaporate Cu-poor CZGSe films
with a [Zn]/[Ge] < 1, and to perform the sulfurization using a fast
cooling rate. By this way, a compact structure with larger grain size of
CZGSSe and without the segregation of secondary phases in the bulk are
expected.

Deeper investigations about the formation of different defects
depending on the CZGSe composition will be fundamental to enhance
the device performance. These results give us a very important starting
point to control the incorporation and distribution of S, which is crucial
to increase solar cells efficiency and to use them for different
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applications.
4. Conclusions

CZGGSe thin films were grown by the sulfurization of co-evaporated
CZGSe layers with different cation ratios. First, break-off experiments
carried out at different temperatures during the sulfurization process
reveal that 440 °C is the key point to develop CZGSSe-kesterite type
material, and that it is necessary to increase the temperature up to
480 °C for some time to enhance the interdiffusion of the elements.
Secondly, the investigation of the influence of the composition of Cu-
poor CZGSe samples on the formation of quality CZGSSe compounds
shows.

1. CZGSe thin films with a minimum Ge content is necessary to assist
the growth of CZGSSe grains.
2. Cu-poorer CZGSe samples result in a higher S incorporation during
the sulfurization process.
3. For CZGSe thin films with the same Cu concentration, the [Zn]/[Ge]
atomic ratio dominates the incorporation of S into the CZGSe lattice.
. The in-depth distribution of [S]/([S]+[Se]) ratio depends on the
cation’s ratios of CZGSe thin films.

These results indicate the importance of controlling the cation ratio
of CZGSe to develop high quality CZGSSe compounds for efficient de-
vices. The modification of cation ratios allows to control the S incor-
poration, being very attractive for different applications.

In addition, it was demonstrated that a faster cooling rate during the
sulfurization can avoid the segregation of secondary phases as Ge(S,Se)a,
resulting in high quality CZGSSe compounds, which could be also
relevant to achieve high efficiency solar cells.
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