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ABSTRACT 
 
The influence of the Na content and incorporation procedure into Cu2ZnGe(S,Se)4 

(CZGSSe) thin films and solar cells is investigated. The effects of the presence/absence 

of Se during the deposition of a 15 nm thick NaF layer before and/or after the Cu2ZnGeSe4 

(CZGSe) co-evaporation, are compared. Both the Na content, and Na-supply method 

significantly influence the incorporation of S into the CZGSe lattice and its distribution 

in the absorber. A [S]/([S]+[Se])-gradient throughout the CZGSSe layers is observed for 

all the samples and correlated with effects induced by the Na incorporation procedure. 

For instance, the evaporation of Se together with NaF leads to an increased S 

concentration in the surface-region of the CZGSSe layer and a modified surface 



morphology. CZGSSe-based solar cells with band gap energies of about 2 eV are obtained, 

regardless of the NaF addition method used, while the absence of the NaF layer reduces 

the S incorporation and the Eg. However, the evaporation of Se together with NaF results 

in higher Eg and open circuit voltage VOC, probably related to a higher S accumulation 

near the surface, demonstrating the importance of the [S]/([S]+[Se]) distribution. 

CZGSSe-based photovoltaic devices with efficiency of 3.2 % and Eg of 2 eV are obtained. 
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1. Introduction 

Wide band gap absorber materials are very attractive candidates for photovoltaic devices 

because they open up new market opportunities and increase the range of applications. In 

particular, they have potential to tackle two main technological applications. Firstly, they 

can be used as top cells in cost-efficient tandem devices. For that, absorbers with band 

gap energy Eg in the range of 1.5-1.9 eV are necessary (Bremner et al. 2008, Honsberg 

and Bowden 2020). Secondly, absorbers with Eg ≥ 1.5 eV can be used in semi-transparent 

devices for efficient and stable Building Integrated Photovoltaic (BIPV) concepts. The 

(semi)-transparent solar cells that have produced the most promising results so far, are 

those based on perovskite (Rahmany and Etgar, 2020) and organic materials; however, 

they have not demonstrated sufficient stability yet. Thin-film inorganic solar cells are a 

great alternative, presenting the advantage of having high efficiency, flexibility, stability 

and low cost. Up to date, the most efficient thin-film photovoltaic devices are CdTe and 

CuIn1-xGaxSe2 (CIGSe) compounds with conversion efficiencies up to 22.1 % (Green et 

al. 2019) and 23.3 % (Nakamura et al. 2019) respectively. However, they require scarce 

or toxic elements as In, Ga, Cd and Te for their fabrication, which complicates large scale 

production. Kesterite Cu2ZnSn(SxSe1-x)4 (CZTSSe) appears as an alternative to CIGSe by 

substituting In and Ga for earth-abundant elements such as Zn and Sn. Nevertheless, the 



highest efficiency achieved by a kesterite-based solar cell up to now is 12.6% (Son et al. 

2019, Wang et al. 2014), and one of the main limiting factors of this technology is the 

low open-circuit voltage (VOC). The reasons for this are still under research, but the most 

likely explanations might be the presence of structural defects, secondary phases 

formation or a short carrier lifetime (Giraldo et al. 2019). 

Kesterite materials present a direct and tunable band gap energy, which can be modified 

by substituting Se atoms with S. In the past few years, substitution of Sn with Ge has 

come out as an alternative to further increase the bandgap energy (Ford et al. 2011, Guo 

et al. 2012). The Eg varies with the [Ge]/([Sn]+[Ge]) (x) atomic ratio, and ranges from 

1.0 eV for Cu2ZnSnSe4 (CZTSe, x = 0) compounds up to 1.4 eV for Cu2ZnGeSe4 (CZGSe, 

x = 1) materials (Kim et al. 2016). In recent studies, CZGSe-based photovoltaic devices 

with Eg = 1.4 eV and 8.5 % efficiency, with an improved VOC have been achieved 

(Choubrac et al. 2020), showing the effectivity of Ge incorporation into the kesterite. For 

materials with x = 1, by increasing the [S]/([S]+[Se]) atomic ratio, band gap energy raises 

from 1.4 eV in CZGSe up to 2.2 eV in Cu2ZnGeS4 (CZGS) compounds (Garcia-Llamas 

et al. 2016). However, it has been observed that the VOC deficit, Eg/q - VOC, increases with 

Eg (Guo et al. 2012). Therefore, fabricating wide band gap kesterite solar cells while 

keeping high efficiencies is a challenge. In order to improve the device performance, it is 

necessary to optimize the sulphur content and its distribution through the absorber layer, 

both of which strongly affect the properties of the material. Kohl et al. (2018) observed 

an inhomogeneous distribution of the [S]/([S] + [Se]) atomic ratio through the CZGSSe 

kesterite layer when metallic precursors were annealed with H2Se and H2S, detecting a 

sulphur inclusion at the surface up to 20 % higher than in the bulk material. It has been 

observed in literature that sulfurization of the surface of the absorber leads to a higher Eg 

on the surface, increasing the VOC and device efficiency (Cai et al. 2017). Schnabel et al. 



(2017a, 2017b) controlled the [S]/([S] + [Se]) atomic ratio via addition of variable 

amounts of GeS during the annealing of kesterite deposited by chemical solution, 

obtaining CZGSSe-based solar cells with Eg = 1.54 eV and 1.47 eV as well as  = 2.1 % 

and 6.0 % respectively. By improving the absorber band gaps and the device efficiencies, 

wide band gap kesterite materials could be considered a potential candidate to use as top 

cell absorber in tandem devices (Khelifi et al. 2021, Vermang et al. 2019) or in BIPV 

applications as semi-transparent solar cells (Becerril-Romero et al. 2020).  

An improvement in VOC -deficit has been achieved by addition of alkali metals, out of 

which Na is the most studied element. Previous reports have observed that Na 

incorporation has, in general, a beneficial effect on both the properties of the kesterite 

absorbers and the complete devices. Effects include larger grain size and suppression of 

SnCu and GeCu point defects which are detrimental for the device performance 

(Neuschitzer et al. 2018). It has also been observed that Na addition into the kesterite 

absorbers increases the charge carrier concentration and shifts the Fermi level towards 

the valence band maximum (Li et al. 2013), which increases VOC. Nevertheless, a 

reduction of the depletion width in Na-containing samples has been observed, which 

decreases JSC (Li et al. 2013). In order to describe the effect of sodium on kesterite solar 

cells, different explanations have been proposed. One possibility is that Na tends to 

occupy Cu sites in the kesterite lattice, preventing the formation of other substitutional 

defects on Cu positions. Another explanation could be that during the kesterite synthesis 

at high temperature, Na occupies Cu positions, but during the cooling stage, the Na 

diffuses towards the grain boundaries, leaving a high amount of Cu vacancies, which 

would increase the p-type conductivity of the material (Giraldo et al. 2019). 

Some years ago, it was observed that the method of addition of the alkali elemental has a 

significant influence on the performance of CIGSe-based solar cells (Caballero et al. 



2011). World record efficiency of CIGSe photovoltaic devices on flexible substrates was 

achieved when a NaF layer was supplied by a post-deposition treatment (PDT) deposited 

after the CIGSe co-evaporation (Chirilá et al. 2011). Chang et al. (2021) have reported an 

improved CZTSSe device performance from 10.1 % to 11.7 % by the addition of a NaF 

layer added by a PDT process. They observed that Na atoms are randomly dispersed in 

both the grain interior and grain boundaries, increasing the acceptor concentration and 

passivating the deep level defects to enhance the VOC. More recently, we have investigated 

the effect of a NaF precursor layer on the properties of CZGSSe thin films, achieving an 

efficiency of 2.7 %, VOC = 828 mV and Eg = 2 eV by the addition of 15 nm NaF precursor 

layer (Ruiz-Perona et al. 2021). For that, the absorber layer was deposited by the 

sulfurization of co-evaporated CZGSe layers. Here, different procedures to add Na in 

wide band gap kesterite material are compared. 

In the present work, the effect of Na content and method of incorporation on the elemental 

distribution, composition as well as structural, vibrational and morphological properties 

of wide band gap kesterite thin films has been studied. For that, different Cu2ZnGe(SxSe1-

x)4 (CZGSSe) samples have been fabricated under the same growing conditions, only 

varying the NaF layer deposition procedure. The incorporation of S into the CZGSe lattice 

has been investigated, producing absorber layers with Eg in the range of 2.0 eV. Finally, 

complete photovoltaic devices have been fabricated and characterized. Up to our 

knowledge, it is the first time that an efficiency of 3.2 % is achieved for CZGSSe-based 

solar cells with Eg around 2 eV. This work reflects a first step to consolidate wide band 

gap kesterite materials, that could increase the range of applications. 

 

2. Materials and methods 

2.1 Cu2ZnGe(S,Se)4 thin films and photovoltaic devices fabrication 



Cu2ZnGeSe4 thin films were fabricated by co-evaporation of Cu, ZnSe, Ge and Se onto 

Mo/soda-lime glass (SLG) substrates at a nominal substrate temperature of 150 ºC (Ruiz-

Perona et al. 2021). This low temperature was chosen to reduce the re-evaporation of Ge 

and Se. Before the co-evaporation process, only Se was deposited for 3 min onto the Mo. 

The following CZGSe co-evaporation process consisted of 3 stages. During the first stage, 

Cu, ZnSe, Ge and Se were evaporated in order to obtain a Cu-rich composition during 

this stage 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, and, finally, in the third 

stage, Ge and Se were evaporated to avoid a Zn excess on the surface (Ruiz-Perona et al. 

2020a). The effect of Na on the kesterite was studied by changing the NaF layer 

deposition conditions, while keeping the same conditions during the CZGSe co-

evaporation process. A NaF layer of a total nominal thickness of 15 nm, as measured by 

quartz crystal microbalance, was deposited at a substrate temperature of around 30-40 ºC. 

Fig. 1 shows the different configurations of the NaF layers. For Sample A, a 15 nm thick 

NaF layer was evaporated after the co-evaporation process (PD-layer); in Sample B, a 7.5 

nm thick layer was deposited onto the Mo substrate, before the co-evaporation process 

(pre-layer), and another 7.5 nm thick NaF layer was deposited onto the CZGSe layer (PD-

layer). Sample C has the same structure as Sample A, but the NaF layer was evaporated 

in the presence of Se; and for Sample D, the same procedure as for Sample B was followed, 

but the NaF layers were also deposited along with Se (Ruiz-Perona 2020b). Moreover, it 

is important to note that Na can diffuse from the SLG substrate into the kesterite. However, 

the co-evaporation process was carried out at a nominal temperature of 150 ºC as 

mentioned above, so the diffusion process during the deposition is expected to be rather 

weak. A Reference CZGSe Sample without any NaF layer was evaporated following the 



same co-evaporation parameters to investigate the effect of Na content on the properties 

of the absorber layer. 

 

Fig. 1. Structure of Samples A-D and Reference before the sulfurization process. The 

layers thicknesses are not to scale. 

 

The co-evaporation process was followed by a thermal treatment at 525 ºC in a tubular 

furnace in Ar atmosphere at a pressure of 930 mbar for one hour. The samples were placed 

into a graphite box, along with S and GeS in order to incorporate S into the material (Ruiz-

Perona et al. 2021). 

Complete photovoltaic devices with ITO/i-ZnO/CdS/CZGSSe/Mo/SLG structure were 

fabricated using these absorbers. A CdS buffer layer of 50 nm was deposited by chemical 

bath deposition, followed by 50 nm i-ZnO and a 350 nm of In2O3:SnO2 (ITO) layers 

deposited by DC-pulsed sputtering to act as a transparent conductive window layer. The 

devices did not have antireflective coating nor metallic grids. The size of the cells was 

3x3 mm2. 

 

2.2 Sample characterization 

The chemical composition of the samples was measured by energy dispersive X-ray 

spectroscopy (EDX) using an Oxford INCAx-sight detector connected to a Hitachi S-

3000N scanning electron microscope (SEM). Bulk measurements were carried out at 25 

kV operating voltage, while surface composition was measured at 10 kV. Cu K, Zn K, 

Ge K, Se K and S K lines were used for elemental quantification. Glow discharge optical 

emission spectrometry (GD-OES) was used to measure the in-depth element distribution 

through the CZGSSe thin-film. The measurements were performed in 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 

performed 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 CuKα radiation and a multilayer mirror to produce a parallel beam. The 

measurements were performed at incidence angles of 1º and 4º. The reference spectra for 

phase identification were taken from International Centre for Diffraction Data. The 

morphology of the CZGSSe/Mo structure and the CZGSSe surface was investigated by 

SEM using a SEM FEI VERIOS 460, operating at 2 kV.  Raman scattering spectra were 

measured using two monochromators FHR 640 and iHR 320 from Horiba Jobin Yvon, 

both coupled with CCD detectors. The first monochromator is optimized for the UV and 

visible range and was used with gas (325 and 442 nm) and solid state (532 nm) lasers as 

excitation sources. The second monochromator is optimized to the NIR spectral range 

and was used with solid state (785 nm) laser as excitation source. The lasers power density 

was in the range of 100 W cm-2 – 150 W cm-2. The spectra were measured in 

backscattering configuration using a special probe designed at IREC. Spectral position 

was corrected by imposing the main peak of single crystalline Si to 520 cm-1. 

Current-Voltage (IV) characterization was performed in a Sun 3000 class solar simulator 

(Abet Technologies Inc., Milford, Connecticut, USA) under AM1.5 and 100 mW cm-2 

illumination conditions at 25 ºC. External quantum efficiency (EQE) was measured using 

a Bentham PVE300 system (Bentham Instruments Ltd., Berkshire, UK) calibrated with a 

Si and Ge photodiode and the spot size was almost 3x3 mm2. 

 

3. Results and discussion 



The atomic composition of each sample measured by EDX is shown in Table 1. The 

measurements done at 25 kV show that the [Cu]/([Zn]+[Ge]) and [Zn]/[Ge] atomic ratios 

are comparable for all the samples with NaF, and the main difference is found in the 

[S]/([S]+[Se]) ratio, for the latter is decreased in Samples C and D, where NaF was 

deposited in the presence of Se. The Reference sample has a slightly higher Cu 

concentration and a much lower S content in the bulk of the kesterite layer. In agreement 

with our previous experiments (Ruiz-Perona et al. 2021), a higher incorporation of S into 

the bulk of CZGSe layers takes place by increasing the Na content. The surface-sensitive 

EDX-measurements performed at 10 kV show a higher S concentration and an increased 

[S]/([S]+[Se]) atomic ratio, which is more significant for Samples C, D and the Reference 

sample. Therefore, a non-uniform in-depth sulphur distribution is expected. A higher Cu-

content is also observed at the surface of all the samples, which can be detrimental for the 

CdS/CZGSSe heterojunction. However, it is detected that the addition of Na via a NaF 

layer leads to a decreased Cu concentration in agreement with the known affinity of Na 

for the Cu vacancies, VCu (Caballero et al. 2013, Niles et al. 1999). In addition, the 

evaporation of Se together with NaF, Samples C and D, results in a lower Cu content in 

the bulk and close to the surface of the absorber layer. 

 

 

 

 

 

 

 



Table 1. Composition of all the samples measured by EDX using different acceleration 

voltages. 

Sample  Cu 

(at %) 

Zn 

(at %) 

Ge 

(at %) 

S 

(at %) 

Se 

(at %) 

[Cu]/ 
[Zn]+[Ge]) 

[Zn]/ 
[Ge] 

[S]/ 
([S]+[Se]) 

Ref 25 kV 

10 kV 

20.5 

22.7 

13.0 

14.6 

11.0 

11.6 

13.6 

24.6 

41.9 

26.5 

0.85 

0.87 

1.18 

1.27 

0.25 

0.48 

A 25 kV 

10 kV 

19.2 

22.5 

13.1 

12.8 

12.3 

12.6 

35.1 

36.3 

20.4 

15.7 

0.76 

0.89 

1.06 

1.02 

0.63 

0.70 

B 25 kV 

10 kV 

19.1 

22.3 

12.8 

11.8 

12.7 

11.7 

33.0 

39.3 

22.3 

14.7 

0.75 

0.94 

1.01 

1.01 

0.60 

0.69 

C 25 kV 

10 kV 

17.6 

21.3 

12.3 

13.3 

12.7 

14.0 

23.4 

33.4 

34.0 

18.0 

0.71 

0.78 

0.97 

0.97 

0.41 

0.65 

D 25 kV 

10 kV 

18.0 

21.9 

13.1 

14.4 

12.4 

12.5 

25.8 

30.5 

30.7 

20.7 

0.71 

0.82 

1.06 

1.17 

0.46 

0.60 

 
 

In order to prove the inhomogeneous distribution of S in-depth of the absorber layer, GD-

OES measurements were performed (see Fig. 2). Samples A and B have a more uniform 

elemental distribution, while Samples C and D present greater differences between the 

composition at the surface and the bulk of the absorber layer. First of all, there is a higher 

S concentration at the surface for all the samples, however, its distribution changes largely 

depending on the Na content and whether the NaF incorporation was made in presence 

of Se or not. A much lower S-signal is detected inside the bulk of the absorber layer for 

the Reference sample in comparison to the other CZGSSe absorber layers, in agreement 

with EDX results and similar to the results shown in (Ruiz-Perona et al.2021). Samples 

C and D exhibit a noticeable S-gradient throughout the CZGSSe layer, with a much higher 



S-content at the surface in agreement with the EDX measurements. Besides, Sample B 

presents a more pronounced S gradient than Sample A. As it has been previously 

mentioned, the S distribution in the bulk of the absorber strongly affects the properties of 

the kesterite, especially its band gap energy, consequently also affecting the photovoltaic 

parameters of the corresponding solar cells (Cai et al. 2017, de la Cueva et al. 2018, 

Giraldo et al. 2019). The presence of Se during the evaporation of the NaF layer reduces 

the S-incorporation into the bulk of the CZGSe layer, showing a lower [S]/([S]+[Se]) 

atomic ratio and a significant increase of S at the surface of the absorber. This is 

independent of whether only the NaF layer was evaporated after the co-evaporation 

process (PD-layer) or a 7.5 nm thick layer was deposited before the co-evaporation 

process (pre-layer), and another 7.5 nm thick NaF layer was deposited onto the CZGSe 

layer (PD-layer). In contrast, Samples A and B, where there was no Se evaporation along 

with the NaF deposition, have a more uniform sulphur distribution across the CZGSSe 

layer. The depth profiles also show that the Se and S distributions exhibit opposite 

tendencies, which confirms that the Se atoms substitute S atoms. On the other hand, it can 

also be observed that the Cu in-depth distribution depends on the presence of Se during 

the evaporation of NaF. For Samples A and B, there is a reduced Cu content at the surface, 

but it remains constant in the bulk of the absorber, whereas Samples C and D present a 

higher Cu content at the surface decreasing towards the Mo back contact. The reference 

sample is also characterized by a decrease of Cu concentration from the absorber surface 

towards the Mo layer. The Ge-signal generally increases towards the surface, and – in the 

case of Sample C – also near the Mo layer. A slightly lower Zn-GD-OES signal is detected 

near the back contact for all the samples. Finally, differences in the Na in-depth 

distribution can also be observed. While Samples A and B present a double gradient with 

high Na content at the surface and next to the Mo back contact, Samples C and D have a 



much higher Na concentration on the surface than in the bulk and near the back contact, 

similar to the S distribution, which is in agreement with previous observations for CIGSe 

solar cells (Kronik et al. 1998) where Na tends to occupy Se vacancies, thus, Na 

concentration increases when Se content is lower. It is important to note that as opposed 

to Sample B, in Sample A the Na signal is stronger in the bulk of the CZGSSe layer. A 

much lower Na-signal near the surface and back contact is measured for the Reference 

sample because the only source of the alkali element is the SLG substrate. This shows 

that changes in the Na amount and during the NaF incorporation to the material strongly 

affect the elemental distribution, especially the distribution of Na, S, Se, and Cu. 

 

Fig. 2. GD-OES depth profiles of CZGSSe/Mo structure for all the samples. 

 

Fig. 3 shows the in-depth profile of the normalized [S]/([S]+[Se]) atomic ratio for all the 

samples. Recently, we also observed a single [S]/([S]+[Se])-gradient through CZGSSe 

thin films with a NaF precursor layer of different thicknesses with a higher ratio at the 

surface and decreasing towards the back contact (Ruiz-Perona et al. 2021). As mentioned 

above, the Reference sample presents a much lower [S]/([S]+[Se]) atomic ratio inside the 

absorber layer in comparison with the other samples, and a pronounced increase towards 



the surface, in agreement with EDX measurements. While in Samples A and B the 

[S]/([S]+[Se]) ratio is more uniform, only slightly decreasing towards the Mo contact, in 

Samples C and D, there is a great difference between the surface and the bulk of the 

absorber layer, being more significant for Sample C. We assume that these variations in 

the S distribution in the material might be due to a combination of different processes. In 

the case of Samples C and D, one possible explanation could be that the additional Se 

atoms deposited along with the NaF layer block the incorporation of S atoms into the bulk 

of the layer. Another possibility could be that the elemental diffusion from the surface is 

enhanced by the Na in the PD layer and in Samples C and D these diffusion channels 

could be occupied by the Se atoms deposited along with the NaF layer, thus the S atoms 

would gather at the surface. However, in order to understand the reasons of the differences 

on the element distribution it would be necessary to perform more specific experiments 

that allow the study of the elements diffusion into the material and the dynamic effects 

during the crystal growth.  

Additionally, both EDX and GD-OES depth profiles, show that S is strongly concentrated 

near the surface region of the Reference sample without NaF layer. Similarly, we showed 

previously that Na plays an important role in the formation of the S-gradient and the 

[S]/([S] +[Se]) atomic ratio (de la Cueva et al. 2018). Elsewhere it has been reported that 

Na neutralizes the donor-like point defect VSe in CIGSe solar cells (Kronik et al. 1998), 

increasing p-type conductivity and carrier concentration. Here and as it was observed by 

de la Cueva et al. (2018) and Ruiz-Perona et al. (2021), Na promotes the partial 

substitution of Se with S, replacing the possible Se vacancies by S, which increases the 

band gap energy of the kesterite material. 



 
Fig. 3. GD-OES depth profiles of the normalized [S]/([S]+[Se]) atomic ratio for all the 

samples. 

 

GIXRD diffractograms of all the samples at GI = 1º and 4º are plotted in Fig. 4. CZGSSe 

phases have been identified with its Bragg peaks located between CZGS (04-012-7580) 

and CZGSe (01-070-7623), which are also shown in Fig. 4. Mo Bragg peaks (04-014-

7439) corresponding to the back contact have also been identified. Besides, there are two 

diffraction peaks located at around 15.1º and 57.4º that possibly belong to the 

Cu2Ge(S,Se)3 secondary phase. The Bragg peak at around 15.1º could also be assigned to 

Ge(S,Se)2. In addition, the presence of the ZnS secondary phase with its main Bragg peak 

at 26.9º cannot be ruled out in case of the Reference sample when measured with GI angle 

of 1º.  

 



 

Fig. 4. GIXRD patterns measured at (a) GI = 1° and (b) 4º for Reference sample (orange), 

Samples A (red), B (blue), C (black) and D (green). The PDF data of Cu2ZnGeSe4 (dashed 

line), and Cu2ZnGeS4 (solid line), have been used for identification of the different phases. 

 

Fig. 5 shows a more detailed plot of the 112 Bragg peak of CZGSSe for GI = 1º and 4º 

for each sample. A general shift towards higher diffraction angles in the GI = 1º curves 

compared to the GI = 4º can be observed, which denotes that the amount of S is higher at 

the surface. This is in good agreement with the previously discussed EDX and GD-OES 

measurements. Furthermore, the more uniform S distribution in Sample A can also be 

seen in Fig. 5. Unlike Sample A, Samples B, C, and D present a clear contribution of two 

different peaks related to the existence of two phases with different [S]/([S]+[Se]) atomic 

ratios. Also, in good agreement with the GD-OES results, a lower S concentration and a 

significant agglomeration of Se are observed in the bulk of the Reference sample, 

confirming the strong segregation of S near its surface. 

 

 



 

Fig. 5. 112 Bragg peak for all the samples investigated at GI= 1º (solid line) and GI= 4º 

(dashed line). 

 

In order to identify all phases potentially forming at different depths of the CZGSSe layer, 

a multiwavelength Raman scattering analysis was performed. Due to the large bandgap 

energy of the samples, we used UV and visible excitation wavelengths (325, 442 and 532 

nm) to obtain information mostly about the layer surface. Additionally, we used NIR 

excitation wavelength (785 nm) which penetrates the entire layer depth (except for the 

case of the reference sample in which the almost pure CZGSe phase at the back interface 

of the absorber layer limits the laser penetration depth). Independently of the used 

excitation wavelength, the spectra show a clear formation of S-Se solid solution of the 

CZGSSe phase (see Fig. 6) as can be concluded from the appearance of the Raman peaks 

related to the Se-Se vibrations (spectral range 160 – 215 cm-1), S-S vibrations (spectral 

range 340 – 385 cm-1), and S-Se vibrations (spectral range 215 – 255 cm-1). Appearance 



of the latter peaks is in agreement with the well-studied Sn containing CZTSSe 

compounds, where presence of new peaks related to S-Se vibrations was also observed 

(Dimitrievska et al. 2014), but less pronounced to the here discussed Ge containing solid 

solutions. 

Analysis of the Raman spectra of the Reference sample measured under different 

excitation wavelengths confirmed that S was mainly segregated at the sample surface in 

the CZGSSe phase as well as in the ZnS secondary phase. The latter was clearly observed 

in the spectra measured under UV excitation, where the intensity of the peak related to 

the ZnS phase strongly exceeded the intensity of the peaks related to the kesterite phase 

(see Fig. 6.a.). Under the visible excitation wavelengths (442 and 532 nm), the intensity 

of the peaks related to S-S vibrations significantly exceed the ones related to Se-Se (see 

Fig. 6.b. and 6.c.), denoting the high concentration of the sulphur anions at the sample 

surface. This harshly changes when the NIR excitation wavelength (785 nm) is used, 

resulting in a spectrum with dominant Se-Se peaks (Fig. 6.d.), which corresponds to 

significant amount of selenium in the bulk of the absorber layer. Thus, a sharp gradient 

of the S distribution in the Reference sample can be confirmed, in agreement with EDX, 

GIXRD and GD-OES results. 

In all samples with NaF, the Raman spectra measured under all excitation wavelengths 

are strongly changed compared to the Reference. In all samples, the presence of secondary 

phases like ZnS, ZnSe, CuGeSe2, CuGeS2, etc., as well as of Zn(S,Se) solid solutions can 

be excluded, as each of these phases is resonant to at least one of the applied excitation 

wavelengths and should therefore be clearly observable in at least one of the Raman 

spectra. However, next to the CZGSSe Raman peaks, there is a set of additional signatures 

found in the spectra that can be associated with the Ge(S,Se)2 secondary phase, which 

was previously inferred from the XRD diffractograms of these samples. Since, according 



to our knowledge, the crystalline phase of the Ge(S,Se)2 solid solution was not yet studied 

by Raman spectroscopy in detail, a system of Ge(S,Se)2 chalcogenide glasses with 

different [S]/[Se] ratio was analyzed, to provide reference values for this phase. In Fig. 6, 

violet bars indicate the position of the most intense peaks of the GeS1.2Se0.8 glasses at 208, 

233, 262, 300, 350, 377 and 423 cm-1 (Han et al. 2014). These peaks overlap with the 

peaks of the main kesterite phase and therefore it is hard to unambiguously identify them 

in the spectra measured under any excitation wavelength. Nevertheless, appearance of a 

strong broad band close to 260 cm-1 can be interpreted as an indication of the presence of 

the Ge(S,Se)2 secondary phase, for which several peaks related to different Ge(S,Se)2 

tetrahedral units vibrations are expected in this spectral range (Griffiths et al. 1983, Han 

et al. 2014) . The presence of this complex secondary phase as well as the strong overlap 

of its peaks with the main peaks of the CZGSSe phase hindered us determining the 

[S]/([S] + [Se]) ratio quantitatively in the kesterite phase. However, using the results of 

the multiwavelength Raman scattering study, the qualitative assessment of the changes in 

the in-depth gradient of the anions became possible. As mentioned above, the penetration 

depth of the 785 nm excitation laser is expected to be larger than the thickness of the 

CZGSSe layers, and this is confirmed by the appearance of MoSe2-related Raman peaks 

in the measured spectra of all treated samples A-D (see Figure 6.d). Keeping in mind that 

MoSe2 forms at the back side of the absorber layer, this denotes that under NIR excitation, 

the spectra contain the overall in-depth information of the whole layer. On the other hand, 

due to the low penetration depth of 532, 442 and 325 nm excitation lasers, the resulting 

spectra mainly contain information about the absorber surface. Taking this into account, 

it can be seen that the gradient of the [S]/([S] + [Se]) ratio is more pronounced in the 

Samples C and D, and is gentler in Samples A and B, which is in accordance with GD-

OES and EDX measurements. 



A comparison of the sulfur gradient in the Samples A to D with the Reference sample 

shows that post- and pre-deposition treatment of the absorber with NaF has a significant 

influence in the case of a further incorporation of the S by minimizing the gradient 

(observed in Samples A and B), while presence of Se vapors during the treatment allows 

a more precise control of the [S]/([S] + [Se]) ratio gradient (observed in the Samples C 

and D).  

 

 

Fig. 6. Raman scattering spectra of the Reference sample and Samples A to D measured 

under (a) 325 nm, (b) 442 nm, (c) 532 nm and (d) 785 nm excitation wavelengths. 

 

Fig. 7 shows cross-sectional (upper row) and top view (bottom row) SEM images of all 

the absorber layers investigated. Samples with NaF layers are characterized by a compact 

and columnar morphology without significant voids at the back interface, while in the 

Reference sample, without NaF, some voids at the back interface can be observed. 

Previous studies proved a correlation between the addition of Na to the kesterite and its 



grain size, being larger as the Na content increases (Romanyuk et al. 2019). This is 

confirmed here, as a smaller grain size is also observed for the NaF free sample with 

lower Na content (see surface morphology). Additionally, Samples B and C present larger 

grains (> 1 µm) than Samples A and D. This could have a beneficial effect on the final 

device performance due to the reduced amount of grain boundaries, which can act as 

recombination centres. Nevertheless, it has been observed that larger grain size does not 

necessarily lead to higher efficiencies. As it can be observed in the surface images, there 

are apparent differences on the grain shape of Samples A-B and C-D. Whereas A and B 

present irregular shapes, Samples C and D have more regular and geometrical grains. 

Furthermore, the Reference sample presents a surface morphology more similar to those 

of Samples C and D, which could be related with the higher S concentration at the surface 

for those absorber layers. All the samples have a similar thickness, of about 1.3 µm. 

 

Fig. 7. Cross-sectional (upper row) and surface (bottom row) SEM images of 

CZGSSe/Mo structure for all the samples. 

 

Photovoltaic devices with ITO/i-ZnO/CdS/CZGSSe/Mo/SLG structure were fabricated 

using these absorbers. EQE measurements of the best cells of each absorber are shown in 

Fig. 8 in solid lines along with the integrated JSC in dashed lines. The EQE spectrum of 

the Reference sample is completely different from that of the samples with a NaF layer. 

The Reference sample is characterized by a lower spectral response from 350 to 600 nm 



and absorption until 850 nm approximately presenting a much lower Eg than the other 

samples. Samples A through D mostly present similar EQE spectra with varying cut-offs 

of the absorption, indicating slightly different bandgap energies. Hereby, Sample B shows 

the lowest and Sample D the highest bandgap energy. Additionally, there is a significant 

difference between the spectra of Samples A-B and C-D at short wavelengths. Since the 

CdS buffer layer was deposited under the same conditions for all of the samples, these 

differences might be due to the different surface morphology and surface composition of 

the layers that was observed by SEM and GD-OES measurements respectively. These 

differences might have led to different growth conditions of the CdS resulting in a 

different CdS/CZGSSe heterojunction.  

The optical band gap energy has been determined from the EQE measurements using the 

peak energy of the derivative of the EQE at longer wavelengths, and the values are shown 

in Fig. 9. The optical band gap energy of the Reference sample is about 1.63 eV. Samples 

A-D present much higher and similar Eg despite having significantly different sulphur 

content. Previous reports have shown that the band gap energy increases linearly with the 

sulphur content in the material (Guo et al. 2012), however, in these samples, EDX 

measurements show that the S content varies between 23 and 35 % in atomic weight 

([S]/([S]+[Se] ~ 0.4 – 0.6) for Samples A-D. This is due to a more pronounced sulfur 

gradient in samples C and D compared to the almost uniform distribution of sulfur in the 

samples A and B. As shown in Fig. 9, it is clear that the samples where the NaF layer was 

deposited together with Se present a higher band gap energy than those where the NaF 

layer was deposited alone. 



 

 

Fig. 8. EQE curves (solid line) and integrated JSC (dashed line) for the best devices of 

each absorber layer. 

 
 

Fig. 9. Optical band gap energies calculated from the inflection point of the derivative of 

the EQE measurements at the long wavelenghts. Samples where the NaF layer was 

deposited in presence of Se are marked in triangle shape and samples where NaF was 

evaporated alone have square shape. Error bars were determined from the indetermination 

to assess the exact value from the inflection point of the EQE measurements at the long 

wavelength. 

 

Table 2 shows the photovoltaic parameters VOC, JSC, FF, total area efficiency, shunt 

resistance RSh and series resistance RS obtained from the JV curves and in parentheses the 



values of JSC and active area efficiency obtained from EQE measurements. Although 

variation between the JSC values obtained from the JV curves and the integrated JSC is 

observed, it does not seem to follow a trend. Since all samples were measured under the 

same conditions and they do not present significant differences in the structure, 

morphology or composition that can be linked to this, these differences could be attributed 

to the synthesis method and the presence of different kinds of barriers within the cell. 

While Devices B, C, and D have similar VOC values, Device A presents a much lower VOC 

compared to the other devices, accompanied by a very low shunt resistance. This might 

be related to the uniform bulk S distribution and a lower S concentration at the surface, 

as measured by GD-OES and Raman spectroscopy. This, in addition to the low values of 

JSC and FF, lead to an efficiency of 1.1 % for Device A.   Device B presents the highest 

JSC value, reaching an efficiency of 3.2 %, the highest efficiency of the series. Devices C 

and D have lower values of JSC, reaching efficiencies of 2.5 and 2.8 % respectively. The 

overall low short circuit current density values are due to the high band gap energies. A 

higher S content at the back contact could increase JSC, since it could reduce 

recombination at the back interface (Yang et al. 2016).  

These results denote the importance of having an optimal S gradient through the kesterite 

absorber, and the need of a higher S concentration at the front surface in order to increase 

the VOC. On the other hand, the incorporation of a NaF layer before and after the 

evaporation of the CZGSSe leads to an enhanced JSC and FF while keeping a high VOC, 

above 815 mV. Moreover, Sample D presents the highest value of RSh and a much lower 

RS compared to the other devices. The high series resistance of the solar cells could be 

the reason behind the low values of short circuit current density and FF. In addition, the 

presence of Cu2Ge(S,Se)3 ternary phase cannot be ruled out from GIXRD spectra. Khelifi 

et al. (2021) have shown a detrimental effect of Cu2GeSe3 phase on Cu2ZnGeSe4 solar 



cells, which in principle could be a reason for the limited performance of the devices here, 

too. Moreover, the higher Cu content near the surface in most of the samples could be 

limiting the device performance because a Cu poor composition is desirable at the surface 

to enhance the CdS/CZGSSe interface (Chang et al. 2021). In the case of the Reference 

sample, the efficiency is limited to 2.2. %. Despite the lower sulphur content, a VOC of 

722 mV is achieved, much higher than that of Device A, which could be related to the 

higher S accumulation near the surface of its absorber layer. The presence of a significant 

amount of the ZnS secondary phase at the surface, as detected by Raman spectroscopy 

and GIXRD measurements, can be responsible for the limited device performance for the 

Reference sample as well (Ruiz-Perona et al. 2020a). Therefore, the main impact of Na 

on the absorber layer is the formation of a S-gradient through the kesterite film, which 

affects the optoelectronic properties of the corresponding PV device. These results 

manifest the promising future of this wide band gap material to be used for different 

applications, as for the fabrication of (semi)transparent solar cells. However, it is 

necessary to optimise the S-gradient through the absorber layer that allows for a 

simultaneous improvement of VOC and JSC. 

 

Table 2. Photovoltaic parameters obtained from JV curves. JSC and efficiency obtained 
from EQE measurements are shown in brackets. 
Device Voc 

(mV) 

Jsc 

(mA/cm2) 

FF 

(%) 

η 

(%) 

Eg 

(eV) 

Rsh 

(Ω/cm2) 

Rs 

(Ω/cm2) 

Ref 722 7.1 (7.0) 44 2.2 (2.2) 1.63 207 11.85 

A 382 5.8 (6.0) 49 1.1 (1.1) 1.99 466 12.37 

B 817 7.5 (6.4) 51 3.2 (2.7) 1.98 546 14.05 

C 854 5.9 (6.3) 50 2.5 (2.7) 2.04 680 15.75 

D 821 6.2 (5.5) 55 2.8 (2.5) 2.08 747 5.76 



4. Conclusions 

Wide band gap kesterite thin film absorbers have been deposited by co-evaporation of 

CZGSe followed by a thermal treatment in presence of S and GeS. The effect of the Na 

content and the Na supply procedure on the compositional, structural, vibrational and 

morphological properties of CZGSSe absorber layers and corresponding photovoltaic 

devices has been investigated by varying the NaF layers configuration. The lower Na 

content, the lower sulphur incorporation and the stronger S-gradient through the absorber 

layer with a high S segregation at the surface was measured by EDX, GD-OES and 

Raman measurements. It was found that the elemental distribution depends on the Na 

addition process. The evaporation of Se together with NaF results in a strong [S]/([S] + 

[Se]) gradient through the CZGSSe layer and a different surface morphology. CZGSSe-

based solar cells with band gap energies between 1.98 and 2.08 eV have been obtained 

when 15 nm NaF layer was added, presenting a slight increase in Eg for samples fabricated 

with Se-evaporation during the NaF deposition, which can be due to the higher S content 

on the surface of those samples. In contrast, the NaF free sample is characterized by a 

band gap energy of 1.63 eV, related to the lower S content. The devices with higher S 

content at the surface present high VOC values (> 815 mV).  These results show the 

importance of the S gradient through the sample. To the best of our knowledge, a record 

efficiency of 3.2 % has been achieved for CZGSSe-based photovoltaic devices with Eg 

of about 2 eV. 
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