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Abstract 

Fabrication on transparent soda-lime glass/FTO substrates opens the way to advanced applications 

for kesterite solar cells such as semitransparent, bifacial and tandem devices which are key to the 

future of the PV market. However, the complex behavior of the p-kesterite/n-FTO back interface 

potentially limits the power conversion efficiency of such devices. Overcoming this issue requires 

careful interface engineering. This work empirically explores the use of transition metal oxides 

(TMOs) and Mo-based nanolayers to improve the back interface of CZTSe, CZTS and CZTSSe 

solar cells fabricated on transparent glass/FTO substrates. Although the use of TMOs alone is 

found to be highly detrimental for the devices inducing complex current blocking behaviors, the 

use of Mo:Na nanolayers and their combination with the n-type TMOs TiO2 and V2O5 are shown 

to be a very promising strategy to improve the limited performance of kesterite devices fabricated 

on transparent substrates. The optoelectronic, morphological, structural and in-depth 

compositional characterization performed on the devices suggests that the improvements observed 

are related to a combination of shunt insulation and recombination reduction. This way, record 

efficiencies of 6.1%, 6.2% and 7.9% are obtained for CZTSe, CZTS and CZTSSe devices, 

respectively, giving proof of the potential of TMOs for the development of kesterite solar cells on 

transparent substrates. 

Introduction 

The substitution of metallic back contacts by transparent electrodes in photovoltaic (PV) devices 

fabricated on soda-lime glass (SLG) substrates opens the way to a manifold of advanced 

applications. This is especially relevant in the case of inorganic thin film technologies with tunable 

bandgaps like Cu(In,Ga)Se2 (CIGS) and Cu2ZnSn(S,Se)4 (CZTSSe or kesterite) in which the use 
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of transparent electrodes combined with wide bandgaps and reduced absorber thicknesses enable 

the fabrication of highly stable semi-transparent devices1. These have a direct application as 

bifacial solar cells, in building integrated photovoltaics (BIPV) and as top cells in tandem devices. 

These advanced concepts have the potential to push thin film PV towards higher power densities 

and lower costs and are likely to play an important role in the future mass deployment of PV. 

While the CIGS technology has reached efficiencies close to those of Si2, the scarcity of In and Ga 

sets a limit to its future module production below the TW/year level3,4. In this regard, kesterite-

based PV devices present a larger potential since they are composed by Earth-abundant and low-

toxicity elements. Thus, the development of this technology on transparent substrates may be of 

great relevance for the future of inorganic thin film photovoltaics. 

Transparent conductive oxides (TCOs) are commonly employed as front electrodes in CIGS and 

CZTSSe and are also the best choice to replace Mo (the standard back electrode material for these 

technologies) in order to achieve substrate transparency. Among the different TCOs, the high 

thermal stability of FTO (compared to other TCOs like AZO and ITO)5,6 and its Earth-abundant 

composition make it an ideal candidate for kesterite-based devices. The possibility of directly (i.e. 

without any additional interfacial layers) employing SLG/FTO substrates for the fabrication of 

efficient kesterite devices has already been demonstrated with efficiencies of up to 5.7% for 

CZTSe5, 4.7% for CZTS7 and 2.6% for CZTSSe8. Although promising, these efficiency values are 

well below those of the best kesterite devices fabricated on standard opaque SLG/Mo substrates9–

11. One of the main reasons of this performance difference lies at the non-ohmic and complex 

behavior of the p-kesterite/n-TCO back interface that may hinder charge extraction5,12. However, 

different interface engineering strategies can be employed in order to reduce or even prevent these 

issues. A possible approach, is to imitate standard Mo-based devices13–17 and add a thin Mo(SxSe1-
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x)2 buffer layer between the TCO and the absorber to enhance the ohmicity of the back interface. 

We already demonstrated this concept for CZTSe and CZTSSe solar cells fabricated on SLG/FTO 

and observed a large performance enhancement (around 2.5 fold increase in efficiency) by 

depositing a 20 nm Mo layer (which was completely selenized during absorber synthesis) on the 

substrate8,18. The performance of such devices was further increased by substituting Mo by Na-

doped Mo (Mo:Na), which was attributed to the fact that FTO may act as a barrier for Na diffusion 

from SLG8. 

Another possible way of enhancing the kesterite/TCO interface is through the use of hole-

selective interlayers that may improve charge collection. In this regard, thin layers of transition 

metal oxides (TMOs) have been employed as hole injectors and extractors for a long time in 

organic electronics due to their high work function and the possibility of low temperature 

deposition19,20. In addition, they feature a high optical transparency. Thus, on paper, TMOs may 

possess the right properties to improve the back interface of kesterite solar cells fabricated on 

SLG/FTO transparent substrates. The idea of using TMOs as hole extractors in inorganic PV has 

already been successfully tested on CdTe21, CIGS22, kesterites13,23–25 and, more extensively, on c-

Si solar cells26–30. In the case of kesterites, only the combination of Mo oxides with opaque back 

contacts has been reported so far. Antunez et al. achieved Voc improvement of 92 mV in a high-

efficiency (>11%) CZTSSe device by exfoliating it from its SLG/Mo substrate and depositing a 

new MoO3 (20 nm)/Au (100nm) back contact onto it23. Similarly, Ranjbar et al. used a 10 nm 

MoO3 layer on top of Mo which increased significantly the minority carrier lifetime and Voc of the 

devices24. Liu et al. found similar effects on Cd-doped devices and attributed them to a change in 

band alignment that was enhancing electron back reflection25. Finally, López-Marino et al. used a 

thin (20 nm) MoO2 interlayer within a trilayer Mo configuration as a selenization barrier in CZTSe 
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devices and observed a 67 mV increase of the Voc
13. Nevertheless, there is a lack of research on 

exploring the potential of TMOs as hole-selective layers in kesterite PV devices fabricated on 

transparent substrates. 

The work presented here aims at filling this gap by providing an empirical screening on the 

effect of depositing thin interlayers (5-20 nm) of a wide selection of TMOs (MoO3, V2O5, TiO2, 

NiO, Co3O4 and CuO) onto transparent SLG/FTO substrates and of combining these oxides with 

Mo:Na nanolayers to fabricate CZTSe, CZTS and CZTSSe solar cells. The work is divided in four 

main parts: i) CZTSe solar cells are fabricated onto the different SLG/FTO/TMO and 

SLG/FTO/TMO/Mo:Na substrate configurations in order to study their suitability for enhancing 

the FTO/kesterite interface, ii) the best cases are further studied to confirm the most adequate 

configurations, iii) these are transferred to wide bandgap CZTSSe and CZTS solar cells and iv) 

morphological, structural and in-depth compositional characterization is performed on the devices. 

Promising record efficiencies of 6.1%, 6.2% and 7.9% are obtained for CZTSe, CZTS and CZTSSe 

devices, respectively, giving proof of the potential of TMOs for the development of kesterite solar 

cells on transparent substrates. 

Experimental 

Substrate description and sample preparation 

The substrate configurations studied in this work were fabricated on commercial FTO-coated 

SLG. Two different commercial substrates were employed. In the first part of the work (referred 

to as series A), where an initial screening of the different TMOs is carried out, a 1.6 mm thick 

SLG/FTO substrate (15 Ω/□, Kaivo) was used. For the rest of the work, where only a small 

selection of TMOs is studied, a 2.2 mm SLG/FTO substrate (7 Ω/□, Sigma-Aldrich) was utilized. 

In both cases, prior to their use, the substrates were submitted to an ultrasonic bath cleaning process 
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with the following solvent sequence: acetone, isopropanol and deionized water. The time of the 

ultrasonic treatment in each solvent was approximately 10 minutes at a temperature of 55°C. The 

substrates were then dried with a nitrogen flux. 

The SLG/FTO substrates were coated with different thicknesses (5, 10 and 20 nm) of a wide 

selection of TMOs by thermal evaporation (Oerlikon Univex 250). Substrate configurations 

without and with Mo:Na were investigated where additionally to the TMOs, also a 20 nm Mo:Na 

layer was added by DC magnetron sputtering (Alliance CT100). Due to the complex nature of the 

p-kesterite/n-FTO interface, n-type (MoO3, V2O5 and TiO2) and p-type (NiO, Co3O4 and CuO) 

TMOs were studied. The main optoelectronic properties of these oxides are summarized in Table 

1. Nevertheless, it should be noted that the properties of the TMOs are known to be strongly related 

to their oxidation state which is heavily influenced by the deposition conditions and air 

exposure27,31. Finally, it should be borne in mind that evaporated TMOs are rarely stoichiometric 

and are usually denoted in the literature as MoOx, V2Ox, etc.19. However, they will be designated 

with their stoichiometric formulation throughout this work. 

The general device fabrication procedure employed throughout the work was similar for all 

samples. However, further development and work strategy led to slight variations in the final 

stages of the fabrication process. For the sake of clarity, the different sets of samples have been 

named as series A, B and C. Below, the general procedure followed for the fabrication of the 

different samples as well as the particularities of each series are detailed. 

General procedure 

Cu/Sn/Cu/Zn metallic precursor stacks with Cu/(Zn+Sn)~0.76, Zn/Sn~1.1 composition were 

deposited by DC magnetron sputtering (Alliance Ac450) on the different substrate configurations. 

The precursors were introduced in a graphite box containing Sn, Se and/or S (Alfa-Aesar, powder, 
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99.999% purity) and submitted to a 2-step thermal reactive annealing in a tubular furnace 

(Hobersal) in order to synthesize the kesterite absorbers. The annealing conditions were different 

for pure Se, pure S and S/Se solid solution kesterite absorbers and are summarized in Table 2. The 

as-annealed absorbers were then subjected to a chemical etching in (NH4)2S in order to remove 

surface secondary phases32. Then, the devices were completed with a CdS buffer layer (chemical 

bath deposition) as well as an i-ZnO (50 nm)/ITO (200 nm) bilayer (50-80 Ω/□) (DC magnetron 

sputtering, Alliance CT100). 

Series A: Screening of TMOs for CZTSe solar cells 

The SLG/FTO substrates were coated with 5, 10 and 20 nm layers of MoO3, V2O5, TiO2, NiO, 

Co3O4, or CuO. Then, either 10 nm of NaF (thermal evaporation, Oerlikon Univex 250) or 20 nm 

of Mo:Na were deposited on top of the different substrate configurations prior to the deposition of 

the metallic precursor stacks. The precursors were submitted to a reactive annealing under Se+Sn 

atmosphere. Devices were finished with CdS/i-ZnO/ITO. 

Series B: Best performing TMOs on optimized CZTSe device configurations 

The SLG/FTO substrates were coated with 5, 10 and 20 nm of V2O5 or TiO2 followed by a 20 

nm Mo:Na layer. Prior to the reactive annealing, a 10 nm Ge nanolayer was deposited on top of 

the metallic precursor stacks (thermal evaporation, Oerlikon Univex 250)33. The precursors were 

submitted to a reactive annealing under Se+Sn atmosphere. The completion of the devices with 

CdS/i-ZnO/ITO was followed by the deposition of an Ag metallic grid and a MgF2 anti-reflective 

coating (thermal evaporation, Oerlikon Univex 250). 

Series C: Technology transfer to wide-bandgap CZTS and CZTSSe and further characterization 

The SLG/FTO substrates were coated with 10 nm of V2O5 or TiO2 followed by a 20 nm Mo:Na 

layer. Prior to the reactive annealing, a 10 nm Ge nanolayer was deposited on top of the metallic 
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precursor stacks. The precursors were submitted to a reactive annealing under S+Sn or S+Se+Sn 

atmosphere. The completion of the devices with CdS/i-ZnO/ITO was followed by the deposition 

of an Ag metallic grid and a MgF2 anti-reflective coating. 

Characterization 

The transmittance of the different substrate configurations was investigated before and after 

being submitted to a selenization process using UV-vis-NIR spectroscopy (Perkin Elmer Lambda 

950). The analysis was carried out from 300 to 1500 nm. The average transmittance was estimated 

by integrating the spectra in different spectral regions and calculating the mean value. In order to 

evaluate the transparency of the substrates, the visible region was defined from 435 to 670 nm 

following the work by Lunt et al.34. In addition, the different TMOs (20 nm) were deposited onto 

a quartz substrate to avoid the near-UV absorption of SLG and enable the calculation of their 

bandgap from the inflexion points of their transmittance spectra. In this case, the spectra were 

acquired from 200 to 1500 nm. 

The sheet resistance of the different substrate configurations was measured using a 4-point probe 

(Everbeing). 

The J-V characteristics of the devices were obtained under simulated AM1.5 illumination (1000 

W/m2 intensity at room temperature) using a pre-calibrated Class AAA solar simulator (Abet 

Technologies Sun 3000). The external quantum efficiency (EQE) of the devices was measured 

using a spectral response system (Bentham PVE300). 

Raman scattering measurements were made under a 785 nm excitation wavelength on complete 

devices. The measurements were performed both at the front and the back side of the samples. A 

diameter of 50 μm and an excitation power density below 200 W/cm2 were used in order to inhibit 

thermal effects in the spectra while light collection was made through a x20 objective. A 785 nm 
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excitation wavelength was employed due to its low interaction with the SLG/FTO substrate (for 

back measurements) and the upper window layer (for front measurements) that allows to 

characterize the absorber without exfoliating it from the substrate or removing the CdS/ZnO/ITO 

layers, respectively35. 

Field emission scanning electron microscopy (FESEM) secondary electron imaging (ZEISS 

Series Auriga) was employed to examine the morphology of the full devices in cross-section 

configuration using an acceleration voltage of 5 kV and working distances of around 5 mm. 

The elemental depth profiles of the full kesterite solar cells were measured by secondary ion 

mass spectroscopy (SIMS) using a magnetic sector Cameca 7f microprobe. The analysis was made 

with a 5 kV Cs+ primary beam. The elements were measured as MCs+ cluster ions, where M is the 

element to be analyzed. Additional measurements were performed in O2
+ positive mode to confirm 

the elemental identification, and in particular that of Ti. 

 

Results 

Series A: Screening of TMOs for CZTSe solar cells 

Before employing the different TMOs within kesterite devices fabricated on SLG/FTO 

transparent substrates, their transparency and influence on back contact sheet resistance was 

evaluated before and after a selenization process to assess their compatibility with the CZTSe solar 

cell fabrication process. The as-deposited TMOs exhibit a great transparency with transmittance 

levels between 71% and 93% in the visible range and even higher in the IR as shown in Figure 

S1, Figure S2, Table S1 and Table S2. This result is surprising since the reported bandgaps of 

some of the oxides studied here are quite narrow and, therefore, higher above-bandgap absorption 

was expected. In order to shed light onto this matter, the bandgaps of the different TMOs were 
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calculated from transmittance spectra (see Figure S2) and are shown in Figure 1. It can be 

observed that the values obtained are much higher than those reported in the literature (see Table 

1) which matches our observations. The origin of such wide bandgaps will be discussed later on. 

On the other hand, the sheet resistance of the as-deposited TMO-containing back contacts does not 

vary noticeably with respect to the SLG/FTO reference (Rsheet ~15 Ω/□). This value is significantly 

improved (~9 Ω/□) after submitting the different substrate configurations to a selenization 

annealing process. However, the selenization process is also observed to affect negatively the 

optical transmittance of some of the oxides in the visible and, specially, in the IR regions (see 

Figure S1 and Table S1). NiO, Co3O4, and MoO3 exhibit the most degraded transmittances which 

can be attributed to the formation of narrow-bandgap selenide compounds like Ni3Se2 (Eg~1.4 

eV36), CoSe (Eg~1.5 eV37) and MoSe2 (Eg~1.1 eV38). Oppositely, V2O5, CuO and TiO2 show 

improvement or almost no degradation after annealing. 

In order to empirically evaluate the suitability of the different TMOs for their use at the back 

contact, CZTSe solar cells were fabricated on every SLG/FTO/TMO substrate configuration. A 10 

nm NaF layer was deposited onto the substrates prior to the deposition of the Cu-Zn-Sn metallic 

precursor to compensate the possible Na-blocking behavior of FTO8 and/or the TMOs. The J-V 

curves and optoelectronic parameters of the best devices found in each substrate configuration are 

shown in Figure 2 (as dashed lines) and Table S3, respectively. The device fabricated directly on 

the SLG/FTO reference substrate (dashed line in Figure 2 a) exhibits a low Voc (255 mV) that 

limits its efficiency to 2.9%. The shape of the curve suggests that the main issue of the device may 

be a low shunt resistance (Rsh) which would explain the low Voc observed. The addition of 5 to 20 

nm layers of the different TMOs (dashed lines in Figure 2 b-g) proves to be very detrimental for 

the devices introducing complex thickness-dependent current blocking behaviors that completely 
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distort the shape of the J-V curves and result in device efficiencies well below the SLG/FTO 

reference. However, this is not the case for a 20 nm MoO3 layer for which no current blockage is 

detected and the Voc is highly enhanced (344 mV) leading to a significantly higher efficiency 

(3.8%) than in the SLG/FTO reference substrate. Based on the transmittance measurements of the 

SLG/FTO/MoO3 substrate configuration (dashed line in Figure S1 a) this beneficial effect can be 

attributed to the formation of a MoSe2 interlayer between the kesterite absorber and the FTO, rather 

than to the use of the oxide itself. In order to confirm this result, CZTSe solar cells were fabricated 

on SLG/FTO coated with either 20 nm of Mo (with no additional NaF layer) or Mo:Na. The results 

are shown in the first two rows of Table S4 and in Figure 2 a (solid lines). It can be observed that 

Mo:Na leads to significantly higher Voc and FF than the bare Mo (which is consistent with our 

previous results and attributable to a higher Na incorporation into the absorber8). Moreover, the 

observed Voc improvement is analogous to that obtained when employing MoO3 (with NaF, Figure 

2 b) thus confirming that the beneficial effects observed with this oxide are probably related to the 

formation of MoSe2. 

In view of these results, the different TMOs were tested again but combined with a 20 nm Mo:Na 

layer deposited on top of them. The results are shown in Table S4 and as solid lines in Figure 2 

b-g. Unexpectedly, the combination of Mo:Na and MoO3 results in highly degraded devices. 

However, substantial improvements are observed for the other TMOs when they are combined 

with Mo:Na. Some similarities can be detected between the TMOs that were observed to get 

selenized during the annealing process (NiO and Co3O4) and the TMOs which seemed mostly 

unaffected by it (V2O5, CuO and TiO2). Regarding the first group, the addition of Mo:Na tends to 

reduce current blocking and to improve the Voc of the devices with respect to the bare TMOs. 

Despite these improvements, none of the devices surpasses the performance of the 
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SLG/FTO/Mo:Na reference due to a low Jsc, which may indicate that some current blocking still 

remains in the devices. As for the Se-inert TMOs, all of them exhibit radical improvements with 

the addition of Mo:Na. The distortion observed in the J-V curves for the bare TMOs completely 

disappears with improved Voc, Jsc and FF. In the case of TiO2 and V2O5 combined with Mo:Na, 

efficiencies much higher than the SLG/FTO/Mo:Na reference are obtained. For TiO2, similar 

improvements are achieved with 5 and 10 nm TMO layers with enhanced Voc and FF resulting in 

a maximum efficiency of 4.9% for a 10 nm layer. A thicker TiO2 layer seems to further enhance 

Voc, but also to induce a higher series resistance with lower FF and Jsc that hinders the overall 

performance of the device. As for V2O5, a very similar Voc enhancement is observed regardless of 

the thickness of the layer. However, the Jsc and FF of the devices increases with the increasing 

TMO layer thickness leading to a 4.8% efficiency for a 20 nm layer.  

Series B: Best performing TMOs on optimized CZTSe device configurations 

The reference samples with and without Mo:Na as well as the best performing substrate 

configurations (SLG/FTO/TiO2/Mo:Na and SLG/FTO/V2O5/Mo:Na) were further studied to check 

the reproducibility of the previous results in our optimized device structure that includes a 10 nm 

Ge layer33, a metallic grid and an anti-reflecting coating (see experimental section). The same 

TMO thickness screening (5, 10 and 20 nm) as in series A was performed. Table 3 shows the main 

optoelectronic parameters of the record device of each sample together with their calculated series 

and shunt resistances. Complementarily, Figure S3 shows more global trends of the samples 

through a boxchart of the main solar cell parameters. Compared to series A, the SLG/FTO 

reference performs better (3.8% maximum efficiency) as a result of the improved device 

configuration. Nevertheless, it is confirmed that the Voc is still the main limiting factor of the 

device. The presence of strong shunt paths speculated before is numerically proved: on the one 
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hand, the device exhibits a very low Rsh value (60 Ωꞏcm2) and, on the other hand, it also presents 

the lowest Rs, by far, among all the substrate configurations. These two observations combined 

indicate that there exist channels or paths within the device through which the carriers can travel 

with low resistance. However, other possible problems like an insufficient grain boundary 

passivation cannot be discarded. Similarly to series A, a 20 nm Mo:Na layer on top of the 

SLG/FTO substrate significantly enhances the Voc and FF of the devices resulting in a 5.0% 

maximum efficiency. These improvements are mainly related to a reduction of shunting since both 

Rsh and Rs are highly increased (by a factor of 4 and 2, respectively). The combination of TiO2 and 

V2O5 with Mo:Na leads to further improvements confirming the profound impact of these oxide 

nanolayers. In the case of TiO2, a large improvement of all solar cell parameters is observed 

regardless of the thickness employed. However, Figure S3 indicates that a 20 nm layer leads to a 

lower average Jsc and to higher dispersion suggesting series resistance issues in agreement with 

series A (this is not reflected in Table 3 since the record device corresponds to an extreme outlier 

not representative of the global tendency of the sample). The best device is obtained with a 10 nm 

TiO2 layer. Compared to the SLG/FTO/Mo:Na reference, there is an average improvement of 65 

mV in Voc, 5% (absolute) in FF and 2.2 mA/cm2 in Jsc. All this leads to a remarkable 6.2% record 

efficiency. Table 3 indicates that these enhancements can be attributed to a highly increased shunt 

resistance (twice higher than that of the Mo:Na reference). In the case of V2O5, improvements with 

respect to the SLG/FTO/Mo:Na reference are only achieved with a 10 nm layer which moderately 

enhances the average Voc and FF resulting in a 5.4% maximum efficiency. However, the origin of 

these improvements is not clear from the data presented here. 

To further explore the effects of the different substrate configurations, the EQE of the record 

devices was also measured (Figure 3). The SLG/FTO reference presents an almost linearly 



 14

decreasing collection of photogenerated charges from 500 nm (80%) to 1200 nm (40%). The 

addition of Mo:Na enhances collection in that range with the highest improvement observed 

around 950 nm. However, the shape of the EQE remains rather linear. The substrate configurations 

containing TMOs present complex and thickness-sensitive behaviors. In the case of V2O5 (Figure 

3, bottom), the only significant improvement is found for a 10 nm layer, which slightly boosts 

collection in the 500-1200 nm range compared to the SLG/FTO/Mo:Na reference. As for TiO2 

(Figure 3, top), charge collection is substantially increased with respect to the other substrate 

configurations in the 800-1200 nm spectral range when employing either a 5 or a 10 nm layer. 

Increasing the thickness of the TiO2 layer to 20 nm maintains an improved collection for 

wavelengths larger than 900 nm but causes it to significantly drop in the 500-900 nm range 

changing the shape of the EQE curve and suggesting a possible influence of TiO2 not only at the 

back but also towards the front interface. 

Series C: Technology transfer to wide-bandgap CZTS and CZTSSe and further characterization 

Once the benefits of employing TMO-containing substrate configurations were proven for 

narrow-bandgap CZTSe-based devices, this concept was transferred to wide-bandgap kesterites. 

CZTS and CZTSSe (S/S+Se~0.9) devices were fabricated on the reference substrates and on the 

best TMO configurations: 10 nm of TiO2 and V2O5. Table 4 shows the main optoelectronic 

parameters of the record devices together with their calculated series and shunt resistances. From 

these data, it is clear that similar shunting problems to those observed in CZTSe are detected for 

CZTS and CZTSSe devices fabricated directly on the reference SLG/FTO substrate. However, 

series resistance is also a very limiting issue in these wide bandgap kesterite absorbers which 

results in solar cells with efficiencies slightly below those of CZTSe. As in the case of CZTSe, the 

addition of Mo:Na and subsequent formation of Mo(Sx,Se1-x)2 is observed to reduce shunting both 
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for CZTS and CZTSSe devices. In addition, the series resistance of the devices is also highly 

diminished. Despite these general trends, very dissimilar behaviors are observed for CZTS and 

CZTSSe when Mo:Na and TMOs are added to the SLG/FTO substrates. In the case of CZTS, it 

can be observed that the shunting reduction effect of Mo:Na is very strong (5-fold increase of shunt 

resistance) compared to CZTSe and CZTSSe which, among other factors, leads to a 755 mV Voc 

(176 mV increase) and a 6.1% efficiency, the highest reported for a pure sulfide kesterite fabricated 

on a transparent substrate. Regarding the use of TMOs, the addition of V2O5 eliminates most of 

the shunting insulation provided by Mo:Na while TiO2 induces a very high Rs degrading the 

performance of the devices in both cases. As for CZTSSe, although Mo:Na greatly reduces the Rs 

of the device, this value is still around twice higher than for CZTSe and CZTS samples with a 

similar substrate configuration which limits the maximum efficiency to 5.2%. On the other hand, 

the combination of Mo:Na with 10 nm of V2O5 and TiO2 causes strong improvements on the 

devices, especially on their Rsh. In the case of TiO2, a 6.4% efficiency is achieved thanks to a 

highly improved FF. However, a high Rs is still present in the device. In the case of V2O5, similar 

FF improvements are observed together with a significantly reduced Rs, which results in a device 

with a 3.6 mA/cm2 higher Jsc compared to the SLG/FTO/Mo:Na reference substrate. This 

ultimately leads to a 7.9% record efficiency device. To the best of our knowledge, this is the highest 

efficiency reported for a kesterite-based device fabricated on a transparent substrate. 

Morphological, structural and in-depth compositional characterization  

The influence of the different substrate configurations on the morphology of the different 

kesterite absorbers was studied by FESEM. Figure 4 shows cross-sectional micrographs of the 

CZTSe, CZTS and CZTSSe devices fabricated on the different substrate configurations. In the 

case of CZTSe, no significant differences can be spotted in the morphology of the absorbers despite 
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the different back interfaces employed. All of them present large micron-sized grains and a 

compact structure. Oppositely, the substrate configuration is found to completely change the 

morphology of CZTS absorbers. The device fabricated directly on SLG/FTO presents a small 

crystallite porous structure with numerous voids at the bottom. The addition of Mo:Na increases 

grain size and results in a more compact morphology. However, the combination of TiO2 and V2O5 

with Mo:Na largely hinders crystal growth resulting in a morphology dominated by small 

crystallites with a similar appearance to the SLG/FTO reference substrate. As for CZTSSe, the 

absorber synthesized on SLG/FTO exhibits large grains although combined with abundant voids 

and crystallites at the bottom. The addition of Mo:Na does not modify the morphology 

substantially. However, the inclusion of a 10 nm TiO2 or V2O5 layer largely increases crystal size 

and compactness completely eliminating any sign of crystallites and voids and yielding large 

columnar grains with a reduced number of grain boundaries. 

The CZTSe, CZTS and CZTSSe devices fabricated on the different substrate configurations 

were measured with Raman spectroscopy from their front and back sides. The resulting spectra are 

shown in Figure 5. In general, no significant differences can be observed in the position and full 

width at half maximum (FWHM) of the main kesterite peaks regardless of the absorber, substrate 

configuration employed or the side of the sample measured. In addition, there is no trace of 

secondary phases in CZTSe and CZTSSe devices neither at the front nor at the back of the 

absorbers. This is particularly revealing in the case of CZTSe since the excitation wavelength 

employed is resonant with the bandgap of SnSe2
39,40 whose formation could be a priori expected 

when working with an FTO back contact. In the case of CZTS, some SnS is detected at the front 

surface of the devices fabricated on SLG/FTO and SLG/FTO/Mo:Na. On the other hand, the back 

measurements of the CZTSe devices confirm the formation of MoSe2 when Mo:Na is employed 
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at the back. It should be noted that MoS2 and Mo(S,Se)2 are not detected in CZTS and CZTSSe 

devices since their wider bandgap and reduced thickness make them transparent to the excitation 

laser source employed (785 nm). Additionally, the S/(S+Se) compositional ratio of the CZTSSe 

devices was analyzed to reveal if the different substrate configurations could affect the anionic 

composition of the absorbers. This was done employing a peak area ratio method similar to the 

one developed by Dimitrievska et al.41 and recently adapted to the 785 nm excitation wavelength42. 

No significant compositional differences are observed with the S/(S+Se) ratios ranging from 0.86 

to 0.91. 

In order to shed light on the role and location of the different layers added to the FTO back 

contact as well as on Na diffusion and incorporation, the best performing CZTSe, CZTS and 

CZTSSe devices were analyzed by SIMS (Figure 6). Na is observed to accumulate at the back 

kesterite/FTO interface in every case which is expectable since the Mo:Na layer was deposited 

there and Na has been demonstrated to assist the formation of MoSe2 and incorporate into it43,44. 

In addition, there is also an accumulation of Na towards the kesterite/CdS interface. This indicates 

that Na is effectively diffusing from the back to the front of the absorbers when employing Mo:Na 

nanolayers. The accumulation of Na at the front interface is more pronounced in the case of CZTS 

which suggests that the smaller grain size (or larger amount of grain boundaries) of the absorber 

observed by FESEM (Figure 4) promotes the diffusion of this alkali metal. However, it is not 

straightforward to quantitatively compare Na incorporation onto the different absorbers due to 

possible matrix effects between sulfide and selenide kesterites which may change the ionization 

energy of Na and, therefore, the intensity of the SIMS signal. Regarding the TMOs, clear signals 

of V (spectrum d) and Ti (only in O2
+ mode, spectrum b) are found at the back interface of CZTSSe 

and CZTSe absorbers. This gives proof of their stability and their presence at the back after the 
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kesterite synthesis process and confirms that the effects observed in the optoelectronic properties 

of the devices can be truly ascribed to the presence of these TMOs at the back interface. 

Interestingly, in the case of Ti, an accumulation at the front interface is also observed which could 

point towards a diffusion of this metal through the absorber. It was shown before that 20 nm of 

TiO2 modify the EQE response in the 500-900 nm range (see Figure 3) which may be related to 

the observed Ti accumulation towards the CdS/kesterite interface. However, this Ti signal could 

also be arising from mass interference with other elements. 

 

Discussion 

TMO bandgap 

It has been shown that the measured bandgaps of the different TMOs are much higher, in general, 

than those usually reported in the literature (see Figure 1 and Table 1). This can be attributed to 

the small crystallite size and/or the amorphous nature of the nanometric layers deposited in this 

work (expectable since the deposition was carried out at room temperature). It has been extensively 

reported that the bandgap of nanometric semiconductor crystallites follows a logarithmic trend 

with the increasing grain size due to quantum confinement effects45–48. In order to confirm this 

possible cause for the high bandgaps observed, the bandgap of MoO3 was investigated for different 

layer thicknesses (20, 40 and 80 nm) (inset of Figure 1). In effect, the bandgap is found to decrease 

approximately logarithmically with the increasing layer thickness and to approach the bulk values 

reported in the literature for an 80 nm layer. On the other hand, it should also be taken into account 

that the evaporated oxides are likely to be very defective. This may generate very low correlation 

distances (even below crystallite size) of their crystal structure which can further increase quantum 

confinement effects49. In addition, the modification of the band structure that follows quantum 
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confinement may vary the allowed transitions compared to bulk materials and shift the bandgap 

from a narrow indirect to wide direct one. The extremely large bandgap shifts observed for CuO 

and Co3O4 with respect to the values reported in Table 1 (+2.6 eV for CuO and +3 eV for Co3O4) 

together with the Tauc plots shown in Figure S4 fit with this explanation. In the case of CuO, this 

is further supported by experimental observations made in the field of nanoparticle synthesis. Lim 

et al. observed the coexistence of both an indirect (1.4 eV) and a direct (3.1 eV) bandgap when 

analysing the optical properties of 80 nm CuO nanoparticles50. In addition, Arun et al. reported a 

direct 4.2 eV bandgap for 20 nm CuO nanoparticles51. These results fit with the bandgap observed 

in this work for CuO and give further prove of the small crystallite size of the evaporated layers. 

On the other hand, no information about such a wide direct bandgap for Co3O4 nanoparticles has 

been found in the literature. However, He et al. reported a 4.0 eV bandgap for 33 nm CoO 

nanoparticles52. Thus, it may be possible that, apart from quantum confinement, the oxidation state 

of Co3O4 powder changed during evaporation which could explain the high bandgap observed for 

this TMO. Finally, V2O5 has shown two clear inflexion points corresponding to a 2.75 eV (similar 

to bulk values) and a 4.13 eV bandgap. However, it is not clear from the data presented in this 

work that the large difference between both values can be ascribed solely to quantum confinement 

effects or to changes in the oxidation state and further investigation is required. 

Limitations of the kesterite/FTO interface 

The results obtained in this work show that series resistance is not a critical issue when 

fabricating CZTSe solar cells on SLG/FTO substrates. This contradicts previous works in which 

Rs was reported to be a limiting factor for the performance of CZTSe solar cells fabricated on 

FTO5,8,18. However, a near-ohmic behavior with no Rs issues could be expected a priori regarding 

the work functions reported in the literature for CZTSe and FTO which show a favorable band 
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alignment as depicted in Figure 7 a (although this should be taken with great care since the 

properties of CZTSe and FTO can vary considerably depending on their fabrication process). On 

the contrary, the series resistance has been found to be a critical factor for CZTS and CZTSSe-

based devices fabricated directly on FTO. This may be due to the higher work function of S-rich 

kesterite absorbers leading to a less favorable band alignment as shown in Figure 7 b. 

Nevertheless, in previous works we detected a high reactivity of FTO to annealing processes in 

S+Se atmosphere leading to a degradation of its conductivity8. Thus, the series resistance issues 

observed could be simply due to an increased resistance of the FTO layer during annealing in pure 

S and, especially, in S+Se mixture. 

On the other hand, the main issue found when fabricating devices directly on SLG/FTO has been 

found to be a very low shunt resistance regardless of the kesterite absorber. The origin of such a 

strong shunting is not easy to discern, though. FESEM micrographs (Figure 4) show devices with 

a compact structure and with no evidence of front-back interconnection. It has been reported that 

some secondary phases like SnSe2 act as shunt paths40,53. However, the excitation wavelength 

employed for the Raman analysis is very sensitive to this compound and no traces of it were found 

in the SLG/FTO/CZTSe device which presented clear shunting problems. Another possible source 

of shunting that has not been explored in this work is the presence of conductive grain boundaries. 

In this respect, Guo et al. reported a low shunt resistance in CZTSe devices and attributed it to Se-

poor and Sn-rich grain boundaries exhibiting a metallic behavior and acting as conductive 

channels54. Since, in this work, kesterite devices are fabricated on FTO, a Sn-enrichment of the 

grain boundaries as an effect of Sn-diffusion from the substrate seems plausible and could lie at 

the origin of the observed shunting. 
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In addition to shunting, EQE measurements (Figure 3) have also revealed strong collection 

issues on the CZTSe devices fabricated on SLG/FTO. The low carrier collection observed can be 

considered to be independent from shunting since, except in extreme cases, shunts can be neglected 

in short-circuit conditions so they should affect neither the Jsc nor the EQE of the devices 

noticeably. Although Figure 7 shows an expected favorable band alignment and the CZTSe/FTO 

and no Rs problems were observed, these EQE results suggest that the CZTSe-FTO coupling is far 

from ideal which could be originating an extended region with a high density of defects at the back 

interface leading to strong interface recombination. Furthermore, MoSe2 significantly improves 

collection. The fact that this layer is located at the back interface and that higher collection 

improvements are observed for deeply generated charges supports the idea of the back interface 

acting as a source of recombination. The existence of interface defects is strengthened by the ~10% 

difference between the Jsc value obtained from J-V analysis (31.5 mA/cm2) and from integrating 

the EQE curve (28.4 mA/cm2) which indicates the presence of charged defects that affect 

collection during low light intensity EQE measurements but are partially neutralized by 

photogenerated carriers under more intense illumination in J-V curve acquisition. 

Role of Mo(Sx,Se1-x)2 

The formation of Mo(Sx,Se1-x)2 on top of the FTO has been observed to alleviate shunting largely 

increasing the Voc of the devices. This effect could be attributed to Mo(Sx,Se1-x)2 acting as an 

insulating layer between the kesterite and FTO layers and, thus, reducing shunt currents. Besides 

improving shunting, Mo(Sx,Se1-x)2 has also been shown to decrease the large series resistance of 

CZTS and CZTSSe devices. Regarding the FTO degradation during annealing mentioned above, 

it is possible that Mo(Sx,Se1-x)2 acts as a protective layer and prevents the reaction of S and S-Se 

species with the FTO thus preserving a good conductivity of the back contact. Contradictorily, the 
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SLG/FTO/MoO3/Mo:Na configuration has resulted in a highly degraded device with a large series 

resistance. López-Marino et al. reported a change in the orientation of the c-axis of MoSe2 when 

selenizing a 20-30 nm Mo sacrificial layer deposited on SLG/Mo and SLG/Mo/MoO2 substrates 

shifting from purely parallel to the substrate (i.e. electrically benign columnar grains) in the former 

case to a mixture of parallel and perpendicular (i.e. stacked horizontal MoSe2 layers potentially 

detrimental for Rs) when MoO2 was present13. Thus, it may be possible that the degradation of the 

Rs observed when combining MoO3 and Mo:Na is related to the presence of a too thick MoSe2 

layer with an electrically unfavorable orientation induced by the presence of the oxide. 

On the other hand, EQE measurements have shown that the formation of MoSe2 on top of the 

FTO improves charge collection in CZTSe devices (see Figure 3) which may also be contributing 

to the Voc improvement associated to this layer. The mechanism through which MoSe2 improves 

collection is not clear but may be related to an electronically improved interface leading to reduced 

interface recombination. If highly doped, MoSe2 could be acting as a p+ accumulation layer 

reducing the width of the barrier formed at the CZTSe/FTO interface and preventing the formation 

of an extended defect region. This could also be contributing to the reduction of the series 

resistance in CZTS and CZTSSe observed with Mo(Sx,Se1-x)2. However, the improved collection 

in CZTSe devices may also be due to the passivation of interface defects. It was observed in Figure 

6 that a large amount of Na remains at the back within the MoSe2 layer. Na is known to passivate 

defects at the grain boundaries and interfaces in kesterite devices55–58 Thus, this back Na reservoir 

may be assisting in passivating such interface defects. 

Combination of TMOs and Mo:Na 

The addition of TMO layers on top of the FTO for the fabrication of CZTSe devices has been 

observed to induce a current-blocking behavior and, thus, to be very detrimental for the devices. 
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However, the combination of the TMOs with Mo:Na (MoSe2), has been found to improve the 

performance of the CZTSe devices with respect to the case of the bare oxides twofold: i) by 

reducing or even eliminating the current blocking behavior observed for the bare TMOs and ii) by 

increasing the Voc of every SLG/FTO/TMO configuration. Although related, both effects seem to 

have different origins. On the one hand, the Voc increase occurs in, more or less, a similar way in 

every substrate configuration regardless of the TMO and may be linked, as explained above, to 

MoSe2 shunt insulation. On the other hand, the reduction of the current blocking behavior can be 

related to an improved back interface and is particularly stronger for the n-type TMOs: V2O5 and 

TiO2. The superior performance of combining Mo:Na with n-type TMOs could be tentatively 

ascribed to a p-CZTSe/p+-MoSe2/n-TMO/n+-FTO complex back interface that may be offering a 

more favorable band coupling. However, the results obtained in Series B also suggest that the 

presence of these oxides at the back is adding an extra shunt protection to that provided by MoSe2 

(see Table 3 and Table 4). Nevertheless, both shunting insulation and a more favorable band 

coupling can occur simultaneously and the performance enhancements caused by these TMOs are 

probably a combination of both effects.  

In addition, TiO2 and V2O5 have also been observed to assist MoSe2 in reducing recombination 

(see Figure 3). These oxides have been reported to exhibit passivating properties in c-Si so it may 

be possible that they are also helping in passivating CZTSe/FTO interface defects28. However, 

their passivation effectiveness shows a complex thickness-dependent behavior with a tendency to 

decrease with the increasing layer thicknesses. Interestingly, by comparing the J-V (Table 3) and 

EQE (Figure 3) measurements of the substrate configurations, a non-dependence between shunt 

insulation and recombination reduction can be spotted. In the case of TiO2, the EQE profiles for 

both 5 and 10 nm TMO layers are identical indicating a similar recombination reduction. However, 
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a much higher shunt resistance is obtained for the 10 nm layer. Likewise, in the case of V2O5, 

shunt resistance increases with the increasing layer thickness while only an enhanced carrier 

collection is observed for a 10 nm layer. Thus, it is clear that an increased Rsh does not necessarily 

mean reduced recombination and vice versa. This supports the idea that both shunting insulation, 

a more favorable band coupling and passivation are contributing to improve the devices but also 

indicates that these processes are rather independent from each other. 

The different substrate configurations studied display a similar behavior in CZTSSe and CZTSe 

devices with the combination of Mo:Na with TiO2 and V2O5 yielding further Rsh improvements 

with respect to the Mo:Na reference. As explained above for the case of CZTSe, both a p-

CZTSSe/p+-Mo(SxSe1-x)2/n-TMO/n+-FTO favorable back interface and an extra shunt insulation 

are likely to be the main effects provided by the combination of Mo:Na and n-TMOs. However, 

comparing the results obtained with CZTSe and CZTSSe devices, it seems that the predominance 

of one effect or the other depends on the TMO employed. This way, TiO2 exhibits a higher 

insulating capacity leading to larger shunt resistances both in CZTSe and CZTSSe. However, this 

is a double edged sword and TiO2 also leads to a higher series resistance. On the other hand, V2O5 

also leads to large performance enhancements with lower Rsh than TiO2 but, at the same time, it 

does not affect the Rs of the devices noticeably. This suggests that the beneficial effects of TiO2 

might be predominantly related to a low conductivity that aids in shunt insulation while the 

improvements observed with of V2O5 might be principally arising from an electronically improved 

back interface. 

Contrarily to the case of CZTSe, the use of TMOs largely influences the morphology of CZTS 

and CZTSSe absorbers. In the case of CZTS, the deposition of V2O5 and TiO2 layers leads to a 

kesterite absorber full of small crystallites which is probably one of the origins of the low 
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efficiency of the devices. On the contrary, an absorber layer with very large grains is found for 

CZTSSe when these TMOs are present. A possible explanation of these differences may be that, 

similarly to the FTO, these oxides are not inert to S during annealing and the resulting layers 

influence the growth of the layers growing above them. 

In order to have a better understanding of the devices and confirm some of the theories 

expounded above, it would be very useful to perform a band alignment analysis of the different 

substrate configurations similar to that shown in Figure 7¡Error! No se encuentra el origen de 

la referencia.. However, this task requires detailed information about the electronic properties of 

the TMOs whose acquisition presents several challenges. First of all, the work function and 

conductivity of the oxides are known to be strongly related to their oxidation state which is heavily 

influenced by the deposition conditions during thermal evaporation and air exposure27,31. In 

addition, the TMOs evaporated in this work show bandgap values much larger than those usually 

reported in the literature due to quantum confinement effects which, logically, strongly modifies 

their band structure and alignment. Finally, contrarily to the works that study TMOs in c-Si and 

organic electronics, the TMOs are submitted to a high temperature reactive annealing process 

which further modifies their properties and induces elemental diffusion in all directions. Thus, all 

these issues complicate the correct analysis of the band alignment for the 

kesterite/Mo:Na/TMO/FTO interfaces. 

Conclusions 

This work demonstrates the viability of fabricating highly efficient kesterite-based devices on 

transparent SLG/FTO substrates through the combination of thin Mo:Na and TMO nanolayers. 

This opens the door to advanced kesterite applications such as semitransparent, bifacial and 

tandem solar cells which are key for the future of the PV market. The main problem observed in 
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kesterite devices fabricated on SLG/FTO is shunting which can be greatly alleviated using 

selenized Mo:Na nanolayers on top of the FTO. On the other hand, TMOs have been found to be 

highly detrimental for the devices inducing complex current blocking behaviors. However, the 

combination of Mo:Na and 10 nm layers of the n-type TMOs TiO2 and V2O5 have enabled 

obtaining high efficiency devices. The improvements observed seem to be related to a combination 

of shunt insulation and recombination reduction. Although this work is mostly an empirical 

screening and the characterization performed in this work is sufficient only to have a general idea 

about underlying mechanisms, it renders clear that the use of TMO and/or Mo:Na nanolayers is a 

very promising strategy to improve the hitherto limited performance of kesterite devices fabricated 

on transparent substrates. The efficiencies achieved in this work for CZTS (6.1%) and CZTSSe 

(7.9%) devices are the highest reported for these absorbers using a transparent substrate. As 

summary and to illustrate the improvements offered by the approach explored in this work, Figure 

8 compares the J-V curves of the reference samples fabricated directly on SLG/FTO and of the 

record substrate configurations for the different absorbers. 
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Table 1. Main optoelectronic properties of the TMOs employed in this work. 

 Semiconductor 
type 

Ionization 
Energy (eV) 

Bandgap 
(eV) 

Work function 
(eV) 

Reference 

MoO3 n 9.4 3.0 6.9 59 
V2O5 n 9.3 2.8 6.9 60 
TiO2 n 8.0 3.4 5.2 61 
NiO p 6.7 3.2 6.3 62 
Co3O4 p 6.4 1.6 6.1 63 
CuO p 5.7 1.4 5.6 62 

 

Table 2. Reactive annealing parameters for kesterite absorber synthesis. 

Absorber 

Box 
volume 
(cm3) 

Se 
(mg) 

S 
(mg) 

Sn 
(mg) Step

p 
(mbar)

Ar 
flow

Ramp 
(°C/min) 

T 
(°C) 

t 
(min) 

CZTSe 69 100 - 5 
1 1.5 Yes 20 400 30 

2 1000 No 20 550 15 

CZTSSe 23.5 2 48 5 
1 1.5 Yes 20 250 20 

2 1000 No 20 550 40 

CZTS 69 - 50 5 
1 1.5 Yes 20 200 15 

2 1000 No 20 550 40 

 

Table 3. Optoelectronic parameters of the record devices obtained with each substrate 

configuration. The rows in bold correspond to the best configuration obtained with each TMO. 

Substrate 
configuration 

TMO 
thickness (nm)

Jsc 
(mA/cm2)

Voc 
(mV)

FF 
(%) 

η 
(%)

Rsh 
(Ωꞏcm2) 

Rs 
(Ωꞏcm2)

FTO - 31.5 263 46.3 3.8 60 0.8 
FTO/Mo:Na - 32.7 315 48.9 5.0 230 1.4 

FTO/TiO2/Mo:Na 
5 35.0 346 49.1 5.9 270 1.4 
10 34.4 355 50.9 6.2 520 1.5 
20 33.1 355 49.5 5.8 160 1.1 

FTO/V2O5/Mo:Na
5 32.8 316 45.2 4.7 170 1.7 
10 33.8 328 48.7 5.4 240 1.4 
20 30.2 315 49.5 4.7 270 1.0 
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Table 4. Optoelectronic parameters of the record devices obtained with each substrate 

configuration and kesterite absorber in Series B and C. The rows in bold correspond to the best 

configuration obtained for each absorber. 

Absorber 
Substrate 
configuration 

Jsc 

(mA/cm2)
Voc 

(mV)
FF 
(%) 

η 
(%)

Rsh 
(Ωꞏcm2) 

Rs 
(Ωꞏcm2)

CZTSe 

FTO 31.5 263 46.3 3.8 60 0.8 
FTO/Mo:Na 32.7 315 48.9 5.0 230 1.4 
FTO/TiO2/Mo:Na 34.4 355 50.9 6.2 520 1.5 
FTO/V2O5/Mo:Na 33.8 328 48.7 5.4 240 1.4 

CZTS 

FTO 17.2 579 37.4 3.7 60 4.5 
FTO/Mo:Na 14.6 755 55.2 6.1 320 1.7 
FTO/TiO2/Mo:Na 11.3 542 42.3 2.6 170 8.7 
FTO/V2O5/Mo:Na 15.2 618 41.5 3.9 110 1.8 

CZTSSe 

FTO 17.1 546 35.2 3.3 100 13.8 
FTO/Mo:Na 18.1 617 46.4 5.2 180 2.9 
FTO/TiO2/Mo:Na 18.9 589 58.0 6.4 320 3.3 
FTO/V2O5/Mo:Na 21.7 620 58.8 7.9 270 1.8 
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Figure 1. Bandgap of the different TMOs deposited (20 nm layers) on quartz and extracted from 

their transmittance spectra (see Figure S2). The two values of V2O5 correspond to two inflection 

points found in its transmittance spectra. Inset: bandgap of MoO3 layers with different thicknesses. 
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Figure 2. J-V curves of the CZTSe devices fabricated on the different substrate configurations 

containing different TMO thicknesses. Dashed lines represent devices to which no Mo-based 

layers were added (labelled as “Bare TMOs”). Solid lines represent the devices that contain a 

combination of TMO and a 20 nm Mo:Na layer. 
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Figure 3. EQE of the record devices obtained in Series B with each substrate configuration. 
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Figure 4. Cross-sectional FESEM micrographs of the best performing CZTSe (Series B), CZTS 

(Series C) and CZTSSe (Series C) devices fabricated on the different substrate configurations. 

 

 

Figure 5. Raman spectra of the of the best performing CZTSe (Series B), CZTS (Series C) and 

CZTSSe (Series C) devices fabricated on the different substrate configurations. The measurements 
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were carried out at the front surface (continuous lines) and the back surface (dotted lines) 

employing λex = 785 nm. 

 

Figure 6. SIMS spectra of the best CZTSe (a), CZTS (c) and CZTSSe (d) performing devices 

fabricated on SLG/FTO/TiO2/Mo:Na, SLG/FTO/Mo:Na and SLG/FTO/V2O5/Mo:Na, 

respectively, obtained using a Cs+ primary beam. b) CZTSe spectrum obtained using a O2
+ primary 

beam. The boundaries between the different layers shown in the spectra are only intended as a 

visual guide for the reader. 
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Figure 7. Band diagrams of CZTSe, CZTS and FTO. Data sources: 64,65. 
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Figure 8. Reference (dashed) and record (solid) J-V curves obtained for CZTSe, CZTS and 

CZTSSe devices fabricated on SLG/FTO. 


