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Abstract: 

A method to probe the depth morphology, defect profile and possible secondary phases in a thin 

film semiconductor is presented, taking a standard Kesterite film as an example. Using a top-down 

approach based on a previously reported controlled Methanol-Br2 chemical etching, well-defined slabs 

of a state of the art Kesterite absorber are fabricated. The analysis of their morphology both by Scanning 

Electron Microscopy and 3D optical Profilometry reveals the extent of a previously reported poor film 

morphology toward the back interface, and we are able to determine that more than 50% of a standard 

absorber is disconnected from the substrate. More importantly, these etched films are subsequently 

analyzed by surface sensitive techniques such as X-ray Photoelectron Spectroscopy and UV-Raman 

analysis. An accurate composition profile is established, and for the first time, a direct observation of the 

defects’ nature and their depth profiling in Kesterite is made possible. While VCu are found with a 

constant amount throughout the absorber, indicating a homogenous carrier concentration, a prevalence 

of the ZnSn defect is observed with a steep gradient toward the back interface, associated with an 

increase in the SnSe2 secondary phase. With bulk defects being often pointed out as the intrinsic 

limitation of this material, this result highlights what possibly is the main impediment of Kesterite solar 

cells, and a critical point to address in the design of future devices. Beyond the case of Kesterite 

absorbers, the method presented here offers a combination of simplicity, tunability and versatility 

making a straightforward transfer to other emerging thin film absorbers feasible, and it could possibly 

be an important tool in their future performance assessment and comparison. 

 

 
I. Introduction 

With several technologies reaching their industrial maturity, thin film solar cells are now credible 

players in the photovoltaic landscape, reinforced by the need for new applications in fields like Building 

Integrated Photovoltaics (BIPV) 1, the Internet of Things (IoT) along with the emerging indoor 



 

photovoltaics systems 2. Throughout the development of thin film solar cells, spanning more than 4 

decades, material scarcity and toxicity has been an ongoing research axis 3 and the level to which it 

could hamper the growth of these technologies remains debatable among the photovoltaic community 
4,5.  

In that context, Kesterite absorbers being free of toxic and critical raw materials were seen (and to  

some extent still are) as a potential low-cost answer 6; disappointingly however, the conversion 

efficiency of the PV devices has been stalling throughout most of the last decade 7–9, and fundamental 

limitations challenge further progresses of this technology 10. Namely, a strong voltage deficit has been 

identified as the main parameter constraining the performance of Kesterite-based devices 8. A recent 

landmark study 11 even concluded to an upper limit in the efficiency of those imperfect crystals around 

20%, mostly ascribed to the presence of native defects in the absorber. The presence of such defects has 

been long suspected in the community, but their direct observation remains challenging and one has to  

rely on indirect approaches such as admittance spectroscopy to identify the energy position of defects 

and infer their nature 12; hence the need for a novel approach to this problem. In semiconductor 

materials for energy application, the lack of easy characterization methodologies compatible with an 

extensive application in different synthesis conditions is a critical limitation to the understanding of the 

defects’ role, and their engineering would allow for a pathway to device optimization 13. 

The chemical etching of thin film absorbers using a bromine solution has been a valuable top-down 

method used in the past to investigate on the possible improvement of the p-n junction 14 as well as the 

fabrication of proof-of-concept ultrathin absorbers in CIGSe 15,16, and similar solutions have proven 

applicable to Kesterite absorbers as well 17,18. In this work, we aim at building upon these past 

investigations to propose an original yet simple method in the thorough characterization of the defects 

existing in reference CZTSe Kesterite absorbers. Unlike previous studies, our approach allows for a direct 

defect observation throughout the whole absorber thickness, by dividing the film into slabs with a  

bromine etching on reference samples, and using surface sensitive characterizations to build a complete 

composition and defect profile of the absorber. Chemically etched films will be analyzed by confocal 

optical 3D Profilometry (3D-P), Scanning Electron Microscopy (SEM), Raman Spectroscopy and X-ray 

Photoelectron Spectroscopy (XPS), and the morphology of the back side of the absorber will be revealed 

as a major limiting factor, with a poor crystallinity, several voids, and the presence of various secondary 

phases; such problems have long been ascribed to poor performances in Kesterite-based solar cells 19,20, 

and the progressive chemical etching of our absorbers reveals that more than 50% of the surface area of  

the film is disconnected from the Mo back contact. The analysis of etched absorbers by XPS allows for an 

accurate composition profiling of the films, revealing features that were not observable in a standard 

profiling using sputtering. From UV-Raman observations 21, a strong prevalence of the ZnSn deep donor 

defect is demonstrated, and discussed in regard to previous calculations made on this material 11; it is to 

the best of our knowledge the first time that such experimental depth-resolved defect profile is 

established in Kesterite absorbers, and our method allows to directly identify what fundamental 

limitations to the performance of the resulting PV devices. This work uses a combination of well 

controlled experimental techniques to provide direct experimental insights on critical aspects of CZTSe 

Kesterite solar cells which were so far either indirectly inferred or deduced from numerical modelling. 

Beyond the issues related to Kesterite solar cells, our method is, to some extent, material agnostic  

and it can potentially be applied to a wide array of other thin films; it could prove particularly valuable in 



 

the study of emerging materials, as a mean to devise improvement strategies based on their defect 

profile and the presence of secondary phases in the bulk. 

 

 
II. Materials and Methods 

 
A. Samples preparation 

Kesterite Cu2ZnSnSe4 (CZTSe) films are prepared following the standard process in our laboratory on 

Soda Lime Glass (SLG) coated by an 800nm layer of molybdenum (Mo). A Cu, Zn and Sn metallic 

precursor with the elemental layer stack order Cu/Sn/Cu/Zn is first deposited by sequential DC 

sputtering (Alliance concept AC450), and the semiconductor film is realized by a 2-steps thermal 

annealing in a tubular furnace (Hobersal) in the presence of the chalcogen element Se. In a first step, the 

sample was heated to 400°C for 30min under a constant Ar flow of 1.5mbar; in a second step, the 

temperature was ramped up to 550°C and a static Ar pressure of 950mbar was maintained, for a total of  

15min. The as-selenized film was 3m thick for this work, thicker than our usual absorbers. This is the 

only variation with the standard process, and it was deemed useful in the context of a top-down 

approach to use thicker films. While beyond the scope of this study, a complete solar cell using the as- 

deposited 3m absorber was fabricated, with a conversion efficiency on par with the expectation of a 

reference sample. Additionally, the etching of thinner standard absorbers was also performed and a  

more limited analysis of these samples brought similar observations to what is discussed in this study, 

confirming that using thicker absorbers should not change our conclusion. Hence, we make the choice 

to discuss our experiments on 3m thick CZTSe films, providing here a more exhaustive analysis. No 

additional treatment is done prior to the etching of the films. 

B. Bromine etching process 

Bromine etching is a previously reported method 14 to effectively reduce the thickness of metallic 

and semiconductor thin films without altering their properties, and the demonstration of its 

effectiveness was previously made on CIGS 15,22. While the most widely reported method involves H2O 

and HBr along with Br2, we chose a to use a Methanol-Br2 solution for practical reasons 17, which yields 

equivalent results. The Br2 concentration was 0.02M, and the etching was carried out with a controlled 

temperature close to 0°𝐶 by maintaining the etching vessel in an ice bath 10 minutes before dipping the 

samples in the solution, as well as during the etching process. Unless specified otherwise, no additional 

treatment to the samples was done after etching. The samples were kept in a vacuum environment and 

characterized less than 12h following the etching process. A series of 9 samples was fabricated 

(including a reference non-etched sample), with etching durations for 8 samples ranging from 30sec up 

to 13min, the latter corresponding to an etched thickness >2m, though we will later see that 

determining an etched thickness is not straightforward when approaching the back contact. The etched 

samples are numbered from 1 to 9, with #4 being deliberately excluded from the series. A special 

emphasis was put on short etches, for reasons detailed later in the manuscript. 

 

 
C. Samples characterization 



 

The characterization process of as deposited and etched samples in this study is fully contactless. 

The films are characterized by Zeiss series Auriga scanning electron microscope (SEM) with accelerating 

voltage of 5 kV and X-ray fluorescence (XRF, FISCHERSCOPE XDV) to allow determining their thickness, 

and having a direct observation of their morphology change from the bromine etching. 3D Optical 

Profilometry (3D-P) is used to obtain numerical values related to the surface smoothing post Br2 etching, 

and the film composition for different etching durations is monitored by XRF. All XRF data reported are 

the average values obtained on 9 different positions on the samples. 

UV-Raman analysis is performed on as-deposited and etched samples using a 325nm excitation 

wavelength and an in-lab developed Raman system with an extremely low power density (<60W/cm-2) 

to avoid thermal effects and alterations, and a large laser diameter spot (70m) covering a 

representative area of the sample. This latter point is also critical in our opinion, as the observations 

reported here are thus more representative than what a local analysis would provide. Working under UV 

conditions allows for a light penetration depth below 10nm while non-bandgap resonance Raman 

conditions enhance the detection of peaks sensitive to VCu and ZnSn type defects 21. The samples were 

stored in vacuum conditions and analyzed by Raman less than 24 hours after the chemical etching. 

X-ray Photoelectron Spectroscopy (XPS) experiments are performed in a PHI 5500 Multitechnique 

System from Physical Electronics, using a monochromatic X-ray source Al K line of 1486.6eV energy 

and 350W power, placed perpendicular to the analyzer axis and calibrated by the 3d5/2 line of Ag with a 

full width at half maximum (FWHM) of 0.8eV. The analyzed area is a circle of about 0.8mm diameter. 

The selected resolution for the survey spectra (from 0 to 1100eV of binding energy) is 187.5eV of Pass 

Energy (PE) and 0.8eV/step. For the high-resolution spectra 23.5eV of PE and 0.1eV/step are chosen to 

measure the main orbitals of Kesterite’s elements (Cu2p, Zn2p3/2, Sn3d and Se3d), Molybdenum (Mo3d), 

Carbon (C1s) and Oxygen (O1s). Due to this large number of existing elements, overlaps will appear 

between some of the signals that must be considered to avoid confusion (more explained in Supporting 

Information). 

Besides, in-depth measurements (profiles) are obtained in the reference sample by sputtering it 

with an Ar+ ion source (3.5keV). One profile following only Mo3d signal is run to know the sputter ratio, 

and a second profile for all CZTSe elements, Mo and O main orbitals with the same parameters of high- 

resolution spectra is done to compare with the obtained data on the bromine etching samples. 

The analysis and fitting of the XPS spectra are done with Multipak Version 9.9.08 program 

from ULVAC-PHI. Measurements are referenced to the C1s signal, which binding energy is equal to 

284.8eV in adventitious Carbon (from atmospheric contamination). For quantification purposes, the 

corrected relative sensitivity factors provided by the same program are used. These factors consider 

both the specific analyzer parameters and the geometry of the experimental system. No charge 

compensation is used in any of these measurements that are made in an ultra-high vacuum (UHV) 

chamber, with pressures between 1x10-9 and 2x10-8 torr. 

 

 
III. Results and discussion 

 
A. Samples’ morphology and interplay with the etching process 



 

The effect of bromine etching on the morphology of CIGSe absorbers has been widely reported 
14,15,22, and a strong smoothing effect with RMS values below 50nm was observed in previous studies 

from Atomic Force Microscopy (AFM) analysis. A similar statement was anecdotally made on CZTSe 17 

but the morphology of the films was beyond the scope of this aforementioned study. We deem 

necessary to confront and confirm those results, and this work starts by investigating the evolution of  

the surface roughness of CZTSe films and its interplay with the etching kinetics. Optical Profilometry (3D- 

P) is preferred to AFM in our case, as we aim at analyzing a surface area as representative as possible of 

the sample; however, one may keep in mind that this approach has the drawback of a comparatively 

lower resolution (in our case of the order of 10-20nm). Moreover, a higher RMS value is expected when 

using 3D-P as compared to AFM (as done in previous studies), as a larger area is being analyzed; hence, a  

direct 1:1 comparison with the previous AFM work on CIGSe is not advisable, and only trends should be 

considered. 

 

 
 

Figure 1 Surface profile of the reference non-etched CZTSe film (a) and differently etched samples (b and c), representative of the 
evolution of the surface roughness. 



 

Figure 1a, Figure 1b and Figure 1c show the surface profile of 3 selected CZTSe samples with 

different etching durations; the evolution of the surface RMS and etching rate are shown in the 

supplementary information of this manuscript , as those would not qualify as new results since similar 

trends have been observed on CIGSe 22. The reported thickness (remaining sample thickness) was 

measured by XRF analysis; due to the textured nature of the samples, which makes the concept of  

thickness somehow inaccurate, this value should rather be seen as indicative of the quantity of material 

being removed from the sample. A clear decrease in the surface roughness is observed, starting from ≈ 

300nm for the reference non-etched sample Figure 1a down to a minimum of 160nm for three 

consecutive samples etched for 240s, 360s and 540s (corresponding to a remaining thickness of 2.27m, 

2.07m and 1.73m respectively as shown Figure 1b). For longer etching durations, a strong increase in 

the RMS value is observed; concurrently, large and very flat areas (in light blue in Figure 1c) appear on 

the 3D-P images (Figure 1c). These areas correspond to the bare Mo surface, and are thus indicative of 

very large voids existing at the back side of the films. An image analysis shows that up to 50% of the Mo  

surface is disconnected from the CZTSe film, which is a severe limitation to the performance of solar cell  

devices. Similar observations have been made in the recent years and were recently attributed to a  

wettability mismatch at the back interface 23. The images presented Figure 1 provide here a direct 

observation of the extent to which this issue affects Kesterite absorbers, and it is the main novelty of the 

morphological analysis permitted through chemical etching. In the future, a similar analysis of samples 

fabricated with strategies addressing this specific issue (see reference 20) could prove valuable in 

assessing possible improvements at the back interface. Though beyond the scope of this work, a 

mechanical lift-off was performed on a different series of CZTSe samples revealing similar features as 

those observed here; this specific point will be thoroughly addressed in a future study. 

The etching rate is calculated from the XRF analysis of the samples, and is presented Figure SI 1. 

Two seemingly linear rates coexist; a fast etching rate for the first 500nm, followed by an approximately 

30% slower rate. As the etching rate should remain constant in terms of quantity of etched material, 

the limiting parameter is the exposed film total area; such behavior is therefore consistent with a rapid 

smoothing of the film’s surface, and expected as similar results were reported on CIGS 15. Consistently 

with the presence of voids at the back side, a “3D” surface is quickly formed for deeper etchings, 

increasing the exposed film area and thus accelerating the apparent etching rate; it is also possible that 

the presence of secondary phases will influence the etching kinetics, though only few experimental 

points are available here. This specific aspect will need a more thorough analysis in the future before 

any conclusion can be made. While the chemistry of the etching was discussed elsewhere 14,17 and is out 

of the scope of this study, this simple process combined with a surface profiling gives a direct visual and 

quantitative representation of a major limitation of standard Kesterite absorbers. 



 

 

 
 

Figure 2 Scanning Electron Microscopy images of the cross sections for the reference non-etched sample (top) and sample #6 
(bottom, 360s etching duration). Both images are taken at 30k magnification. 

 

The observation of the layers by cross-sectional SEM (Figure 2, comparing the reference sample 

with an etched one) reveals consistent information with the previously discussed points; though they do  

not allow to assess the full extent of the back contact issue, voids and a poor morphology are observed 

at the back interface between CZTSe and Mo. The smoothing effect from the chemical etching is also  

visible, though again, a full assessment is only possible through the 3D-P analysis. No apparent damage 

from the chemical etching are observed on the SEM images. 

The etching process of Kesterite films resembles that of chalcopyrite, and in that context, we believe 

that it could also be used to fabricate complete solar cell devices with a new degree in tailoring the front 

interface’s morphology and render it more specular. In this study however, our main focus remains the 

composition and defect profiling of a standard CZTSe film, and a point which will be addressed in the 

following main part of this work. 

B. Composition and defects’ profiling 

The investigation of these samples by XPS is not straightforward, and to justify an appropriate 

approach, three different methods are considered: direct characterization of as-deposited samples (raw), 

after surface cleaning using ethanol and N2 dry-off (ethanol cleaned), and after a light sputtering of the 

surface (sputtered) using Ar+ ions inside the Ultra High Vacuum chamber for half a minute, leading to an 

erosion below 10 nanometers. 



 

samples 

 
538 536 534 532 530 528 526 

Binding Energy (eV) 
 

 

Figure 3 Evolution of the O1s orbital measured by XPS in the complete sample series. 
 

Survey and high-resolution results (figures for raw and sputtered samples are presented in the 

Supporting Information) show that no real differences can be appreciated between raw and ethanol 

cleaned measurements, as similar quantities of carbon (C1s) and oxygen (O1s) and no apparent 

differences in the rest of the Kesterite elements are found. The sputtered measurements show the total 

disappearance of C1s signals, which is consistent with an adventitious carbon contamination from the 

air exposure of the samples. The O1s signal however did not fully disappear after sputtering, even 

though it would have been expected in the case of an atmospheric contamination; it is thus likely that O 

exists in some form in the film, while C does not. Figure 3 shows the evolution O1s peaks and its relative 

amount for the different etched samples after sputtering; here, the samples will be referred to by their 

ascribed number rather for clarity reasons. This amount of oxygen is probably oxidizing a metal, being 

Sn and Mo the best candidates as it would be shown later. Moreover, Kesterite individual elements for 

sputtered samples show the expected signal incremental evolution with respect to the raw spectra from 

the elimination of the surface contamination. Measurements performed on sputtered samples were, for 

that reason, chosen for quantification purpose. 
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Figure 4 a: XPS Se3d orbital analysis and fit for raw sample #7. b: similar analysis with sputtered sample #7. 
 

On the other hand, the high-resolution Kesterite spectra of sputtered samples show notable 

changes in shape, FWHM and binding energy with respect to the raw samples. This effect is clearly 

visible in Figure 4 where Se3d orbital for raw (a) and sputtered (b) measurements together with their 

detailed fit are shown for sample #7 as an example (a similar conclusion was made on other samples).  

There exist 5 different bonds (each being a doublet) on the raw sample, among which 3 disappear after 

the sputtering. The disappearing bonds at about 59, 63 and 68eV can be matched to the different types 

of oxidation states +2, +4 and +6 respectively, and are routinely observed on surfaces including 

elemental Se 24. The remaining bonds at about 55 and 54eV are related to 0 (elemental) and -2 (as in 

Kesterite) states. However, the ratio between these 2 remaining bonds changes clearly after the 

sputtering and the amount of 0 state notably decreases, showing a significant alteration (reduction), of  

the chemical bonding from sputtering. Hence, it is conversely preferred to refer to the raw 

measurements for the analysis, fit, and subsequent study of the possible changes in chemical bonding 

occurring between the differently etched samples. 

From the analysis of the area of the peaks corresponding to the different CZTSe elements on all the 

sputtered samples, and using the corresponding corrected relative sensitivity factors, the atomic 

concentration profile for CZTSe elements and Mo of Figure 5a is created. In this figure, the expected 
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composition of a stoichiometric Kesterite is obtained for the reference non-etched sample, but as the 

etching progresses, the Sn profile begins to increase and reaches a maximum at about 1m in remaining 

thickness, decaying at 0.5m. This tin enrichment matches well with the appearance of SnSe2 peaks on 

the Raman spectra, as will be later discussed. The molybdenum unsurprisingly appears for the deepest 

etching, while the Sn content decreases as less material remains scattered on the surface (see Figure 1c). 

The decrease in both Se and Sn as Mo appears in the profile is consistent with a previously made 

hypothesis that the voids at the back interface are the result of the evaporation of Sn-Se phases 20. This 

profile should be compared to the in-depth profile obtained directly from the reference sample using a 

more standard sputtering etching (Figure SI 5 shown in the Supporting Information). In that case, every 

element displays a more stable and homogenous behaviour until the appearance of molybdenum and 

no depth tin enrichment is observed. Specifically, the Zn/Sn ratio appears constant in Figure SI 5, while 

the composition analysis obtained from the chemically etched samples Figure 5a highlighted a strong Sn 

enrichment from the surface to the Mo back interface, and thus a decrease of the Zn/Sn atomic ratio. 

We believe that the difference observed when using a standard sputtering etching stems from the 

confluence of a very long sputter time (continuous damage in bulk by the Ar+ ions) and a relatively big 

area of measurement (the data could be disrupted by the walls of the created crater), usually giving as a 

result similar homogeneous profiles and losing finer information in deeper layers. The approach chosen 

in our study, using a soft chemical etching of the surface over a large area, presents apparently a 

superior element resolution when it comes to depth composition profiling, and allows a more accurate 

identification of possible grading such as Sn in this specific case. An overview over a larger number of  

samples would however be necessary to fully confirm this hypothesis. 
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Figure 5 a: Composition profile obtained from XPS analysis of chemically etched samples after a light Ar+ sputtering (sputtered). 
b: Sn and Se chemical state ratio evolution on chemically etched samples (raw). 
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For the analysis of the Kesterite elements’ bounds on the etched samples, high-resolution spectra of 

the raw samples have been analyzed. No significant differences are found on Cu2p3/2 and Zn2p3/2 

orbitals for deeper etchings. Both orbitals can be fitted with peaks at about 932.0eV and 1021.8eV. On 

the other hand, Se3d and Sn3d5/2 orbitals need to be fitted with different chemical species to reach an 

acceptable agreement. Sn3d5/2 can be fitted with peaks at about 486.7 and 487.4eV, matching the +2 

and +4 chemical species respectively 25. While five doublets are used for the fitting of Se3d, only two of 

them, corresponding to 0 and -2, are not related with oxidized states typical of a surface atmospheric 

contamination. Figure 5b shows the ratio between the aforementioned different chemical species for Sn 

and Se elements for all the etched samples. In the case of selenium, the curve shows that the major 

bound is always -2, as expected in Kesterite, with a ratio close to 1 at the vicinity of the as-deposited 

surface. As the etching progresses toward the middle of the layer, a steady regime is reached with a  

quarter of the selenium appearing elemental. This elemental selenium could have been created around 

secondary phases present in the sample or around oxidized areas in contact with the voids shown in 

Figure 1c. When molybdenum appears in the composition profile, we observe an increase in the -2 bond, 

which can thus easily be ascribed to the presence of MoSe2. The tin ratio between the +2 and +4 species 

follows a similar pattern. While +4 is the stoichiometric state for Kesterite and SnSe2 secondary phase, 

+2 also appears in non-stoichiometric samples, and could be an indirect way to identify the appearance 

of SnSex, SnOx secondary phases or the evidence of defects in the structure 26. 

While the approach to combine Br2 etching with XPS for composition profiling brings valuable 

information, the investigation of the defects throughout the material is of utmost importance when it 

comes to assess the current limitations of Kesterite solar cells. A UV-Raman method was recently 

developed by our group to analyze the surface defects in CZTSe solar cells 21, using a non-bandgap 

resonant effect observed under 325nm excitation conditions. This non-destructive approach allows for 

an accurate determination of the surface defects, and combined with a systematic chemical etching, it  

should permit to establish a semi-quantitative defect profile of the material throughout the entire film 

thickness. 

Figure 6 shows the 325 nm Raman spectra of all measured samples (a) and the area ratio of  

different peaks evaluated from the fitting of the spectra with a lorentzian curve (b). The deconvolution 

for all samples is shown in the supplementary information Figure SI 6. A clear change of the Raman 

spectrum is visible with the increased etching duration, previously ascribed to defect concentration 

variations within the Kesterite structure 21 and to the presence of secondary phases 27. The analysis of 

the Raman spectra with the increase of the etching time shows: 

- No evidence of changes in the intensity of the peak at 174-176 cm-1, previously ascribed to the 

formation of the VCu point defect linked with the formation of the A-type defect cluster [ZnCu + VCu] 21. As 

Cu vacancies are often ascribed to the carrier concentration in the material, this tends to indicate a  

homogeneous distribution in that regard. 

- An increase of the area of the 245-250cm-1 peak toward the back interface, previously associated to an 

increase of the ZnSn point defect (formation of the B-type defect cluster [2CuZn + ZnSn]) 21. This 

observation is consistent with the low crystalline quality observed in this region by SEM; it also 

correlates with a prevalence of the SnSe2 secondary phase, thus reducing the amount of Sn in the 

Kesterite film. 



 

- A strong accumulation of SnSe2 phase at the absorber/Mo interface, along with a slight presence at the 

front surface. In the bulk, the contribution observed is related to tails of the CZTSe peaks suggesting an 

absence or low concertation of this phase. This observation is also consistent with the SEM observations, 

XPS analysis and with previous studies on that specific issue 20. It also aligns well with a lower 

incorporation of Sn in the matrix leading to the formation of the ZnSn point defect. 

- A simultaneous detection of a strong signal of the MoSe2 phase and CZTSe phase in the samples with 

higher etching time, again consistent with the pinholes observed at the absorber/Mo interface. For 

those samples, it is evident that part of the signal comes directly from the exposed Mo/MoSe2 substrate. 

It should be noted that this MoSe2 signal is only recorded for the 3 samples with the longer etching 

durations, and while a logical increase is observed, more experimental points would be necessary to  

discuss about a trend in that context. Figure 6b illustrates the depth profile of each defect and 

secondary phase previously discussed. This is to the best of our knowledge the first direct in-depth 

characterization and experimental semi-quantitative profiling in Kesterite absorbers of such structural 

imperfections, and it constitutes the highlight of this work. 
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Figure 6 a. Raman spectra using 325 nm excitation wavelength for etched samples. b. Evolution of the integrated area under the 

peaks associated with the point defects Vcu, ZnSn, and the secondary phases SnSe2 and MoSe2. 
 
 
 

C. Discussion, limitations and improvement pathways 

The novelty of this work lies in the determination of an accurate defect and composition profile 

using only surface sensitive methods combined with chemical etching. As we investigate Kesterite films 

produced with the standard process from our laboratory, one should keep in mind that the results 

obtained are possibly specific to our fabrication method. There is also a possibility that some of the 

observed defects are either created or affected by the chemical etching; there are however several 

arguments which tend to demonstrate otherwise. Firstly, the creation of surface defects following a Br2 

etching of chalcogenide films has never been reported, and reference 14 specifically states that etched 

surfaces are well defined. Similarly, the fabrication of solar cells on etched absorbers 16,22 does not 

indicate the creation of surface defects. The results from the UV Raman analysis compared with the 

literature yield very consistent conclusions. In a study from 2013 28, Chen et al. predicted the prevalence 

of Sn and Zn related defects, though SnZn in cluster with (2)CuZn was reported at that time; while we 

report instead the ZnSn point defect, it was demonstrated in reference 21 that such defect naturally 
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occurs in a slightly Sn poor Kesterite structure. The prevalence of Sn-related secondary phases tends to 

confirm that less Sn is incorporated in the absorber. Therefore, it is very unlikely that the defect profile  

observed in this study results from the Br2 etching process. Similar defects have recently been identified 

as directly responsible for the poor carrier lifetime in Kesterite solar cells 11 and are in all likelihood the 

main reason for the high Voc deficit observed in solar cells. Our analysis allows for a direct experimental 

demonstration of this limitation and a quantitative defect profiling could even be feasible when 

combined with other characterizations such as admittance spectroscopy, or through the numerical 

modeling of complete solar cells. Several solutions have been proposed to offset this limitation such as 

alkali doping or substitution of Cu by Ag, which could potentially help significantly decreasing the 

concentration of Sn/Zn related defects; this is however beyond the scope of this study, though the 

method proposed here is fully applicable to the characterization of such films. 

The smoothing effect of the chemical etching on chalcogenide films is not a new result; our method 

allows however to analyze the morphology of the back side of the layer, which is arguably the second 

most important limitation of Kesterite absorbers. It is however not trivial to assess the extent to which it 

will degrade the performances. The presence of defects and secondary phases can potentially pin the 

fermi level below the bandgap and severely hinder the voltage of the solar cells. Back contact 

recombination may also be an issue despite the high absorption coefficient of the material. Considering 

the thickness of standard absorbers however (1.5m), back contact recombination has regularly been 

observed in quantum efficiency curves. Strategies are currently being developed in our laboratory with a  

significant improvement of the back interface morphology [Giraldo et al., in preparation, 2020]. Among 

the methods used to assess those samples, Br2 etching of the films is a valuable asset in that regard. 

The current study lacks data to investigate on the possible interplay between the films’ morphology 

and the surface composition. As shown Figure SI 1, three regimes seem to co-exist when etching a 

Kesterite film, related to the surface roughness of the layer. A link could possibly exist with the surface 

composition of the films in the case of selective etching; specifically, if a different etching kinetic exists  

between the Kesterite and the secondary phases, as illustrated Figure 5b. At this stage, we do not 

believe however that such interplay exists, as it was not reported in previous studies and the smoothing 

effect of the etching tends to indicate a homogeneous reaction; this point is specifically addressed in 

reference 29, albeit on CIGSe films rather than Kesterite. Also on CIGSe, Canava et al. showed that an 

ultrathin layer of elemental Se can be detected at the sample’s surface following the etching, though a 

KCN treatment prior to the buffer layer deposition allows to fully eliminate this layer 14. Additional 

experiments would be needed before drawing a conclusion in that regard. 

The approach proposed in this work was successfully applied to both CIGSe and CZTSe, and 

preliminary results from our laboratory suggest that Br2 etching could possibly be used on emerging PV 

absorbers such Sb2Se3. While this reinforces our hypothesis that our method is to an extent material 

agnostic, it may still be too early to qualify it as such and we hope that the community will contribute in 

the future with assessing other materials in a similar approach. 

Nevertheless, the use of chemical etching combined with surface sensitive characterization methods 

sheds light on what we believe to be the two main limitations in state of the art CZTSe absorbers, 

namely a poor back interface morphology, and the prevalence of the ZnSn point defect, allowing for a 

direct observation of both. 



 

IV. Conclusion 

A method for in-depth analysis of thin film photovoltaic absorbers is proposed and applied to CZTSe 

Kesterite films. A well-known Br2 based chemical etching is used and the morphology of etched samples 

is assessed by surface profiling revealing a smoothing effect similar to previous reports on CIGSe. More 

importantly, deeper etchings illustrate the extent of the poor back interface morphology of standard 

CZTSe films, with numerous voids and up to 50% of the Mo surface not directly contacted by the 

absorber. 

A depth-composition analysis of the films by successive chemical etchings and XPS reveals finer 

details in the elemental profile of the layer, and a specific Sn enrichment toward the back interface is  

observed; such important feature was not visible when following the standard profiling method in 

reference sample with a long sputter time, which leads to conclude to a much better accuracy of our 

approach in that context. The bonds analysis of the Se and Sn elements reveals an increasing occurrence 

of Se0 consistent with a decline in film quality at the back interface, and the presence of both Sn+4 and 

Sn+2 could be an indirect way to identify the appearance of secondary phases and defects in the 

Kesterite structure. 

The UV-Raman analysis of etched samples reveals the prevalence of the ZnSn defect throughout the 

absorber thickness, ascribed to the limited carrier lifetime and high Voc deficit typically observed in 

Kesterite solar cells; on the other hand, VCu is found mostly unchanged throughout the bulk of the film, 

indicating a homogenous carrier concentration profile. Finally, tin-related secondary phase SnSe2 is 

found increasingly prevalent toward the back interface of the film, which aligns well with the poor 

morphology observed both by electronic microscopy and confocal surface analysis, as well as the depth- 

composition profile established using XPS. 

The results presented here, obtained on large sample areas, are the first direct observation of the 

nature and relative profile of defects in CZTSe absorber, highlighting several limitations of this material 

when fabricated in standard conditions, and providing a valuable insight for the design of future 

improvement strategies. This approach also holds implications for the entire field of thin films, and it 

possibly paves the way to both an exhaustive and simple assessment of emerging photovoltaic 

absorbers, for which the intrinsic limitations remain debatable. 
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Figure SI 1 Etching rate (top) and surface RMS (bottom) of etched kesterite films. 
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Figure SI 2 XPS Signals from orbitals and auger lines of different elements present in the samples that can overlap when  

analysing by X-ray source Al Kα line: Mo3d with Se3s, C1s with SeLMM and Sn3d3/2 with ZnLMM in a, b and c respectively, in 
sample raw and sputtered and the reference sample as example. 
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Figure SI 3 Survey XPS spectra for all the set of etched samples as presented (raw) and sputtered. 
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Figure SI 4 High-resolution XPS spectra for the main orbitals of the CZTSe elements in all the set samples as presented (raw). 
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Figure SI 5 Atomic concentration profile obtained by XPS for the reference sample. 
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Figure SI 6 Raman spectra fitting deconvolution using Lorentzian curves of the spectra acquired under 325 nm excitation  

wavelength for the different etching times samples. 
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- First ever depth profiling of defects limiting the efficiency on kesterite solar cells. 

- Elemental depth composition showing a greater accuracy than regular approaches based on 

physical etching of the films. 

- Direct observation of secondary phase segregation towards the back interface of kesterite 

absorbers. 

- Versatile and simple method combining chemical etching and surface characterization, possibly 

to a various range of thin film absorbers (material agnostic). 
 


