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Abstract: 

In conventional Cu(In,Ga)Se2 (CIGSe) solar cells a chemical bath deposited CdS thin film 

is used as a buffer layer. However, it is desired to replace CdS due to the toxicity of cadmium 

and the rather narrow bandgap energy of CdS. Zn(O,S) is considered to be one of the most 

attractive candidates as an alternative, non-toxic buffer layer with a larger bandgap. This paper 

aims to compare the properties of the CdS/CIGSe and the Zn(O,S)/CIGSe interfaces depending 

on the absorber composition and the application of an RbF post deposition treatment (PDT). 

Synchrotron-based hard X-ray photoelectron spectroscopy revealed a strong correlation of Cd 

diffusion and concentration of VCu in CIGSe before the PDT. Additionally, the RbF-PDT 

enhanced the Cd diffusion into the CIGSe. On the other hand, it was found that Zn atoms are 

not as easily incorporated into the CIGSe as Cd atoms. As a result, we consider the formation 

of donor-like ZnCu
+ defects at the interface to be less likely than the formation of CdCu

+ defects. 

Moreover, we observed that the Zn(O,S)/CIGSe interface is less sensitive to changes of the 

CIGSe composition and to the RbF-PDT compared to the CdS/CIGSe interface. 
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1. Introduction 

Thin film solar cells based on polycrystalline Cu(In,Ga)Se2 (CIGSe) chalcopyrite absorbers 

have recently reached a record power conversion efficiency of 23.35% [1], in league with 

polycrystalline silicon solar cells, which currently show a record efficiency of 24.4% [2]. Since 

the 20% efficiency threshold value was surpassed by using the so-called KF post deposition 

treatment (PDT) on CIGSe absorber layers [3], much effort has been made to reveal the 

beneficial effects of KF as well as the other heavy alkali-fluoride PDTs such as RbF or CsF [4–

13]. As a result, the latest record efficiencies were reached by the application of RbF-PDT for 

the co-evaporated CIGSe [14] and CsF-PDT for sequentially sputtered/selenised CIGSe [1], 

respectively. Due to historical reasons chemical bath deposited (CBD) CdS thin films are still 

widely used as buffer layers in CIGSe solar cells. Therefore, the impact of alkali treatments on 

the properties of the CdS/CIGSe interface is studied in detail and it was shown that they can 

lead to a better coverage of CIGSe by CBD-CdS [15], a more homogeneous and a faster growth 

rate of CdS [16], enhanced Cd diffusion [17], accumulation of Rb at the CdS/CIGSe interface 

[10], formation of an RbInSe2 compound at the interface [12], etc. However, because of the 

toxicity of Cd, the CdS buffer layer is desired to be eliminated from the cell structure. The 

Zn(O,S) buffer material is an attractive candidate due to its non-toxic nature and a larger, 

tunable band gap energy (Eg
CdS ≈ 2.4 eV [18] and Eg

Zn(O,S) ≈ (3.40.2) eV [19]) reducing the 

parasitic absorption in the buffer layer. Therefore, research groups and industry recently 

increased their efforts to replace CdS by Zn(O,S). In fact, the latest record efficiencies were 

obtained using a Zn-based, Cd-free buffer layer in combination with the application of an alkali-

PDT both in the laboratory scale [1] as well as in a module size of 30 cm x 30 cm [20]. However, 

the impact of such an alkali-PDT on the formation of the Zn(O,S)/CIGSe interface has not yet 

been systematically studied. It is crucial to understand the formation of this interface in order 

to optimize the buffer layer as well as the buffer/absorber interface. In this work we aim to 

compare the properties of CdS/CIGSe and Zn(O,S)/CIGSe interfaces under varied composition 

of the absorber and to investigate the impact of an RbF-PDT on the interface formation between 

CdS/CIGSe and Zn(O,S)/CIGSe. 

Hard X-ray photoelectron spectroscopy (HAXPES) is a photoemission technique that 

employs X-rays with energies above 2000 eV for the excitation of photoelectrons. As a 

consequence, the HAXPES method provides a non-destructive analysis of buried films and 

interfaces. Therefore, we use HAXPES in this work as a powerful characterization method to 

examine the impact of the RbF-PDT on the CdS/CIGSe and Zn(O,S)/CIGSe interfaces. 



3 

 

2. Experimental details 

2.1. Sample preparation 

Cu(In,Ga)Se2: Polycrystalline CIGSe thin film absorber layers were deposited on 

molybdenum coated soda lime glass (SLG) substrates (Sn-free side) by a modified three stage 

co-evaporation process. Details on this process are given in Ref. [21]. For the experiment in 

this work, two rather Cu-poor CIGSe samples and two CIGSe samples close-to-stoichiometry 

were grown on 5 cm x 5 cm large Mo coated SLG substrates with bulk compositions of 

[Cu]/([Ga]+[In]) (CGI) ≈ 0.80 and 0.95, respectively, and [Ga]/([Ga]+[In]) (GGI) ≈ 0.3 for both 

sample sets, as measured by X-ray fluorescence spectroscopy. For convenience, we will call 

the samples “Cu-poor” (CGI ≈ 0.80) and “Cu-rich” (CGI ≈ 0.95). The desired CGI was achieved 

by adjusting the duration of the third deposition stage of the co-evaporation, meaning that the 

Cu-poor samples are slightly thicker than the Cu-rich samples. For each composition, two 

deposition runs were performed: one with a subsequent in situ RbF-PDT and one without. After 

finishing the deposition of the absorber layers, the as deposited samples were stored in vacuum. 

The RbF-PDT was performed in the same ultra-high vacuum (UHV) co-evaporation chamber, 

directly after the CIGSe deposition, without a vacuum-break. In the presence of Se, RbF was 

evaporated onto the CIGSe for 10 min at a substrate temperature of 280 °C (see [22] for details 

regarding the RbF-PDT). One of the RbF treated and non-treated “Cu-poor” and “Cu-rich” 

CIGSe samples each was then cut to a size of 4 mm x 8 mm and covered with CdS and Zn(O,S) 

thin films as described in the following paragraph. The small size of the samples was required 

for the spectroscopic analyses. Therefore, the sample cutting and buffer deposition were 

performed right before the respective measurements. 

CdS: Thin CdS films were deposited by chemical bath deposition (CBD) using 0.0189 M 

cadmium acetate dihydrate (Cd(C2H3O2)2·2H2O) in 11.25 ml aqueous NH3(25%) and 0.9565 

M thiourea (H2NCSNH2) in 100 ml water which were mixed together and filled up by distilled 

water to a total volume of 150 ml. A more detailed description of this process can be found 

elsewhere [23]. All four samples (Cu-poor, Cu-poor/RbF, Cu-rich and Cu-rich/RbF) were 

simultaneously dipped into the chemical bath for 50 s at 60 °C leading to circa 5 nm thick CdS 

films. An additional rinsing process was not applied to the samples before the CdS deposition. 

The large volume of the chemical bath (150 ml) in comparison to the sample size (4 mm x 8 

mm) minimizes the risk of cross-contamination between the samples. As it can be seen also in 

the XPS survey spectra (Fig. 2), the cross-contamination is not an issue here. The same 
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argument is valid for the deposition of Zn(O,S) thin films, which is described in the following 

section. 

Zn(O,S): Thin films of Zn(O,S) were deposited on top of the CIGSe films by CBD, where 

the entire amount of Zn2+ precursor (ZnSO4·7 H2O; [0.15 mol/l]) is mixed with thiourea 

(H2NCSNH2; [0.60 mol/l]) in an aqueous solution at 70-80 °C. An excess of ammonia (NH3) 

was then added to the bath solution under constant stirring. A more detailed description of the 

CBD-Zn(O,S) process can be found in Ref. [24]. Four pieces of 4 mm x 8 mm sized samples, 

the similar ones as in the CdS deposition were simultaneously dipped into the chemical bath 

for 1 min at about 70 °C. The samples were not rinsed before the Zn(O,S) deposition. The 

deposition time was expected to be sufficient for depositing a sufficient amount of Zn(O,S) to 

cover the CIGSe surface and to allow the analysis of the Zn(O,S)/CIGSe interface. Although 

the final product of the present CBD method is an O- and H-containing zinc species, which are 

denoted as Zn(S,OH) and Zn(O,S,OH)x [25-27] , we will refer to the CBD-Zn(O,S) as ZnS for 

simplicity, just as in case of CdS. Another reason for this consideration is that an oxygen-free 

phase of ZnS is detected in the very early stage of CBD when using the similar process 

parameters [24]. 

Subsequent to the respective CBD of CdS and ZnS, the samples were rinsed with deionized 

water and dried in an ultra-pure nitrogen gas stream. They were finally transferred to the UHV 

based analysis system dedicated for hard X-ray photoelectron spectroscopy (HAXPES) using a 

small transport box flooded with nitrogen in order to minimize the impact of air exposure. 

However, all the samples were shortly exposed to air before entering the HAXPES load lock 

chamber. 

A list of the samples under investigation is given together with a brief description in Table 

S1 and is schematically depicted in Fig. 1. Comparison of the samples as shown with the arrows 

in Fig. 1 will reveal the impact of RbF-PDT on the buffer/CIGSe interfaces for both CdS and 

ZnS buffer materials combined with two different absorber compositions. 
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Fig. 1 Schematic representation of the samples (side view) under investigation. All samples are 

studied with and without RbF-PDT. 

2.2. Sample characterization 

The HAXPES measurements were performed at the HIKE end station [28], which is 

operated at the KMC-1 beamline [29] at the BESSY II synchrotron facility in Berlin, providing 

variable photon energies up to 12 keV. For the work presented in this paper, excitation energies 

of 2030 eV, 3000 eV, 4000 eV, 5000 eV, and 6000 eV were used. The analyzer at the HIKE 

end station consists of an R4000 hemispherical photoelectron spectrometer manufactured by 

Scienta Gammadata optimized for high kinetic energy. All spectra in this work were recorded 

at a constant pass energy of 200 eV. The X-ray beam was horizontally polarized and hit the 

sample in grazing incidence geometry under an angle of approximately 3° towards the surface. 

The generated photoelectrons were detected in the polarization plane perpendicular to the beam 

while the incident beam intensity was monitored with an N2 ionization chamber and kept 

constant for all measurements (top-up mode of the storage ring with an average 298 mA ring 

current). The spot size of the beam on the sample under grazing incidence conditions was in the 

range of 0.1 mm in width and 1 mm in length, reducing the influence of surface roughness and 

inhomogeneity of the CdS and ZnS films on the accuracy of the measurements due to averaging 

effects. The entrance slit of the electron analyzer with 0.5 mm width was kept constant for all 

measurements. 

X-ray fluorescence spectroscopy measurements were carried out using a Rigaku ZSX 

Primus II. 

3. Results and discussion 

HAXPES survey spectra of all the samples, recorded with an excitation energy of 3000 eV, 

are presented in Fig. 2. The spectra are plotted in the binding energy (EB) range from 0 eV to 

2500 eV. In the upper group of spectra, CdS related peaks, mainly Cd3d5/2 at EB ≈ 405 eV and 

S1s (EB ≈ 2470 eV) are visible as expected. Similarly, in the bottom block of the spectra, the 

main core level peaks of the ZnS, namely Zn2p3/2 (EB ≈ 1022 eV) and S1s can clearly be seen. 

In addition to the ZnS and CdS related peaks, photoelectron signals originating from the CIGSe 

absorber are also visible in all spectra in Fig. 2 (EB (Cu2p3/2) ≈ 932 eV, EB (In3d5/2) ≈ 444 eV, 

EB (Ga2p3/2) ≈ 1118 eV, EB (Se2p3/2) ≈ 1433 eV). This is a direct indication that the thicknesses 

of the CdS and the ZnS films are limited to a few nanometers and the information depth of the 
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photoelectrons allows to record information from the underlying CIGSe absorber, the covering 

layers, and the interface between them. Although both the CdS and the ZnS films are 

comparably thin for the planned experiments, a quick comparison of the two sets of spectra 

shows that the ZnS layer attenuates the absorber related peaks more than CdS, implying a 

slightly thicker ZnS film. 

In addition to the main constituent elements, oxygen and carbon are detectable on the 

samples due to the wet chemical deposition of ZnS and CdS films and the short air exposure 

after the CBD processes. Comparing the O1s peaks at EB ≈ 532 eV, samples with the ZnS buffer 

layer show higher signal intensity, possibly due to formation of an oxygen containing Zn(O,S) 

film. Also, the intensity of the C1s signal is higher in the case of the ZnS samples possibly 

attributed to the larger thickness of the ZnS layer. 

At first glance, the spectra of the Cu-poor samples look very similar before and after PDT 

(black and red lines), indicating that the impact of RbF is not dramatic in the case of CdS/Cu-

poor and ZnS/Cu-poor samples. On the other hand, comparison of the spectra of the Cu-rich 

samples shows a clear increase in In3d5/2 and decrease in Ga2p3/2 signals as a result of the RbF 

treatment in both cases (CdS/Cu-rich and ZnS/Cu-rich). Looking more closely at the Cu2p3/2 

signals, one would normally expect a higher signal intensity in the case of Cu-rich samples in 

comparison to the Cu-poor ones. This is true only for CdS covered samples, while after ZnS 

deposition they appear similar for Cu-poor and Cu-rich samples. 

In Fig. 2, all spectra show similar HAXPES signal positions (EB), implying a high quality 

and reproducible sample preparation. However, variation in the signal intensities indicates a 

change in composition at the CIGSe surface or at the interface region of CdS/CIGSe and 

ZnS/CIGSe as a result of the RbF-PDT or the type of the buffer material. These aspects are 

analyzed in the following using detailed HAXPES spectra of the core level signals. 



7 

 

 

Fig. 2 XPS survey spectra of the ZnS- (lower group) and CdS- (upper group) covered CIGSe 

samples. Same color coding applies to both groups. Black: Cu-poor, red: Cu-poor/RbF-PDT, 

green: Cu-rich and blue: Cu-rich/RbF-PDT. Offsets between the spectra are added for clarity. 

To evaluate the impact of the RbF-PDT and the type of the buffer material on the 

buffer/CIGSe interfaces, detailed spectra of the Cu2p3/2, In3d5/2, Ga2p3/2, Se2p3/2, Cd3d5/2, 

Zn2p3/2, and S1s orbitals were recorded at excitation energies of 2030 eV, 3000 eV, 4000 eV, 

5000 eV and 6000 eV. Increasing excitation energies were applied in order to extend the 

information depth across the interfaces. These excitation energies correspond to a range of 

information depths (ID) from ~4 nm to ~24 nm, calculated using the equation ID = 3‧λ(CdS or 

ZnS). In this equation, the inelastic mean free path (IMFP) for an element in the CdS material 

(λCdS) or in the ZnS material (λZnS) were used depending on the type of the buffer material and 

calculated by the TPP-2M formula [30] using the QUASES code [31]. As the photoelectrons 

originating from the CIGSe material pass not only through the CdS or ZnS buffer materials but 

also through the CIGSe material, the calculated ID is considered as an approximation value of 
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the information depth. The validity of this approximation is briefly discussed in Supplementary 

Material with the help of some IMFP values listed in Table S4. 

Fig. S1 exemplarily shows the detailed core level spectra, which were recorded at 3000 eV. 

For the quantitative analysis of some useful ratios out of the detailed spectra, the core level 

spectra were first corrected with respect to the Au4f7/2 peak located at EB ≈ 84.0 eV [32]. A 

Shirley type background was then subtracted [32] and the spectra were integrated in order to 

determine the respective cumulative intensity for each line. All the line intensities were 

normalized to the corresponding inelastic mean free path λ [30,31], the transmission function 

of the analyzer T (provided by Gammadata Scienta), and the partial subshell photoionization 

cross-section dσ/dΩ as tabulated in Refs. [33,34]. The normalization procedure is performed in 

order to convert the integrated HAXPES line intensities into a “comparable form” to each other, 

since they depend on the photoelectron kinetic energy and the excitation energy. The 

application of the normalization procedure on the line intensities would result in atomic ratios 

of the constituent elements assuming their homogeneous distribution. In reality, elemental 

concentrations are depth-dependent. Therefore, we call the normalized core level line intensities 

as to have a “comparable form” and not absolute atomic concentration ratios. Using the 

normalized core level line intensities, relative intensities of the main elements Cu, In, Ga, Se, 

Cd (or Zn) and S are calculated (normalized to the sum of the intensities over all involved 

elements). The results are shown in Fig. S2 and S3 for the Cu-rich and Cu-poor samples, 

respectively. There, we omit the data recorded with 2030 eV excitation energy since the 

electrons in the S1s orbital cannot be excited at that energy. A rough comparison of the data in 

Fig. S2 reveals that in the case of the Cu-rich CIGSe, the RbF-PDT leads to an overall decrease 

in Ga and increase in In concentrations, independent of the buffer type. An additional In 

enrichment towards the surface of the CdS/Cu-rich sample can be observed. Additionally, the 

RbF-PDT leads to a reduction of the Zn concentration throughout the analyzed depth of the 

ZnS/Cu-rich sample, whereas it slightly increases in case of the ZnS/Cu-poor sample in Fig. 

S3. Some relevant elemental ratios like CGI, GGI and [Zn, Cd]/[Cu]+[Zn, Cd] were calculated 

using the data in Fig. S2 and S3. 
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Fig. 3 CGI ratios of the a) CdS/Cu-poor, b) CdS/Cu-rich, c) ZnS/Cu-poor and d) ZnS/Cu-rich 

samples without (black) and with (red) RbF treatment as a function of excitation energy. Top 

axis shows the corresponding information depth. Dashed lines represent the nominal bulk 

values. Lines between data points are guides for the eyes only. The thicker red lines in a) and 

b) highlights the general trend of the data after RbF-PDT. The data points in c) at 2030 eV are 

missing because of an error in data acquisition. 

Fig. 3 shows the CGI ratios of all the samples: a) CdS/Cu-poor, b) CdS/Cu-rich, c) ZnS/Cu-

poor and d) ZnS/Cu-rich as a function of excitation energy. Black and red colored data points 

show the results before and after RbF-PDT, respectively. Dashed lines represent the nominal 

bulk values. The IDs for the corresponding CGI data given in the top axis of the graphs are 

calculated as the average value between the minimum and the maximum ID of Cu2p3/2, Ga2p3/2 

and In3d5/2 as explained above. One should keep in mind that the data presented here does not 

represent depth profiles. Namely the data does not correspond to a defined depth as shown with 

IDs, because at every ID the HAXPES signals contain contributions from the entire depth 

through which the photoelectrons travel. Therefore, the CGI ratio (as well as the other elemental 

ratios in Fig. 4 and Fig. 5) vs. excitation energy (or ID) should be considered as a qualitative 

assessment of the elemental distribution. Nevertheless, the IDs are added to the respective 

graphs in order to give the reader an idea of how far we are probing into the surface. 
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The CGI ratio of the untreated CdS/Cu-poor sample presents an almost constant value of 

0.6 for the investigated sample surface, only slightly increasing over the probed range of the 

excitation energy (Fig. 3a). In the case of the CdS/Cu-rich sample, the CGI values fluctuate 

around the bulk value (Fig. 3b). Nevertheless, the “more Cu-depleted” and the “less Cu-

depleted” CIGSe surfaces are visible for the samples CdS/Cu-poor and CdS/Cu-rich, 

respectively, before the RbF treatment as it was similarly shown for the bare CIGSe samples 

without CdS [35]. Comparing the two samples, the CGI ratio of the Cu-poor sample appears to 

have, on average, 0.25 lower values within the probed depth compared to the Cu-rich sample. 

This value is approximately 0.1 higher than the difference in the bulk values indicated by the 

dashed lines. This means that the more pronounced under-stoichiometry of the Cu-poor samples 

seems to manifest in a strongly Cu-depleted surface rather than a fixed reduction of the CGI 

over the whole sample depth, which can be explained by the deposition procedure, as described 

in the section above. Furthermore, both untreated Cu-poor and Cu-rich samples would be 

expected to present a stronger Cu-depletion at the very-near surface than in the bulk [36]. When 

an RbF treatment was applied to the samples, this Cu-depletion at the very surface is enhanced 

in both samples (highlighted), while the CGI at higher excitation energies is unchanged. 

A larger Cu-depletion range due to RbF-PDT was recently shown for a similar Cu-poor 

CIGSe sample without thin buffer film on top [35] and explained with the Cu migration towards 

the bulk of the absorber due to the formation of an RbInSe2 secondary phase [4,8,9]. 

The CGI ratios of the ZnS covered samples are presented in Fig. 3c and Fig. 3d. The data 

points in Fig. 3c at 2030 eV are not shown because of an unfortunate error during data 

acquisition. The CGI of the ZnS/Cu-poor sample is homogeneously distributed around the bulk 

value. We would expect a more pronounced Cu deficiency in the case of ZnS deposited samples 

in comparison to the CdS ones due to the thicker ZnS. A thicker ZnS overlayer would result in 

a reduction of the probed depth in the CIGSe, namely in a shift of the analyzed depth towards 

the CIGSe surface-region. Thus, the contribution of the Cu-depleted region at the CIGSe 

surface onto the CGI ratio would be expected to be higher. However, within the error of the 

measurement, the CGI ratio for all four ZnS covered samples lies around its bulk value within 

the probed depth with the exception of the RbF-treated ZnS/Cu-rich sample, which shows a Cu-

depletion at the surface. The interpretation of the depletion depends, however, mainly on the 

one data point taken at 2030 eV (Fig. 3d), while at 3000 eV there is only a slight tendency 

towards a Cu-depletion below the bulk value. We still consider this a true effect but we cannot 

exclude the remote possibility of an outlier data point. On the other hand, the data point at 6000 

eV in the same graph, which also deviates strongly from the average CGI value, is most likely 
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an artefact because an abrupt increase in the CGI by around 20% when going from 5000 eV to 

6000 eV is difficult to explain. The difference between the two extreme data points is that at 

2030 eV we are most surface sensitive, i.e. a change of CGI at the very surface has a strong 

impact on the signal ratios, whereas at 6000 eV the signal is dominated by the composition of 

the entire volume between the surface and the electrons’ inelastic mean free path. Changing the 

IMFP by increasing the excitation energy from 5000 eV to 6000 eV could therefore only lead 

to a comparatively small change in the signal ratios, even if we assume a sudden change in 

composition a few nm below the surface. The CGI decrease at the surface represents the result 

of an Rb-induced Cu depletion as it was discussed for the case of CdS above. It is interesting 

to note, however, that the surface Cu depletion is not so pronounced in the ZnS-buffered 

samples as in the CdS-buffered ones in case of Cu-poor samples (see Fig S4 for a direct 

comparison). This might indicate to an interaction of the RbInSe2 and the respective buffer 

layer, as will be discussed in more detail below. 
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Fig. 4 GGI ratios of the a) CdS/Cu-poor, b) CdS/Cu-rich, c) ZnS/Cu-poor and d) ZnS/Cu-rich 

samples without (black) and with (red) RbF treatment as a function of excitation energy. Top 

axis shows the corresponding information depth. Lines between data points are guides for the 

eye only. The data points in c) at 2030 eV are missing because of an error in data acquisition. 
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Fig. 4 shows the GGI ratios as a function of excitation energy for the samples: a) CdS/Cu-

poor, b) CdS/Cu-rich, c) ZnS/Cu-poor and d) ZnS/Cu-rich. Black and red colored data points 

show the results before and after RbF-PDT, respectively. The IDs for the corresponding GGI 

data are given in the top axis of the graphs. They are calculated as the average value between 

the ID of Ga2p3/2 and In3d5/2. 

The GGI ratio of the non-treated CdS/Cu-poor sample starts at 0.3 for the lowest excitation 

energy and slightly increases up to 0.4 (Fig. 4a). Despite the small difference between the first 

and last values, the upward trend is still noticeable. The non-treated CdS/Cu-rich has an almost 

constant GGI value between 0.7 and 0.8 over the range of the used excitation energy (Fig. 4b). 

This is a very high value of GGI, which implies a Ga enrichment within the probed depth with 

respect to In. The effect of the RbF treatment on the GGI ratio strongly depends on the Cu-

content. While it slightly increases the GGI of the CdS/Cu-poor sample over the investigated 

range of information depth, it strongly reduces the GGI of the CdS/Cu-rich sample. There, the 

GGI drops drastically from 0.7 down to 0.2 at 2030 eV excitation energy and it slightly 

increases to 0.5 with increasing excitation energy up to 6000 eV, but it remains well below its 

untreated counterpart. 

Similar Ga-distributions at the very surface of samples with different Cu-content have been 

recently observed on buffer-free samples. It was concluded that this Ga-enrichment is related 

to the third stage of the co-evaporation process [35,37]. Furthermore, the CGI-dependent effect 

of the RbF-PDT on GGI was observed as well and explained with the formation of a GaF3 

secondary phase that is afterwards etched by an NH3 solution [35]. 

The GGI values and their distribution of ZnS covered samples are shown in Fig. 4c and 

Fig. 4d. Clearly, ZnS covered samples show similar trends in GGI distribution as in the case of 

CdS covered and uncovered absorber layers [35]. Therefore, one can state that the variation in 

the GGI distribution can be dominantly attributed to the CGI and the RbF-PDT but not to the 

type of the buffer material. 
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Fig. 5 [Cd] to [Cu]+[Cd] ratios for the a) CdS/Cu-poor and b) CdS/Cu-rich samples. [Zn] to 

[Cu]+[Zn] ratios for the c) ZnS/Cu-poor and d) ZnS/Cu-rich samples as a function of excitation 

energy. Top axis shows the corresponding information depth. Lines between data points are 

guides for the eye only. The data points in c) at 2030 eV are missing because of an error in data 

acquisition. 

Fig. 5 shows the [Cd] to [Cu]+[Cd] ratios of the samples: a) CdS/Cu-poor, b) CdS/Cu-rich, 

and [Zn] to [Cu]+[Zn] ratios for the samples c) ZnS/Cu-poor and d) ZnS/Cu-rich as a function 

of excitation energy. Black and red colored data points show the results before and after RbF-

PDT, respectively. The IDs for the corresponding ratios are given in the top axis of the graphs. 

They are calculated as the average value between the IDs of Cu2p3/2 and Cd3d5/2 (or Zn2p3/2), 

respectively. 

Fig. 5a and Fig. 5b show the [Cd] to [Cd]+[Cu] ratios with respect to applied X-ray 

excitation energy. In the case of the CdS/Cu-poor sample this ratio is overall higher than that 

of the CdS/Cu-rich regardless of the RbF-PDT (see Fig S5 for a direct comparison of the data 

without RbF-PDT). It is widely known that Cd atoms substitute the vacant Cu sites in the CIGSe 

material and form CdCu defects [38–41] or a CdIn2S4 mixed phase [42]. The higher relative 

amount of available Cu vacancies in the Cu-poor sample (when compared to the Cu-rich case) 

seems to trigger the Cd diffusion. This explains the higher Cd concentration in the case of the 

Cu-poor sample before the RbF-PDT. Moreover, the shape of the graph showing the 
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[Cd]/([Cd]+[Cu]) ratio over the excitation energy is similar for both Cu-poor and Cu-rich 

samples before RbF-PDT with only a constant difference of about 0.15 between the data. It 

means that if the Cd-Cu intermixing occurs as shown elsewhere [43,44], the rate of this 

intermixing is similar for both Cu-poor and Cu-rich samples. The RbF-PDT has almost no 

impact on the [Cd]/([Cd]+[Cu]) ratio in case of the CdS/Cu-rich sample. On the other hand, in 

case of the CdS/Cu-poor sample the application of RbF results in a constant upward shift of the 

[Cd]/([Cd]+[Cu]) ratio without changing its original shape. Even though this increase is not 

significant, it might indicate that the RbF-PDT leads to an extra exchange and/or intermixing 

between Cd and Cu at the CdS/Cu-poor interface. We observed a similar, and even stronger 

visible effect using a KF-PDT [45]. The reason why this Rb-enhanced Cd-diffusion does not 

occur in the case of the CdS/Cu-rich sample, may be connected with the interaction of Rb and 

Cu. It was previously shown that a RbInSe2 surface layer forms on the CIGSe after a dedicated 

RbF-PDT [4,8,35]. The thickness of this RbInSe2 layer was shown to be directly related to the 

VCu concentration, i.e. to the Cu-content of the CIGSe [9]. An indication to this can be seen in 

Fig S6, where a weak Rb3p3/2 signal could be measured only at CdS/Cu-poor sample. 

Consequently, it is quite possible that the Rb atoms occupy some of the existing vacant Cu sites 

in the CIGSe and form RbCu defects [46]. This idea is supported by the relatively low formation 

energy of the RbCu defects (0.35 eV) [47]. Similar to the above case, the amount of RbCu anti-

site defects would then be proportional to the VCu concentration. In consequence, Fig. 3 would 

imply that, Rb does not only occupy the available VCu but also replaces Cu at the very surface 

of the absorber layer. Therefore, the constant increase in the [Cd]/([Cd]+[Cu]) ratio might be 

due to an ion-exchange mechanism between Rb and Cd atoms, where Cd replaces Rb on Cu-

sites (see proposed mechanism in Fig. 6). This mechanism is supported by the findings that the 

formation enthalpy of the CdCu defect has a negative value in the order of -0.5 eV [48] and it is 

lower than that of the RbCu defect [47]. In the case of Cu-rich CIGSe, the Cd concentration did 

not increase as a result of RbF-PDT, i.e. the Rb-diffusion into the CIGSe is less pronounced. 

This is in good agreement with the thinner RbInSe2-layer observed on similar CIGSe absorbers 

when the CGI is increased [8]. 
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Fig. 6 Schematic view of the interface formation of Rb-free CIGSe (a-b) and RbF-treated 

CIGSe (c-d) during the chemical bath deposition of CdS. For a detailed description see the text. 

Fig. 6 illustrates the proposed mechanism of the interface formation of Rb-free and RbF-

treated CIGSe during the chemical bath deposition of CdS. In the Rb-free case, the starting 

point of the model is the polycrystalline CIGSe-layer (Fig. 6a), which exhibits a Cu-depleted 

surface. The amount of the Cu-depletion depends on the CGI of the absorber layer. During the 

CBD, the Cd atoms diffuse into this Cu-depleted surface layer forming CdCu from the available 

VCu (Fig. 6b). In the case of RbF-treated CIGSe (Fig. 6c), the more Cu-deficient absorber 

material at the surface of the layer is partly consumed by the RbInSe2-surface layer [49]. 

Accordingly, the in-diffusing Cd-atoms can occupy either VCu in the Cu-depleted CIGSe or Rb-

sites in the RbInSe2 (Fig. 6d), explaining the stronger Cd in-diffusion. Note that in both cases, 

the formation of additional secondary phases such as CdIn2(Se,S)4 is possible [42] and not in 

disagreement with our interpretation. 

Fig. 5c and Fig. 5d show the [Zn] to [Zn]+[Cu] ratios with respect to excitation energy for 

the Cu-poor and Cu-rich samples, respectively. The [Zn]/([Zn]+[Cu]) ratios for both Cu-poor 

and Cu-rich samples are uniformly distributed having a similar shape and intensity over the 

probed depth before RbF-PDT. This result is fundamentally different from the results obtained  

for the CdS covered samples (Fig. 5a and Fig. 5b). This difference is demonstrated in more 

detail in Fig S5. It suggests that the incorporation of Zn atoms into VCu to form donor like ZnCu
+ 

states does not occur as much as in the CdS-covered samples where CdCu
+ states are formed, 
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which is somewhat surprising given the fact that the formation energy of CdCu
+ was found to 

be slightly higher than the one of ZnCu
+ [48]. We therefore assume that the hindered Zn-

incorporation is due to kinetic reasons, i.e. the diffusion mechanism. This is supported by the 

fact that the amount of incorporated Zn is not directly proportional to the amount of available 

VCu, i.e. the Cu-content of the CIGSe, and therefore cannot be promoted by Rb. Considering 

the smaller ionic radius of Zn2+ versus Cd2+ (0.074 nm versus 0.095 nm), Zn is expected to 

move via an interstitial diffusion mechanism, whereas Cd tends to be more mobile via a Cu 

vacancy diffusion mechanism [50,51]. Such a difference in the diffusion mechanisms is 

supported by different experimental and theoretical reports from literature. There are some 

studies reporting Zn diffusion into the topmost region of CIGSe surface during the deposition 

process [52–54], whereas other studies reported negligible or no Zn diffusion during the CBD 

process [55–57]. Nakada et al. showed that the Zn diffusion into CIGSe would appear to be 

more difficult than for the case of Cd, and they observed almost no Zn diffusion into CIGSe 

before annealing, therefore an external “force” (like annealing) is needed for Zn atoms to 

diffuse and help in the formation of a p-n homojunction [57,58]. Additionally, Bastek et al. 

found a higher activation energy of Zn diffusion (~1.2 eV) in CIGSe compared to that of Cd 

(~1.0 eV) [55]. Therefore, it is expected that Cd penetrates deeper into the CIGSe absorber, 

whereas Zn is more confined to the near-surface region of the absorber [59] as we confirm in 

Fig. 5. 

In order to confirm or reject the hypothesis, that the CdS forms a less stable buffer than 

ZnS, the experimental data is approximated with a simple two-layer model. The bottom layer 

is assumed to consist of CIGSe while the top layer consists of either CdS or ZnS. Changes in 

the buffer layers are assumed to reflect in the interdiffusion of buffer and CIGSe constituents. 

In order to perform the simulation, the experimental data is corrected for the respective 

photoionization cross sections and the analyzer transmission function. For each excitation 

energy, the resulting data points are then normalized to their sum. This procedure results in 

excitation energy dependent apparent atomic ratios of the buffer and CIGSe elements. These 

data points reflect the depth-dependent attenuation of the photoelectrons passing through buffer 

and CIGSe. The depth dependent attenuation can then be calculated as described below for 

comparison with the experimental data. The depth attenuation of photoelectrons leaving a solid 

is described by the Beer-Lambert law 

𝑎(𝑧) = 𝑒𝑥𝑝 (
−𝑧

𝜆
), 
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where 𝑎(𝑧) is the depth attenuation factor, 𝑧 is the depth in which the photoelectron was 

generated and 𝜆 is the IMFP. The total depth attenuation is obtained by integrating over all 

depths and results in 𝑎∞ = 𝜆 for a homogeneous medium. If the surface is covered by a thin 

layer of thickness 𝑑, the total depth attenuation for the surface layer becomes 

𝑎𝑠𝑢𝑟𝑓 = ∫ 𝑒𝑥𝑝 (
−𝑧

𝜆𝑠𝑢𝑟𝑓
) 𝑑𝑧 = [1 − 𝑒𝑥𝑝 (

−𝑑

𝜆𝑠𝑢𝑟𝑓
)] 𝜆𝑠𝑢𝑟𝑓 ,

𝑑

0

 

where 𝜆𝑠𝑢𝑟𝑓 is the IMFP of the surface layer. The total depth attenuation of the lower layer 

assumed to be of infinite thickness (i.e. the bulk) becomes 

𝑎𝑏𝑢𝑙𝑘 = 𝑒𝑥𝑝 (
−𝑑

𝜆𝑠𝑢𝑟𝑓
) 𝜆𝑏𝑢𝑙𝑘, 

where 𝜆𝑏𝑢𝑙𝑘 is the IMFP of the lower layer. In both formulae, the angle under which the analyzer 

collects the photoelectrons from the sample surface, should be taken into account. The thickness 

d should therefore be corrected by a factor (cos α)-1 where α denotes the angle of the analyzer 

versus the sample surface normal. In the present case, α=3°, resulting in a very small correction 

of < 0.2%. It is therefore omitted. 

The simulation approximates the kinetic energy dependent IMFPs per element according 

to the TPP formula [60]. The excitation-dependent signals are then computed as 𝑠𝑒𝑙 =

𝑐𝑠𝑢𝑟𝑓
𝑒𝑙 𝑎𝑠𝑢𝑟𝑓

𝑒𝑙 + 𝑐𝑏𝑢𝑙𝑘
𝑒𝑙 𝑎𝑏𝑢𝑙𝑘

𝑒𝑙 , where 𝑐𝑒𝑙 and 𝑎𝑒𝑙 are the element specific concentrations and 

attenuation factors respectively. The superscript 𝑒𝑙 stands for the respective elements (Cu, Ga, 

In, Se, Zn/Cd, S). If an element appears both in bulk and surface layer, the surface and bulk 

signals are simply added together. 

Finally, the depth attenuated, i.e. excitation energy dependent apparent atomic ratios are 

computed as 

𝐶𝑎𝑝𝑝
𝑒𝑙 =

𝑠𝑒𝑙

∑ 𝑠𝑒𝑙
𝑒𝑙

. 

For brevity, they will be called apparent atomic ratios in the following. 

The model is initialized with stoichiometric CdS or ZnS as the surface layer and Cu-poor 

CIGSe with a CGI of 0.8 or Cu-rich CIGSe with a CGI of 0.9. Both Cu-poor and Cu-rich CIGSe 

were initially modelled with GGIs of 0.3. During the simulation the concentrations in the layers 

were varied with the constraint ∑ 𝑐𝑦
𝑒𝑙

𝑒𝑙 = 1 (here y stands for either bulk or surface layer). 

Additionally, exchange between the layers was allowed for Zn/Cd, S, and Se. Additional tests 

with exchange of all elements between the layers did not yield significantly different results 
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and was abandoned due to the required excessive computational effort. The model was fitted to 

the data by minimizing the objective function 

𝑓(ℎ𝜈) = ∑ (
𝐶𝑎𝑝𝑝,𝑒𝑥𝑝

𝑒𝑙 − 𝐶𝑎𝑝𝑝,𝑡ℎ
𝑒𝑙

𝐶𝑎𝑝𝑝,𝑒𝑥𝑝
𝑒𝑙 )

2

𝑒𝑙

, 

where the subscript exp and th refer to experimental and calculated values, respectively.  

Due to the large numbers of fitting parameters, standard least-squares optimizations tend 

to perform poorly. Therefore, the differential evolution algorithm [61] was adopted as 

implemented within the SciPy package [62]. The reader is referred to the Supplementary 

Material of this manuscript for a discussion about the uncertainty estimation of this algorithm. 

 

Fig. 7 The experimental data corrected for the photoionization cross sections and the analyzer 

transmission but not the depth attenuation (dots) superimposed with the fitted curves from the 

two-layer model. The panels a)-d) show the results for the samples with CdS buffer under 

various conditions (as indicated) while the panels e)-h) show the corresponding results for the 

samples with ZnS buffer. Error bars smaller than the marker are not shown. The legend in panel 

c) also applies to all other panels. 
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Applying the two-layer model to the experimental data using the fitting procedure described 

above yields apparent atomic ratio curves as shown in Fig. 7. In order to obtain comparable 

values, the 2030 eV excitation energy had to be omitted, as the S1s peak used for the S 

quantification has a BE of 2469.4 eV. 

While the overall fit is satisfactory in most cases, the agreement with the S data point at 

3000 eV is usually poor. This is due to the very high BE of the S1s peak. At the resulting low 

KE, both the cross section and the IMFP are changing rapidly, increasing the uncertainty. The 

apparent In concentrations for 5000 and 6000 eV of excitation energy are underestimated for 

both Cu-poor samples with CdS buffer. This might indicate a steep In concentration gradient in 

the CIGSe absorber near the interface not covered by the simple two-layer model with constant 

atomic ratios. 

The model fit to the experimental data, results in CGI and GGI values (Table S3) in good 

agreement with the analysis presented above (Fig. 3 and Fig. 4). The composition of the CdS 

buffer is calculated to be close to stoichiometric (Table S2) while the ZnS buffers show lack in 

S. This may be explained by the presence of O and OH groups as residues from the deposition 

process. 

Table 1 The concentrations of buffer elements in the modelled CIGSe layer. Additionally, also 

the modelled concentration of Se in the buffer is shown. The thicknesses are given in Å and the 

concentrations in %.  

 CdS ZnS 

 Cu-poor Cu-rich Cu-poor Cu-rich 

 no RbF RbF no RbF RbF no RbF RbF no RbF RbF 

Buffer thickness 8±2 9±2 8±3 9±4 38±5 38±6 44±6 42±6 

S in CIGSe 0 0 0 0 0 0 0 0 

Cd in CIGSe 5±3 6±3 1±2 5±2 - - - - 

Zn in CIGSe - - - - 0 0 0 0 

Se in buffer 2±10 1±5 6±18 43±18 0.0±1.2 1±3 1±2 6±4 

 

As low buffer stability is expected to be related to in-diffusion of buffer elements into the 

CIGSe absorber, we examine the concentrations of S, Cd and Zn in the CIGSe absorber. Due 

to the chemical similarity of S and Se we also consider Se diffusion into the buffer layer. Table 

1 lists the resulting contaminant concentrations and the buffer thickness. The buffer thickness 

is found to be 8-9 Å for CdS buffers while the ZnS buffer layers show buffer thicknesses of 38-
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44 Å. For all the samples with CdS buffer, Cd is found in the CIGSe layer, while for the samples 

with a ZnS buffer no Zn is ascribed to the lower layer. In no case is S found in the CIGSe layer. 

Generally, no Se or only small amounts thereof are found in the buffer layer with the exception 

of the Cu-rich RbF-treated samples. Here, larger amounts of Se are attributed to the top layer 

by the modelling procedure. In the case of the ZnS-buffer sample 6% of Se are found in the top 

layer while an enormous 43% are found for the CdS sample. The latter result seems rather 

unrealistic and may either stem from a spuriously large Se signal at 3000 eV excitation or from 

a Se-rich layer at the surface or the interface perhaps induced by the RbF treatment. The latter 

seems a likely explanation, as all samples except for the present two show excess Se in the 

CIGSe layer (see Table S2 in SI). In this case, the high percentage value reflects the much 

lower thickness of the CdS buffer (9 Å, Table 1) compared to ZnS (42 Å, Table 1), the 

percentage needs to be much higher to account for a comparable quantity of Se. 

The results presented above indicate a more stable and well-defined interface of the ZnS 

buffer on the CIGSe layer. 

4. Conclusions 

The properties of CdS and ZnS films formed on the CIGSe absorber and their 

corresponding interfaces are influenced by the CIGSe composition and RbF-PDT. The 

relationship between Cd diffusion and VCu availability was once more proved to govern the 

change at the CIGSe surface. The higher the VCu concentration in CIGSe is, the more Cd 

diffuses into the absorber. The application of the RbF-PDT leads to an increased Cd diffusion 

in the case of CIGSe with CGI=0.80. This is attributed to the Rb-Cd exchange mechanism in 

the RbInSe2 compound and the formation of a (Cu,Cd)-In-S-Se mixed compound at the 

CdS/CIGSe interface, accompanied by the incorporation of Cd into the remaining VCu sites in 

the matrix. On the other hand, the interface between CdS and CIGSe with lower VCu 

concentration (CGI=0.95) is not affected by the RbF-PDT in terms of Cd incorporation. We 

also found that the incorporation of Zn atoms into the CIGSe does not occur as much as Cd 

atoms during the chemical bath deposition, i.e. the donor like ZnCu
+ states do not form as easily 

as the CdCu
+ states. The available VCu concentration and RbF-PDT have limited effects on the 

ZnS/CIGSe interface in comparison to its CdS counterpart. The results that we obtained by 

applying a two-layer model go along successfully with the experimental data and further prove 

our hypothesis that the ZnS buffer layer forms a more stable and well-defined interface with 

CIGSe. Finally, our findings indicate that the variation in the GGI distribution at the interface 
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between the CdS or ZnS buffer and CIGSe can be attributed to the RbF-PDT and does not 

depend on the type of the buffer material. 
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