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ABSTRACT: A combination of x-ray photoelectron / Auger electron spectroscopy and soft x-ray 

emission spectroscopy has been employed to investigate the impact of different alkali post-

deposition absorber treatments (PDTs) on the chemical structure of the (buried) CdS/Cu(In,Ga)Se2 

heterojunction; the key interface in chalcopyrite-based thin-film solar cells. Chemical bath 

deposited (CBD) CdS layers of different thickness on NaF PDT (CIGSeNaF) and on NaF+KF PDT 

(CIGSeNaF+KF) Cu(In,Ga)Se2 absorbers prepared at low temperature (to facilitate the use of 

flexible, e.g. polyimide, substrates) were studied. While we find the CdS/CIGSeNaF interface to be 

mainly free of significant chemical interaction, in the proximity of the CdS/CIGSeNaF+KF interface 

an elemental redistribution involving Cd, In, K, S, and Se is revealed. For the early stages of the 

CBD-CdS process, our findings are in agreement with the conversion of the K-In-Se type layer 

present on the CIGSeNaF+KF surface into a mixed Cd-In-(O,OH,S,Se) type layer, probably having 

some Cd-In and (S,O)-Se composition gradients. For long CBD times – independent of employed 

PDT – we find the buffer material to be best described by a Cd(O,OH,S) like species rather than 

being a pure CdS buffer. These findings shed light on the observed performance leap of 

corresponding CdS/CIGSeNaF+KF – based solar cells. 

1. Introduction 

Recently, (heavy) alkali fluoride postdeposition treatments (PDTs) led to a boost in power 

conversion efficiencies for Cu(In,Ga)Se2 (CIGSe) – based solar cells, now being well above 20%.1-

4 After it was discovered that the incorporation of sodium – which usually diffuses from the 

commonly used soda-lime glass (SLG) substrate into the absorber during the absorber preparation 

at elevated temperature – into the CIGSe absorber improved solar cell performance,5-6 the PDT 

was developed to deliberately incorporate sodium into CIGSe films deposited on alkali-free 
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(flexible) substrates.7 Recently, PDTs have also been used to incorporate other alkalis (heavier 

than Na) into CIGSe.1, 3, 8 A combined, sequential NaF+KF PDT of CIGSe absorbers prepared at 

low temperature (to facilitate the use of flexible, e.g. polyimide, substrates) leads to an 

improvement of solar cell performance; mainly due to an increase of the short-circuit current.1 

This is explained by the fact that the NaF+KF PDT enables a significant reduction of the CdS layer 

thickness – the standard buffer layer in CIGSe – based solar cells – without compromising interface 

quality preventing the commonly observed losses in open-circuit voltage and fill factor.9 As a 

consequence, the parasitic absorption in the UV regime due to the CdS is dramatically reduced, 

benefitting the short-circuit current. Furthermore, a pronounced NaF+KF PDT – induced 

modification of the CIGSe surface was observed: Several groups report on the presence of K1-2, 10 

accompanied with significant Cu11-12 and Ga1 depletion, the formation of a K−In−Se type surface 

species,10, 13-15 and a related pronounced band gap widening at the absorber surface. 16-18. However, 

only little is known about how this NaF+KF PDT induced absorber surface modification impacts 

the interface formation between CdS (the standard buffer layer in CIGSe-based solar cells) and the 

absorber. Reinhard et al. 2 show that the K signal at the surface of a NaF+KF PDTed CIGSe surface 

is significantly reduced upon rinsing in diluted aqueous ammonia and that the Cd signal after a 

respective partial electrolyte treatment is significantly higher for NaF+KF PDTed CIGSe surfaces 

compared to similarly treated CIGSe absorbers that only underwent a NaF PDT or no PDT at all. 

While the CdS/CIGSe interface were not specifically addressed in that paper, the findings related 

to the aqueous ammonia rinse and the Cd partial electrolyte treatment could be relevant for the 

processes dominating the early stages of the CdS chemical bath deposition (CBD) process. Nicoara 

et al. study the impact of a KF-PDT on the aging of CIGSe surfaces and its interface with CdS, 
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focusing on very short (1 min) CBD times.19 Together with Lepetit et al.,13 they speculate on the 

formation of an interface layer with a Cd−In−(S,O/OH)4 composition. 

Considering the importance of the CdS/CIGSe interface for the device performance, it is crucial 

to study the interface formation between CdS buffer and CIGSe absorber and how e.g. this is 

influenced by a KF PDT. This will be important to gain a detailed insight in the underlying 

mechanism of the apparent beneficial role of performing a KF PDT on the solar cell performance, 

i.e., enabling a significant reduction of the CdS buffer layer thickness.  

Consequently, we studied the structure of the CdS/CIGSe interface and how it is impacted by 

different alkali PDTs by a combination of different x-ray spectroscopies. The interface formation 

is investigated by studying sample sets with different CdS thicknesses. We find a pronounced 

difference between the chemical buffer/absorber interface structures in the case of a NaF or a 

NaF+KF PDT applied to the CIGSe absorber prior to buffer deposition, providing new insight on 

the role of potassium in interface formation and its positive impact on device efficiency. 

2. Experimental Section  

The investigated Cu(In,Ga)Se2 (CIGSe) samples were prepared at EMPA in a low-temperature 

multistage process according to Ref. [1]. The absorbers were deposited onto a molybdenum coated 

glass substrate. A silicon oxide diffusion barrier was deliberately put in-between Mo and glass to 

prevent uncontrollable alkali out-diffusion, mimicking the situation of using alkali-free substrates, 

as e.g. flexible polyimide. After CIGSe formation a post-deposition treatment (PDT) with NaF (→ 

CIGSeNaF) or NaF+KF (→ CIGSeNaF+KF) were used to incorporate alkalis into (the upper region 

of) the absorber in a very controlled fashion (see Ref. 1 for more details). CdS layers were prepared 

on the CIGSeNaF and CIGSeNaF+KF absorbers by chemical bath deposition (CBD) following the 

recipe detailed in Ref. 1. In order to study the buffer/absorber interface formation CdS thickness 
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series were deposited on the two different absorbers by interrupting the CBD time after 5s, 30s, 1 

min, 2 min, 4 min, 15 min, and 24 min for the CdS/CIGSeNaF sample set and after 5s, 30s, 1 min, 

2 min, 4 min, 8 min, and 15 min for the CdS/CIGSeNaF+KF sample set. The longest CBD times 

represent the standard deposition time used for the preparation of solar cell devices based on 

CIGSeNaF and CIGSeNaF+KF absorbers, respectively. The approximate CdS thicknesses in these 

cases are 60-70 and 30 nm for the buffer layer deposited on CIGSeNaF (within 24 min CBD time) 

and on CIGSeNaF+KF (within 15 min CBD time).1 Corresponding solar cells achieve power 

conversion efficiencies of round 18 % using a NaF PDT and 20 % using a NaF+KF PDT.20 

To minimize surface contamination, all samples were packed in a N2-filled glovebox at EMPA 

immediately after the CBD-CdS process. At HZB, the samples were unpacked in the N2-filled 

glovebox directly connected to the ultra-high vacuum (UHV) surface analysis system. Hence, the 

CdS/CIGSe samples were transferred the system’s load lock chamber without air exposure. 

For the characterization by x-ray photoelectron (XPS) and x-ray excited Auger electron (XAES) 

spectroscopy, we used a non-monochromatized Mg Kα (1253.56 eV) x-ray source and a SPECS 

PHOIBOS 150 MCD electron energy analyzer. The base pressure in the analysis chambers was ≤ 

3 × 10−10 mbar. The electron energy analyzer was calibrated according to D. Briggs et al.21 For the 

collection of the XPS survey and XPS and XAES detail spectra, the pass energies were 50 and 30 

eV, respectively. XPS line intensities were quantified by fitting them with Voigt profiles and a 

linear background using the curve-fitting and data analysis program Fityk.22 The probing depth 

governing inelastic mean free path of the probed electrons ranges between 1 – 3 nm for the used 

measurement parameters.23 For more details, also on the analysis of the XAES spectra see 

Supplemental Information, S.I. 
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Additional x-ray emission spectroscopy (XES) measurements at the Se M4,5 and the S L2,3/Se M2,3 

edges were performed using the Soft X-ray Fluorescence (SXF) spectrometer installed at beamline 

8.0.1 of the Advanced Light Source (ALS), Lawrence Berkeley National Laboratory. The base 

pressure of the SXF analysis chamber was ≤ 1 × 10-9 mbar. The energy scales of the XES spectra 

were calibrated using elastically scattered photons in the range of 100−120 eV in second 

diffraction order of the spectrometer for the Se M4,5 and CdS reference data24 for the S L2,3/Se 

M2,3 energy window. Assuming that the probing depth governing attenuation length in our 

complex CdS/CIGSe layer structure can be represented by the attenuation length in CuInSe2 (ρ = 

5.77 g/cm3) for the bare CIGSe absorber (and thin buffer) layer(s) and by the attenuation length in 

CdS (ρ = 4.83 g/cm3) for the CdS/CIGSe samples with thick buffer layers, the effective attenuation 

length25 (that considers both, the attenuation of the photons on their way in and the attenuation of 

the photons on their way out of the material) is around 15 nm for the Se M4,5 and ranges between 

20 and 60 nm for the S L2,3 XES measurements and the used experimental setup. For more details 

see S.I. 

For transport to the ALS, the samples were sealed under N2-atmosphere. However, during 

introduction into the SXF UHV chamber, the samples were shortly (< 5 min) exposed to ambient 

air. 

3. Results and Discussion 

To study the impact of a NaF+KF PDT on the chemical structure of the CdS/CIGSe interface, a 

thickness series of CdS was prepared by CBD (CdS/CIGSeNaF+KF) and studied by XPS, XAES, 

and XES. In order to isolate the effect of potassium, the CdS/CIGSeNaF+KF data is compared to the 

measurements of corresponding CdS/CIGSe samples for which the absorber was only subject to a 

NaF PDT (CIGSeNaF). The XPS survey spectra of the two CdS/CIGSe sample series are shown in 
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S.I., Figure S1. As expected, all Cu, In, Ga, Se, Cd, and S photoemission and Auger lines are 

present. The Cu, In, Ga, and Se peaks decrease in intensity, and Cd and S peaks increase with 

increasing CBD time, as expected. A Na-related XPS signal (most prominently the Na 1s line at 

1071 eV binding energy) can only be observed for CdS/CIGSeNaF samples. The apparent KF PDT 

– induced disappearance of Na from the absorber was observed before2 and an ion exchange 

mechanism was proposed as explanation.26 In addition, the presence of substantial C- and O-

related XPS and XAES signals suggest surface contamination and/or incorporation of C and O 

into the deposited absorber and buffer layers (as discussed below). The Cu signal intensity of the 

bare CIGSeNaF+KF is significantly lower than for the CIGSeNaF absorber, consistent with a strong 

surface Cu depletion, as previously reported.1-2, 27  

For more detailed chemical and electronic structure information, higher-resolution detail spectra 

were measured and are displayed – along with curve fitting results – in S.I., Figures S2-S11. To 

derive the absorber surface composition, we have used the shallow core level lines of the absorber 

elements (Cu 3p, Se 3d, In 4d, Ga 3d; neither alkali elements nor C and O are included in this 

analysis). Due to the very similar kinetic energy of the related photoelectrons, we are able to 

neglect the variations in electron analyzer transmission function and inelastic mean free path 

(IMFP) on signal intensity and hence only correct for the different photoionization cross sections 

28 for quantification. The surface Cu:(In+Ga):Se compositions are ≈ 1.0:2.8:3.9 and ≈ 1.0:6.8:9.8 

for the bare CIGSeNaF and CIGSeNaF+KF absorbers, respectively; we find a different degree of 

surface Cu-deficiency, in agreement with Refs.1-2, 10, 27, 29. As in our previous report, we attribute 

the heavier Cu depletion of the CIGSeNaF+KF absorbers to the formation of a K-In-Se type species 

on top of the CIGSe absorber.10 The Ga/(Ga+In) (GGI) ratio is derived to be (0.22 ± 0.05) and 

(0.04 ± 0.05) for CIGSeNaF and CIGSeNaF+KF, respectively. This confirms previous XPS studies of 
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the impact of KF PDTs on the chemical CIGSe surface structure,1, 10 suggesting that employing a 

NaF+KF PDT leads not only to a strong Cu-depletion but also Ga-depletion near the absorber 

surface. 

Next, we discuss the chemical structure at the CdS/CIGSe interface and how it is influenced by 

the different PDTs. To do so, we consider the effective CdS thickness values calculated from the 

attenuation of each absorber (shallow) core level line (and from the increasing intensity of the Cd 

and S lines); these element-specific thicknesses are displayed as functions of CBD time in Figure 

1. More details on the calculation are given in S.I. 

The effective element-specific thicknesses derived for the CdS/CIGSeNaF samples increase with 

CBD time and agree for all elements within the error bar as shown in Figure 1a. Note that the 

thickness plateau above 4 min CBD time is caused by the saturation of the Cd 3d and S 2s signal 

(i.e., after 4 min CBD, the layer is "infinitely" thick compared to the XPS information depth) and 

thus does not accurately represent the true CdS thickness but rather shows the limitation of this 

approach. The Na-related effective thickness agrees for CBD times up to 1 – 2 min, but indicates 

a significantly lower thickness value for a CBD time of 4 min. This can be explained by 

redeposition (from the chemical bath) or diffusion (from the CIGSeNaF absorber). Based on this 

preliminary examination of the effective thickness calculations, it appears that the buffer layer 

grows without strong interfacial interaction between absorber and buffer elements. This is in 

contrast to our previous reports30 in which we see a S/Se intermixing at the CdS/CIGSe interface, 

but could be explained by a different absorber surface structure formed during the low-temperature 

deposition process (compared to the absorbers from a high-temperature deposition process studied 

in the past). It is important to note that the CIGSeNaF deposition process was not optimized to 

produce the best-performing cells, rather it was as similar as possible to the CIGSeNaF+KF process; 
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the absorber surface structure of an optimized CIGSeNaF may differ in a significant enough way 

that S/Se intermixing could occur. 

The effective element-specific thicknesses derived for the CdS/CIGSeNaF+KF samples are shown in 

Figure 1b. The direct comparison with the thickness values derived for the CdS/CIGSeNaF samples 

shows clear differences. After a 5 s CBD, all the derived thicknesses except for the Se-extracted 

values have increased, with the largest thicknesses (exceeding that derived for the CdS/CIGSeNaF 

samples) determined for Cu and K, i.e., the intensity of the Cu 3p and K 2p lines have decreased 

most. From 5 s to 30 s CBD time, the thickness values based on the intensity evolution of the 

absorber elements (including K) then decrease to an extent to even result in “negative thicknesses” 

for In, Ga, K, and Se. Note that the drop is biggest for K and very similar for all other absorber 

elements. These “negative values” reflect the increase of the respective XPS line intensities to 

values above those measured for the bare CIGSeNaF+KF absorber, indicating significant chemical 

interaction involving these elements during that CBD period. For CBD times of 1 min and longer 

all thickness values increase steadily (with some variation for K-based values – indicating a more 

complex situation, as discussed below) as it would be expected for regular buffer layer growth. 

Furthermore, we observe a different behavior for the Cd and S derived thickness values. Especially 

for CBD times below 2 min, the Cd-based thicknesses are significantly larger than the S-based 

thicknesses and the corresponding thickness in the CdS/CIGSeNaF series. This difference indicates 

that at early stages of CdS CBD on CIGSeNaF+KF, Cd is deposited not (only) as stoichiometric CdS 

but might be incorporated into the upper surface of the CIGSeNaF+KF absorber and/or present in 

other chemical forms.  

In order to get insight into the chemical nature of this potentially modified absorber region, we 

performed complementary Se M4,5 XES measurements. The background normalized Se M4,5 XES 
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spectra of the CdS/CIGSeNaF and CdS/CIGSeNaF+KF sample sets are shown in Figure 2. The spectra 

are produced through relaxation of a Se 3d core-ionized excited state; in a simple picture a (4p-

like) valence electron decays into the 3d core hole, leading to emission of a photon. The energy-

resolved spectrum of the measured photons is therefore related to the Se projected density of 

occupied states. The spectra of the bare CIGSe absorbers are similar to what was previously 

observed for similarly prepared samples.10 For the CIGSeNaF series, the CBD process leads only 

to a decreased intensity of the XES signals without a change in spectral shape (confirmed by area 

normalized spectra in S.I., Figure S16a suggesting the Se chemical environment is dominated by 

the absorber. For the CdS/CIGSeNaF+KF
 series, there is a drop in intensity and clear change in 

spectral shape in the CBD treated samples compared to the bare absorber, with the shape of all 

CBD treated samples remaining the same, corroborated by the area-normalized spectra in S.I., 

Figure S16b. The spectral difference in the Se M4,5 spectra of the CIGSeNaF and the CIGSeNaF+KF 

absorber is consistent with our previous observations10 and can be explained by formation of a K-

In-Se layer in the latter case. The CBD-induced changes in the CIGSeNaF+KF series spectra suggest 

that this layer is modified due to buffer deposition; the CdS/CIGSeNaF+KF spectra do not however 

simply resemble those of the CIGSeNaF series, suggesting that a significant quantity of a different 

Se-containing material is formed in the former case. To identify the new Se compound, we attempt 

to reconstruct the measured CdS/CIGSeNaF+KF spectra with a superposition of reference spectra of 

CIGSeNaF, KF-In2Se3 (considered as being representative for the chemical structure of a K-In-Se 

type species), and CdSe in S.I., Figure S17. Note that all the spectra (including reference spectra) 

used for fitting are area normalized. As previously published10 and discussed above, the 

CIGSeNaF+KF spectrum can be modelled as a sum of the spectra of CIGSeNaF and of a KF-treated 

In2Se3 sample with the relative contributions falling between those derived from the previously 
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published alkali-poor and alkali-rich spectra.15 The spectra of the CdS/CIGSeNaF+KF series can be 

presented as a sum of the spectra of the bare CIGSeNaF and a CdSe reference (see S.I., Figure S17). 

However, due to the broadness of the spectra, other fit models can also be successfully applied: an 

equally good fit can be obtained from a sum of bare CIGSeNaF+KF and CdSe reference spectra (see 

S.I., Figure S18). In the CIGSeNaF + CdSe model, the relative contribution of the CdSe to the fit is 

larger than in the CIGSeNaF+KF + CdSe model. In conclusion, based on this analysis we cannot 

distinguish whether the K-In-Se type species is present at the CdS/CIGSeNaF+KF interface or 

whether it is dissolved/modified (partially or completely) in the chemical bath. 

However, based on the discussion in S.I. around Figure S19, it appears that the majority of K that 

is present at the surface of the CIGSeNaF+KF absorber is dissolved in the CBD (in agreement with 

Ref. 2, and re-deposited as K-O type species. In that case, the K-In-Se compound would no longer 

be present, and so of the two Se M4,5 XES fit models described above, we would favor the 

CIGSeNaF + CdSe model for representing the CdS/CIGSeNaF+KF data. This would mean that in the 

first stage of the CBD-CdS process the K-In-Se type compound is (partially) dissolved and 

replaced by a species containing Cd-Se bonds. Note that the identification of K-O bonds might be 

an artefact of sample preparation (i.e., CBD break off after short times with subsequent sample 

rinsing). This ‘conversion’ of the K-In-Se into a Cd-Se bond containing species could be promoted 

by amine-complexes present in the CBD solution (see Refs.31-32 for examples of corresponding 

interface interactions). Based on different stability constants different ion-exchange processes 

during the induction period of the chemical bath process could take place resulting in the observed 

modification of the chemical structure. 

To clarify and expand on the findings based on the Se M4,5 XES data, we use the In and Cd 3d 

XPS and M4N45N45 (MNN) XAES as further sensitive probe of chemical structure. The proximity 
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and overlap of the XAES spectra require a careful process to separate them; this is described in 

S.I. in conjunction to Figure S20. Each measured In 3d3/2 spectrum can be fitted by a single Voigt 

function, all with the same Gaussian and Lorentzian contributions (see S.I., Figure S9). For the 

CdS/CIGSeNaF series, there is a shift of ~0.2 eV to higher binding energies for the samples with 

CdS compared to the bare absorber; this same shift is also seen in the other absorber cation (i.e., 

Cu, In, Ga) related core levels of this series (see S.I., Figures S8-S10). The In 3d3/2 binding energy 

of the CIGSeNaF+KF is <0.1 eV lower than that of the CIGSeNaF, and the changes in the 

CdS/CIGSeNaF+KF
 series are more complex – despite still being modelled with a single Voigt – 

with a shift of ~0.15 eV to lower binding energy after 30s CBD. This shift is not reproduced in the 

other absorber cations core levels spectra of this series (see S.I., Figures S8-S10); the Cu and Ga 

2p of the CdS/CIGSeNaF+KF series rather undergo a similar shift (~0.2 eV to higher binding energy 

after CdS deposition) to what is seen in the CdS/CIGSeNaF series. 

The spectral shape of the In MNN of the CdS/CIGSeNaF samples is largely independent of CdS 

deposition (see Figure 3a), in agreement with the single Voigt function fit of the In 3d3/2 (S.I., 

Figure S9). Thus, for this series, all In MNN spectra can be represented by the sum of the (scaled 

and shifted) In MNN spectrum of the bare CIGSeNaF absorber (component Ina) and a suitable (Cd 

MNN induced) background spectrum (i.e., the spectrum of the 24 min – CdS/CIGSeNaF sample). 

However, the In MNN spectra of the CdS/CIGSeNaF+KF series do change in spectral shape upon 

CdS deposition and with CdS deposition time (see Figure 3b). In order to analyze these spectra, 

we use the In MNN spectrum of the bare CIGSeNaF absorber (which has the narrowest shape and 

thus is used as a reference spectrum representing a single In species) to fit the In MNN spectra of 

the CdS/CIGSeNaF+KF sample set. In this procedure, each spectrum can be reproduced as a sum of 

two contributions (plus 15 min – CdS/CIGSeNaF+KF background spectrum) – one at almost constant 
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energy position corresponding to the CIGSeNaF Ina position (and thus also attributed to species Ina) 

and a second species which shifts as a function of CBD time, attributed to Inb, Inc, and Ind. In order 

to identify these components, we next consult the modified Auger parameter.33-34 

The modified Auger parameter (α′) combines the core level and Auger line related information in 

a way that cancels variations in sample charging, doping, and surface band bending, allowing 

chemical species information to be reliably extracted. α′ and its corresponding binding energy and 

kinetic energy components can be displayed together in a Wagner plot35 (Figure 4), where the 

diagonal lines correspond to constant values of α′; all points along a common α′ line are assumed 

to represent the same chemical species. Hence, for the CdS/CIGSeNaF+KF series, the shifted 

contributions to the XAES spectra (components Ina – Ind) are treated as distinct chemical species, 

because the lack of a shift in the corresponding In 3d3/2 spectra gives them a distinct value of α′. 

The direct comparison with α′ values for related In-compounds (CuInSe2, CuIn3Se5, In2Se3, 

In2S3, In2O3 and a KF-treated In2Se3 – considered to represent the chemical structure of a K-In-

Se – type species;10 see S.I. for more details on how the reference boxes have been defined) reveals 

that the modified Auger parameter for component Ina is attributed to a similar chalcopyrite type 

environment for both CdS/CIGSe sample series. Note that the α′ value for the CdS/CIGSeNaF 

samples lie on the same diagonal as the values of the bare absorbers, although the binding energy 

value falls slightly outside the reference box defined by published binding energies. The modified 

Auger parameter of component Inb, which is only found for the bare CIGSeNaF+KF absorber, agrees 

– within experimental uncertainty – with that of the K-In-Se – type species, confirming our earlier 

study10 and agreeing with our Se M4,5 XES finding above. For the 5s and 30s CdS/CIGSeNaF+KF 

the Inc species appear in the Auger spectra, while the core level spectra remain at the same binding 

energy as the bare absorber. The α′ value of Inc suggests the formation of an In-containing interface 
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species (which is most likely related to the above discussed ‘conversion’ of the K-In-Se into a Cd-

Se bond containing species) in this CBD time regime. Note that the relative contributions of Ina 

and Inc are nearly constant for the two spectra. Component Ind is found for 1, 2, 4 min 

CdS/CIGSeNaF+KF samples and can clearly be attributed to the formation of In-O bonds. After 1 

min CBD time, the chemical environment of In ceases to change, and there is only a decrease in 

the corresponding XPS/XAES intensities caused by attenuation of the signal by the growing buffer 

layer. The fact that the Se M4,5 XES does not show significant spectral shape changes for CBD 

times > 5 s, is in agreement with the formation of an In- and Se-containing interface species and 

an additional Se-free In species for CBD times ≥ 1 min. There is a slight discrepancy in the 

comparison, because as stated above (and shown in Figure 3) it would appear that the interface 

species Inb disappears after 30s CBD time to be replaced by Inc. However, the fit method applied 

to the In MNN was to use the minimum possible number of distinct components, and so the fit 

would be improved by including three components – Ina,b,c – in the fits for CBD of more than one 

minute. The uncertainty in the model means that it is not in contradiction with the Se M4,5 results, 

even more so considering that the Se M4,5 spectrum of In2Se3 10 is very similar to that of CdSe 

(see S.I., Figures S17 and S18). Thus, the spectral Se M4,5 fingerprint of In-Se bonds could already 

be accounted for in the CIGSeNaF + CdSe fit model shown in S.I., Figure S17. 

To study the interface formation from the viewpoint of the deposited buffer layer, the Cd modified 

Auger parameters α′ (calculated in similar fashion to the In parameters above) are discussed next. 

The details of how the Auger spectra were fit and how the overlapping contributions from In MNN 

are considered are discussed in supporting information (see S.I., Figures S20 and S21, and related 

discussion). For both CdS/CIGSeNaF and CdS/CIGSeNaF+KF series, two distinct components 

defined initially as Cda and Cdb, are needed to explain the spectra, but the relative quantities vary 
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distinctly between the two series (S.I., Figure S22), confirming that the buffer deposition proceeds 

quite differently depending on PDT. For the CdS/CIGSeNaF+KF series, a strong Cda signal forms in 

the first stage of CBD (i.e., for the 5 s sample). In the discussion of Figure 1b, we described how 

Cd was deposited without corresponding quantities of S in the early stages of CBD, and when this 

is coupled with the observed modification in Se M4,5 XES (Figure 2b) of the same samples, it 

strongly indicates that Cd-Se bonds are formed at the interface. This is corroborated by the α′ 

values for Cda in Figure 5b, which are directly compared to α′ values for related Cd-compounds 

(CdSe, CdS, CdO, and Cd(OH)2– see S.I. for more details on how the reference boxes have been 

defined).34, 36-45 Within the experimental uncertainty, we find an agreement between the modified 

Auger parameter of CdSe and that of Cda (at least for CBD times up to 2 min). However, the fact 

that due to a seemingly high EK of the respective Cd MNN spectra, the Cda α′ values are located 

outside the indicated CdSe box (i.e., being more in agreement with what would be expected for 

Cd-O bonds, in particular for the 4 min CdS/CIGSeNaF+KF sample) indicating that the interface 

compound has a more complex chemical (gradient?) structure than pure CdSe. For larger CBD 

times, a second species, Cdb, is present, and the relative Cda contribution decreases in a way that 

is consistent with what would be seen from an interface species, i.e. the Cda signal appears to be 

attenuated by a capping (buffer) layer of increasing thickness. After 8 min CBD, the Cda 

contribution is effectively zero, and the spectra again represent a single phase, Cdb, representing 

the completed buffer layer. Based on the comparison and agreement of the α′ values for Cdb with 

that of CdS, we attribute it to be indicative for Cd-S bonds. (However, note that the composition 

of the buffer layer is more complex than pure CdS, as will be discussed below.) 

For the CdS/CIGSeNaF series, we find the Cd MNN Auger spectrum of the 5s CBD CdS/CIGSeNaF 

sample in Figure 5a is more complex than the corresponding CdS/CIGSeNaF+KF spectrum, as it 
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already requires two contributions for an adequate description. We again label these components 

Cda and Cdb, and their general behavior is similar to that of the corresponding components in the 

CdS/CIGSeNaF+KF described above, with some difference in specifics. In the CdS/CIGSeNaF series, 

Cda is only a relatively small contributor and disappears completely after 2 min CBD, and again 

it appears consistent with a species formed at the interface. (Since Cda seems to form exclusively 

in the induction period of the CdS CBD process, it might very well be possible that Cda forms only 

in the early stages of CBD and would no longer be present if the process was not interrupted; i.e., 

it may be an artifact of the non-standard CBD process used to produce the “thin” buffer layers for 

this experiment.). The values of α′, coupled with the higher Cd 3d binding energies, indicate that 

in this series Cda is likely a CdO species, unlike the corresponding species formed at the 

CdS/CIGSeNaF+KF interface, as depicted in Figure 5b. Based on the lack of changes in the Se M4,5 

spectra of the CdS/CIGSeNaF, no significant amount of Cd-Se bonds are expected to be formed for 

this series. When Cdb is formed, it is much more uniform in Cd 3d binding energy and α′ than the 

corresponding data in Figure 5b, and falls very close to expected values for CdS. The presence of 

Cdb in all spectra, including for very short CBD times, is in agreement with the discussion of 

Figure 1a. The analysis of the Cd Auger parameter does not suggest that Cd(OH)2 is present in 

significant amounts in either of the sample sets, however, the respective O 1s spectra in S.I., Figure 

S11, does show a high binding energy component (Ob) at approx. 532.7 eV, which we attribute to 

hydroxyl groups. The ratio of Oa (the main O 1s peak in Figure S11, attributed to oxides) to Ob 

indicates that the amount of hydroxide present is small relative to the oxide content ([12 ± 2]% for 

the 2 – 24 min CdS/CIGSeNaF samples and [25 ± 3]% for the 2 – 15 min CdS/CIGSeNaF+KF 

samples). The hydroxide and its corresponding spectral signature (if present) is expected to appear 

in the measurement of all samples, including the “single species” reference curve used to fit the 
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Cd MNN curves in S.I., Figure S21. Thus, as long as the hydroxide content is relatively stable, the 

here performed Auger spectra analysis method is not sensitive to Cd(OH)2, explaining why no 

Cd(OH)2 species is specifically identified. 

The Cd/S ratio (derived from the Cd 3d and S 2s spectra in S.I., Figures S6 and S7) clearly deviates 

from the stoichiometry expected for CdS independent of performed PDT, as shown in S.I., Figure 

S23a. For short CBD times, the ratio is quite large, and we attribute this to the formation of S-free 

(or poor) Cd species at the interface (as indicated in Figure 5 and related discussion). However, 

even for long CBD times, we find Cd/S ratios of approximately 2 for both sample sets, indicating 

that the buffer material is not stoichiometric CdS. When the Cd/(S+Oa+b) ratio is calculated 

instead, the expected cation:anion ratio of approximately 1:1 is derived for CBD times > 2 min, 

suggesting that the buffer is better described as a Cd(O,S) like compound. The S 2s (S.I., Figure 

S7) indicate that the mixed phase is formed without the presence of S-O (i.e., sulfate) bonds, which 

would be indicated by a clear peak at high binding energy as reported for S 2p.46 For short CBD 

times, the Cd/(S+Oa+b) is still quite large for the CdS/CIGSeNaF+KF sample set, as was the Cd/S 

ratio, in agreement with the formation of additional Cd-Se bonds at the interface as discussed in 

conjunction with Figures 2 and 5. For the CdS/CIGSeNaF series, the Cd/(S+Oa+b) ratio is below 1 

for CBD times shorter than 2 minutes, indicating that the (hydr)oxide features Oa+b in the O 1s 

spectra are not exclusively related to Cd. 

To further characterize the chemical structure at the buried CdS/CIGSe interface and how it 

changes with different PDT, S L2,3/Se M2,3 XES were measured (see Figure 6). The broadness and 

low cross-section of the Se M2,3 make it less useful than the Se M4,5 as an indicator of chemical 

structure, but the S L2,3 has been shown to be extremely sensitive to the valence band and chemical 

structure.47-48 As in the overlapping XPS spectra in S.I., Figure S7, the S signal intensity increases 
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while the Se signal is attenuated as CdS thickness increases, as expected. The relative intensities 

of the S and Se related signals are influenced by a number of factors including fluorescence yield,49 

ionization cross section, depth dependence, etc., and so the specific S/Se signal ratios in XPS and 

XES will be quite different for the same sample. 

For the CIGSeNaF and CIGSeNaF+KF absorbers, the dominant emission feature is attributed to the Se 

M2,3 emission. The energy difference between the main peak and high-emission energy shoulder 

is 5.7 eV, corresponding to the Se 3p doublet separation.50 Independent of employed PDT, the S 

L2,3 spectra of samples with long CBD times closely resemble the CdS reference spectrum, which 

has been reported many times previously,32, 51 as expected based on the XPS and XAES data 

described above. The S L2,3 spectrum of CdS is composed of emission caused by S 3s→2p 

transitions, Cd 4d→S 2p transitions, and Cd 5s→S 2p transition from the upper valence band 

(UVB).52 For ease of comparison all spectra were multiplied by appropriate scaling factors to be 

presented with similar intensity. While spectra are essentially identical to the CdS reference spectra 

for CBD times longer than 4 min, the samples with thinner (30s - 2 min CBD time) CdS overlayers 

are quite different. Most prominently the emission from Cd 4d→S 2p transitions seems to be 

almost entirely absent in the spectra of both the CdS/ CIGSeNaF and the CdS/CIGSeNaF+KF sample 

sets. In the past, this has been interpreted as indication that sulfur is deposited without forming S-

Cd bonds51, 53 or that the CdS deposited during the early stages of the CBD process has a poorly 

defined physical structure (i.e., different bond lengths and angles), which would result in a 

broadening of the Cd 4d→S 2p emission features to an extent where they disappear in the noise 

floor of the measurement.32 Considering the direct comparison of the S L2,3 data of the CdS/CIGSe 

sample set from Ref. 51 (that indicates the deposition of sulfur without the formation of S-Cd 

bonds) with our data (see S.I., Figure S24 and connected discussion), the latter explanation, i.e. 
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the very thin films containing S-Cd bonds formed during short CBD times are poorly defined, 

seems more likely. This is also in agreement with the finding that in the beginning of the CBD 

process most of the deposited Cd is not bonded to sulfur (see discussion in S.I., in conjunction 

with Figure S24). However, the related finding that the buffer layer contains a significant amount 

of oxygen (see S.I., Figure S23b), does not lead to the formation of sulfates as the distinct spectral 

signature of -SO4
2- bonds54 is not observed in any S L2,3 spectra, in agreement with the XPS and 

XAES data.  

In order to study the impact of the different PDTs on the chemical interface structure, i.e. aiming 

at determining whether or not the chemical species formed at the CdS/CIGSe interfaces (e.g., 

species Inc in Figure 3b and 4 as well as species Cda in Figure 5) contain S, the S L2,3 XES spectra 

of the CdS/ CIGSeNaF and the CdS/CIGSeNaF+KF samples for short CBD times are inspected. To do 

so, the 30 s and 4 min spectra (normalized to same height) from Figure 6 are directly compared in 

Figure 7. The spectra of the 4 min CdS/CIGSe samples with different PDT are dominated by the 

spectral signature of CdS, and the spectra do not differ significantly between series. However, for 

the 30s sample, there are small differences between the CIGSeNaF and CIGSeNaF+KF series. Most 

prominent is the redistribution of spectral intensity at the maximum of the spectra to higher 

emission energies when comparing the normalized spectrum of the 30s CdS/CIGSeNaF+KF sample 

with that of the 30s CdS/CIGSeNaF sample. We attribute this to the spectrum of the 30s 

CdS/CIGSeNaF sample being dominated by the Se M2,3 emission of the CIGSe absorber, while the 

spectrum of the 30s CdS/CIGSeNaF+KF sample shows a higher contribution of a CdS signature, in 

agreement with the discussion in conjunction with Figure 1. Reasonable difference spectra can be 

computed using Se M2,3 contributions of up to 30% (see Figure 7). The comparison with the S L2,3 

spectrum of a In2S3 reference spectrum55 (shifted by -0.7 eV to align with the low-energy slope of 
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the difference spectrum) indicates the presence of additional spectral intensity between 151 and 

153 eV, i.e. the region which is dominated by Cd 4d→S 2p emission features. Considering a model 

"CdIn2S4" reference spectrum, which is constructed by adding 0.5 × S L2,3 (CdS) and 0.5 × S L2,3 

(In2S3), we find a good agreement with the difference spectrum. The clearly identifiable Cd 4d→S 

2p emission features in the "CdIn2S4" reference spectrum and their absence in the (noisier) 

difference spectrum is again be attributed to a poorly defined physical structure. Thus, we find 

indications for the formation of S-Cd and S-In bonds at the interface of the CdS/CIGSeNaF+KF but 

not at the CdS/CIGSeNaF interface (or at least in smaller quantities). Based on our analysis of the 

In and Cd XPS and XAES data, we relate this Cd-In-S containing interface compound to species 

Inc (see Figure 3b and 4) and to some extent to species Cda (see Figure 5). Note that the position 

of the related α' (In) between that of In2S3 and In2O3 (see Figure 4) indicates that also oxygen is 

incorporated in this compound. 

Considering the XPS, XAES, and XES results together, it is possible to make some clear 

statements about the structure at the CdS/CIGSeNaF interface. When the interface is formed, Cd 

and S are both present for even the shortest CBD times (Figure 1a), Cd-S and Cd-O bonds (Figure 

4 and 6) are formed in the early stages of CBD (Figure 4), the Se chemical environment does not 

change (Se M4,5 XES, Figure 2a), the In chemical environment does not change (Figure 3 a and 

Figure 4), and for long CBD times the buffer grows as a Cd(O,OH,S)-like compound (Figure 5a, 

S6, and S21).  

The CdS/CIGSeNaF+KF interface structure is more complex, and the interpretation of the results is 

more ambiguous. When the interface is formed, Cd is initially present in much larger quantities 

than is S for the shortest CBD times (Figure 1b), the Se chemical environment changes 

immediately upon CBD but appears stable thereafter (Se M4,5 XES, Figure 2b) indicating the 
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formation of Cd-Se bonds at the interface. In is initially (i.e. for the bare CIGSeNaF+KF absorber) 

found in two distinct chemical environments (assumed to be of Cu-In-Se and K-In-Se type). Upon 

CBD a change of the chemical environment of In throughout the first minute of CBD (Figure 3b 

and Figure 4) can be observed, attributed to the formation of among others In-O bonds for CBD 

times of 1, 2, and 4 min. The deposited Cd is initially (i.e., for the 5 s sample) a single species 

which might be best described by a CdSe-like species. Between 30s and 4 min, two Cd species 

can be identified; one which gradually transforms from CdSe-like to CdO-like and the other one 

being representative for the thick Cd(O,OH,S)-like buffer compound (Figures 5b, S6 and S21). 

From the perspective of the sulfur, there is some evidence of the formation of S-In (in addition to 

formed S-Cd) bonds at the interface (Figure 6). In summary, the first stages (5s, 30s) of interface 

formation may be dominated by the growth of a Cd-In-(O,OH,S,Se) species with probably some 

Cd-In and (S,O)-Se composition gradient resulting in an In- and Se- rich composition close to the 

absorber, possibly formed due to modification/conversion of the existing K-In-Se layer and a Cd- 

and S,O-rich composition away from the absorber. Note that the while no specific spectral 

fingerprint-like evidence was presented, from the discussion in conjunction with Figure 1, it cannot 

be excluded that Ga is also present in this layer. For longer CBD times the growth of a 

Cd(O,OH,S)-like buffer material prevails. The identified Cd-In-(O,OH,S,Se) species corroborates 

the reports by Nicoara et al.19 and Lepetit 13 who speculate that a Cd-In-(S,Se,O/OH) may form. 

Note that the identification of Cd-O bonds in the early stages (i.e., in the induction period) of the 

CBD process might, for both sample sets, be an artefact of sample preparation (i.e., CBD break 

off after short times with subsequent sample rinsing). 

The suggested conversion of the K-In-Se type compound formed on top of the CIGSeNaF+KF 

absorber into a graded Cd-In-(O,OH,S,Se) mixed layer during the initial phase of the CBD-CdS 
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process, presumably due to amine-complex promoted ion-exchange processes during the induction 

period of the chemical bath deposition, may be the key to understanding the ability to reduce the 

CBD time and increase buffer transparency in corresponding solar cell devices without 

compromising interface quality, preventing losses in open-circuit voltage. The resulting more 

transparent buffer layer leads to a significant reduction of parasitic absorption, improving the 

short-circuit current,1 which is one of the main beneficial effects of employing a heavy alkali PDT. 

Furthermore, based on the findings reported in Ref.17 there are large offsets in the valence and 

conduction band at the interface between the suggested NaF/KF-PDT – induced K-In-Se – type 

surface species and the CIGSe absorber, which may limit charge carrier (here in particular 

electron) transport. Thus, the chemical modification of the K-In-Se – type species into a graded 

Cd-In-(O,OH,S,Se) interface compound during the early stages of the CdS CBD process may also 

be beneficial from the electronic interface structure point of view. However, additional 

measurements specifically addressing this issue are required to conclusively answer this question. 

 Nevertheless, the gained detailed understanding paves the way to deliberately facilitate the 

generation of a surface structure that enables the in-situ formation of a high-quality interface during 

the induction period of a chemical bath process and fully exploit it as novel approach of forming 

high-quality interfaces in solar cells and other energy conversion devices. 

4. Conclusion 

X-ray photoelectron spectroscopy (XPS), x-ray excited Auger electron spectroscopy (XAES), and 

soft x-ray emission spectroscopy (XES) were used to investigate the impact of different alkali post-

deposition treatments (PDTs) on the chemical structure of the CdS/CIGSe interface. In order to 

identify the role of potassium in interface formation, the results on buffer/absorber samples sets 

have been compared that underwent a NaF or a NaF+KF PDT prior CdS deposition. For both 
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sample sets we find – independent of PDT – the buffer layer to be best described by a Cd(O,OH,S) 

compound rather than to be a pure CdS buffer. However, while the buffer/CIGSeNaF structure is 

formed without major interfacial interaction, significant elemental redistribution involving Cd, In, 

K, S, and Se in the proximity of the buffer/CIGSeNaF+KF heterojunction is revealed. In detail, we 

suggest that a mixed Cd-In-(O,OH,S,Se) type layer, with probably some Cd-In and (S,O)-Se 

composition gradients, is formed in the early stages of the CBD-CdS process presumably due to 

an ion-exchange promoted modification/conversion of the K-In-Se layer initially present on the 

CIGSeNaF+KF surface. This interface layer enables the employment of thinner CdS buffer layers 

and thus the reduction of parasitic absorption while maintaining a high-quality interface. It is (one) 

key to understand the beneficial impact of the NaF+KF PDT on corresponding solar cells and 

opens the route for deliberate device optimization. 
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Figure 1. Evolution of the effective "CdS" layer thicknesses for the CdS/CIGSeNaF (a) and 
CdS/CIGSeNaF+KF (b) samples with increasing CBD time. The thickness values have been 
calculated based on the fit results in S.I., Figures S2-S11, and the respective inelastic mean free 
path (IMFP, calculated by TPP2M23 – more details can be found in S.I.). 

 

 

 

 

Figure 2. Background normalized Se M4,5 XES spectra of the CdS/CIGSeNaF (a) and 
CdS/CIGSeNaF+KF (b) sample series. For clarity, a vertical offset was added. 
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Figure 3. In M45N45N45 XAES spectra of the CdS/CIGSeNaF (a) and CdS/CIGSeNaF+KF (b) sample 
series together with their spectral analysis. The reference spectra summed up to represent the data 
are the (scaled and shifted) In MNN spectra of bare CIGSeNaF absorber and a suitable (Cd MNN 
induced) background spectrum (i.e., the spectrum of the 24 min – CdS/CIGSeNaF sample and the 
15 min – CdS/CIGSeNaF+KF sample, respectively). For the CdS/CIGSeNaF spectra one In MNN 
component (component Ina) and the background spectrum is sufficient to achieve a reasonable 
good fit, while for the CdS/CIGSeNaF+KF data four different In MNN components (components Ina, 
Inb, Inc, and Ind – with at most two at the same time) are required. Vertical offsets are added for 
clarity. 
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Figure 4. Evolution of the modified Auger parameter (α') of In [i.e., the sum of the binding energy 
(EB) of the In 3d5/2 photoemission line and the kinetic energy (EK) of the In M4N45N45 Auger line] 
with increasing CdS CBD time. The KF-In2Se3 reference data point was adopted from Ref. 10. For 
comparison, reference position area for In2Se3, CuInSe2, CuIn3Se5, In2S3, and In2O3 compounds 
(as derived based on data in Ref. 36, 56-62 are indicated. The error bars are dominated by the 
uncertainty in the determination of the energy position of the individual components.  
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Figure 5. Evolution of the modified Auger parameter (α') of Cd [i.e., the sum of the binding energy 
(EB) of the Cd 3d3/2 photoemission line and the kinetic energy (EK) of the Cd M4N45N45 Auger 
line] with increasing CBD time: (a) for the CdS/CIGSeNaF and (b) for the CdS/CIGSeNaF+KF sample 
set. Reference positions for CdO, CdS, CdSe, and Cd(OH)2 compounds are indicated34, 36-45. The 
error bars are dominated by the uncertainty in the determination of the energy position of the 
individual components. 
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Figure 6. Background-normalized Se M2,3/S L2,3 XES spectra of the CdS/CIGSeNaF (a) and 
CdS/CIGSeNaF+KF (b) samples with increasing CdS-CBD time. CdS reference spectra55 was added 
for comparison. The spectra are shown on different magnification scales (as indicated) and are 
vertically offset to allow for easy comparison. 
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Figure 7. Direct comparison of four selected Se M2,3/S L2,3 XES spectra (30s and 4 min for both 
series) and the difference between bare and 30s CdS/CIGSeNaF+KF are shown. A model "CdIn2S4" 
reference spectrum were produced by the S L2,3 spectrum of 0.5 × CdS+0.5 × In2S3. All samples 
were excited at hν= 180 eV. Dashed lines are added as guides for spectral features and main 
features are labeled. CdS and In2S3 reference spectra55 was added for comparison. 
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1. Basic principles of the used characterization techniques 

When an x-ray photon impinges on a material surface, it interacts with the sample. In general, 

this causes electrons to be excited from an occupied to an unoccupied electronic state or (if the 

excitation energy is sufficient, i.e. > than the electron binding energy + the work function of the 

sample) to leave the sample. The remaining kinetic energy of these photoelectrons is then 

measured by, e.g. an electron analyzer. Since the electron’s binding energy (and thus the 

measured kinetic energy) is element specific, the chemical composition of the sample can be 

probed that way. Due to the short inelastic mean free path (IMFP) of electrons at kinetic 

energies attainable with soft x-ray excitation, laboratory-based x-ray photoelectron 

spectroscopy measurements (XPS, generally using Mg Kα or Al Kα excitation) give a surface-

sensitive view of the elements present in the sample. Since the intensity of the XPS line is 

directly related to the amount of the element present in the sample, the (surface) composition 

of the studied sample can (under certain assumptions, see e.g. Ref.1 for more details) be derived. 

Furthermore, since the binding energy of a core electron of an element is influenced by the 

chemical bonding of that element (due to e.g. changes in electrostatic shielding upon bond 

formation – induced changes in the valence electron density of states), careful analysis of 

energy position and spectral shape of the measured XPS lines will also give insights into the 

chemical environment of the probed element. 

In the x-ray emission process, the core hole created upon x-ray irradiation induced electron 

excitation (see above) is filled by a lower binding-energy electron, causing the emission of a 

photon. In x-ray emission spectroscopy (XES), the thus emitted photons are probed by a 

wavelength-dispersive x-ray spectrometer. Since XES is element-specific, it is an excellent tool 

to probe the local chemical structure. The probability for this process is very small; therefore, 

the experiment has to be performed at high-brightness synchrotron radiation sources. Since 

XES is a photon-in – photon-out process, its information depth is governed by the x-ray 
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attenuation length in the probed material and thus approximately 1 – 2 orders of magnitude 

larger than that of XPS (for more details see Ref.2). 

 

2. Survey and detail spectra: Quantification 

 

 
 

Figure S1. XPS survey spectra (normalized to background at a binding energy of 0 eV) of 
CdS/CIGSeNaF (a) and CdS/CIGSeNaF+KF (b) with increasing CBD time (varied between 0 and 
24 [15] min). All the spectra were measured with excitation energies of hν=1253.56 eV (Mg 
Kα). All prominent photoemission and Auger lines are labeled. Spectra are vertically offset for 
clarity. 
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Figure S2. Cu 3p XPS data with respective Voigt fits of the CdS/CIGSeNaF (a) and 
CdS/CIGSeNaF+KF (b) sample series, measured with excitation energies of 1253.56 eV (Mg Kα). 
All spectra are displayed after subtraction of a linear background. For each fit, the residual is 
shown as well. Note the different magnification factors. Spectra are vertically offset for clarity. 
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Figure S3. In 4d/Ga 3d XPS data with respective Voigt fits of the CdS/CIGSeNaF (a) and 
CdS/CIGSeNaF+KF (b) sample series, measured with excitation energies of 1253.56 eV (Mg Kα). 
All spectra are displayed after subtraction of a linear background. For each fit, the residual is 
shown as well. Note the different magnification factors. Spectra are vertically offset for clarity. 
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Figure S4. Se 3d XPS data with respective Voigt fits of the CdS/CIGSeNaF (a) and 
CdS/CIGSeNaF+KF (b) sample series, measured with excitation energies of 1253.56 eV (Mg Kα). 
All spectra are displayed after subtraction of a linear background. For each fit, the residual is 
shown as well. Note the different magnification factors. Spectra are vertically offset for clarity. 
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Figure S5. Na 1s (a) and K 2p (b) XPS data with respective Voigt fits of the CdS/CIGSeNaF (a) 
and CdS/CIGSeNaF+KF (b) sample series, measured with excitation energies of 1253.56 eV (Mg 
Kα). All spectra are displayed after subtraction of a linear background. For each fit, the residual 
is shown as well. Note the different magnification factors. Spectra are vertically offset for 
clarity. 
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Figure S6. Cd 3d XPS data with respective Voigt fits of the CdS/CIGSeNaF (a) and 
CdS/CIGSeNaF+KF (b) sample series, measured with excitation energies of 1253.56 eV (Mg Kα). 
All spectra are displayed after subtraction of a linear background. For each fit, the residual is 
shown as well. Note the different magnification factors. Spectra are vertically offset for clarity. 
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Figure S7. Se 3s/S 2s XPS data with respective Voigt fits of the CdS/CIGSeNaF (a) and 
CdS/CIGSeNaF+KF (b) sample series, measured with excitation energies of 1253.56 eV (Mg Kα). 
All spectra are displayed after subtraction of a linear background. For each fit, the residual is 
shown as well. Note the different magnification factors. Spectra are vertically offset for clarity. 
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Figure S8. Cu 2p3/2 XPS data with respective Voigt fits of the CdS/CIGSeNaF (a) and 
CdS/CIGSeNaF+KF (b) sample series, measured with excitation energies of 1253.56 eV (Mg Kα). 
All spectra are displayed after subtraction of a linear background. For each fit, the residual is 
shown as well. Note the different magnification factors. Spectra are vertically offset for clarity. 
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Figure S9. In 3d3/2 XPS data with respective Voigt fits of the CdS/CIGSeNaF (a) and 
CdS/CIGSeNaF+KF (b) sample series, measured with excitation energies of 1253.56 eV (Mg Kα). 
All spectra are displayed after subtraction of a linear background. For each fit, the residual is 
shown as well. Note the different magnification factors. Spectra are vertically offset for clarity. 
 



  

12 
 

 
 
Figure S10. Ga 2p3/2 XPS data with respective Voigt fits of the CdS/CIGSeNaF (a) and 
CdS/CIGSeNaF+KF (b) sample series, measured with excitation energies of 1253.56 eV (Mg Kα). 
All spectra are displayed after subtraction of a linear background. For each fit, the residual is 
shown as well. Note the different magnification factors. Spectra are vertically offset for clarity. 
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Figure S11. O 1s XPS data with respective Voigt fits of the CdS/CIGSeNaF (a) and 
CdS/CIGSeNaF+KF (b) sample series, measured with excitation energies of 1253.56 eV (Mg Kα). 
All spectra are displayed after subtraction of a linear background. For each fit, the residual is 
shown as well. Note the different magnification factors. Spectra are vertically offset for clarity. 
 
Figures S2-S11 show the detail spectra and corresponding fits of the background normalized 

Cu 3p, In 4d/Ga 3d, Se 3d, Na 1s (only for CdS/CIGSeNaF), K 2p (only for CdS/CIGSeNaF+KF), 

Cd 3d, Se 3s/S 2s, Cu 2p, In 3d, Ga 2p, and O 1s photoemission lines as a function of increasing 
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CBD time and for different PDT treatments. The Cu 3p spectra are shown after In 4p and Cd 

4p background correction (see Figure S12-S15). As expected, most of absorber related signals 

decrease and the CdS buffer related signals increase in intensity with CBD time. All fits of a 

particular data set and for a particular photoemission line have been performed simultaneously 

using Voigt profiles with the same coupled Lorentz and Gauss widths. In case of spin-orbit 

doublet fits, the multiplicity rule (2j+1) is obeyed and the doublet separation for Cu 3p, In 4d, 

Ga 3d, Se 3d, and K 2p was set to 2.39 eV,3 0.86 eV,4 0.46 eV,5 0.83eV,6 and 2.70 eV,7 

respectively. Note that the fit also included a linear background. Note that the Cd 3d3/2 and In 

3d3/2 lines were chosen to fit instead of the more prominent respective 3d5/2 lines to avoid the 

Mg Kα3,4-excited 3d3/2 satellite lines that overlap with the 3d5/2 peak. All spectra but the O 1s 

line could be fit with one component. For O 1s more than one contribution (Oa and Ob for 

CdS/CIGSeNaF; Oa, Ob, and Oc for CdS/CIGSeNaF+KF) were needed for a satisfactory 

representation. Feature Oa at about 531.7 eV can be assigned to metal oxides 8-10, as e.g. In2O3,8 

Ga2O3,9 or CdO.10 Feature Ob located at 532.7 eV can be attributed to adsorbed hydroxyl 

species11 and Cd(OH)2
12. The third component Oc between 530.0 and 530.8 eV which is only 

present in the data set of the CdS/CIGSeNaF+KF series is attributed to potassium-oxygen bonds 

presumably with a mixed stoichiometry between K2O and K2O2.13 Note the small blue 

contribution to the Se 3s fit for the 1min CdS/CIGSeNaF (Figure S7a) is attributed to a Mo 3d 

signal from the back contact presumably made accessible to the XPS analysis by accidental 

sample scratching during sample mounting. Furthermore, the broad signal detected at around 

933 eV in Figure S8 for thicker CdS samples (i.e. ≥15 min for CdS/CIGSeNaF and ≥2 min for 

CdS/CIGSeNaF+KF) is ascribed to a Cd MNN plasmon background rather than to Cu 2p3/2.  

All absorber layer related signals shift to lower binding energy for CdS/CIGSeNaF sample series 

upon CdS deposition. The binding energy shift for CdS/CIGSeNaF+KF series somewhat varies 

for every element, indicating a more complex situation. 
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3. Cu 3p background correction 
 

 
 

Figure S12. The In 4p background correction approach for the Cu 3p line using the respectively 
scaled and shifted In 4d line of the KF-PDT In2Se3 reference spectrum employed to the data 
set of the CdS/CIGSeNaF sample series (CBD time: 0s (a), 5 s (b), 30 s, (c), 1 min (d), 2 min (e), 
4 min (f) 15 min (g), and 24 min (h)), measured with an excitation energy of 1253.56 eV (Mg 
Kα). The as-measured spectra are shown in black, individually shifted and scaled references 
spectra in red, and the green spectra correspond to the resulting difference used for Cd 4p 
background. 
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Figure S13. The In 4p background correction approach for the Cu 3p line using the respectively 
scaled and shifted In 4d line of the KF-PDT In2Se3 reference spectrum employed to the data 
set of the CdS/CIGSeNaF+KF sample series (CBD time: 0s (a), 5 s (b), 30 s, (c), 1 min (d), 2 min 
(e), 4 min (f) 8 min (g), and 15 min (h)), measured with an excitation energy of 1253.56 eV 
(Mg Kα). The as-measured spectra are shown in black, individually shifted and scaled 
references spectra in red, and the green spectra correspond to the resulting difference used for 
Cd 4p background correction. 
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Figure S14. The Cd 4p background correction approach for the Cu 3p line using the respectively 
scaled and shifted Cd 4d line of the 24 min CdS/CIGSeNaF sample employed to the whole data 
set (CBD time: 0s (a), 5 s (b), 30 s, (c), 1 min (d), 2 min (e), 4 min (f) 15 min (g), and 24 min 
(h)), measured with an excitation energy of 1253.56 eV (Mg Kα). The In 4p-corrected spectra 
are shown in green, individually shifted and scaled references spectra in wine, and the orange 
spectra correspond to the resulting difference used for further data evaluation. 
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Figure S15. The Cd 4p background correction approach for the Cu 3p line using the respectively 
scaled and shifted Cd 4d line of the 15 min CdS/CIGSeNaF+KF sample employed to the whole 
data set (CBD time: 0s (a), 5 s (b), 30 s, (c), 1 min (d), 2 min (e), 4 min (f) 8 min (g), and 15 
min (h)), measured with an excitation energy of 1253.56 eV (Mg Kα). The In 4p-corrected 
spectra are shown in green, individually shifted and scaled references spectra in navy, and the 
orange spectra correspond to the resulting difference used for further data evaluation. 
 

Figures S12-S15 visualize the Cu 3p background correction, subtracting (1) a properly shifted 

and scaled KF-PDT In2Se3 reference spectrum and (2) a properly shifted and scaled CdS 

reference spectrum (i.e., the spectrum of the thickest CdS sample of the respective sample 

series) to account for the broad In 4p and Cd 4p background (between 80 and 60 eV) that 

overlaps with the Cu 3p signal, respectively. For the proper energy shift and scaling factor for 

the reference spectra were derived by bringing the In 4d and Cd 4d lines, respectively, to 

maximum overlap. The “negative” overshoot in the range of the In 4d & Cd 4d line in the 

difference spectra can be explained by different composition profiles and/or slight variations of 

the core level binding energies.  
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4. Thickness calculation 
The evolution of the intensity (mainly attenuation) of the absorber-related lines with CBD-CdS 

treatment periods is used to estimate the effective thickness of the attenuating buffer layers. 

Based on the fitting results of the (shallow) core level spectra (Figures S2-S7), the buffer layer 

thickness is calculated based on the inelastic mean free path (IMFP) of the respective 

photoelectrons in CdS.14 For absorber layer related elements, the intensity Iabs attenuated due to 

the increasing buffer layer and the effective buffer layer thickness dbuf are related – considering 

the used measurement geometry – according to the following formula: 

𝐼𝐼𝑎𝑎𝑎𝑎𝑎𝑎 = 𝐼𝐼0 × 𝑒𝑒−
𝑑𝑑𝑏𝑏𝑏𝑏𝑏𝑏

𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼     (1) 

where 𝐼𝐼0 is the intensity of the lines of the bare CIGSe substrate. Note for this approach it is 

assumed that the buffer grows homogenously layer-by-layer. 

Similarly, for buffer layer related elements, the effective buffer thickness dbuf and the intensity 

of the increasing buffer-related photoemission lines 𝐼𝐼buf are related according to: 

𝐼𝐼𝑎𝑎𝑏𝑏𝑏𝑏 = 𝐼𝐼1 × (1 − 𝑒𝑒−
𝑑𝑑𝑏𝑏𝑏𝑏𝑏𝑏
𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼)     (2) 

Here 𝐼𝐼1 is the intensity of the buffer-related photoemission lines for the thickest buffer layer 

(i.e., 24 min CdS/CIGSNaF and 15 min CdS/CIGSNaF+KF). The used IMFP values (in CdS) for 

the respective core level photoelectrons are shown in Table S1.  

 

Table S1. Calculated inelastic mean free path for the different photoelectrons in CdS according 
to the TPP2M formula.14 

 
Photoelectrons 

(excited with Mg Kα) 
Inelastic mean free path [nm] 

Cu 3p (EK =1173.6 eV) 2.233 
In 4d (EK =1236.6 eV) 2.325 
Ga 3d (EK =1233.6eV) 2.321 
Se 3d (EK =1193.6 eV) 2.262 
Cd 3d (EK =838.6 eV) 1.738 
S 2s (EK =1023.6 eV) 2.008 
Na 1s (EK =178.6 eV) 0.642 
K 2p (EK =957.6 eV) 1.933 
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5. Se M4,5: Area-normalized presentation & fit procedure 
 

 
 

Figure S16. Area normalized Se M4,5 XES spectra of the CdS/CIGSeNaF (a) and 
CdS/CIGSeNaF+KF (b) sample series. 
 
The Se M4,5 XES spectra of the CdS/CIGSeNaF+KF sample set are represented by the sum of 

different reference spectra as shown in Figure S17 and S18. Figure S17 a and S18 a show the 

weighted sum of the spectrum of the CIGSeNaF sample and that of the KF-PDT In2Se3 reference 

exactly representing the spectrum of the CIGSeNaF+KF sample. This is an indication for the 

formation of a K-In-Se type species as a result of a NaF+KF PDT, corroborating previous 

results.15 The representation of the spectra of the CdS/CIGSeNaF+KF samples by the weighted 

sum of the spectrum of the bare CIGSeNaF sample and that that of a CdSe reference is displayed 

in Figure S17 b-f. Figures S18 b-f show the representation of the same data set by the weighted 

sum of the spectrum of the bare CIGSeNaF+KF sample and (again) that of a CdSe reference. The 

quantified values of the different spectral contributions are stated in the Figures, the uncertainty 

of these values is around ±0.03. The absolute area of the spectral residuals is also shown in the 

Figures above as a measure of the goodness of the fit. Apparently, the applied fit models (i.e., 

CIGSeNaF + CdSe and CIGSeNaF+KF + CdSe) result in similarly good fits. 
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Figure S17. Se M4,5 XES spectra of the CdS/CIGSeNaF+KF sample set (CBD time: 0s (a), 5 s (b), 
30 s, (c), 1 min (d), 4 min (e), and 8 min (f)) represented by a spectral sum (green) of the spectra 
of CIGSeNaF (red), KF-PDT In2Se3 (orange) and CdSe (blue). The quantified values for the 
spectral contributions and the residuals are also shown. Furthermore, the absolute area of the 
spectral residuals is stated as measure for the goodness of the fit.  
 

 
 

Figure S18. The Se M4,5 XES spectrum of the CIGSeNaF+KF sample (a) is represented by a 
spectral sum (green) of the spectra of CIGSeNaF (red) and KF-PDT In2Se3 (orange) as shown 
in Figure S17a. The Se M4,5 XES spectra of the CdS/CIGSeNaF+KF sample set (CBD time: 5 s 
(b), 30 s, (c), 1 min (d), 4 min (e), and 8 min (f)) is represented by a spectral sum (green) of the 
spectra of CIGSeNaF+KF (black) and CdSe (blue). The quantified values for the spectral 
contributions and the residuals are also shown. Furthermore, the absolute area of the spectral 
residuals is stated as measure for the goodness of the fit. 
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6. Comparison of K 2p and O 1s-related contributions 
 

 
 

Figure S19. Intensity evolution of the K 2p (black) and Oc species (red) with increasing CBD 
time, normalized to the respective intensity values derived for the 5s CdS/CIGSeNaF+KF sample. 
 
As shown in Figure S11, there is a clear difference between the O 1s spectra of the CdS/CIGSe 

sample sets. In the CdS/CIGSeNaF+KF series, an additional low-binding energy O 1s component 

(Oc) appears for CBD times ≤ 2 min. In the same CBD regime, we find a clear K 2p signal 

(Figure S5b) on the respective samples. Comparing the intensity evolution of the K 2p3/2 peak 

to that of the O 1s feature Oc in Figure S19, a clear correlation is revealed for CBD times ≥ 5s 

suggesting the presence of O-K bonds (see also discussion in conjunction to Figure S5b, above). 

The deviation for the bare absorber can be explained by potassium being present in a different 

chemical environment (→ K-In-Se type species). The significant intensity variation of the K 2p 

(and the O 1s (Oc)) line in the early stages of the CBD process indicates a complicated process 

involving dissolution and redeposition, or possibly diffusion. Furthermore, it should be 

considered that the formation of K-O bonds in this CBD time regime could very well be an 

artifact of sample preparation (i.e., retrieving the samples after the given time in the CBD 

solution with subsequent rinsing). 
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7. Cd MNN spectra: Background correction and fit 
Since the Cd M45N45N45 spectra (EK: 370 eV~390eV) are significantly influenced by the In 

M45N45N45 (EK: 395 eV~415eV) spectra, In M45N45N45 spectra were subtracted according to 

the fitting results depicted in Figure 3. The subtraction details are visualized in Figure S20.  

After In M45N45N45 background correction, peak-area-normalized Cd M4N45N45 spectra were 

fitted, shown in Figure S21. Since Cd MNN Auger spectra of the thickest samples for each data 

set (i.e. the spectrum of the 24 min CdS/CIGSeNaF sample and the spectrum of the 15 min 

CdS/CIGSeNaF+KF sample) have the same spectral shape and are the narrowest, these spectra 

were also used as single-species references to (properly scaled and shifted) fit all other Cd MNN 

Auger spectra.  
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Figure S20. The In MNN background subtraction of the Cd MNN lines according to the fitting 
results in Figure 3 for the data set of the CdS/CIGSeNaF (a) and CdS/CIGSeNaF+KF (b) sample 
series, measured with an excitation energy of 1253.56 eV (Mg Kα). The as-measured spectra 
are shown in black, individually shifted and scaled references spectra are depicted in 
green/orange/cyan/ magenta, and the red spectra represent to the background corrected Cd 
MNN Auger spectra. Spectra are vertically offset for clarity. 
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Figure S21. In MNN background-corrected Cd M45N45N45 XAES lines of the CdS/CIGSeNaF 
(a) and CdS/ PDT/CIGSeNaF+KF (b) sample series with increasing CBD time, measured using 
Mg Kα excitation. Vertical offsets are added for clarity. The reference spectra representing 
component Cda or Cdb are properly scaled and shifted Cd MNN spectra of the thickest sample 
per sample set (i.e., the spectrum of the 24 min CdS/CIGSeNaF sample and that of the 15 min 
CdS/CIGSeNaF+KF sample are used as single-species references). 
 



  

26 
 

 
 

Figure S22. Relative Cd compound compositions of the CdS/CIGSeNaF (solid square) and 
CdS/CIGSeNaF+KF (open square) sample sets with increasing CBD time according to the Cd 
MNN fit results in Figure S21.  
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8. Definition of reference boxes for the comparison to derived modifed 

Auger parameters for In and Cd 
In order to use the derived modified Auger parameters of In and Cd to identify different 

compounds, we ought to compare with reference values. However, there is only a very limited 

amount of modified Auger parameter values reported in literature. Thus, we constructed 

reference boxes that are based on the reported (very common) binding energy values for In 3d 

or Cd 3d and the reported kinetic energies of the corresponding MNN Auger line for a specific 

compound; when combined these values represent the largest possible spread of modified 

Auger parameters. In the following you will find a summary of the used binding and kinetic 

energy values used:  

In previous reports, the In MNN Auger kinetic energies of In2Se3 are located between 408.0 - 

408.3 eV.16-17 Corresponding In 3d5/2 binding energies can be found between 444.3 and 445.1 

eV.16-18 Similarly, for CuInSe2 we find 408.4 eV 18 and 443.9 eV16 - 445 eV19; for CuIn3Se5 

we find 407.4 eV 17 and 444.1 eV - 444.8 eV 16-17; for In2S3 we find 407.3 - 407.4 eV 17, 20 and 

444.7 - 445 eV17, 20-21; for In2O3 we find 406.0 - 406.8 eV 22-23 and 444.4 - 445 eV 18, 24. Note 

that the doublet separation between In 3d3/2 (used in the analysis) and In 3d5/2 (for which 

reference values are reported) is 7.54 eV25 and was considered when computing the modified 

Auger parameters derived from the measured data. 

For the Cd modified Auger parameter, we followed a similar procedure. We combined the 

following kinetic energies of Cd MNN Auger and corresponding binding energies of Cd 3d5/2 

peaks: for CdSe 381.20 eV – 381.90 eV 26-27 and 404.80 - 405.45 eV 17, 27-28; for CdS 381.00 – 

381.6 eV 17, 29 and 405.00 – 405.40 eV 30-31; for Cd(OH)2 379.90 – 380.7 29, 32 and 405.10 - 

405.60 eV 32-34; for CdO 382.1 - 382.7 eV 29, 34-35 and 404.00 – 405.2 eV.17, 34-35. Note that also 

in this case the doublet separation between Cd 3d5/2 and Cd 3d3/2 of 6.75 eV36 has to be 

considered for the measured data. 
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9. The Cd/anion ratio of the deposited buffer layer 

 
 
Figure S23. Evolution of (a) the Cd/S ratio and (b) the Cd/(S+Oa+b) ratio with increasing CBD 
time. The ratios were derived based on the fit results in Figures S6, S7, and S11, corrected by 
the respective inelastic mean free path (IMFP calculated by TPP2M14), analyzer transmission 
function, and photoionization cross section values.37 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



  

29 
 

10. S L2,3 XES: Direct comparison of CdS/CIGSe samples prepared in 
different temperature regimes 
 

 
 

Figure S24. S L2,3/Se M2,3 XES spectra of K-free CdS/CIGSe samples as a function of CBD 
time prepared based on high-temperature processed ((a), Reproduced with permission from 
reference 38. Copyright 2010 American Institute of Physics) and low-temperature processed ((b), 
compare to Figure 6a of this study) CIGSe absorber. The main features are labeled (i)−(iii). 
Spectra are normalized to equal peak height above background and vertically offset for clarity. 
Note the different magnification factors. 
 
In order to compare the findings related to the chemical structure of the (buried) CdS/CIGSeNaF 

with reports in literature, Figure S24 shows a direct comparison of the S L2,3/Se M2,3 XES 



  

30 
 

spectra to previously measured XES data of a similar CdS/CIGSe sample set (from Ref.38). The 

main difference in the sample sets is the fact that the absorbers of the different series were 

prepared in different temperature regimes. While the absorbers of this study have been prepared 

at low temperatures (to facilitate the employment of flexible polyimide type substrates), the 

absorber used in the previous study was deposited at higher temperatures. In addition, for the 

low temperature processed CIGSe absorber of the current study a PDT was performed, while 

for the high temperature processed absorbers of the previous study one relied on the diffusion 

from the soda-lime glass as the sole sodium source. Nevertheless, at first sight, the spectra look 

very similar. The main features are associated with39 (i) S 3s states, (ii) Cd 4d-derived bands 

(i.e., Cd 4d → S 2p3/2, and Cd 4d → S 2p1/2 transitions, respectively), and (iii) the upper valence 

band (UVB). However close inspection of the spectra, in particular those that represent samples 

with buffer layers that have been deposited within short (i.e., 1 and 2 min) CBD times, reveals 

that the Cd 4d-derived features are differently pronounced. In the old data sat, the Cd 4d-derived 

features are (almost) completely missing (for the 1 min CdS/CIGSe sample) and significantly 

reduced in intensity (for the 2 min CdS/CIGSe sample) compared to the spectra of the respective 

CdS/CIGSeNaF samples of this study. Previously, the apparent presence of S-related spectral 

intensity without the presence of the Cd 4d-derived features was interpreted as a CBD-CdS 

process induced S-deposition without the deposition of Cd / the formation of S-Cd bonds. In 

this particular case, it was concluded that an (In1−xGax)ySz type interface layers between CdS 

and the CIGSe absorber is formed.38 

In the current case, we can clearly identify Cd 4d-derived features in the spectrum of the 1 min 

CdS/CIGSeNaF sample, which indicates a significantly reduced induction period of the CBD-

CdS process may be caused by a different surface structure of the low temperature processed 

and PDTed CIGSe absorber. 
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