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Chemical Interface Structures in CdS/RbInSe2/Cu(In,Ga)Se2
Thin-Film Solar Cell Stacks

Jakob Bombsch, Tim Kodalle, Raul Garcia-Diez, Claudia Hartmann, Roberto Félix,
Shigenori Ueda, Regan G. Wilks, Christian A. Kaufmann, and Marcus Bär*

Performance-enhancing heavy alkali-based post-deposition treatments (PDT)
of Cu(In,Ga)Se2 (CIGSe) thin-film solar cells absorbers often induce the
formation of a Rb- In-Se phase on the CIGSe absorber. Co-evaporation of an
interfacial RbInSe2 (RISe) layer between buffer and absorber can also benefit
cell performance. A detailed analysis of the chemical interface structures in
CdS/RISe/CIGSe layer stacks is performed using hard X-ray photoelectron
spectroscopy (HAXPES). For comparison, stacks without RISe and based on
RbF PDT CIGSe absorbers are also studied. When aiming for the direct
co-evaporation of a RISe layer on the CIGSe absorber, the formation of an
additional In-Se phase is found. For the RbF PDT CIGSe absorbers, the study
only finds small amounts of Rb and no indication for a RISe layer formation.
Examining layer stacks prepared via additional chemical bath deposition
(CBD) of CdS reveals a clear impact of the presence of Rb (or of Rb-containing
species) on the CIGSe surface. In these cases, an increase of the
induction/coalescence period is found at the beginning of the CBD buffer
layer growth process and the formation of Cd─Se bonds; thereafter, a more
compact CdS layer growth is observed.

1. Introduction

The implementation of post deposition treatments (PDTs) based
on heavy alkali metal fluorides into the deposition process of
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Cu(In,Ga)Se2 (CIGSe) absorber layers has
led to significant increases in device effi-
ciency of resulting solar cells over the re-
cent years.[1–3] One of the reported effects
of such PDTs is the formation of an alkali-
In-Se phase, which was predicted for the al-
kali metals K, Rb, and Cs[4] and has been ob-
served in the cases of KF and RbF PDTs.[5–8]

While the overall effect of optimized PDTs
is positive, a too pronounced alkali-In-Se
phase is frequently associated with an en-
ergetic barrier having a detrimental impact
on the fill factor (FF) in the case of RbF
PDT.[9,10] To examine the distinct impact
of the Rb-In-Se (RISe) phase on the solar
cell performance, Kodalle et al. replaced the
RbF PDT by a direct RISe co-evaporation
of varying duration.[9] Despite a detrimen-
tal impact on the FF for longer deposition
times, an overall increase in device per-
formance could be detected due to signif-
icant gains in open circuit voltage (VOC).

To understand this efficiency in-
crease, we used hard X-ray photoelectron

spectroscopy (HAXPES) to perform a detailed analysis of the
chemical structure of RISe/CIGSe heterostructures manufac-
tured in the same way as in ref [9]. For comparison, an untreated
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and a RbF PDT CIGSe absorber were also studied. In addition,
we deposited a CdS thickness series on some of those samples to
investigate the impact of the respectively altered surfaces on the
buffer layer growth.

2. Results and Discussion

Survey spectra of the differently treated CIGSe absorbers and the
RISe reference[11] are shown in Figure S1 (Supporting Informa-
tion). They indicate the presence of all CIGSe related elements on
all samples except for the RISe reference, where no signs of Cu
and Ga are visible. In addition, oxygen- and carbon-related sig-
nals are observed, which might be attributed to surface contami-
nants, which were either not removed by the NH4OH etching or
adsorbed to the surface in the time between rinsing and measure-
ment (e.g., when the samples were handled in ambient condition
directly prior to HAXPES measurements). However, the inclu-
sion of some O and C into the bulk of the absorber (during depo-
sition) is also a possible scenario. In addition, the alkali elements
Na and Rb are indicated to be present at all sample surfaces with
two exceptions: The (control) untreated CIGSe absorber shows
no indications for the presence of Rb, and the RbF PDT absorber
surface does not exhibit any sign for the presence of an apprecia-
ble amount of Na, in agreement with previous findings of RbF
PDT leading to Na free CIGSe surfaces.[12,13] For a thorough in-
vestigation of the chemical surface structure, detail-spectra of the
related shallow core levels were obtained. The Rb 3d, Ga 3p, Cu
3p, and Na 2s spectra can all be fitted with one component for
all samples (see Figure S2, Supporting Information), indicating
that the presence of Rb on the RbF PDT CIGSe and RISe/CIGSe
samples does not result in the formation of additional chemical
environments for Ga, Cu, or Na.

However, the Se 3d and In 4d related peaks undergo signifi-
cant changes induced by the RISe evaporation which needs to be
accounted for by the introduction of additional contributions in
the fit model. It is possible to model the changes in line shape
of these spectra by curve fit analysis using only one additional
spectral contribution; however, such a model leads to significant
inconsistencies as discussed extensively in the Supporting Infor-
mation in conjunction with Figures S3 and S4 (Supporting Infor-
mation). To reach meaningful data interpretations fits employing
two additional spectral contributions are needed, as presented in
Figure 1, where the Se 3d and Ga 3d/In 4d spectra of the differ-
ent samples are displayed alongside with that of the RISe refer-
ence. The “a” fit component of the Se 3d and In 4d spectra is
attributed to CIGSe throughout, with observable shifts between
samples attributable to changes in electronic structure as a re-
sult of differing surface treatments. The “a” component and the
“d” component of the In 4d spectra, attributed to oxidized In (as
regularly observed on CIGSe[6,14]) are the only spectral contribu-
tions for the untreated and RbF PDT absorber data. Additional
“b” and “c” contributions are required to properly fit the spectra
of the RISe/CIGSe sample set. The position of the “b” contribu-
tion, which is shifted to lower BE, agrees with an assignment to a
RISe phase for both Se and In.[6] This assignment is corroborated
by the main species of the RISe reference appearing at similar po-
sitions and are labelled Seb and Inb. The secondary “c” contribu-
tion appears at similar BE in the RISE reference and RISe/CIGSe
sample measurements; appearing in both, Se 3d and In 4d, it

Figure 1. HAXPES (6 keV) spectra of RISe/CIGSe samples prepared using
different RISe deposition times (resulting in different thicknesses) as well
as of a RbF PDT absorber, a bare (untreated) CIGSe, and a RISe ref. [11]
for comparison. a) Se 3d and b) Ga 3d/In 4d spectra are displayed. Data
are shown with a linear background subtracted. Respective fits using pairs
of Voigt profiles to represent the respective doublets are displayed along
the data as well as the respective residuals. The vertical dashed lines mark
the position of the “a” species as a visual guide; the separation between
species was held constant in the fitting procedure.

might be related to an additional In-Se bond environment. [NB:
the widths of the fit functions in the RISE reference spectra have
a ≈0.1 eV higher Gaussian width than in the other spectra, and
the separation between the “b” and “c” components differs. These
changes may indicate that the origin of the peaks in the RISE ref-
erence differs in some way despite the close agreement.] This as-
sumption is further corroborated by a previous Raman study on
identically produced RISe reference samples, indicating the pres-
ence of one or more In–Se-type species besides the main RISe
phase.[15] However, it is difficult to make any statements on the
precise nature of the In–Se-type compound(s) and whether they
are identical on the RISe reference and the RISe/CIGSe samples.
The absolute BE positions of all different core levels and species
are given in Table S1 (Supporting Information).
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In contrast to the clear changes of the chemical environment of
Se and In of the RISe/CIGSe samples, no indications for the for-
mation of additional species can be found for the RbF PDT CIGSe
absorber, which is in contrast to previous studies, where the for-
mation of a Rb-In-Se phase could be observed as a result of RbF
PDT.[6,8] However, the relatively high nominal [Cu]/([In]+[Ga]) ra-
tio (CGI) of 0.95 of the samples used in this study (compared
to, e.g., 0.9 in ref. [8]) might reduce the amount of RISe phase
formed to below the detection limit of our HAXPES measure-
ments, which are also less surface sensitive than the conventional
XPS measurements used in ref. [13].

The nominal thickness of the cover layer was calculated from
the attenuation of the CIGSe absorber core level spectral signa-
tures (Cu 3p, Ga 3p, Sea 3d, and Ina 4d; Figure 1; Figure S2, Sup-
porting Information) using the Lambert–Beer law and assuming
homogeneous coverage and an IMFP of 8.6 nm (as would be ex-
pected for a RISe layer) as derived by QUASES IMFP TPP2M
code.[16,17] The results, displayed in Figure 2a, indicate increasing
cover layer thicknesses with increasing RISe deposition times, as
expected. The RbF PDT (leftmost in Figure 2a) causes a small
intensity decrease of the core level spectral intensity compared
to the untreated absorber, consistent with an average cover layer
thickness of (0.2 ± 0.2) nm, which is thinner than a monolayer
of all suspected phases; therefore a non-closed layer is assumed,
in agreement with the previously observed “nanopatterning” on
similar absorbers.[13] The cover layer thicknesses estimated from
the different photoemission lines are all in agreement, indicat-
ing the absence of significant diffusion of any absorber-related
element toward the sample’s surface as a result of RISe deposi-
tion. To corroborate this, the [Ga]/([Ga]+[In]) (GGI) and CGI ra-
tios were calculated based on the total intensities of the given el-
ements and considering only the CIGSe-related species (Cu, Ga,
and Ina) and are displayed as red triangles in Figure 2b,c, respec-
tively. The GGI and CGI considering only the CIGSe-related con-
tributions remain constant within the error bars, showing that
the absorber composition itself is unaffected by RISe deposition.
When the calculated using total intensities (i.e., all In photoe-
mission signal), the GGI and CGI decrease with increasing RISe
deposition times, in agreement with the deposition of a Ga- and
Cu-free cover layer.

The overall [Na]/([Cu]+[In]+[Ga]+[Se]) and
[Rb]/([Cu]+[In]+[Ga]+[Se]) ratios were calculated as mea-
sures for the respective alkali content in the samples and are
displayed in Figure 2d. While Na is completely removed from
the surface region by the RbF PDT, in agreement with previous
observations,[12,13] no such Na depletion is found after the RISe
deposition. While the Na content slightly changes for the differ-
ent RISe thicknesses/RISe deposition time, no clear trend can be
found, indicating a different interaction mechanism between Rb
and Na in case of the RISe deposition compared to the RbF PDT,
which might positively impact the device efficiency as discussed
in ref. [9].

While the RbF PDT leads to some Rb deposition on the sam-
ple surface, its amount is significantly less, even compared to the
shortest RISe deposition time. The deposited Rb amount is also
significantly smaller compared to that resulting from a combined
NaF/RbF PDT on low temperature (LT) absorbers,[6] the value of
which is presented as an open triangle in Figure 2d for compari-
son. This corroborates the comparable small quantitative impact

Figure 2. a) RISe layer thickness calculated on the basis of core level at-
tenuation. Calculated thicknesses are given for each core level individu-
ally. b) Total [Ga]/([Ga]+[In]) ratio (GGI) and GGI calculated using only
Ga and Ina species and therefore only referring to the GGI in the CIGSe
phase. c) Total [Cu]/([Ga]+[In]) ratio (CGI) and CGI calculated using only
Cu, Ga, and Ina species and therefore only referring to the CGI in the CIGSe
phase. d) [Rb]/([Cu]+[In]+[Ga]+[Se]) and [Na]/([Cu]+[In]+[Ga]+[Se]) ra-
tios as a measure of respective alkali content. For comparison, the
[Rb]/([Cu]+[In]+[Ga]+[Se]) ratio of low-temperature CIGSe after RbF PDT
from ref. [6] is given. e) [Inb]/[Rb] and [Seb]/[Rb] ratios as a measure of
stoichiometry in the additionally formed “b phase”. The gray dashed lines
indicate the respective positions for a stoichiometric RbInSe2 compound.
f) [Inc]/[Sec] ratio as an indication of the stoichiometry in the additional
“c compound”. The dashed lines indicate the expected composition for
In2Se3, CuIn5Se8, and CuIn3Se5.

of the RbF PDT on the chemical structure of the CIGSe absorber
(with nominal CGI = 0.95 and in particular on the chemical en-
vironment of Se and In) in this study, as already discussed above.
The Rb content increases for increasing RISe deposition times,
reaching a [Rb]/([Cu]+[In]+[Ga]+[Se]) ratio of ≈0.04 (±0.01) for
6 min. However, this is significantly less than expected for a stoi-
chiometric RISe layer for the following reason: From the effective
cover layer thicknesses (Figure 2a) and the decrease in total GGI
and CGI (black circles, Figure 2b,c) we can conclude that, in the
case of the 6 min RISe sample, about half of the signal originates
from the absorber and half from the cover layer. However, the
amount of Rb on the 6 min sample is less than 20% of what is
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observed on the pure RIS sample, which itself seems to possess
a Rb-depleted surface region ([Rb]/([Cu]+[In]+[Ga]+[Se]) ≈0.23,
while the value for stoichiometric RbInSe2 would be 0.33). There-
fore, the amount of Rb is less than 40% of what would be expected
in the stated scenario, indicating that the deposited cover layer is
significantly Rb depleted compared to the RISe reference or stoi-
chiometric RbInSe2, even though the deposition conditions were
nominally identical. As significant diffusion of CIGSe related el-
ements into the cover layer can be excluded, as discussed above,
this indicates that a significant fraction of the Rb diffuses out of
the deposited layer during or after deposition. This assumption
is also corroborated by the fact that glow-discharge optical emis-
sion spectrometry (GDOES) measurements on identically pro-
duced samples show significant amounts of Rb inside the bulk
of the CIGSe absorber after a RISe evaporation also indicating a
significant diffusion of Rb into the CIGSe.[9,18]

The observed Rb deficiency in RISe layers would be in agree-
ment with different scenarios: A very Rb-deficient Rb–In–Se-
type layer could be formed, similar to the Cu deficient vacancy
compound frequently suggested to form on the CIGSe front
surface.[6–8] However, it could also be, that an additional separate
phase forms parallel to RbInSe2, which would be in agreement
with the additional Sec and Inc species discussed above.

To investigate the stoichiometry of the RISe phase, the Inb/Rb
and Seb/Rb ratios were calculated and are plotted in Figure 2e.
Both ratios agree within the error with a Rb:In:Se stoichiometry
of 1:1:2 (i.e., with a proposed RbInSe2

4). To get a quantitative per-
spective on the In-Se related second species, the Inc/Sec ratio was
derived and is depicted in Figure 2f. While the determined ratios
would be, e.g. in agreement with the formation of In2Se3, or a
Cu:In:Se = 1:5:8 or 1:3:5 ordered vacancy compound, an unam-
biguous assignment would require further investigation. Note,
also a mixture of different In-Se containing phases would be a
reasonable explanation.

To elaborate how the different surfaces impact the CdS buffer
layer growth, CdS layers of different thicknesses were deposited
on the untreated and RbF PDT absorbers as well as on the 2
and 4 min RISe/CIGSe samples. Survey scans of the samples
(Figure S5, Supporting Information) display the presence of Cd
and S and attenuation of CIGSe related peaks after CdS deposi-
tion. Analysis of the Se 3s/S 2s, Cd 4s/Rb 3d/Ga 3p, Cu 3p, Se
3d, and Ga 3d/ In 4d detail spectra (Figures S6–S8, Supporting
Information) indicates the presence of one S species, which is as-
signed to CdS, and two Cd species, of which the dominant species
is also assigned to CdS, while a minor contribution at higher BE
is attributed to oxidized Cd, probably related to the air exposure
of the samples prior to measurement. No additional species are
required to fit the chalcopyrite related core levels after the CdS
deposition, however, in the case of the Se 3d peak, changes in the
peak shape lead to a relative intensity change of the different Se
contributions, further discussed below.

To get a better impression of the buffer layer growth dynam-
ics, the attenuation of the Ga 3p, Cu 3p, Se 3d, and In 4d peaks
(Figures S6 and S7, Supporting Information) was used to cal-
culate the buffer layer thickness using the Lambert-Beer law
and an IMFP of 9.8 nm assuming homogeneous CdS cover-
age (Figure S9, Supporting Information). The average values ob-
tained from the different core levels are displayed in Figure 3a.
When comparing the CdS layer thicknesses for the different

Figure 3. a) CdS layer thickness calculated as averages from indi-
vidual core level attenuation (Figure S9, Supporting Information). b)
[Rb]/([Cu]+[Ga]+[In]+[Se]) ratios as a measure of Rb content. c) [Inb]/[Rb]
and [Seb]/[Rb] ratios as a measure of stoichiometry in the additional
formed “b phase” related to RISe. The grey dashed lines indicate the re-
spective positions for a stoichiometric RbInSe2 compound. d) [Inc]/[Sec]
ratio as an indication of stoichiometry in the additional “c compound”,
consisting of In and Se. The dashed lines indicate the expected composi-
tion for In2Se3, CuIn5Se8, and CuIn3Se5.

(RISe/)CIGSe samples, substantial differences are found: While
a 2 nm layer is formed on the untreated CIGSe layer already
after 30 s, the derived layer thickness is close to zero after the
same time on the RbF PDT CIGSe sample and the absorbers
with RISe, indicating a delayed/slower growth of the buffer on
the Rb-containing samples in the initial growth regime. Such
an “induction/coalescence period” at the start of the CdS CBD
has been observed before.[19–21] As the duration of this stage is
strongly dependent on the chemical and morphological proper-
ties of the substrate,[22] it is most likely impacted by the pres-
ence of Rb at the treated absorber surface, e.g., by Cd-Rb ion
exchange,[19] explaining the observed differences. After the ini-
tial “induction/coalescence period;” beginning with the 3 min
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samples, the CdS leads more strongly attenuates the absorber-
related signals of the RbF PDT sample than of the untreated ab-
sorber, consistent with Raman/SEM results[19] which indicate su-
perior coverage.[1,23] A combined Raman/SEM study on similar
samples indicates the latter.[19] After 15 min CBD no CIGSe re-
lated peak is visible on the RbF PDT sample (Figures S6 and S7,
Supporting Information), which makes the determination of a
distinct CdS layer thickness impossible, and also indicates a fully
closed, compact CdS layer with thickness exceeding 3–4 × IMFP.
The CdS thickness on the 2 min RISe/CIGSe sample, in contrast,
is still smaller than the one on the untreated CIGSe after 3 min,
indicating a longer “induction/coalescence period”, which might
indeed scale with the amount of Rb present at the sample surface.

To monitor the behavior of the Rb upon CdS deposition, the
[Rb]/([Cu]+[In]+[Ga]+[Se]) ratio is calculated and displayed in
Figure 3b, indicating no significant Rb increase or decrease with
CdS deposition time (note that, due to the very low Rb content on
the RbF PDT CIGSe sample, the Rb peak cannot be detected any-
more in samples submitted to CBD treatments longer than 30 s).
This lack of a trend in Rb content indicates that the Rb does not
seem to diffuse into the buffer layer as Na is known to do.[24]

To investigate the impact of the CdS deposition on the ob-
served RISe and the In-Se species formed upon RISe deposition,
the [Inb]/[Rb] and [Seb]/[Rb] as well as the [Inc]/[Sec] ratios are dis-
played in Figure 3c,d. While the [Inc]/[Sec] and [Inb]/[Rb] ratios
show no significant changes when the CdS layer is deposited,
indicating the chemical RISe/CIGSe structure to be unaffected
by the CBD process of CdS, this is different in the case of the
[Seb]/[Rb], which shows a pronounced increase with CBD time.
This could indicate a pronounced Se enrichment in the RISe
phase during CdS layer growth, which is rather improbable, as
no Rb-In-Se phase with a 1:1:4 stoichiometry is known. It could
also indicate that the used fit model is insufficient and that an ad-
ditional Se species might be formed upon CdS deposition. A pos-
sible candidate would be Cd-Se bonds, which have been shown
to form at CdS/CIGSe interfaces.[25]

To investigate this, the Se 3d peak was fitted with a new model,
allowing for an additional species (Sed) and fixing the Seb species,
which accounts for the RISe phase, to the expected [Seb]/[Rb] =
2 ratio based on the amount of Rb on the respective sample; the
result is displayed in Figure 4a. The additional species, Sed, com-
pensates for the CdS CBD-induced shape changes of the peak.
The position of that peak at ≈53.8 eV BE is very close to the RISe
related Seb species. However, the position is also in the energetic
range where the Se 3d line of Cd─Se bonds is expected.[26–28]

To further investigate the hypothesis of Cd-Se bond formation,
the Cd 4d peak of the 3 min CBD CdS/ 2 min RISe/CIGSe
sample was investigated, as on this sample the largest amount
of Cd─Se bonds is expected according to the Se 3d fit. As the
Cd 4d peak is at very low BE (≈11 eV) and therefore might be
strongly impacted by hybridization, no fitting procedure is ap-
plied, but it is instead compared to the respective peak of the
3 min CdS/CIGSe sample on which no additional Se species was
observed. Both peaks were normalized and plotted overlaying
each other as displayed in Figure 4b. To further visualize the dif-
ference between the two spectra, a difference spectrum is added
to the figure with a magnification factor of 10. This difference
spectrum indicates an additional species is present for the 3 min
CBD CdS/2 min RISe/CIGSe sample at higher BE (Cd 4d5/2 at

Figure 4. a) Se 3d spectra of the 30 s and 3 min CBD CdS on 2 min and
4 min RISe/CIGSe samples. Data are shown with a linear background sub-
tracted. Respective fits are displayed along the data as are respective resid-
uals. In the displayed fit model, the Seb peak was restricted to a 2:1 ratio
to the amount of Rb on the respective samples obtained from the spec-
tra displayed in Figure S6 (Supporting Information). b) Cd 4d spectra of
3 min CBD CdS layers on CIGSe and 2 min RISe/CIGSe samples. Peaks
are normalized and the difference between them is displayed with an off-
set and magnified by a factor of 10 as a gray line. c) Cation/anion ratio as
[Cda]/([S]+[Sed]) ratio, with and without the inclusion of [Sed] on the anion
side. The dashed line marks a 1:1 cation/anion ratio as expected for CdS
and CdSe.

11.4 ± 0.2 eV) compared to the main peak (Cd 4d5/2 at 11.0 ±
0.1 eV); a position that agrees well with previous observations
on CdSe contributions,[29] corroborating the suggestion of Cd-Se
bond formation on the RISe treated samples. We cannot exclude
that Cd─Se bond formation happens – to a lesser extent than on
the RISe/CIGSe sample – for the CdS/CIGSe and the CdS/RbF

Adv. Funct. Mater. 2024, 34, 2403685 2403685 (5 of 8) © 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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PDT CIGSe samples, as it has been reported for similar heteroin-
terfaces in literature.[29,30] The Cd-Se formation and the duration
of the “induction/coalescence period” of the CBD process (char-
acterized primarily by Cd(OH)2 adsorption on the CIGSe[21]) both
appear to be enhanced by the presence of Rb.

To investigate how the buffer stoichiometry develops with de-
position time and how it relates to the discussed formation of
the Cd-Se bonds, the [Cda]/[S] and [Cda]/([S]+[Sed]) ratios were
calculated based on the displayed fits of the Cd 4s, S 2s, and Se
3d peaks (Figures S6–S8, Supporting Information) and are dis-
played in Figure 4c. In the early stages of the CBD process there
seems to be a significant S deficiency in all cases when consid-
ering the [Cda]/[S] ratio (Cda is the main species; the secondary
species Cdb seen at higher BE is attributed to oxidized Cd[31]) The
S-deficiency is, however, more pronounced in samples contain-
ing more Rb. If the Sed species, attributed above to Cd─Se bond-
ing, is included along with S (i.e., calculating [Cda]/([S]+[Sed])),
the anion deficiency vanishes and the cation to anion ratio in the
buffer layer is constant throughout the deposition process on the
samples displaying a Sed species. This again is a clear indication
for a pronounced Cd─Se bond formation in the early stages of the
CBD. The S deficiency also occurs for the CdS layer CBD grown
on untreated CIGSe and on RbF PDT CIGSe absorbers, possibly
indicating that Cd─Se bonds may also be formed to a lesser ex-
tent on these absorbers, with the related additional Se species
being below our detection limit. Making a more precise state-
ment on the Cd–Se-type species, however, is difficult. Thomas
Lepetit observed the formation of CdSe clusters in the early stages
of CdS CBD on KF PDT CIGSe absorbers[30] but not on a KF
free reference sample. Assuming the alkali element as the driv-
ing force for this formation and similar effects of K and Rb (or
Na), the Cd─Se bonds could therefore relate to CdSe. However,
also the presence of Cd-In-(Se,S,O,OH) compounds formed at
the CdS/CIGSe interface, especially on alkali treated samples, has
been discussed.[19,25,30] Although our investigation shows no in-
dication of In being involved in an additional phase, parts of the
detected Cd-Se bonds might still relate to such a phase with the
In contribution being below our detection limit.

3. Conclusion

The chemical interface structures of (CdS/)RISe/CIGSe thin-
film solar cell stacks have been studied and compared to that of
(CdS/)CIGSe and (CdS/) RbF PDT CIGSe samples. While only a
small amount of Rb and no indication for RISe formation can be
found for the RbF PDT CIGSe absorber (presumably attributed
to the high CGI of 0.95 and the relatively high IMFP of HAX-
PES compared to conventional XPS), there are clear indications
of RISe formation for the RISe/CIGSe samples. However, the de-
posited cover layer is Rb-deficient compared to a stoichiometric
RbInSe2 phase, presumably due to Rb diffusion into the absorber.
This Rb-deficient cover layer is described as a combination of sto-
ichiometric RbInSe2 and an additional In-Se phase.

When depositing a CBD CdS layer on the studied samples, a
clear impact of the presence of (a) Rb (containing species) be-
comes apparent: in the early stages of the deposition no sig-
nificant coverage of the absorber can be observed on the Rb
(species) containing samples, with the duration of this “induc-
tion/coalescence period” of the CBD process seemingly scaling

with the amount of Rb (species) on the sample. In the early stages
of the CBD, formation of Cd─Se bonds is observed in particular
on the RISe/CIGSe samples.

Linking our findings to the corresponding solar cell param-
eters published in ref. [9], the increasing VOC with increasing
RISe deposition time might be related to defect passivation by
the RISe, the additional In-Se phase, or the Rb-diffusion into the
bulk of the CIGSe, while the decreasing FF for solar cells with
3 min or longer RISe deposition, might be related to an increas-
ing series resistance and/or the formation of a current extraction
barrier due to the thicker cover layer. These competing effects
lead to optimal device performance when RISe deposition is in
the 2–4 min range.

These findings may contribute to understand the (beneficial)
effect of the presence of Rb (species) at the buffer/absorber inter-
face on the performance of respective solar cell devices.

4. Experimental Section
Sample Preparation and Handling: The samples were prepared at PV-

comB using a high temperature (max. 530 °C) multistage process on Mo-
coated soda-lime glass. The nominal [Cu]/([Ga]+[In]) (CGI) element ratio
was 0.95. While one CIGSe absorber was kept free of Rb for comparison,
another absorber underwent an RbF PDT consisting of the co-evaporation
of RbF and Se for 10 min at a substrate temperature of 280 °C and a sub-
sequent annealing step at the same temperature for 5 min without addi-
tional evaporation of RbF or Se. On the other absorbers, RISe layers with
nominal thicknesses between 5 nm (1 min RISe evaporation) and 30 nm
(6 min RISe evaporation) were deposited at a substrate temperature of
530 °C using the same procedure as described in ref. [11], leading to a
nominal deposition rate of 5 nm min−1. Note that the RbF PDT as well
as RISe deposition were performed directly after finishing the CIGS prepa-
ration, without breaking the vacuum. A more detailed description of the
absorber synthesis can be found in refs [9,18]. In addition, RISe was co-
evaporated (thickness significantly larger than the detection depth) on Mo-
coated soda-lime glass as reference. Details of the production and prop-
erties of this sample can be found in ref. [11]. To investigate the impact
of the RbF PDT and the RISe deposition on the CdS buffer layer prop-
erties and buffer/absorber interface structure, CdS layers were deposited
via chemical bath deposition (CBD) on the RISe/CIGSe samples as well
as on the RbF PDT and the (control) untreated absorber. The time of the
CBD was varied (30 s, 3 min, 15 min, with the latter being the standard
deposition time for high-performing solar cells) to produce a buffer thick-
ness series. Details of the buffer layer deposition can be found in ref. [18]
15 min CdS/RISe/CIGSe samples with 2 and 4 min RISe layers lead to the
best-performing devices.[9] After fabrication, the samples were briefly ex-
posed to air and stored in N2 atmosphere, before being etched in aqueous
NH4OH solution for 3 min at room temperature to remove surface con-
taminants, subsequently rinsed in H2O, double bagged in inert nitrogen
atmosphere, and shipped to the SPring-8 synchrotron in Japan for HAX-
PES measurements (6 keV). For these measurements it was inevitable to
expose the samples (again) to air for ≈2 h during mounting and introduc-
tion into the measurement system.

Synchrotron-Based Photoelectron Spectroscopy: HAXPES experiments
were conducted at beamline BL15XU[32] of the SPring-8 storage ring. The
base pressure of the HAXPES setup was <10−8 mbar. It was equipped with
a Scienta R4000 electron energy analyzer in a near-normal emission angle
geometry. X-rays are horizontally polarized, with the direction of polariza-
tion normal to the analyzer entrance slit. Spectra were recorded using cal-
ibrated photon energies of 5.95 keV (referred to as 6 keV in this work)
monochromatized with a Si(111) double-crystal monochromator and a
high-resolution Si(333) channel-cut monochromator. This results in an in-
formation depth (defined as three times inelastic mean free path – IMFP
– accounting for ≈95% of the measured signal) of ≈25 nm which was

Adv. Funct. Mater. 2024, 34, 2403685 2403685 (6 of 8) © 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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sufficient to monitor most of the interfaces of the samples and layers de-
scribed above. A pass energy of 200 eV was used for all measurements,
resulting in a combined analyzer plus beamline resolution of ≈0.25 eV.
The binding energy (BE) was calibrated by referencing the Au 4f7/2 peak of
a grounded clean Au foil to a binding energy of 84.00 eV.

Curve Fit Analysis: Core levels were fitted using linear backgrounds and
Voigt profiles, keeping – if more than one species was present – the in-
terspecies energy separation of one core level constant for all excitation
energies and keeping the shape of the Voigt identical for identical core lev-
els. For core-levels with a splitting due to spin orbit coupling (i.e., all core
levels with l > 0), two Voigt profiles with a fixed splitting and a fixed ratio

according to
1+2(l+ 1

2 )

1+2(l− 1
2 )

were used.[33]

Stoichiometry Calculation: For calculating elemental ratios, shallow
core levels (Cd 4s, Rb 3d, Cu 3p, Na 2s, Se 3d, Ga 3d, In 4 d) were only
corrected by photoionization cross-section,[34,35] as the kinetic energy of
the respective photoelectrons was very similar and thus any impact of dif-
ferent IMFP and a different analyzer transmission was negligible. The S
2s core level was additionally corrected by analyzer transmission function
and IMFP,[16] as its binding energy differs by ≈200 eV from that of the
shallow core levels.

Cover Layer Thickness Calculation: Buffer layer thicknesses “d” were
calculated using the Lambert-Beer-law: d = IMFP ∗ ln( I0

Id
) with I0

Id
be-

ing the ratio of absorber-related photoemission intensities prior and after
buffer layer deposition. For the two calculated buffer layers, IMFP values
of 8.6 nm (RISe) and 9.8 nm (CdS) were used.[16]

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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