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Abstract

We present a detailed characterization of the chemical structure of the
Cu(In,Ga)Se, thin-film surface and the CdS/Cu(ln,Ga)Se; interface, both
with and without a RbF post-deposition treatment (RbF-PDT). For this
purpose, x-ray photoelectron and Auger electron spectroscopy, as well as
synchrotron-based soft x-ray emission spectroscopy have been employed.



Although some similarities with the reported impacts of light-element
alkali PDT (i.e., NaF- and KF-PDT) are found, we observe some distinct
differences, which might be the reason for the further improved
conversion efficiency with heavy-element alkali PDT. In particular, we find
that the RbF-PDT reduces, but not fully removes, the copper content at the
absorber surface, and does not induce a significant change in the Ga/(Ga
+ In) ratio. Additionally, we observe an increased amount of indium and
gallium oxides at the surface of the treated absorber. These oxides are
partly (in the case of indium) and completely (in the case of gallium)
removed from the CdS/Cu(Iin,Ga)Se, interface by the chemical bath
deposition of the CdS buffer.

I. INTRODUCTION

The presence of alkali elements, such as sodium and potassium, has
proven crucial for the development of Cu(ln,Ga)Se; (CIGSe) solar cells with
high conversion efficiencies '*°. In fact, sodium is present in the
production of every high-efficiency CIGSe solar cell 8, either by diffusion
from the soda-lime glass or by deliberate introduction during the absorber
production process. The efficiency of CIGSe-based solar cells has
experienced a further boost by the introduction of a potassium fluoride
(KF) post-deposition treatment (KF-PDT) °. Since then, many efforts have
been made to understand the mechanism(s) of this treatment, and to
control and optimize its effect on the buffer layer/absorber interface -8,
With a KF-PDT process step, CIGSe-based solar cells achieved efficiencies
close to 22%, overtaking the long-standing efficiency record held by
polycrystalline silicon lab-scale solar cells 2°?!, Probably one of the most
important findings of this breakthrough is that KF-PDT often leads to a
depletion or complete removal of copper at the surface of the CIGSe
absorber 211417 “Whijle a similar gallium depletion has been reported °'7,
an increase of the gallium content has also been observed . In addition,
KF-PDT allows for using thinner CdS layers °191622. More recently, another
increase of solar cell efficiency (significantly above 22%) has been reached



by employing post-deposition treatments with heavier alkali elements,
namely rubidium fluoride (RbF-PDT) and cesium fluoride (CsF-PDT) %2325,

Here, we report on the impact of the RbF-PDT on the chemical structure of
the CIGSe absorber surface, the CdS buffer layer, as well as the CdS/CIGSe
interface (a corresponding study of its impact on the electronic structure,
including the band alignment, can be found in Ref '°). Using a combination
of x-ray photoelectron spectroscopy (XPS), x-ray-excited Auger electron
spectroscopy (XAES), and synchrotron-based soft x-ray emission
spectroscopy (XES), we can paint a detailed picture of the influence of the

RbF-PDT on the absorber surface and the buffer/absorber interface.

Il. EXPERIMENTAL DETAILS

Two different sets of samples were prepared by the Zentrum fur
Sonnenenergie- und Wasserstoff-Forschung Baden-Wurttemberg (ZSW).
The absorbers were prepared by co-evaporation of Cu, Ga, In, and Se in a
multistage process on a thin film of sputtered molybdenum on a soda-lime
glass substrate 2. Subsequently, one of the two sample sets underwent a
RbF-PDT (as described in [2021), Both sets of samples consist of a bare
CIGSe absorber and three CdS/CIGSe samples with different chemical bath
deposition (CBD) times (2, 90, and 180 s). Samples processed in a similar
way as the PDT samples achieve a conversion efficiency of 22.6 % .

All CIGSe samples were taken out of the high-vacuum growth chamber
and exposed to air for less than 5 minutes. The “bare CIGSe” absorbers
were then sealed under inert atmosphere and the rest of the samples were
further processed. The samples with thin CdS were dried with pressurized
nitrogen directly after the chemical bath and sealed under inert
atmosphere immediately afterwards. All samples were transported to the
University of Wiurzburg for XPS and XAES measurements, where they were
transferred to the ultra-high-vacuum chamber without further exposure to
ambient air. The measurements were carried out with a VG CLAM 4
electron analyzer and a Mg K, x-ray source. After the XPS measurements,
the samples were sealed again under inert atmosphere and shipped for



XES measurements to the Advanced Light Source (ALS) at the Lawrence
Berkeley National Laboratory, where they were briefly exposed to air (less
than one minute). The samples were measured at the SXF endstation at
beamline 8.0.1 %°. The base pressure in the XPS and XES chambers was

less than 5x10*°and 2x10° mbar, respectively.

I1l. RESULTS

To study the native oxides and adsorbates of the surfaces with and
without PDT, we have investigated samples without any additional surface
cleaning steps (such as our customary low-energy ion treatment). This is
in contrast to our work in Ref. '°, where the electronic structure was
investigated, for which a low-energy ion-treatment was necessary to
correctly determine the band alignment at the interface.

Figure 1 shows the Mg K XPS survey spectra for the CIGSe absorbers (“0
s”) and the CdS buffer layers after different CBD times (2, 90, and 180 s),
corresponding to increasing CdS thickness. The spectra of the untreated
and treated samples are presented in black and red, respectively. With
increasing CdS deposition time, the characteristic lines for CIGSe (e.g., Cu
2p, In 3d, Ga 2p, and Se 3d) are attenuated, and the CdS-related lines
(e.g., Cd 3d and S 2p) increase gradually, as expected. Moreover, sodium-
related features are visible for all samples, which can be related to
diffusion from the soda-lime glass substrate 2’. This sodium signal
decreases with increasing buffer layer thickness. A rubidium-related signal
(Rb 3d) is also observed for the treated samples and will be shown and
discussed in conjunction with Fig. 2, while no residual fluorine signal could
be detected. For the bare absorber (bottom spectra), we observe a
difference in the shape of the O 1s peak (Figure S.I.1), suggesting the
presence of (at least) a second oxygen species. After 2 s of CdS CBD,

this/these additional species is/are almost completely removed.

In the following, the impact of the RbF-PDT treatment on the CIGSe surface
is discussed. First, we find that the majority of the prominent peak
intensities (e.g., of Ga 2p, In 3d, and Se 3d) remain constant after PDT.



To quantify the surface composition independently of changes in the
surface adsorbate layer, we compute the Ga/(Ga+In) (GGIl) ratio using the
In 4d and Ga 3d signal intensities and calculated photoionization cross
sections?®. For these lines, the inelastic mean free paths and analyzer
transmission are nearly identical, due to their very similar kinetic energies.
We find no change of the surface GGI ratio (0.35 = 0.05) with and without
the PDT. This is in contrast to some of the previous KF studies®!’ that
suggest an almost complete removal of gallium from the surface. In a
similar fashion, we calculated the Se/(Se+In+Ga) (SSIG) surface ratio
(using the Se 3d, In 4d, and Ga 3d lines). Here, we find an SSIG of 0.52 =
0.07 for both samples, i.e., also independent of the PDT.

Different from the Ga, In, and Se signals, we find a significant decrease of
the Na 1s and Cu 2p intensities after RoF-PDT. Using the Cu 3p, In 4d, and
Ga 3d lines, we determine a reduced Cu/(In+Ga) (CIG) ratio of 0.34 (%=
0.09) at the surface [from 0.44 (% 0.09) before RbF-PDT]. Nevertheless, in
contrast to studies suggesting a complete removal of Cu from the surface
by alkali fluoride treatments 1131417 the Cu 2p signal is still well visible
(as was found for KF-PDT on industrial CIGSSe absorbers !%). Finally, we
note a significant increase of the C 1s intensity, indicating additional
carbon-containing adsorbates after PDT.

With increasing CdS chemical bath deposition time, the absorber-related
XPS features are attenuated. After 180 s of CBD on the RbF-PDT absorber,
no absorber-related lines are visible, while most of them can still be
observed for the same CBD deposition time on the untreated absorber
(except for the Ga 2p electrons, which have the lowest kinetic energy and
thus shortest attenuation length). The fact that no absorber lines are seen
for the PDT sample after 180 s of CBD suggests the formation of a closed
CdS layer, while the layer is likely not fully closed (or in places very thin)
after the identical deposition time without prior RbF-PDT (for further
details, including SEM pictures, see Ref. ??),

Although the Na 1s electrons have a very short inelastic mean free path of
A ~ 0.7 nm ?°, the corresponding peak is observable for all CdS thicknesses
with and without RDF-PDT, indicating either a diffusion of the (highly
mobile) sodium3® through the CdS buffer layer towards the oxygen-



containing surface (see below), and/or a re-adsorption from the CdS bath
(e.g., during removal of the sample). Furthermore, we observe a slightly
larger sodium signal for all untreated samples; this could be due to a
multitude of reasons, including the hypothesis that heavy alkali elements
can replace lighter alkali elements at the surface during RbF-PDT 2. The
modified Auger parameter («’) for sodium is similar for all samples (o'~
2061.6 eV), which is in the range often found for sodium on CIGSe surfaces
3135 For the treated and untreated absorber surfaces, which also exhibit a
carbonate-related feature in the C 1s peak (Figure S.I.1.), we ascribe this
sodium species to Na,COs [a'(Na.COs) = 2061.2 - 2061.7 eV] 32333, For the
samples with CdS layer, a carbonate signal is also found (Figure S.I.1.).
Additionally, sodium sulfite or sulfate®® [a'(Na,SOs) = 2061.6 - 2061.7 eV,
or a’(NazS0,) = 2061.0 - 2061.9 eV)] *-*° could be present as well.

To further investigate the impact of the RbF-PDT on the formation of the
CdS/CIGSe interface, we have studied the Ga 3p/Rb 3d/Cd 4s spectral
region. Figure 2 shows data and fits of this region for the full PDT sample
set and two of the untreated samples (0 and 180 s CdS). The Fityk peak
fitting software *° was used to perform the fit simultaneously for the entire
data set using linear backgrounds and Voigt profiles, where the Lorentzian
and Gaussian widths were kept fixed for the same element. The ratio
between spin-orbit split lines was fixed according to their multiplicity
(2j+1), and the same peak separation was used throughout the entire data
set. As expected, no rubidium signal can be found on the untreated
samples. The treated bare absorber shows a significant Rb 3d intensity
(approx. 1% elemental ratio at the surface), which decreases with CdS
deposition time, while the Cd 4s line increases in intensity. The rubidium
signal is still relatively large for the 90 s sample, and, although very small,
still present for the 180 s sample. To display this, we have generated a
weighted difference between the spectra of the 180 s CdS samples with
and without treatment (Figure 2, blue spectrum). The difference spectrum
clearly shows spectral intensity at ca. 111 eV, indicating the presence of
(small amounts of) Rb. In contrast, there is no evidence for a residual Ga

3p signal (at ca. 105.5 eV), despite the very similar inelastic mean free



path. The finding of a Rb 3d signal even for the thickest CdS layer thus
suggests a (weak) diffusion of rubidium into the CdS layer. In a previous
study of Na in In,S, buffer layers, an increase in solar-cell efficiency due to
an alkali-induced increase in the buffer-layer band gap was found.*
Similarly, in our current case, Rb atoms in the buffer layer may contribute
to the observed increased band gap of the CdS buffer layer. °

In the two upper spectra (180 s CdS with and without PDT), we observe a
second Cd 4s component at ~114.2 eV (purple curve in Figure 2, labeled
“Cd 4s'""). We assign this feature to a cadmium species in an oxidic
environment, which is supported by a second component in the Cd MNN
Auger spectra (see text below) and the finding of O signals at the buffer-
layer surfaces.

To determine the local chemical environment of the indium and gallium
atoms, Figure 3 shows XAES spectra of indium (MssNssNss) and gallium
(LsM4sM,5) for the absorber and the thinnest CdS layer with and without
PDT. All four In MNN spectra can be well described with two spectral
components, as shown in Fig. 3 (left). Using a single-species In MNN
spectrum (derived from a sputter-cleaned In foil) as a reference, a two
component analysis was performed to fit the In MNN spectra. Comparing
with literature ** and our own prior work, the prominent In component
(M4N4sNss at ~407.4 eV) is in accordance with a CIGSe environment. The
second component is found at 405.0 eV for the untreated bare absorber
and at 405.5 eV for the other samples, in accordance with an oxidic
environment (e.g., In(OH); or In,05 3°43). The ratios between the oxidized
and CIGSe components are (0.23 = 0.05) for the untreated absorber and
(0.30 £ 0.05) for the PDT absorber. The relative intensity of the oxidic
component is reduced by a factor of 3 after 2 s CBD for the treated
sample, whereas it only slightly decreases for the untreated one.

In the case of gallium (Fig. 3, right), the spectrum after 2 s CdS CBD shows
a predominantly single-species line shape, as derived from a comparison
to reference Ga LMM spectra *°. In contrast, the spectra of the treated and
untreated absorbers clearly show a second component at ca. 1062 eV. To
visualize the second component, the results of two-component fits are

shown in Figure 3. For these fits, the 2 s CdS untreated sample was taken



as the single-species reference spectrum. The observed second
component is in accordance with the presence of Ga;0s;, and is
considerably larger for the PDT sample. Furthermore, we note that it is
entirely removed after 2 s of CdS CBD (for both absorbers). While the PDT
increases the amount of oxides at the surface, they are easily removed
during the CdS-CBD. We surmise that this could be beneficial for the CdS
growth.

Figure 4 shows the Cd MssN4sNss XAES spectrum for the RbF-PDT 180 s
CdS sample, together with a two-component fit. The Cd MNN spectrum of
the untreated 180 s CdS sample looks identical to the RbF-PDT spectrum,
except for a small shift in energy (0.05 eV), which is not shown here. Two
fit components (gray color) were needed to reproduce the cadmium
spectrum: the Cd MNN spectrum of a cleaned CdS reference sample and
the same spectrum scaled and shifted to lower kinetic energy. The sum of
these two components is represented by the red curve. Literature values
for the prominent M4NsNs peak of cadmium-containing compounds are
shown above the spectra. The first component at ~380.9 eV corresponds
to CdS, whereas the second component, shifted ~0.8 eV towards lower
kinetic energy, indicates the presence of an O-containing species, either
CdSO, or Cd(OH); 3#2°, In conjunction with this, the S 2p core level shows
an oxidized sulfur species with the corresponding chemical shifts (to 167.1
or 168.7 eV, resp.) for the treated and untreated samples (Figure 5), which
is in accordance with the formation of CdSO.. We hence identify an
oxygen-containing component in the CdS CBD layer (and not just an
adsorbate layer on the CdS surface), which is likely the reason for the
large electronic CdS surface band gap (2.60 £ 0.14 eV) observed for these

samples *°.

For further analysis of the chemical structure of the sample series, XES
spectra of the S L,; emission of the two 180 s samples (spectral region of
the upper valence band magnified by a factor of 10) were taken. Different
from the surface-sensitive XPS and XAES data discussed above, the here

presented XES data are governed by the 1/e attenuation length of the



incoming (approx. 100 nm) and emitted (approx. 380 nm) x-rays at the S
L.; edge*t, and thus probes the entire CdS film. The spectra of the two
samples are compared with the spectra of CdS, Rb,S0,4, Na,SO,, and CdSO,
reference samples in Figure 6 (note the magnification factors for the upper
valence band region). The characteristic features of CdS are observed (for
both 180 s CBD samples) at ~147.5 eV (S 3s > S 2p), at 150.7 eV and
151.9 eV (Cd 4d-derived bands > S 2p), and around 156.5 eV (upper
valence band - S 2p) **. All features appear more pronounced for the CdS
reference spectrum, which we attribute to a higher degree of order for this
single crystal sample (as compared to the CBD CdS thin films). Moreover,
the CdS/CIGSe samples exhibit a feature at ~162.5 eV that is not present
in the CdS reference spectrum. At or near this energy, S 3d > S 2p
transitions are typically found for sulfate or sulfite compounds 364, The
sulfate reference spectra show two sharp lines at lower emission energy,
attributed to S 3s > S 2p transitions. These transitions overlap with the
upper valence band of the two CBD CdS samples, and hence they are
difficult to be discerned. To do so, Fig. 6 also shows a magnified (x50)
difference spectrum (PDT - no PDT); while the signal-to-noise level is low,
characteristic spectral features of S-O bonds are nevertheless visible. We
thus argue that the two CBD CdS samples presented here contain S in a
higher oxidation state, as also inferred from the XPS results. Note that
sulfate and sulfite species have been shown to be instable in the x-ray
beam: they can either form (if sufficient amounts of water or hydroxides

are present in the film 47%8) or be disintegrated 3.

IV. SUMMARY

Using XPS, XAES, and XES, we have studied the chemical structure of the
CdS/CIGSe interface as present in high-efficiency thin film solar cells with
and without post-deposition treatment (PDT). We find a significant amount
of rubidium at the absorber surface after the PDT. Furthermore, we find a
reduction of the copper content, but no difference in the GGI (“gallium to
(gallium plus indium)”) ratio at the surface after the RbF-PDT treatment.

After the chemical bath deposition, we find evidence for a diffusion of



rubidium and sodium towards the surface of the buffer layer. All samples
with PDT show lower sodium signals, suggesting that heavy alkali
elements can replace lighter ones. In addition, larger amounts of indium
and gallium oxides are present for the PDT absorbers. An oxidic cadmium
species is observed for the RbF-PDT and the thickest untreated CdS/CIGSe
interface samples. Finally, we find indications for sulfates and/or sulfites in
the CBD-CdS buffer layer.

Although there are some similarities between the reported effects of a
rubidium fluoride and a potassium fluoride treatment (e.g., “earlier”
formation of a closed CdS layer) on CIGSe, RbF post-deposition treatment
modifies the CIGSe surface in a different way than previously reported for
KF treatments. In particular, we find a much weaker copper depletion at
the surface, no changes in the GGI ratio, and an interplay between heavy
and light alkali elements. These differences paint a complex picture of the
particular nature of the RbF-PDT, and might give insights into potential
optimization pathways to further optimize alkali PDTs.
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Figure 1: Mg K, x-ray photoelectron survey spectra for CIGSe (labeled “0
s”) and CdS/CIGSe layers with varying CdS chemical bath deposition times
(given on the right). Red curves denote samples after RbF-PDT, black
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all other samples. Between the two “180 s CdS” sample spectra, the
difference between the CdS/PDT-CIGSe and 90% of the CdS/no PDT-CIGSe
spectrum is shown in blue (multiplied by a factor of 6) to show the

presence of a weak Rb 3d signal.
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