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ABSTRACT

A detailed characterization of the impact of a RbF post-deposition treatment (RbF-PDT) on the chemical structure of a wide-gap Cu(In, Ga)Se,
thin-film solar cell absorber surface with a high Ga/(Ga + In) (GGI) ratio of 0.9 is presented. Using synchrotron- and lab-based x-ray photo-
electron spectroscopy, as well as x-ray-excited Auger electron spectroscopy, we observe distinct differences to RbF-PDT on absorber surfaces
with the common GGI of ~0.3. In particular, RbF-PDT reduces sodium and oxide content at the surface, while the copper concentration at
the surface is not affected. We find no spectral evidence for the formation of a distinct Rb-In-Se surface layer. In addition, we observe that
the GGI ratio at the surface is slightly decreased due to a reduction of the Ga and an increase in the In concentration, which may explain the
observed improvement in the power conversion efficiency after the PDT (from 6.8% to 7.3%).

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0239968
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Currently, Cu(In,Ga)(S,Se),-based thin-film solar cells with a
“standard” Ga/(Ga + In) (GGI) ratio of ~0.3 achieve the highest
power conversion efficiencies (PCEs) among all stable thin-film solar
cells, i.e., above 23% on a laboratory scale.”  Such high efficiencies
have been achieved using alkaline fluoride (NaF, KF, RbF, or CsF)
post-deposition treatments (PDTs)." '* To deliberately control and
optimize their effects, understanding the mechanism of PDTs is an
important and ongoing topic of discussion. It has been found that a
RbE-PDT significantly reduces charge carrier recombination, both in
the Cu(In, Ga)Se, (CIGSe) absorber bulk and at the buffer/CIGSe inter-
face, which is accompanied by an improvement of the open-circuit volt-
age (Voo).*”" This improvement is sometimes attributed to the
formation of a Rb-In-Se surface layer at the absorber surface,”*'° while
other publications did not find such surface species for high-performing

devices.”*'” Wider bandgap CIGSe devices, achieved by increasing
the absorber’s GGI, have attracted strong research interest, as they
promise higher Voc and can serve as possible candidates for top
cells in tandem devices.'™'” However, wide bandgap devices only
reach efficiencies far below the detailed-balance limit”"*" due to a
large V¢ deficit (Egap/e — Voc), mainly caused by interfacial
recombination that is typically ascribed to a strong cliff in the con-
duction band alignment,”* ** thus limiting the PCE.

Combining high GGI CIGSe absorbers with PDTs is thus a poten-
tially promising route to increase the PCE. In fact, NaF- and KF-PDTs
have been shown to improve efficiencies with CIGSe absorbers up to a
GGI of 0.8.”7** However, according to Refs. 16 and 19 no benefit from
NaF-, KF-, and/or RbF-PDTs have been reported for In-free CuGaSe,
absorbers. It was suggested that the presence of In is essential for
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beneficial effects of the PDT,'®”” and that the overall changes induced
by alkali-PDT strongly depend on the group III composition.''

In an earlier study, we have used a combination of ultraviolet
photoelectron and inverse photoemission spectroscopy (UPS and
IPES, respectively) to directly investigate the electronic structure of a
RbF-PDT CIGSe absorber with an integral GGI of 0.9 and its interface
with a CdS buffer layer. We found a substantial cliff in the conduction
band alignment (—0.53 ¢V),”” while flat conduction band alignments
were found for high-performance solar cells with a GGI ~0.3 and
0.7.”" Building on this, our present study investigates the impact of the
RbF-PDT treatment on the chemical structure of the same wide-gap
CIGSe absorbers (i.e., with a bulk GGI ratio of 0.9) using synchrotron-
based hard x-ray photoelectron spectroscopy (HAXPES), laboratory-
based x-ray photoelectron spectroscopy (XPS), as well as x-ray induced
Auger electron spectroscopy (XAES).

The CIGSe absorber samples used in this study were prepared at
the ZSW, using an industry-relevant in-line process described in detail
in Ref. 32. The absorber layers were grown with an integral GGI ratio
0f 0.9 and a Cu/(Ga + In) ratio of 0.7 by co-evaporation of Cu, In, Ga,
and Se in a multi-stage process onto Mo-coated soda-lime glass sub-
strates. The thickness of the CIGSe absorber is 2.3 um as determined
by x-ray fluorescence analysis. Typically, Na’>** and some K**° dif-
fuse at elevated temperatures from the alkali-containing glass into the
absorber. Afterward, the processed absorber samples were separated
into two pieces. The first piece was subjected to a RbF-PDT*'" (in the
following “PDT”), while the second did not (“no PDT”). By breaking
the vacuum, both samples were then shortly exposed to air and rinsed
in a 1.5M ammonia solution to remove surface contaminations, e.g.,
formed oxides and surplus RbF. The CIGSe absorbers were immedi-
ately sealed under inert atmosphere. “Sister” samples of the same batch
(i.e., with the same rinsing procedure) were processed to full solar cells
using a solution-grown CdS buffer, a sputtered i-ZnO high-resistive
layer, and a ZnO:Al window layer. They showed a median PCE of
6.8% and a V. of 790mV, a fill factor (FF) of 67.1%, and a short-
circuit current density (Jsc) of 13.2 mA/cm? for no PDT. After PDT,
these values improve to 7.3% and 820 mV, with a FF of 66.1%, and a
Jsc of 13.6 mA/cm® with PDT. Similar-processed cells with a GGI of
~0.3 typically achieve PCEs of 17%-18%."” At KIT, the samples were
introduced into the surface characterization system of the Materials for
Energy (MFE) laboratory via an argon-filled glovebox without any fur-
ther air exposure.”” This surface characterization system is equipped
with an O micrometer Argus CU electron analyzer, a non-
monochromatized O micrometer DAR450 twin anode x-ray source
(Mg K, and Al K,), and a monochromatized SIGMA Surface Science
MECS x-ray source (Al K,). After the initial XPS and XAES measure-
ments, the samples were transferred to the X-SPEC beamline™ at the
KIT Light Source with a short air exposure (less than 30s) for
HAXPES measurements. The X-SPEC beamline is an undulator beam-
line with a unique energy range from 68 ¢V to 16 keV and is equipped
with a SPECS Phoibos 225 electron analyzer. The MFE electron spec-
trometer was calibrated using sputter-cleaned copper, silver, and gold
foils.”” The HAXPES binding energy was calibrated using the Au 4f
photoemission line.”” The higher excitation energy used in HAXPES
leads to a higher kinetic energy of the corresponding electron as com-
pared to laboratory-based XPS. Hence, the characteristic inelastic
mean free path / increases for, e.g.,, the Ga 3d/In 4d peaks from 2.3
(Mg K, XPS) to 3.5nm (hv = 2.1 keV HAXPES)."*"!

pubs.aip.org/aip/apl

Figure 1 shows HAXPES survey spectra of the no PDT (black)
and the RbF-PDT (red) CIGSe surfaces, excited with 2.1keV. All
expected absorber elements can be detected. Furthermore, we find sig-
nals from surface adsorbates (i.e., C and O) and alkali metals (i.e., Na
and Rb), while K and F are not detected. Due to the high GGI, all Ga
lines are very prominent, while the In lines are low in intensity. After
RbE-PDT, the C 1s intensity remains almost unchanged. In contrast,
the intensity of the O 1s peak is reduced by a factor of approximately
two.

Upon RbF-PDT, the prominent lines of Cu, Ga, and Se remain
at approximately the same intensity (e.g, Cu 2ps;: ~3% decrease,
Ga 2psp: ~4% decrease, and Se 3d: ~3% increase), while the In lines
(e.g. In 3ds),) increase in intensity by approximately 22% after RbF-PDT.
This is in contrast to several reports on narrow-gap absorbers, where
Cu (and Ga) lines were often found to be strongly reduced or even
completely removed after PDT.'****

To investigate the chemical environment of the alkali elements
(Rb and Na) present at the CIGSe surface, Fig. 2 shows the Rb 2ps,,
and Na 1s detail spectra. In literature, the Rb 3d peaks are frequently
analyzed for this purpose.”'”*° However, for high GGI samples, this is
not reliable due to the energetic overlap of the (strong) Ga 3p and the
(weak) Rb 3d signals [see discussion of Fig. 4(a)]. Hence, we investigate
the Rb 2p;,, peak, which can only be accessed using hard x-ray excita-
tion, displayed in Fig. 2(a). While the no PDT sample shows no evi-
dence of Rb at the surface (as expected), a distinct Rb 2ps, line is
observed for the PDT sample. The absolute Rb 2p intensity is very
small (see Fig. 1) and will be analyzed in detail later. The Rb 2ps), is fit-
ted using a linear background and one Voigt function, giving a binding

T
Se 2p Ga2p HAXPES
) \ hv = 2.1 keV
Ga 3d + In 4d
Cu 2p Se 3d
x5 Ga3p+Rb3d
L\/J
> : LA
2 : Ga LMM
Q ! no PDT
£ ! In'3d
c Kvy
I
Rb 2p,,
| Cu LMM
' 4 RbF-
. Se LM . IPDT
1500 1000 500 0

Binding Energy (eV)

FIG. 1. 2.1 keV-excited HAXPES survey spectra of the no PDT (black) and RbF-
PDT (red) Culng 1GaggSe, absorber. The spectra are magnified (x5) in the binding
energy region above 1700 eV. Prominent photoemission lines and spectral regions
with Auger signals are labeled.
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TﬂHAXPES hv =2.1 kev’—'—'—'?)
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Residual x2
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Binding Energy (eV)

FIG. 2. (a) Rb 2p;;, and (b) Na 1s HAXPES spectra for the no PDT (black) and
RbF-PDT (red) Culng 1Gag oSe, absorbers. The Rb 2ps, PDT data (red circles) are
shown together with a fit using a linear background and a Voigt function (red contin-
uous line); the magnified (x2) residual is shown below. The peak energies are
highlighted by dashed vertical lines and in the respective black and red boxes.

energy of 1803.79 = 0.04 eV, which closely matches results for Rb at
CIGSe surfaces with a GGI=0.3."""* As we will show later in this
paper, we find no evidence for the formation of a Rb-In-Se surface
layer at the investigated surface.

For both CIGSe surfaces, Na is detected [Fig. 2(b)]. The inten-
sity of the Na 1s peak decreases by a factor of approximately two
after the RbF-PDT. A decrease in the Na content after PDT was
also detected for absorbers with a GGI=0.3 and was associated
with a replacement of lighter (Na) by heavier (Rb) alkalis at the
surface.” In addition to the change in peak intensity, a peak shift
from 1071.61 to 1071.82 (+0.04) eV is found. Both are typical val-
ues found for Na on CIGSe surfaces with lower GGI and without
PDT steps.”**” The shift cannot be explained by a change in
band bending (see below), and thus we relate it to a slight PDT-
induced change in the chemical environment of Na.

To determine the chemical environment of In and Ga at the
absorber surface, the In M, 5N, sN, 5 and Ga L;M, sM, 5 XAES spectra
are analyzed in Fig. 3. After PDT, the In MNN exhibits a slightly
deeper “valley” at 405.5 eV, while the Ga LMM Auger shows a decrease
in the shoulder at 1062 eV. To quantify these spectral changes, we fit
the spectra using a linear background and two respective single-species
components. The single-species spectra still have a complex peak
shape, consisting of many different Auger transitions, and were taken
from an Ar'-ion cleaned GGI = 0.3 CIGSe absorber from ZSW (mea-
sured with the same experimental settings). The component represent-
ing the oxidic environment was additionally convoluted with a
Gaussian width of 1.0 = 0.1 eV as an additional fitting parameter to
account for slight variations in the chemical environment. For both
PDT and no PDT, the prominent In M4sN,sN,s component at
407.82 + 0.04eV (PDT) and at 407.81 =+ 0.04 eV (no PDT) is in accor-
dance with In in a CIGSe environment.””* The weaker second compo-
nent at 40622 = 0.04eV (PDT) and 406.05*+ 0.04eV (no PDT)
matches literature values for In in an oxidic environment [e.g., In
(OH); or InyO5].””" The fraction of In in an oxidic environment, i.e.,
In-O/(In-O + In(CIGSe)), decreases from 23% for no PDT to 11%
for PDT. In a similar fashion, the Ga LMM spectra exhibit the main

ARTICLE pubs.aip.org/aip/apl
IWAES e i |
— T T |XAES Mg K| T T
In M4,5N4,5N4,5 /Ga L3M4,5M4,5
) 3 A
o
(&)
2 \ o
‘n
c
)
£
o - H
.g Residual x4 Residual x4 »
© o
= 8
O ¥
z @
y Q
5 O
. |RbF-F=
: PDT V
Resildual x4 . . Residual x4 ) .
400 405 410 1060 1064 1068 1072
Kinetic Energy (eV)

FIG. 3. Mg K,-excited In MNN (left) and Ga LMM (right) XAES spectra for the no
PDT and RbF-PDT Culng;GaggeSe, absorbers. Experimental data are shown as
gray circles, individual species (fit components) are represented in black, and the fit
sum is displayed in red and black for the PDT and no PDT absorber, respectively.
The fit residuals are magnified by a factor of four and shown below each spectrum.
Literature values of most prominent J)eaks for different chemical environments are
depicted as vertical gray bars.**%%

component at 1065.37 = 0.04eV (no PDT) and 1065.42 % 0.04eV
(PDT), corresponding to Ga in a CIGSe environment.”" The second
component at 1062.42 + 0.04eV (no PDT) and 1062.45 * 0.04eV
(PDT) indicates Ga in an oxidic environment.””””° The fraction of
Ga in an oxidic environment, ie., Ga-O/(Ga-O + Ga(CIGSe)), is
reduced from 25% for no PDT to 13% for PDT. A reduction of In and
Ga (hydr)oxides was similarly observed for 0.3 GGI CIGSe absorber
surfaces after PDTs,"”"® which could be beneficial for the later buffer
layer/absorber interface.'”

To further study the impact of RbF-PDT, we investigate the Rb
3d/Ga 3p, Se 3d, and Ga 3d/In 4d regions, as depicted in Figures 4(a),
4(b), and 4(c), respectively. The spectra are normalized to the peak
area. Upon PDT, all absorber-related lines shift slightly (~0.1eV) to
lower binding energies. To compensate this shift, the plotted PDT
spectra were shifted to higher binding energies by the values given in
Fig. 4. The fact that all lines exhibit a similar shift suggests that the
RbF-PDT induces a small change in surface band bending. While an
additional downward band bending was found for GGI = 0.3 absorb-
ers after PDT,” our data indicate that the RbF-PDT slightly shifts the
bands upward for high GGI absorbers.

For the Ga 3p/Rb 3d region, the presence of the Rb 3d signal is
visible in the PDT spectrum as a minimal intensity increase at
~111eV on the high binding energy side of the Ga 3p spectrum (with
respect to the no PDT spectrum). Note that the Rb 2p photoemission
line shown in Fig. 2(a) unambiguously verifies that Rb is present at the
CIGSe surface. To analyze the spectral changes, the difference spec-
trum (PDT minus no PDT) is plotted below the spectra. We find
two peaks between 109.5 and 112.0eV, with the characteristic Rb 3d
spin-orbit splitting of 1.5eV.” The binding energy of Rb 3ds,
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Rb 3d
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c) Gas3d A\ RbF-PDT
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PDT
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Binding Energy (no PDT, eV)

FIG. 4. (a) Ga 3p/Rb 3d, (b) Se 3d, and (c) Ga 3d/In 4d HAXPES spectra of the no PDT (black) and RbF-PDT (red) Culng 1Gag ¢Se; absorbers, excited with 2.1 keV. The bind-
ing energy region above 109.5 eV is magnified by a factor of 3. The inset in (c) shows the fit of the Ga 3d/In 4d PDT spectrum, with the fit residual shown underneath. All spec-
tra were normalized to the peak area and the PDT spectra were shifted, as indicated by the red arrows, to better highlight spectral differences. The difference spectra (PDT-no

PDT) are plotted below the respective spectra in gray and magnified by the noted factors.

(110.0 = 0.1eV) matches reported values for Rb incorporated in
CIGSe, i.e., no separate (Cu- and Ga-free) Rb-In-Se bonding environ-
ment."” To calculate the Rb/Ga ratio, we use the spectral intensity of
the difference spectrum between 109.5 and 112.0eV, assigned to Rb
3d, and of the no PDT spectrum, assigned to “pure” Ga 3p. Taking the
respective photoionization cross sections into account,”” we derive a
Rb/Ga ratio of 0.005 = 0.003. The error bar arises from the very weak
Rb 3d signal and the reduction of Ga-oxides due to the RbF-PDT. The
binding energy of Se 3ds, to indicate a potential Rb-In-Se type sur-
face species (as reported in some cases after PDT of standard GGI
chalcopyrite absorber surfaces) would be expected around 53.7eV,
shown by the region shaded in gray."" '® For the here-studied high-
GGI absorber, no additional intensity is found in this region; further-
more, a narrowing of the Se 3d line is found, reflected in the negative
intensity at approximately 53.5 and 56eV. The narrowing found for
the PDT samples could additionally be assigned to a better-defined sel-
enide environment, i.e., less non-selenide environments, similar to pre-
vious results on KF-PDT absorber surfaces.”

Finally, the Ga 3d/In 4d spectral region is investigated in
Fig. 4(c). Upon PDT, the Ga 3d signal at ~20 eV narrows and the In
4d signal at ~18eV increases in intensity. This is visible in the differ-
ence spectrum, which shows negative intensity at the Ga 3d position
and positive intensity at the In 4d position. The former can directly be
ascribed to the removal of surface Ga-oxides, as discussed above. A fit
was used to quantify the changes. Ga 3d and In 4d are very close to the
valence band, exhibiting a weak band dispersion that depends on the
specific compound. For our intensity (area) quantification, we
neglect this dispersion and describe both Ga 3d and In 4d signals
by a spin-orbit split doublet using symmetric Voigt line profiles. A
linear background and two Ga 3d and In 4d doublets (to account
for the CIGSe and oxidic environments) were used. The area ratio
of the doublets was fixed according to the multiplicity 2j+ 1, the
spin-orbit splitting was used as a fitting parameter, and the relative
Gaussian and Lorentzian contributions were kept constant. The
simultaneous fit results derive a spin-orbit splitting of 0.41 and
0.76 eV for Ga 3d and In 4d, respectively. Using the respective

photoionization cross sections,”” we derive a GGI surface ratio of
0.94 and 0.93 for no PDT and PDT, respectively (absolute GGI val-
ues * 0.03, relative variations = 0.01). This GGI value is in line
with the laboratory-based data and slightly larger than the GGI
value of 0.90 derived from bulk-sensitive x-ray fluorescence.”’’ The
Ga/Se ratio is reduced by 7% after PDT, which is significantly less
than in previous studies of low(er) bandgap KF-PDT CIGSe
absorbers which, in some cases, found a strong reduction of Ga at
the surface after PDT.'”** The parallel PDT-induced increase in
the In/Se ratio by 22% leads to an “In-richer” absorber surface. A
higher In surface content has been shown to be a key parameter to
increase the solar cell performance and possibly facilitate the here-
observed efficiency increase.”

In summary, we have studied the chemical structure of a
GGI = 0.9 CIGSe absorber surface with and without RbF-PDT, using
electron spectroscopy (HAXPES, XPS, and XAES). After the PDT, we
find (only) small amounts of Rb at the absorber surface, using the
unique information from the Rb 2p peak (only accessible with
HAXPES). Furthermore, this step leads to a reduction of the Na con-
centration and removes oxides from the absorber surface. While the
amount of Ga at the surface is slightly reduced, the amount of In is
slightly increased. We find no spectral evidence for the formation of a
purely Rb-In-Se bonding environment. Moreover, the PDT slightly
reduces the (downward) band bending toward the absorber surface, in
contrast to GGI ~0.3 absorbers.

In comparison to high-efficiency CIGSe absorbers with GGI
~0.3 and RbF-PDT, we find some similarities but also significant dif-
ferences, indicating that the RbF-PDT does not modify the high GGI
surface as substantially as for CIGSe absorbers with GGI ~0.3. While
both standard- and high-GGI absorbers show a decrease in Na con-
centration after PDT,”” the high-GGI absorber shows no copper
depletion at the surface. Even though literature sometimes reports on a
separate alkali-In-Se surface environment, we do not find such a
bonding environment for the high-GGI absorber surface, which is pos-
sibly a result of the small Rb and In amounts. This is in agreement
with Taguchi et al., who reported that the presence of In is necessary
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for the beneficial effects of RbF-PDT.'° However, the RbE-PDT
induced increase in the In content might play a role in the observed
PCE improvement. Tuning the GGI at the outermost absorber surface
for subsequent RbF treatments could thus open new pathways toward
an insight-based optimization of surface treatments for wide-gap
CIGSe absorbers and their applications, e.g, in tandem device
architectures.
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