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Chemical and Electronic Structure at the Interface between
a Sputter-Deposited Zn(O,S) Buffer and a Cu(In,Ga)(S,Se),

Solar Cell Absorber

Dirk Hauschild,* Mary Blankenship, Amandee Hua, Ralph Steininger, Patrick Eraerds,
Thomas Niesen, Thomas Dalibor, Wanli Yang, Clemens Heske, and Lothar Weinhardt

The chemical and electronic structure of the interface between a sputter-
deposited Zn(O,S) buffer layer and an industrial Cu(In,Ga)(S,Se), (CIGSSe)
absorber for thin-film solar cells is investigated with X-ray and UV photoelectron
spectroscopy, inverse photoemission spectroscopy, and X-ray emission spec-
troscopy. We find a CIGSSe absorber surface band gap of 1.61 (£0.14) eV, which
is significantly increased as compared to the minimal value derived with bulk-
sensitive methods (=~1.1 eV). We find no indication for diffusion of absorber
elements into the buffer layer. Surface- and bulk-sensitive measurements of the
buffer layer suggest the presence of S-Zn and S-O bonds in the Zn(O,S) layer. We
find that the naturally existing downward band bending toward the CIGSSe
absorber surface is increased by the formation of the interface, likely enhancing
carrier separation under illumination. We also derive a flat conduction band
alignment, in line with the reported high conversion efficiencies of corresponding
large-area solar cells.

desirable. Very promising results have
been achieved with indium sulfide-based
buffer layers, reaching a record efficiency
of up to 17.9% on 30 x 30 cm®.™ One issue
with this buffer is the diffusion of copper
from the absorber into the buffer layer dur-
ing further process steps, which reduces
the buffer layer band gap and increases
its light absorption.”™ This effect was par-
tially mitigated by incorporating sodium
into the buffer layer.”! Another promising
buffer layer material is Zn(O,S), for which
the band gap can be varied from 2.6 to
3.4 eV by changing the O/S ratio.” In fact,
Solar Frontier has achieved (lab-scale) effi-
ciencies as high as 23.35% with a Zn(O,S,
OH),-based buffer layer.”!

To further enhance the efficiency of
CIGSSe-based solar cells with a particular
choice of buffer material, the absorber also

1. Introduction

The efficiency of Cu(In,Ga)(S,Se),-based (CIGSSe) thin-film
solar cells has increased significantly over the last few years, both
on the laboratory and module scale. Such high efficiencies are
commonly achieved with a CdS buffer layer deposited via chem-
ical bath deposition (CBD). For a commercial product, however, a
Cd-free buffer layer compatible with an in-line production is

needs to be adapted. Among others, the absorber’s Ga/(Ga+In)
(GGI) and S/(S + Se) (SSSe) ratio and its profile (i.e., depth vari-
ation) can be optimized,’® and the resulting surface properties of
the absorber will play an important role when the interface to the
buffer layer is formed. Such an optimization needs to be sup-
ported by a detailed characterization of the materials and their
surfaces. In particular, the chemical and electronic properties
at the buffer/absorber interface are crucial for solar cell efficiency
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and thus need to be monitored. This includes information about
the buffer layer growth, interdiffusion, and the band alignment at
the buffer/absorber interface.

Previous studies on CBD Zn(O,S) buffer layers with
Cu(In,Ga)Se, (CIGSe) absorbers from the National Renewable
Energy Laboratory (NREL) revealed a flat conduction band align-
ment at the buffer/absorber interface, an intermixing of Se into
the buffer, as well as Zn in various bonding environments, e.g.,
ZnS, ZnO, ZnSe, and Zn(OH),.! For other Zn(0,S)/CIGSe
samples, a high defect concentration, inducing Fermi level pin-
ning, was reported.’? Studies of CulnS, (CIS) absorbers show
the formation of a Zn(O,S)/ZnS bilayer at the CBD-Zn(O,S)/CIS
interface”” and a small spike in the conduction band align-
ment.'" Recently, it was proposed that near-interface defects
might be present in devices with poor performance.!”

Previously, CIGSSe absorbers made by AVANCIS GmbH con-
tained a composition gradient of sulfur and selenium but showed
only trace amounts of Ga at the surface.”**** For the present
study, the gallium gradient was modified, such that Ga is now
also present at the surface in quantities easily detectable by pho-
toelectron spectroscopy. This, in turn, is expected to increase the
band gap at the surface.”” Using the sputter-deposited Zn(O,S)
buffer layer, which makes the intrinsic (i.e., not actively doped)
ZnO layer obsolete,*!! module efficiencies up to 18.1% can be
reached. With a postdeposition treatment (PDT), this efficiency
is increased to 19.8%.1%%

To comprehensively describe the chemical and electronic
structure at this novel high-efficiency Ga-containing Zn(O,S)/
Cu(In,Ga)(S,Se), interface, a combination of X-ray photoelectron
spectroscopy (XPS), X-ray excited Auger electron spectroscopy
(XAES), synchrotron-based soft X-ray emission spectroscopy
(XES), ultraviolet photoelectron spectroscopy (UPS), and inverse
photoemission spectroscopy (IPES) was employed.

2. Results

In Figure 1, the XPS (Mg K, excitation) survey spectra of the
CIGSSe absorber and the fully buffered Zn(O,S)/CIGSSe sample
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Figure 1. XPS survey spectra excited with Mg K, of the as-received (black)
and Ar'-jon-treated (red) CIGSSe absorber and the fully buffered Zn(O,S)/
CIGSSe sample. Prominent photoemission and Auger features are labeled.
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are presented. In the survey spectra of the as-received CIGSSe
absorber (black), all signals of the absorber elements (e.g.,
Ga 2p, Cu 2p, In 3d, S 2p, and Se 3d) are visible. The Ga 2p peak
intensity is small, suggesting only a small gallium content at
the surface, as will be analyzed in detail below. In addition, small
O and C 1s peaks are detected, which decrease (most notably the
C 1speak) after a 20 min 50 eV low-energy Ar" surface treatment.
This suggests the presence of C- and O-containing surface
adsorbates.

For the thickest Zn(O,S) buffer layer on CIGSSe, Zn-, O-, and
S-related lines are visible, while no absorber-related lines can be
detected. This indicates that the Zn(O,S) buffer layer forms a
closed layer and that no (strong) diffusion of absorber elements
into the Zn(O,S) occurs (as we will discuss in the following).
After a 10 min Ar-ion treatment, almost no change in the survey
spectrum is visible, suggesting that the as-received sample
features only very little amounts of surface adsorbates. Note that
the O 1s core level consists of two components, barely visible on
the scale of Figure 1. A detailed binding energy analysis (see
Figure S1, Supporting Information) identifies the components
as an “oxide-like” and a “hydroxide-like” species!”*** and will
be discussed later.

Traditionally, the Avancis SEL-RTP-produced absorbers only
show trace amounts of Ga at the surface, as pointed out in
our earlier publications.>'*) In the modified process, with
altered Ga distribution for optimal matching with the Zn(O,S)
buffer (as we will show throughout this paper), Ga is now also
easily found at the surface, as seen by the Ga 2p line in the
absorber survey spectrum (Figure 1) and the Ga 3d contributions
in the Ga 3d/In 4d region in Figure 2. To analyze the chemical
environment of Ga and In at the surface, we performed a fit anal-
ysis of the In 4d/Ga 3d region with a linear background and two
sets of Voigt profiles (the Lorentzian and Gaussian widths for the
two In 4d and Ga 3d components were kept identical, respec-
tively), fixing the peak area ratio according to the 2j + 1 multiplic-
ity (note that, strictly speaking, this region of shallow core levels
should be described in a dispersive band-structure model, the
complexity of which is beyond the simple stoichiometry
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Ga 3d/In 4d

\ In4d
In4d,, ¢ ' 52
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Figure 2. Ga 3d/In 4d spectral region (excited with monochromatized
Al K,) of the CIGSSe absorber (open circles). The fit (red) highlights
the Ga 3d (blue) and In 4d (black) spectral contributions. The magnified
residual (x3) is shown below the spectrum.
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quantification attempted here). The spin-orbit splitting, in con-
trast, was not constrained. The binding energy of the Ga 3ds,
is 19.18 (+0.02) eV, which is close to the position of 19.08 eV
found for an S-free CIGSe surface of a three-stage processed
absorber (with a GGI of ~0.30).%>%* This suggests that gallium
is in a chalcopyrite environment (as expected), which is further
supported by the modified Ga Auger parameter o’g, (i.e., the
sum of the binding energy of the Ga 2p line and the kinetic
energy of the Ga L3M,sM, s signal). It is found to be 2183.23
(£0.15)eV, in agreement with chalcopyrite literature
values.”**”28] Similarly, the In 4ds J2 peak is found at 18.00 eV
and the modified In Auger parameter o'y, determined using
the In 3ds;, binding energy and In M4N, 5Ny 5 kinetic energy,
was found to be 852.54 (+0.15) eV. This value is in good agree-
ment with the Ga-free Avancis Culn(S,Se), absorber surface
(@' = 852.58 eV)P! and other chalcopyrite absorbers.[2%%7:%)

To analyze the Zn(O,S)/CIGSSe interface formation, the
prominent absorber-related lines are shown in Figure 3 as a func-
tion of increasing buffer layer thickness of the as-received sample
set. As expected, the Ga 2p, Cu 2p, In 34, and Se 3d lines decrease
in intensity with increasing Zn(O,S) buffer layer thickness. The
low kinetic-energy signals (Ga and Cu 2p) are governed by a
smaller characteristic inelastic mean free path (IMFP)
A (Agazp = 0.6 nm), while the other lines feature faster electrons
and are hence less surface-sensitive (e.g., Ase 34 ~ 2.5 nm).2%*!
Note that the IMFP neglects elastic-scattering effects—using
the effective attenuation length (EAL), which accounts for elastic
scattering?®? —we obtain a ~20% larger characteristic attenua-
tion length in our measurement geometry.??! For the 10nm
Zn(0,S)/CIGSSe sample, only the strongest peaks (In and Se 34d)
are still detected, while, for the thickest buffer layer, no absorber-
related peaks can be observed. This suggests that the Zn(O,S)
buffer layer is completely closed and that no (long-range) diffu-
sion of absorber elements occurs.

In addition to the intensity decrease with increasing Zn(O,S)
buffer layer thickness, peak shifts are detected, which will be
analyzed later in this paper. On the absorber surface, a small
Na signal is detected as well (Figure S2, Supporting
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Figure 3. Mg K, XPS spectra of the Ga 2p;,5, Cu 2ps,, In 3d3,, and Se 3d
peaks of the Zn(O,S) /CIGSSe interface as a function of increasing Zn(O,S)
buffer layer thickness. Magnification factors are given on the right of the
respective spectrum.
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Information). Na is purposefully introduced in the process, ben-
eficial for absorber growth, and known to be crucial for high solar
cell efficiencies.**~*”! With increasing buffer layer thickness, the
sodium intensity is significantly reduced but remains at a very
low level for buffer layer thicknesses >4 nm. This suggests that
sodium is either diffusing from the absorber onto the Zn(O,S)
surface during the sputter-deposition process or, probably less
likely, an impurity incorporated during the buffer layer growth.

To identify the chemical environment of zinc in the Zn(O,S)
buffer layers, we compute the modified zinc Auger parameter
@'z, by adding the binding energy of the Zn 2p;,, peak and the
kinetic energy of the Zn L;MsMys peak (Figure S3, Supporting
Information). For the 1.5nm Zn(O,S)/CIGSSe sample, we find
a value of o'z, =2010.79 (£0.07) eV, which increases slightly to
2010.85 (£0.07) eV for the thickest buffer layer. A comparison
with literature values (ZnO: 2009.90eV < @’z,0 < 2010.30€V;
ZnS: 2011.3eV < @zys < 2011.90eV)***¥ indicates that Zn is
neither in a pure oxide nor a pure sulfide environment.

To further investigate the Zn(O,S)/CIGSSe interface forma-
tion, the sample series was studied with XES. XES probes the
local chemical environment from the perspective of an excited
core level (here: S 2p) and is a “photon-in photon-out” technique
with significantly longer attenuation lengths as compared to the
EAL above; for ZnS, for example, the attenuation lengths are 60
and 43 nm®? for the incoming and outgoing photons, respec-
tively. Figure 4 shows the S L, ; emission spectra of the sample
series. Note that the S L, ; emission overlaps with the Se M, 3
emission, but the Se M, 3 fluorescence yield is approximately
two orders of magnitude lower than that of S L, ;"% and thus
its spectral contributions are negligible. The S L, ; spectra are
normalized to the main peak (S 3s — S 2p transition) at
about 148eV. The spectrum of the CIGSSe absorber
(Figure 4, bottom spectra, black) is similar to already reported
S Ly3 Cu(In,Ga)(S,Se), spectra.>'®*! The features in the region
between 154-157 eV (“In 5s-derived band” — S 2p transition)

—
XES SL,,
hv = 180 eV

Normalized Intensity

Zn(0,S)y/
CIGSSe

1 . 1 . 1 . 1 . 1 . L
144 148 152 156 160 164 168
Emission Energy (eV)

Figure 4. S Ly3 XES (hve, =180eV) spectra of the CIGSSe absorber
(black) and 1.5 (red), 4 (blue), 6 (green), 10 (orange), and fully buffered
(purple) Zn(O,S)/CIGSSe. The latter, as well as the ZnS and ZnSO, refer-
ence spectra, are offset for better visibility. Black and gray dashed lines
highlight signals that can be used as indicators for “S—Zn” and “S-O”
bonds, respectively. Arrows illustrate the spectral evolution with increasing
Zn(0,S) buffer layer thickness.
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are indicative of S-In bonds. A broad feature at about 159 eV
(“Cu 3d-derived band” — S 2p transition) highlights S-Cu
bonds.***? For increasing buffer layer thickness, additional
intensity between 150-153 eV is detected and evolves into two
additional peaks for a Zn(O,S) thickness at and above 6nm
(Figure 4, green). These peaks originate from transitions from
electrons from Zn 3d-derived bands into the S 2p core holes
and are characteristic for the presence of S—Zn bonds. This is
most prominent for the thickest Zn(O,S)/CIGSSe sample.
However, for this sample, the “dip” between the two peaks at
~152 eV is not as deep as in the ZnS reference, which indicates
a less well-defined chemical environment of the probed sulfur
atoms. This is corroborated by two new weak signals at 154
and 155eV, as well as a broader feature at ~162eV, which
can be attributed to the formation of S-O bonds. For comparison,
a ZnSO, reference spectrum is also shown to highlight the S-O
bonding environment. Note that the chosen excitation energy of
hveye. = 180 eV is still resonant for sulfates and hence the spectral
signature might change for small differences in excitation
energy.l**! To avoid any artificial formation of S—O bonds due
to the presence of sulfur and oxygen in the sample and the
intense X-ray beam, the samples were scanned under the
X-ray beam. Hence, the observed spectral signature of the fully
buffered Zn(O,S)/CIGSSe sample is a true “intrinsic feature”,
suggesting the presence of S-Zn and S-O bonds in the buffer
layer. This is in agreement with the XPS S 2p core level spectrum
of the thickest Zn(O,S)/CIGSSe spectrum, which also shows a
weak sulfate signal even after ion treatment (Figure S4,
Supporting Information).

As mentioned above, the O 1s XPS signal of all buffer layer
samples consists of a hydroxide and an oxide component
(Figure S1, Supporting Information). For the Zn(O,S)
layers up to (including) 10 nm, the hydroxide component is
larger than the oxide component; only for the fully buffered
Zn(0,S)/CIGSSe sample, the situation is reversed. Here, we find
aZn0/(Zn0O + Zn(OH),) area ratio of ~60%. Other ZnO-related
studies typically also find a hydroxide and an oxide component; in
the case of a CBD-Zn(O,S) buffer layer, the hydroxide was
significantly stronger than the oxide component.**+*! Note
that, after the Ar*-ion treatment, the hydroxide component
decreases (“dehydrogenation”). Similar effects are also reported
for prolonged X-ray exposure and elevated temperatures.’®*>**!
In summary, thus, the analysis of the buffer layer suggests that
a multitude of different bonding environments are presents, i.e.,
Zn-0, Zn-OH, Zn-S§, and S-O bonds.

To investigate the electronic structure of the Zn(O,S)/CIGSSe
interface, we have used a combination of UPS and IPES. With
UPS and IPES, the relevant charge-carrier transport levels, i.e.,
the valence band maximum (VBM) and conduction band mini-
mum (CBM), can be determined with a linear extrapolation of
the leading edges in the spectra.l***’! The UPS and IPES spectra
of the 20min Ar" ion-treated CIGSSe absorber and the
as-received fully buffered Zn(O,S)/CIGSSe are shown in
Figure 5. In case of the CIGSSe absorber, this surface treatment
is necessary to remove surface adsorbates that would otherwise
distort the spectral regions around the VBM and CBM. In case of
the thick Zn(O,S)/CIGSSe sample, the influence of surface
adsorbates is expected to be much less prominent and the
hydroxides present at the surface (see discussion above and
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Figure 5. UPS and IPES spectra of the CIGSSe absorber and the fully buff-
ered Zn(O,S)/CIGSSe sample. Energies are given relative to the Fermi
energy. The determined valence band maximum (VBM) and conduction
band minimum (CBM) values are given at the left and right of the graph,
respectively. The resulting surface band gaps (Ecap) are listed in the center.
All values are given in eV.

Figure S1, Supporting Information) are very sensitive even to
the mild 50eV Ar" ion treatment. Thus, the as-received fully
buffered Zn(O,S)/CIGSSe was chosen for the most reliable
determination of VBM and CBM. For the absorber, we
determine the VBM to 0.92 (£0.10) and the CBM to 0.69
(& 0.10) eV. These values suggest that the Fermi energy is above
the “mid-gap” position at the absorber surface before interface
formation. The sum of the VBM and CBM values gives a surface
band gap of 1.61 (+0.14) eV. This value is significantly larger
than the optically-derived minimal bulk band gap of 1.13 eV*”
and larger than the commonly found band gaps of
high-efficiency copper-poor absorber surfaces??”! (~1.4 eV) with-
out sulfur and/or without Ga at the surface.>172>4841 Here, we
attribute the wider band gap to the fact that both S and Ga are
found at the surface, both of which are expected to lead to a band-
gap widening 5>

For the thickest Zn(O,S)/CIGSSe sample, we find the VBM
and CBM at 2.42 (£0.10) and 0.72 (£0.10) eV, respectively.
For both the UPS and IPES spectra additional intensity is
detected close to the VBM and CBM. Likely, these “tail states”
can be related to defects, since their intensity is larger than would
be expected based on the experimental resolution. For a different
buffer layer (Zn,Mg)O, it was suggested that such tails are rele-
vant for the charge carrier transport, while the spectral main
edges are relevant for the optical properties.”!! Using the main
edges, we derive a surface band gap of 3.14 (+0.14) eV, which is
within the region of reported bulk Zn(O,S) band gap values of
2.6-3.4 eV, depending on the S/(S + O) ratio.[*2>3]

The direct comparison of the band extrema allows a first
approximation of the band alignment at the interface, suggesting
no pronounced discontinuity in the conduction band and a sig-
nificant negative valence band offset of ~—1.5 eV. These values
need to be corrected for the additional band bending induced by
the interface formation.** To account for this, we used the 1.5
and 4nm thin Zn(0,S)/CIGSSe samples, for which absorber-
related lines were still visible in XPS. For the absorber, we
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determined the relative shift using the In and Se 3ds;, core levels.
We did not use the Cu or Ga lines due to their low intensities.
The band bending in the buffer layer was determined using the
Zn 2p, 3p, 3d, and O 1s core levels, as well as the Zn LMM Auger
signal. The O 1s signal consists of an oxide (ZnO) and a hydrox-
ide (ZnOH) component, as determined by fitting this region
(Figure S1, Supporting Information). For the band-bending anal-
ysis, only the oxide values were used. Overall, we employed 24
different values to calculate the interface-induced band bending
(Table S1, Supporting Information) and find an additional down-
ward band bending in the absorber of —0.09 (+0.03) eV. For the
Zn(O,S) energy levels, we find an additional upward band bend-
ing of 0.10 (£0.09) eV. As illustrated in Figure 6, we derive a flat
conduction band alignment of 0.02 (£0.16) eV and a valence
band offset of —1.51 (+0.16) eV, i.e., a significant hole barrier.

The derived flat conduction band alignment agrees with other
experimentally derived flat conduction band alignments of
high-efficiency thin-film solar cells.">***! Moreover, the addi-
tional small downward band bending in the absorber due to
the interface formation (—0.09 (£0.03)) will enhance the carrier
separation at the interface. This is expected to be beneficial since
it is accompanied by a lower recombination at the interface.

Comparing the results of the here-presented sputter-deposited
Zn(0,S)/CIGSSe with the CBD-Zn(0,S)/CIGSSe interface,**"!
we find some similarities and distinct differences. Both buffer
layers consist of various bonding environments, e.g., sulfates
and hydroxides, in addition to the expected mixture of Zn-O
and Zn-S bonds. The CBD-Zn(O,S)/CIGSSe interface shows
the diffusion of Se into the buffer layer while no diffusion of
absorber elements into the sputtered Zn(O,S) layer is observed.
Both band alignments (of high-efficiency devices) feature an
essentially flat conduction band. However, the surface band
gap of the CBD-Zn(O,S) is ~0.4 eV smaller, likely due to a dif-
ferent S/(S + O) ratio and Se interdiffusion.

1ol CBO:
’ 0.02 +0.16
054 A _'—©_A
0.69 0.72
— Y_+0.10 y 010
SO0 e ) S F
- 0.92 2.42
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a1eT -1.51
20 +0.16 0.10
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25T CIGSSe “J zn(o,s)
surface interface surface

Figure 6. Schematic diagram of the band alignment at the Zn(O,S)/
CIGSSe interface. The determined VBMs and CBMs of the CIGSSe and
Zn(0,S) surfaces are shown on the left- and right-hand side, respectively.
In the center, the derived conduction and valence band offsets of the
Zn(O,S)/CIGSSe interface are shown. Changes due to the interface-
induced band bending are indicated by ovals.
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3. Summary

We have investigated a novel Cu(In,Ga)(S,Se), absorber (a modi-
fied Avancis CIGSSe absorber, with Ga and S at the surface) and
its interface with a sputter-deposited Zn(O,S) buffer layer by
means of photoemission and Auger electron spectroscopy
(sensitive to the surface) and X-ray emission spectroscopy
(sensitive to the surface-near bulk). For the modified Avancis
CIGSSe absorber, we find a surface band gap of 1.61
(£0.14) eV. At the Zn(O,S)/CIGSSe interface, we find no indica-
tion for diffusion of absorber elements, Zn and S in a Zn(O,S)
chemical environment, and the formation of some sulfate as well
as hydroxide. Analyzing the electronic structure, we find an addi-
tional small downward band bending in the absorber due to the
Zn(0,S)/CIGSSe interface formation, and derive a flat conduc-
tion band alignment at the Zn(O,S)/CIGSSe interface, as is com-
patible with high-efficiency chalcopyrite photovoltaic devices.
In the future, the impact of alkali postdeposition treatments
will be investigated, which pushes the conversion efficiencies of
large-area cells with sputter-deposited Zn(O,S) buffer layer up to
19.8%.127

4. Experimental Section

The Cu(In,Ga)(S,Se), absorbers were grown with a modified SEL-RTP
(stacked elemental layer — rapid thermal processing) approach at the
AVANCIS GmbH R&D center in Munich, Germany.?% As we show in this
paper, the absorber contains easily detectable amounts of Ga and S at the
surface. Several Zn(O,S) buffer layers, with thicknesses ranging from
~1.5 nm to the fully buffered sample (several tenths of nm), were directly
sputter-deposited onto the CIGSSe absorbers. The thickness of each buffer
layer was estimated based on the sputter time. To derive the electronic and
chemical structure of the newly-engineered CIGSSe surface and its inter-
face to sputter-deposited Zn(O,S), no additional alkali PDTs were per-
formed. The Zn(O,S)/CIGSSe interface with a PDT step will be the
topic of a future study.

The samples were shipped in a nitrogen-filled polyethylene bag to the
University of Nevada, Las Vegas (UNLV) for XPS, UPS, and IPES measure-
ments. At UNLV, the samples were directly inserted into an Ny-filled
glovebox without any air exposure. In the glovebox, the samples were
cut to produce three sets of samples. The first set was transferred directly
into the ultrahigh vacuum multichamber system at UNLV (base pressure
~1 x E-10 mbar). All XPS data were collected with a Scienta R4000 elec-
tron analyzer and a SPECS XR 50 X-ray source. For the CIGSSe absorber,
the UPS data was collected using a Gammadata VUV 5000 photon source
and the Scienta R4000 electron analyzer, while the IPES data was mea-
sured with a STAIB low-energy electron source (NEK-150-1) and a
Hamamatsu R6834 photomultiplier detector containing a band-pass
entrance window (Semrock Hg01-254-25), detecting a fixed photon energy
of 4.9 eV.P* The UPS and IPES data of the fully buffered Zn(O,S)/CIGSSe
sample were measured in a different apparatus, using a SPECS PHOIBOS
150 MCD electron analyzer and a He discharge lamp, as well as a STAIB
low-energy electron source (NEK-150-1) and an I,:Ar-filled photon detec-
tor, respectively.

After recording the “as-received” XPS, UPS, and IPES datasets, the
adsorbates on the CIGSSe and Zn(O,S)/CIGSSe sample surfaces were
reduced by a 50eV Ar" ion treatment using a VG EX05 ion source for
20 and 10 min, respectively.

The second sample set was resealed under an inert atmosphere and
shipped to the Materials for Energy (MFE) laboratory at the Karlsruhe
Institute of Technology (KIT)®¥ to also collect XPS data with Mg K,
and monochromatized Al K, excitation for higher energy resolution.
The surface characterization system of the MFE laboratory is equipped
with Ar-filled gloveboxes, to allow for sample insertion without air
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exposure, an Omicron Argus CU electron analyzer, a DAR450 twin anode
X-ray source (Mg and Al K,), and a monochromatized SIGMA Surface
Science MECS X-ray source. At KIT, the samples were also Ar*-ion treated
after the initial measurements, for the same duration as at UNLV. The XPS
data collected at UNLV and KIT agree very well—here, we present the XPS
data collected at KIT (and the UPS and IPES data collected at UNLV). The
energy scales of the electron spectrometers at UNLV and KIT were cali-
brated using the photoemission lines of sputter-cleaned copper, silver,
and gold foils.*#*”! The Ag and Au foils were also used to calibrate the
Fermi energy for UPS and IPES measurements.

The third sample set was also resealed under an inert atmosphere and
shipped to Beamline 8.0.1 at the Advanced Light Source (ALS), Lawrence
Berkeley National Lab, for soft X-ray emission spectroscopy (XES) meas-
urements using our SALSA endstation and its high-transmission soft X-ray
spectrometer.”%> During the XES measurements, the samples were con-
tinuously scanned under the soft X-ray beam with a speed of 30 ym s ™' to
avoid any beam-induced changes. The S L, ; emission energy axis was cali-
brated using a CdS reference spectrum.”!
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