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Abstract

The electronic structure of a Ga-rich wide-gap Culno1Gao.sSe; thin-film solar cell absorber and its interface
with a solution-grown CdS buffer layer were directly investigated using a combination of x-ray and
ultraviolet photoelectron spectroscopy with inverse photoemission spectroscopy. After a state-of-the-art
RbF post-deposition treatment, we observe a small amount of Rb at the absorber surface, but no
indication of a Rb-(In,Ga)-Se layer. The surface band gap of the absorber is determined to 1.79 (+ 0.14)
eV, which is approx. 0.2 eV larger than its optical bulk band gap. The special character of the Cu-poor and
Rb-containing absorber surface highlights the need for a direct and all-experimental determination of the
conduction band. For the CdS/Culng1GaosSe; interface, we find a significant cliff in the conduction band
(-0.53 £ 0.15 eV), which we identify as a limiting factor for the performance of such Ga-rich wide-gap
devices.
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Introduction

Several research groups have shown energy conversion efficiencies above 21% using lab-scale
Cu(In,Ga)(S,Se).-based (CIGSSe) thin-film solar cells.™ Such high efficiencies are achieved with highly
optimized devices, including the application of alkali elements (i.e., K, Rb, and Cs) in a post-deposition
treatment (PDT) of the CIGSSe or Cu(In,Ga)Se; (CIGSe) absorber surface.>*®12 The high-efficiency CIGSe
absorbers typically exhibit an integral (bulk) Ga/(Ga+In) (GGI) ratio of = 0.3,”® and have an optically
measured bulk band gap (E;) of roughly 1.1 eV.*34

Despite the high efficiencies achieved for GGI = 0.3, wide band gap chalcopyrite absorbers have recently
drawn attention due to higher theoretical open-circuit voltages, their potential uses as a top cell in a
tandem solar-cell device'*®, and in photoelectrochemical water splitting.2”~*° However, cells with high
GGl absorbers lead to photovoltaic devices with much lower efficiencies than predicted, mainly caused by
anincrease of the open-circuit voltage (Voc) deficit (i.e., Eg/e — Voc) for increasing GGI.1#162%-24 For example,
the highest efficiency reported for (In-free) CdS/CuGaSe;-based thin-film solar cells is only 11%.%°

The combination of high GGI absorbers and PDTs (in particular when using heavy alkali elements) is a
promising route to increase the efficiency of such devices (see, e.g., Refs.#1%26), While a KF- or RbF-PDT
applied to a CIGSe surface with GGl ratios up to ~ 0.80 can improve Voc by 30-130 mV,*3272 pure In-free
CuGaSe; absorbers did not show any efficiency improvement.® For low-gap CIGSe absorbers, an alkali-In-
Se, surface species has been reported for some PDT treatments,?32 while other studies merely found a
modification of the electronic structure at the RbF-treated CIGSe surface.”?3 For absorbers with a GGI of
~ 0.8, a K(In,Ga)Se; surface layer is only postulated,” and no alkali-Ga-Se; type bonds were found for In-
free CuGaSe,.?83° This suggests that the changes induced by the alkali PDT not only strongly depend on
the absorber.!2 To further increase the performance of high-GGI CIGSe-based solar cells, it is thus crucial
to understand the influence of the PDT on the chemical and electronic structure of such absorber surfaces
and the corresponding buffer/absorber interfaces.

Wide-gap CIGSSe-based thin film solar cells have been intensively studied, including the band alignment
at the CdS/CIGSSe interface. However, several studies determined the conduction band alignment only
indirectly using either valence band measurements and bulk band gaps or density functional theory.3*2
This approach has led to reports or assumptions of roughly estimated or even incorrect conduction band
offsets, especially for the CdS/CIGSSe interface with an absorber GGI =~ 0.3,*"°! and was rectified by
Morkel et al. in a direct measurement using a combination of x-ray and ultraviolet photoelectron
spectroscopy (XPS and UPS, respectively), as well as inverse photoemission spectroscopy (IPES).>?

In our previous work (2005, Ref.>3) on the interface between CdS and a wide-gap Cu(In,Ga)S; (CIGS, i.e.,
sulfur-based) absorber with GGl ~ 0.20, we found a nonideal negative conduction band offset, often
referred to as “cliff”. Such an alignment possibly leads to recombination at the interface and decreases
the efficiency of the device (as described in Ref.>3). While the wide-gap character in the previous work was
achieved by replacing Se with S, here we probe all-experimentally and directly whether such an
unfavorable band alignment also occurs if the wide-gap character is induced by a high Ga content using a
combination of XPS, UPS, and IPES. Furthermore, we will shed light on the impact of our state-of-the-art
RbF-PDT on the absorber surface before growing the CdS buffer layer with a chemical-bath deposition
(CBD).



Methods

The CIGSe absorbers were prepared with an in-line multi-stage process by co-evaporation of Cu, In, Ga,
and Se onto a Mo-coated soda-lime glass (SLG) substrate at the ZSW.>** Afterwards, the absorber
underwent a RbF-PDT under Se atmosphere without breaking the vacuum, which includes a rinse ina 1.5
M ammonia solution. X-ray fluorescence (XRF) was used to determine a bulk GGI ratio of 0.90 (+ 0.02).
With external quantum efficiency (EQE) measurements, an optical (bulk) band gap of 1.60 (+ 0.01) eV was
derived.

CdS buffer layers of two different thicknesses were grown by CBD with a thiourea-based process on top
of the CIGSe surface using deposition times of 2 and 8 minutes, which resulted in nominal CdS thicknesses
of 3 and 50 nm, respectively. The correlation between deposition time and CdS thickness was estimated
and corroborated by a separate study on absorbers with a GGI of ~0.3 using x-ray photoelectron
spectroscopy.>® The 3 nm sample was chosen to still detect sighals from the absorber with XPS, whereas
the 50 nm sample represents the standard buffer for devices. Sister samples of the ones studied here
from the same deposition campaign and same carrier, processed to full solar cells with the 50 nm thick
CBD-CdS and an i-ZnO/Zn0:Al front contact, achieved up to 7.5% efficiency and a Voc up to 830 mV,
corresponding to a pronounced Voc deficit of 770 mV.

At ZSW, the here-studied samples were briefly exposed to air for less than 5 minutes before being sealed
in a dry N, environment and shipped to UNLV, where the samples were unpacked, mounted in a nitrogen-
filled glovebox, and transferred into an ultra-high vacuum system with a base pressure below 5 x 101°
mbar (without any additional air exposure).

The XPS and UPS data were measured with a Scienta R4000 electron analyzer (calibrated according to
Ref.>’). A non-monochromatized Mg Ky x-ray source (SPECS XR 50) and a monochromatized Al K, x-ray
source (VG Scienta SAX-100) were used for XPS, while a monochromated He | and Il source (Gammadata
VUV 5000) was employed for UPS. For the IPES experiments, a STAIB NEK-150-1 low-energy electron gun,
a photon detector with a Semrock Hg01-254-25 mercury line filter (central photon energy of 4.88 eV), and
a Hamamatsu R6834 photomultiplier were used.”® The Fermi edge of a sputter-cleaned Ag foil was used
to calibrate the energy scales for UPS and IPES and for determining the overall energy resolution of ~115
and ~420 meV for UPS and IPES, respectively. After the initial “as-received” XPS, UPS, and IPES dataset
was taken, the samples were subjected to 50 eV low-energy Ar* ion treatments for up to 4 minutes to
reduce the amount of potential surface adsorbates without damaging the sample surface (such as the
formation of metallic phases, as observed at higher ion energies or very long ion-beam exposure>>90),

Results & Discussion

In Figure 1, the XPS survey spectra of the CIGSe absorber, and the 3 and 50 nm CdS/CIGSe samples are
shown. The data was taken after 50 eV Ar* ion treatments of 4 min for the CIGSe absorber and the 50 nm
CdS/CIGSe sample, and 2 min for the 3 nm CdS/CIGSe sample, respectively. The low-energy Ar* ion
treatment significantly reduces the oxygen- and carbon-related signals, while no formation of unwanted
metallic phases at the surface is detected in any of our measurement techniques.

The survey spectrum of the absorber surface exhibits all expected absorber-related peaks (e.g., Ga 2p, Cu
2p, In 3d, and Se 3d), as well as small signals of sodium, likely due to diffusion from the SLG substrate
towards the surface.®! As expected for a CIGSe absorber with a nominal GGI ratio of 0.90, we find only



small indium signals (e.g., In 3d) and large gallium signals (e.g., Ga 2p). The surface GGl ratio is calculated
using the In 4d/Ga 3d region by conducting a fit using a linear background, Voigt profiles, and the Fityk
software.®*% The In 4d- and Ga 3d-derived bands were approximated as shallow core levels and each
described by a single peak doublet with fixed Lorentzian and Gaussian widths and a 2:3 peak ratio
according to their 2j + 1 multiplicity. After taking the photoionization cross sections into account,®® we
derive a GGl surface ratio of 0.93 (x 0.03), which is slightly higher than the bulk GGI of 0.90 (+ 0.02)
determined by XRF (but well within the error bars).
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Figure 1. Mg Ky XPS survey spectra of Culng1GagsSe; absorber with RbF-PDT (black), and 3 and 50 nm

CdS/CIGSe samples (blue) after 50 eV Ar* ion treatments of 2 min (3 nm sample) or 4 min (other samples).
Prominent photoelectron and Auger features are labelled.

We also find trace amounts of fluorine at the surface, likely residuals from the RbF-PDT, which were not
completely removed by the NHs-based rinsing step. The most-prominent XPS rubidium feature (Rb 3d at
~111 eV) overlaps with the Ga 3p peaks; due to the high gallium content, a clear rubidium signal is thus
not detectable in our XPS spectra. However, hard x-ray photoelectron spectroscopy data of twin samples,
excited with 2.1 keV photons, shows a clear Rb 2p signal (unpublished results). In contrast to some studies
on low-gap PDT-treated CIGSe absorbers,?32 we find no indications for the formation of an alkali-In-Se
layer at the here-investigated indium-poor wide-gap CIGSe surface. Moreover, no evidence for a ternary
alkali-Ga-Se environment was found, which is in agreement with reported findings for In-free RbF-PDT-
treated CuGaSe; absorbers.3® With increasing CdS thickness, the buffer-related peaks increase, while the
absorber-related peaks decrease in intensity and fully vanish for the 50 nm CdS/CIGSe sample, indicating
a completely closed buffer layer, as intended.

To determine the band edge positions at the interface, the CIGSe absorber and the thickest (i.e., 50 nm)
CdS/CIGSe sample were measured with UPS and IPES. Figure 2 shows the corresponding spectra of the
two samples after 4 min Ar* ion treatment. The valence band maxima (VBMs) and conduction band
minima (CBMs) were determined by linear extrapolation of the leading edges.>*%*% For the absorber, we
find the VBM at -0.47 (+ 0.10) eV and the CBM at 1.32 (+ 0.10) eV. This result indicates that the band
bending towards the high GGI absorber surface is less pronounced than generally found for low GGI
absorbers, since the Fermi energy “lies lower” in the band gap.”*°® The absorber surface band gap then
is calculated to be 1.79 (+ 0.14) eV, which is similar to that found at the surface of the above-mentioned
pure “sulfide” Cu(In,Ga)S; (CIGS) absorber with a GGI of ~0.20.> The surface band gap is larger than the



bulk band gap of 1.60 (+ 0.01) eV derived from external quantum efficiency (EQE) measurements. Such a
difference between bulk and surface band gap is a common finding in well-performing chalcopyrite solar
cells*>2%6 and is mostly attributed to a Cu-depletion at the absorber surface. We have also determined
the Cu/(Ga+In) (CGI) ratio at the surface of the high-GGI absorber, using the Cu 3p, In 4d, and Ga 3d lines
and the corresponding photoionization cross sections,®® and find a value of 0.4 (+ 0.1). This value is
significantly smaller than the nominal bulk value of ~0.7, but similar to the one found for Cu(In,Ga)Se;
with a GGI of 0.3 [i.e., 0.34 (+0.09)].%
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Figure 2. He Il UPS (left) and IPES (right) spectra with respect to the Fermi energy (Er) of the Culng1Gag.eSe:
absorber with RbF-PDT and the 50 nm CdS/CIGSe sample after 4 min of 50 eV Ar*-ion treatment. The VBM
and CBM given in the boxes were determined using a linear extrapolation of the leading edges, as
indicated by the red lines. The derived surface band gaps are also shown.

The VBM and CBM of the 50 nm CdS/CIGSe sample are -1.66 eV and 0.83 eV, respectively. The valence
band of the 50 nm CdS/CIGSe sample exhibits a rather large tail (at ~ -1.3 eV), which is not described by
the linear extrapolation. Such a tail is rather uncommon for CdS buffers in high-efficiency devices, where
no or only a small tail can generally be found in the valence band spectra.”>>53%657 \We speculate that this
is due to a rather high defect state density of the CdS buffer layer on high-GGI CIGSe surfaces.®”/%8
Nevertheless, the band gap of 2.49 (£ 0.14) eV at the CdS surface is similar to previously reported values
for CBD-CdS surfaces.”%>3 In a first approximation, the direct comparison of the conduction band minima
of the CIGSe absorber and the 50 nm CdS/CIGSe sample indicates a cliff-like conduction band alignment.



For a more precise determination of the band alignment at the interface, changes of the band bending
induced by the formation of the buffer-absorber interface need to be taken into account as well.

Table 1. XPS core-level binding energies and the derived corrections for the interface-induced band
bending using the Culng1GapsSe, absorber with RbF-PDT, 50 nm CdS/CIGSe, and the 3 nm CdS/CIGSe
sample.

Cu 2p3;2 In 3d3/2 Ga 2ps)2 Se 3ds.2 Average Cd 3ds2 Average
Core level i Core level S 2ps/2 (eV) i
(eV) (eV) (eV) (eV) shift (eV) (eV) shift (eV)
50 nm
CIGSe 932.56 452.59 1118.14 54.18 412.03 161.47
CdS/CIGSe
3 nm 3 nm
932.66 452.58 1118.19 54.20 412.16 161.50
CdS/CIGSe CdS/CIGSe
. -0.04 . -0.08
Shift -0.10 0.01 -0.05 -0.02 Shift -0.13 -0.03
+0.05 +0.07

To determine this correction, we used the 3 nm CdS/CIGSe sample, for which both absorber and buffer-
related photoelectron lines are present, to monitor the relative shifts of the absorber core levels (Cu 2ps/3,
In 3ds/,, Ga 2ps/2, and Se 3ds/,) as well as the CdS buffer layer core levels (Cd 3ds2and S 2psy2). The binding
energies of Se 3ds; and S 2psy, listed in Table 1, were derived by fitting these regions with linear
backgrounds and spin-orbit-split peak doublets. We calculate an average shift of -0.04 (£ 0.05) eV for the
absorber core levels and -0.08 (+ 0.07) eV for buffer-related core levels. The negligible additional shift of
the absorber-related core levels might indicate that the Fermi level is pinned, suggesting a high defect
concentration at the interface.® This is typically accompanied with increased interface recombination and
a drop in the open-circuit voltage Voc****%° The presence of defects at the interface is corroborated by
the observation of a significant valence-band tail in the CdS UPS spectrum, which suggests that such
interfacial defects can lead to a poorer buffer layer growth with an increased number of defects in the
CdS buffer layer itself.

The VBM and CBM values, combined with the corrections for interface-induced band bending to derive
the band alignment, are shown in Figure 3. We find a significant cliff in the conduction band, with an offset
of -0.53 (+ 0.15) eV, and a valence band offset of -1.23 (+ 0.15) eV. This is an unfavorable alignment, as
the presence of such a significant cliff (-0.53 eV) severely impacts the balance between charge-carrier
transport across, and recombination at, the interface. This, in turn, is expected to lead to interface
recombination and limit the Voc **7%72 (due to the large Voc deficit well above 700 mV). In the current
study, we observe a sizable cliff in the conduction band, similar to that at the interface between CdS and
wide-gap, pure-sulfur CIGS.>

To remedy the situation, three steps can be proposed that would impact the properties of the interface
in question. First, further optimization of the CBD-CdS deposition for this particular wide-gap surface
composition could be pursued (e.g., by testing regions of parameter space that have not proven successful
for low-gap absorbers). This could possibly lead to a reduced presence of interface defects and thus
reduce the likelihood of Fermi level pinning. In turn, this would allow for an additional downward band
bending of the CIGSe absorber towards the surface (i.e., a downward shift of the band edges) upon
interface formation.”® Second, the buffer material could also be modified, either in doping character, or,
likely more promising, in overall composition and band gap.?* A wider band gap could lead to a higher



CBM position in the buffer and possibly reduce the magnitude of the conduction band cliff, which was
shown to be a promising route by Larsson et al. using Zn1.,Sn,0,."> And third, the RbF-PDT could be
optimized for this interface, which might lead to a decrease of interface recombination (as observed for
low band gap absorbers?17475),
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Figure 3. Schematic band alignment at the CdS/RbF-PDT high GGI CIGSe interface. The determined band
edges are shown for the Culng1Gag.sSe; absorber and the 50 nm CBD-CdS buffer surfaces. The derived
conduction band offset (CBO, shown in red) and valence band offset (VBO) include the correction for
interface-induced band bending.

Conclusions

We have investigated the electronic structure of the interface between a high Ga/(Ga+In) ratio (wide-gap)
RbF-treated Cu(ln,Ga)Se; absorber and a solution-grown CdS buffer layer using XPS, UPS, and IPES. We
derive a GGl ratio of 0.93 (+ 0.03) at the absorber surface, compared to 0.90 (£ 0.02) in the bulk. The
electronic surface band gap is determined as 1.79 (+ 0.14) eV, which is ~0.2 eV larger than the optical bulk
band gap. We surmise that the Cu-depleted surface stoichiometry causes this band gap widening, similar
to CIGSe absorbers with a GGI of 0.3 eV, which re-emphasizes the importance of investigating the real
interface. At the CdS/Ga-rich wide-gap Culng1GaosSe; interface, we find that the Fermi level is pinned,
likely due to interface defects that also induce defect states in the valence band of the CdS buffer. We
derive a VBO of -1.23 (£ 0.15) eV and observe a significant cliff (-0.53 £ 0.15 eV) in the conduction band
alignment. This unfavorable band alignment leads to strong interface recombination, which likely limits
the Voc. This direct and all-experimental determination of the band alignment refines earlier publications



that only used indirect methods, e.g., surface valence band values and optical (bulk) band gaps,
temperature-dependent J-V measurements combined with simulations, or theory. In future, a re-
optimization or replacement of the buffer layer and/or possibly an adjustment of the PDT could remedy
our findings.
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