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ABSTRACT

The chemical and electronic structure of the front contact i-ZnO/ InXSy:Na interface for Cu(In,Ga)(S,Se),-based thin-film solar

cells is investigated using a combination of x-ray and electron spectroscopies. Upon i-ZnO sputter deposition on the InXSy:Na

buffer layer, we find an intermixed heterojunction and the formation of InO, and Na,SO,. The window layer is shown to consist

of a mixture of Zn(OH), and ZnO, with decreasing relative Zn(OH), content for thicker window layers. Moreover, we observe

diffusion of sodium to the surface of the window layer. We derive electronic surface band gaps of the i-ZnO and InXSy:Na layers of
3.86+0.18¢eV and 2.60+0.18 eV, respectively, and find a largely flat conduction band alignment at the i-ZnO/ InXSy:Na interface.

1 | Introduction

Cu(In,Ga)(S,Se), (CIGSSe)-based solar cells consist of a multi-
layer structure—from top to bottom: n-ZnO:Al/i-ZnO/buffer
layer/CIGSSe/Mo/glass substrate. Traditionally, CdS, prepared
via chemical bath deposition (CBD), is the most common buffer
layer material. To decrease absorption in the buffer layer and
reduce the amount of waste from the CBD-CdS process, inten-
sive research efforts have focused on alternative buffer layer
materials, deposited in a dry process compatible with industrial
in-line production [1, 2]. Several buffer layer candidates, for ex-
ample, Zn(0,S) [3], (Zn,Mg)O [4], and In,S, [5, 6], were proposed

and, in some cases, have successfully replaced CdS in the solar
cell production process. Among these buffer layer candidates,
Avancis has successfully optimized sodium-doped indium sul-
fide (In S :Na) buffer layers with corresponding thin-film solar
cell mini-modules (30 X 30 cm?), showing certified efficiencies of
17.9% [7).

The efficiency of thin-film solar cells, in general, crucially de-
pends on the properties at the various interfaces within the mul-
tilayer structure. When replacing one (or several) of these layers,
it is thus very important to reoptimize and characterize the
modified interfaces. When replacing the CdS buffer by InXSy:Na,
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two interfaces are directly affected: the buffer/CIGSSe interface
and the i-ZnO/buffer interface. In earlier work, we have inves-
tigated In S and In S :Na buffer layers and their interface with
the CIGSSe absorber [8, 9]. We found a diffusion of copper into
the InXSy buffer [8], the magnitude of which is reduced when
using a sodium-doped buffer layer [9]. Additionally, we found a
diffusion of Se into the sodium-doped buffer layer upon anneal-
ing to temperatures similar to those employed in the window
layer deposition process.

In contrast to the buffer/absorber interface, the i-ZnO/buffer
layer interface is less frequently investigated. In the case of an
indium sulfide buffer layer, it was found that the i-ZnO thick-
ness and the oxygen content during the sputter process influ-
ence the overall device performance [10]. Nguyen et al. found
acceptor-like defect states for a CBD—In(OHX,Sy) buffer layer at
the i-ZnO/In(OH,,S,) interface, leading to a reduced solar cell
performance [11]. Furthermore, it was suggested that a post-
annealing step alters the acceptor-like defects [12].

For the i-ZnO layer/CdS interface, the beneficial effect of the
i-ZnO layer is reflected in an improvement of the fill factor as
well as the open-circuit voltage [13-16]. It was suggested that
the i-ZnO layer reduces electrical shunt paths caused by “bad”
CIGSSe crystallites [13, 17]. A direct measurement of the band
alignment revealed a flat conduction band alignment at the i-
ZnO layer/CdS interface [18]. It was also reported that CdSO, is
formed during i-ZnO deposition [19], whereas others found no
intermixing at the i-ZnO/CdS interface and even a removal of
sulfate, formerly present at the CdS surface, during the i-ZnO
sputter deposition [18, 20].

In this paper, we present a detailed investigation of the chem-
ical and electronic structure of the i-ZnO/InXSy:Na interface.
For this purpose, we have employed surface-sensitive x-ray
photoelectron spectroscopy (XPS), x-ray-excited Auger electron
spectroscopy (XAES), and bulk-sensitive soft x-ray emission
spectroscopy (XES) to reveal a depth-varied picture of the chem-
ical structure of the i-ZnO/In, S, :Na interface. Using ultraviolet
photoelectron spectroscopy (UPS) and inverse photoemission
spectroscopy (IPES), we determine the band edge positions and
their alignment at the i-ZnO/ In,S :Na interface.

2 | Experimental Section

The samples were processed as described in [9] (and refer-
ences therein). Briefly, CIGSSe absorbers were grown using
the Avancis pilot line in Munich, Germany. An In,S :Na buf-
fer layer with a nominal thickness of 48 nm was deposited onto
CIGSSe with a physical vapor deposition (PVD). Subsequently,
i-ZnO layers were radio-frequency (RF) sputtered with different
thicknesses (1, 3, 5, 10, 50, and 100nm). At Avancis, the sample
series was sealed under a dry nitrogen atmosphere to minimize
the possible influence of adsorbates due to the ambient environ-
ment, shipped to the University of Wiirzburg, and subsequently
transferred into the ultra-high vacuum chamber (base pressure
<2x107'"°mbar). At the University of Wiirzburg, the air expo-
sure was limited to less than 1 min. The surface-sensitive mea-
surements were performed with a VG CLAM 4 electron analyzer,
a non-monochromatized Mg and Al K  twin-anode x-ray source

(XPS), and a He discharge lamp (UPS). To reduce unwanted
surface adsorbates, the samples were treated with low-energy
Artions (50eV, jsample ~50nA/cm?) using a VG EX05 ion source.
IPES was performed with a STAIB NEK-150-1 electron gun and
a custom-made photon detector using a Hamamatsu photomul-
tiplier (PMP) tube C 9744 and a Semrock Hg01-254 band pass
with a central photon energy of 4.88 eV. Sputter-cleaned Au, Ag,
and Cu foils were used to calibrate the electron spectrometer
[21]. The Au and Cu foils were also used for the energy calibra-
tion of the Fermi edge in UPS and IPES, respectively.

After the surface-sensitive dataset was taken, the samples were
sealed under dry nitrogen atmosphere and shipped to Beamline
8.0.1 at the Advanced Light Source (ALS), Lawrence Berkeley
National Laboratory, for soft XES. The S L, ; emission spectra
were measured using the SALSA endstation [22] with its high-
transmission soft x-ray spectrometer [23]. The emission energy
axis was calibrated using characteristic features of BN and
CaSO, [24].

3 | Results and Discussion
3.1 | Chemical Structure

Selected i-ZnO/ InXSy:Na XPS survey spectra are depicted in
Figure 1. With increasing i-ZnO thickness, the lines of the buffer
layer elements (i.e., indium and sulfur) are attenuated and not
visible anymore for the 10nm i-ZnO sample, suggesting a closed
i-ZnO layer. In parallel, the intensities of the zinc- and oxygen-
related peaks increase, as expected. For thicknesses larger than
10nm, the survey spectra of the i-ZnO layers are almost identi-
cal. The Na 1s line intensity increases for increasing i-ZnO thick-
ness and reaches a maximum for the 10nm sample (x2.5 of the
InXSy:Na surface value). Subsequently, it decreases by ~25% for
the 100nm i-ZnO sample. As all other absorber-related peaks are
fully attenuated for > 10nm i-ZnO thickness, this result suggests
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FIGURE 1 | Mg K, excited XPS survey spectra of the as-received
InXSy:Na buffer layer surface and the 3, 10, and 100nm i—ZnO/InxSy:Na
samples. Prominent photoelectron and Auger signals are labeled.
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that the i-ZnO layer is closed and that sodium diffuses from the
buffer layer to the i-ZnO surface during the sputter deposition
process or during subsequent sample handling. It is well known
that sodium accumulates at surfaces of chalcopyrite absorbers
[25-29], and a diffusion of sodium towards the ZnO surface was
observed by Erfurth et al. [30] The elevated temperatures during
the sputtering processes may also lead to an enhanced diffusion
of sodium [25].

To study the interface formation in more detail, we investigate
the In MNN Auger and S 2p XPS lines for i-ZnO/In, S :Na sam-
ples up to a thickness of 10nm, as shown in Figure 2 (left). The
In MNN signal of the buffer layer surface resembles the spectral
signature typically found for indium in a single sulfide environ-
ment [29, 32, 33]. With increasing window layer thickness, the
In MNN signal decreases (as expected) and fully vanishes for
the 10nm sample. Furthermore, the In MNN emission shifts to
lower kinetic energies, and the spectral features broaden. This
indicates both a change of the chemical environment and an
emergence of additional chemical environments. To analyze the
change in the spectral signature, we fitted the spectra of the 1,
3, and 5nm i-ZnO/In S :Na samples with several species, each
represented by the line profile (spectrum) of the buffer layer and
shifted along the energy axis. However, the fit with up to four
such species (with a total of eight fit parameters) did not give a
satisfactory description of the spectra. In contrast, a fit with only
one buffer layer spectrum but with an additional convolution
(broadening) with a Gaussian gives an excellent description of
the data (see red lines for the 1, 3, and 5nm samples). Note that
this approach only requires three fit parameters: relative energy
shift, intensity, and Gaussian width.

In the fits, the derived energy shift for the 1 and 3nm sam-
ples is 0.69 (£0.02) eV and 0.60 (£0.02) eV for the 5nm sam-
ple. These shifts indicate a transition from an indium sulfide
towards an indium oxide chemical environment. For all three
samples, the fit-derived full width at half maximum (FWHM)
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FIGURE2 | MgK_excited In MNN XAES (left) and S 2p XPS (right)
spectra for increasing i-ZnO window layer thickness. The In MNN
spectra of the 1, 3, and 5nm i—ZnO/InXSy:Na samples were fitted (red
line) as described in the text. The In MNN spectrum of the 10nm i-ZnO
sample and the S 2p binding energy region above 166¢eV are magnified
by a factor of 3. The gray bars mark energy ranges commonly found for
the most prominent and relevant chemical environments [21, 31].

of the Gaussian broadening is 2.3 (£0.1) eV. We interpret the
significant broadening with the presence of a broad distribution
of different In-O environments. Some remaining contributions
from In-S environments are also likely (and apparently suffi-
ciently well described by the Gaussian broadening of one chem-
ical species).

The S 2p component in Figure 2 (right) at ~162eV can be di-
rectly assigned to a sulfidic environment, that is, indium sulfide
(InXSy). Its intensity decreases with increasing i-ZnO thick-
ness, in accordance with the nominal window layer thickness.
Moreover, a second (weak) S component can be observed at
Eging~169€V for all samples with <10nm i-ZnO; this compo-
nent can be attributed to oxidized sulfur species, most likely
a sulfate (SO,2). Although, for the buffer layer surface, the
sulfate-related signal is very small, its intensity relative to the
sulfide peak increases with increasing window layer thickness.
For the 1-5nm i-ZnO samples, ~5% of the (overall decreasing)
sulfur signal stems from sulfur in a sulfate environment; the
10nm i-ZnO/In, S, :Na sample exhibits only a (very weak) sulfate
peak. This indicates that the i-ZnO sputter process breaks some
of the sulfide bonds, S-O bonds are formed, and intermixing at
the i-ZnO window layer/buffer layer interface occurs. This will
be further discussed in conjunction with Figure 4.

To study the chemical environment of zinc, the Zn 2p, , and Zn
L,M,M,, spectra are plotted as a function of increasing i-ZnO
layer thickness in Figure 3 (left). For the Zn 2p,,, peak, an in-
tensity increase (as expected) and a shift to lower binding ener-
gies (by ~0.5eV) can be observed for increasing i-ZnO thickness.
All peak positions are in good agreement with literature values
commonly found for ZnO [21, 31, 34].

The Zn LMM Auger signal overlaps energetically with the Na
KLL Auger signal. This can be best seen for the InXSy:Na buf-
fer layer sample in Figure 3 (left), for which no Zn-related sig-
nals are observed. The Na KLL maximum at 991.4eV is marked
with a gray dashed line throughout the series. At this energy, all
i-ZnO samples exhibit a shoulder, which is partly due to the Na
KLL emission but also due to Zn L,M_/M; transitions appearing
at the same energy. We find that the spectral shape of the Zn
LMM changes significantly with increasing i-ZnO thickness.
The 1 and 3nm samples exhibit a shoulder at ~986.5¢eV, which
decreases for the 5nm sample, whereas the 10-100nm sam-
ples show Zn LMM signals similar to those reported for ZnO
[30, 35-38]. The shoulder for the 1-5nm i-ZnO samples indi-
cates (at least) one additional chemical environment of Zn (e.g.,
Zn(OH),; see discussion below).

For further insights, the modified Zn Auger parameter o', is
calculated by adding the Zn 2p,,, binding energy and the ki-
netic energy of the Zn L;M,.M,. maximum [39]. For the 1-5nm
i-ZnO samples, the complex spectral structure of the Zn LMM
emission and the overlap with the Na KLL Auger (which possi-
bly also shifts due to a changing chemical environment) make it
difficult to determine the maximum, and hence, we refrain from
calculating o', for these samples. For the 10 and 50nm i-ZnO
samples, we find an o', of 2010.72+0.10eV, which further
decreases to 2010.43 +0.08 eV for the 100nm sample. This sug-
gests the formation of Zn-O bonds (2010.3 <, <2011.0eV),
as expected [21, 31].
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FIGURE3 | (Left) MgK_ excited Zn 2p,, XPS and Zn LM, M,
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XAES spectra for increasing i-ZnO layer thickness. The gray bars mark energy

ranges commonly found for Zn(OH)Z, Zn0, ZnS, and Zn(SO), [21, 31, 34]. (Right) Mg K , O 1s XPS spectra for increasing i-ZnO layer thickness. The fit
(red) shows the O-H (blue) and O-Zn/O-In (green) component. The magnified fit residuals (x2) are shown below the respective spectra.

The O 1s peak is investigated (Figure 3, right) to study the local
chemical environment of oxygen. The InXSy:Na sample exhibits
oxygen-containing surface adsorbates, indicated by the nonzero
O 1s signal. For all i-ZnO samples, the O 1s signal is signifi-
cantly increased (as expected) and consists of two overlapping
peaks. For the “thin” (1, 3, and 5nm) i-ZnO samples, the main
peak is found at a binding energy of ~532.5eV, with a second
component at lower binding energies of ~530.5eV. We assign
the high- and low-binding energy contributions to hydroxide
(e.g., Zn(OH),) and oxide (e.g., ZnO), respectively [31, 40-42].
In contrast, the balance is reversed for the 10, 50, and 100nm
i-ZnO samples: The oxide peak is more intense than the hydrox-
ide peak. To quantify this change, a simultaneous fit of the O 1s
region with two Voigt profiles with equal widths and shapes and
a linear background was performed. Using the area under the
Voigt profiles, the ZnO/[ZnO + Zn(OH),] ratio can be computed
using O 1s(0-Zn)/[O 1s(0O-Zn) + %2 O 1s(O-H)]. Note that small
contributions of different In-O environments might influence
the determination of the ratio for the thinnest i-ZnO samples.
For the 1nm i-ZnO sample, we find a ZnO/[ZnO +Zn(OH),]
ratio of 25%, which increases to 31% (3 and 5nm), 60% (10 and
50nm), and 71% for the 100nm i-ZnO sample. This finding is
in line with the spectral changes found for the Zn LMM Auger
emission in Figure 3 (left). Hydroxides are often present in ZnO
thin films and can partly be removed by Ar*-ion treatments, by
prolonged x-ray exposure, by vacuum, and by elevated tempera-
tures [18, 40, 42, 43]. In the present case, the samples were not
treated by Ar* ions, and each sample was exposed to x-rays for
a similar time at the same temperature, suggesting that these
parameters are not responsible for the observed variation in rel-
ative hydroxide content. Rather, it is most likely that the reduced
hydroxide fraction in the thicker layers is caused by the manu-
facturing process, for example, due to increased temperatures
for longer processing times.

To further investigate the chemical environment of the i-ZnO/
In,S :Na interface, the increased attenuation length of soft x-rays
(as compared to electrons) is employed. In Figure 4 (top), the
upper valence band region in the S L, ; XES spectra of the 3nm
i-ZnO/InXSy:Na [(@), red solid] and InXSy:Na [(b), red dashed]

spectra is presented, together with the difference “3 nm i-ZnO/
InXSy:Na” —-0.97x% “InXSy:N a” (blue) and four references (black).

The spectrum of the InXSy:Na buffer layer (b) resembles the char-
acteristic In,S, S L, , spectral signature [8, 9, 44]. The spectrum
of the 3nm i-ZnO/InXSy:Na sample is similar to that of In,S :Na,
but two additional sharp features at ~155 and ~156.5eV (marked
(2)) and a broad feature at ~162eV (marked (3)) appear (wWhereas
the absence of the S-Zn-related features marked (1) excludes a
substantial presence of S-Zn bonds at this interface). Signals (2)
and (3) indicate the formation of sulfate [24, 45, 46] (consistent
with the XPS findings). The former two features can be assigned
to transitions from the “S 3s-related” states to S 2p core holes
(with a binding energy relating to a sulfate). The latter signal
stems from “S 3d-related” states, which become occupied in sul-
fates [24, 47]. To visualize the sulfate chemical environment, the
spectrum of InXSy:Na (scaled with a factor of 0.97) is subtracted
from that of the 3nm i-ZnO/In S :Na sample. The resulting dif-
ference spectrum is shown in blue, magnified by a factor of 2,
and clearly resembles the spectral signature of the sulfate refer-
ences shown underneath.

Recently, we were able to show and, in detail, analyze the fact
that different sulfates show distinct spectral characteristics even
in the SL, , XES spectra [24]. For a precise sulfate speciation, we
have fitted the “S 3s”=3S 2p, , signal of the blue difference spec-
trum with a Voigt function and plot the line width and energy
(FWHM=0.42+0.01eV and B.g yo g 505, =155.30+0.02¢V)
in Figure 4 (bottom). This figure shows the FWHM of the
“S 3s”=>2p, , transition as a function of the corresponding emis-
sion energy for a large number of sulfates [24]. The comparison
of the here-obtained datapoint (blue star) with the three pos-
sible candidates (Na,SO,, ZnSO,, and In,(SO,),) identifies the
formation of Na,SO, at the i—ZnO/InXSy:Na interface. We spec-
ulate that the small deviations (~0.1€V) are due to the different
photon excitation energy used in this study (hv,  =180€V) as
compared to [24] (hv,  =200eV).

To summarize this section on the chemical structure of the
i-ZnO/ InxSy:Na interface, we find a heterojunction with complex
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FIGURE 4 | (Top) S L, ; XES spectra (hv,  =180€V) of the upper
valence band region of 3nm i-ZnO/InXSy:Na (a, red solid), InXSy:Na (b,
red dashed), the difference “3 nm i—ZnO/InXSy:Na”—“0.97><InXSy:Na”
(blue), and several references (black) are shown. Features marked (1),
(2), and (3) indicate specific chemical environments and are discussed
in the text. (Bottom) FWHM of the “S 3s”=>2p,, transitions as a
function of the corresponding emission energy of various sulfates (from
[23]). The orange line serves as a guide to the eye to illustrate the linear
dependency. The blue star marks the data point of the 3nm i-ZnO/
InXSy:Na sample.

properties. The analysis indicates that the buffer layer is strongly
impacted by the i-ZnO sputter deposition. In detail, the forma-
tion of a “poorly defined” In-O, environment, the diffusion of
S into the window layer, and the formation of sodium sulfate is
identified. We observe diffusion of Na to the surface of the win-
dow layer, which contains both ZnO and Zn(OH), with an in-
creasing ZnO/[ZnO + Zn(OH), ] ratio for increasing window layer
thickness.

3.2 | Electronic Structure

The electronic structure at the window/buffer interface plays
an important role for the electron transport to the front contact.
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FIGURE 5 | UPS (left) and IPES (right) spectra of the InXSy:Na/
CIGSSe and the 10nm i—ZnO/InxSy:Na/CIGSSe samples. Each sample
was subjected to a 50eV Art-ion treatment with two intervals of
15min each. The valence band maximum (VBM) and conduction
band minimum (CBM) are determined by a linear extrapolation of the
leading edges in the spectra and listed in boxes on the left (VBM) and
right (CBM) of the respective spectra. The resulting band aps Eg,p are
given in the center.

In the following, the valence and conduction band alignment at
the i-ZnO/ InXSy:Na interface are directly and separately derived
using a combination of UPS and IPES [48]. Because UPS and
IPES are surface-sensitive measurement methods, the samples
were cleaned with a low-energy (50€V) Art-ion treatment (up to
30min) and monitored with XPS.

Figure 5 shows the UPS/IPES spectra of the In,S :Na and
i-Zn0O/In,S :Na samples for different Ar*-ion treatment times.
The UPS/IPES spectra of the In S :Na buffer layer and its in-
terface with the CIGSSe absorber are already published else-
where [9]. The linear extrapolations of the leading band edges
are used to determine the conduction band minimum (CBM)
and valence band maximum (VBM) [49, 50]. The band extrema
of the InXSy:Na sample do not change significantly after each
Art* treatment step, indicating only a small influence by surface
adsorbates. After 30min of ion treatment, we obtain a VBM of
1.82+0.10eV and a CBM of 0.78+0.15¢eV, leading to an elec-
tronic surface band gap of 2.60+0.18eV.

To determine the band edges of the window layer, the 10nm
i-ZnO sample was used to avoid potential charging effects due
to poor conductivity of the thicker i-ZnO layers. As we have
shown above, the 10nm i-ZnO film already represents a closed
layer, which justifies this approach. Although He II excitation
was used for the UPS measurements of the In,S :Na sample,
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the i-ZnO samples were excited with He I to avoid overlap of
the VBM with satellite lines of the Zn 3d-derived bands (excited
with a He II satellite). For the “as-received” 10nm i-ZnO, the
valence and conduction band edges appear “round”, that is,
without a clear linear edge, which we attribute to spectral con-
tributions from surface adsorbates. After treatment with 50eV
Ar* ions, a more pronounced structure appears for both band
edges, facilitating a linear extrapolation and demonstrating the
importance of nondestructive adsorbate removal. We determine
a VBM of 3.03+£0.10eV and a CBM of 0.83+0.15¢V, leading to
an electronic surface band gap of 3.86+0.18¢eV. The band gap
value is larger than reported optical bulk band gaps of 3.3-3.4eV
[51, 52]. In two earlier UPS/IPES measurements, we observed
a slightly smaller (Egapsurfz 3.52eV +0.15¢V) [18] and a similar
surface band gap (EgapSurf =3.8%+0.2€V) [53], also on samples
from Avancis. The surface band gap found in this paper might
be further increased by the rather high Zn(OH), content, which
has a reported band gap above 5eV [54]. This is corroborated by
the fact that the i-ZnO surface reported in [20] showed a signifi-
cantly smaller Zn(OH), content. Moreover, additional intensity
(a “foot”) is found in the UPS spectrum at about —3 eV, which is
not described by the linear extrapolation. Such states have been
related to defect states [18], for example, oxygen vacancies, and
have been interpreted to be relevant for the charge transport
properties [55].

A direct comparison of the CBM values for the In,S :Na and
i-ZnO/ In,S, :Na samples suggests the presence of a flat or slightly
positive conduction band offset (of 0.05+0.10eV). Note that
whereas the uncertainty of the absolute CBM is about +0.15€V,
the relative uncertainty between two CBM measurements is sig-
nificantly smaller. In a further refinement step, the band extrema
need to be corrected for the interface-induced band bending
(iibb). In order to track the relative shifts, the buffer and window
core levels (i.e., S 2p and In 3d, as well as Zn 2p and the metal
oxide component of the O 1s, respectively) were analyzed for the
three thin samples (1, 3, and 5nm i-ZnO thickness) of our series.

WhiletheS2pcorelevelshowsadownward shift(—0.16 £0.02eV),
the In 3d core levels shift upwards (0.10+0.03eV) with increas-
ing i-ZnO thickness. Similarly, the ZnO component of the O 1s
signal displays an upward (0.15 + 0.03 eV) shift, and a downward
shift (—0.30+£0.06eV) of the Zn 2p core level is detected. Simply
averaging these values, an iibb correction of (—0.04+0.35) eV
is calculated. However, the significant variations of these shifts
need to be discussed in view of the observed intermixing at the
i-ZnO/ In,S :Na interface and the associated chemical shifts.
We argue that the observed variations are primarily due to the
intermixing-induced changes in local chemical structure and
exceed the “true” iibb by far. In particular, the assumption of an
abrupt non-intermixed interface cannot be upheld for the i-ZnO/
InXSy:Na interface. Correspondingly, no band bending correc-
tions were applied in the band alignment shown in Figure 6, but
the interface is sketched as non-abrupt (as indicated by the en-
circled red dashed lines). Overall, we depict a “largely flat” (i.e.,
within the confidence window) conduction band offset of +0.05
(£0.10) and a valence band offset of —1.21 (+0.08) eV, respec-
tively. Such band alignments allow for an unimpeded electron
flow from the buffer to the window layer, although they block
the hole transport in the reverse direction; this is in line with the
reported high device efficiencies.
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FIGURE 6 | Schematic drawing of the band alignment at the i-ZnO/
InXSy:Na front contact interface (all values in €V). The determined VBM
and CBM of the InXSy:Na and i-ZnO surfaces are shown on the left and
right, respectively.

4 | Summary

We have studied the chemical and electronic structure of the i-
ZnO/ InXSy:Na interface with surface sensitive photoelectron
spectroscopy and bulk-sensitive XES. We find that the i-ZnO
sputter deposition creates a complex heterojunction, including
the formation of InO, and Na,SO,. The thin i-ZnO window layers
consist of a mixture of hydroxide Zn(OH), and ZnO. With increas-
ing i-ZnO thickness, the ZnO/[ZnO+Zn(OH),]| ratio increases.
For this mixed Zn(OH),-ZnO layer, we find a surface band gap of
3.72+0.18¢eV and a largely flat conduction band alignment at the
i-ZnO/ InXSy:Na interface (0.05+0.10€V).
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