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Improved Chemically Deposited Zn(O,S) Buffers
for Cu(In,Ga)(S,Se)2 Solar Cells by Controlled

Incorporation of Indium
Christian Hönes, Anne Fuchs, Siegmund Zweigart, and Susanne Siebentritt

Abstract—Chemically deposited Zn(O,S) is one of the most
promising materials replacing the commonly employed CdS buffer
layer for Cu(In,Ga)(S,Se)2 solar cells. While yielding higher
short-circuit currents, Zn(O,S) buffered cells commonly show ini-
tially low fill factors and open-circuit voltage. Different posttreat-
ments (annealing, light-soaking) have to be employed to reach
high efficiencies. In this paper, we introduce a method for con-
trolled incorporation of indium into Zn(O,S) buffer layers up to
[In]/([In]+[Zn]) = 0.5 within an alkaline process. Solar cells with
such a new indium containing buffer layer show higher initial fill
factor and open-circuit voltages, leading to efficiencies above 14%
without extensive light-soaking. Photoelectron spectroscopy mea-
surements are used to determine the composition of these zinc
indium oxysulfide thin films and to extract the valence band align-
ment with the underlying Cu(In,Ga)(S,Se)2 substrate. Calculated
conduction band offsets show a decrease of an initially high conduc-
tion band offset between Cu(In,Ga)(S,Se)2 and buffer layer upon
indium incorporation, lowering the barrier for current transport
and, thus, giving a reason for the improved solar cell behavior.
We demonstrate a novel cadmium-free buffer layer material with
wider bandgap than CdS, which is produced in a simple chemical
bath process and yields efficiencies comparable with CdS buffered
cells.

Index Terms—Band alignment, buffer layer, chemical bath de-
position, copper indium gallium sulfoselenide, interface engineer-
ing, photoelectron spectroscopy, photovoltaic cells, zinc–indium
oxysulfide.

I. INTRODUCTION

SOLAR cells based on chalcopyrite Cu(In,Ga)Se2 and
Cu(In,Ga)(S,Se)2 (CIGSSe) have reached encouragingly

high efficiencies in the recent past. Independently verified effi-
ciencies of 21.7% were demonstrated for cells with cadmium
sulfide buffer layer and 21.0% for cells with Zn(O,S) buffer
layer [1]. Most high-efficiency cells still utilize toxic CdS as
buffer layer. Although chemically deposited Zn(O,S) is a very
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promising candidate as a replacement, thermal and light-soaking
treatments are usually needed in order to reach metastable max-
imum efficiencies [2], [3]. This is limiting its applicability in
industry. A possible cause for the initially poor efficiencies is
the high conduction band offset at the CIGSSe/Zn(O,S) inter-
face for sulfur rich Zn(O,S) [4], which is commonly the case
for chemically deposited films with quite constant [S]/([S]+[O])
ratios ranging between 0.6 and 0.8 [5], [6]. Paired with a signif-
icant amount of acceptor traps compensating the n-type doping
[7], this results in a large barrier for photogenerated electrons,
which undergoes metastable changes under illumination.

Therefore, modifications of the Zn(O,S) buffer especially by
alloying it with CdS [8] or by incorporation of indium [9], [10]
were developed in the past. The main problem with adding in-
dium to standard processes is the fast precipitation of indium
hydroxide in neutral to alkaline chemical baths. In order to
circumvent hydroxide precipitation, usually acidic process con-
ditions are used, from which the problem of hydrogen sulfide
emission arises. We, therefore, propose a process very similar
to existing alkaline chemical bath processes where citric acid is
used as a complexing agent in order to prevent indium hydrox-
ide precipitation. This process enables us to incorporate indium
into Zn(O,S) buffer layers over a wide range of indium con-
tents, and we are able to present a significant reduction of the
necessity for light-soaking with increasing amount of indium in
the zinc indium oxysulfide (ZnInOS) buffer, while maintaining
efficiencies on par with CdS buffered cells.

In the following sections, we present the process details for
fabrication of this novel ZnInOS buffer layer and discuss accom-
panying solar cell characteristics. To give a more complete pic-
ture, we provide a study of the band alignment as derived from
X-ray photoelectron spectroscopy (XPS) sputter depth profiles,
leading to a possible explanation for the reduction of necessary
light-soaking posttreatments.

II. EXPERIMENTAL PROCEDURE

Zn(O,S) thin films with varying amount of incorporated in-
dium were prepared in an alkaline chemical bath deposition
process. In order to prevent precipitation of indium hydroxide,
the addition of a complexing agent is necessary. Tartaric acid,
oxalic acid, and citric acid were tested, but in the end, only citric
acid could stabilize indium, as well as zinc in the alkaline solu-
tion. A solution of deionized water containing 45 mM ZnSO4 ,
147 mM citric acid, and In2(SO4)3 with varying amounts up
to [In]/[Zn] = 0.4 (calculated from mol/L concentrations of the
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salts added to the solution) is heated under constant stirring in
a beaker up to 60 ◦C. At this point, 25% ammonia solution
and 133 mM thioacetamide solution are added leading to final
concentrations of 33 mM ZnSO4 , 108 mM citric acid, 2.23 M
ammonia, and 13.3 mM thioacetamide. The pH of the solution
was measured to be 10.5. At this point, a substrate that had been
immersed in 2.5% ammonia solution at room temperature is
placed into the solution, which is heated further until it reaches
a temperature of 80 ◦C. After 20 min, the substrate is rinsed
with 2.5% ammonia solution and dried in nitrogen gas flow.
Different types of substrates were used. Molybdenum coated
soda lime glass was used for process development, quartz glass
was used for transmission measurements, and finally, solar cells
were prepared from substrates consisting of Cu(In,Ga)(S,Se)2
deposited on molybdenum-coated soda lime glass. This CIGSSe
absorber was deposited in a large-area sequential process as
described elsewhere [11]. These solar cells were completed
at the Zentrum für Solarenergie- und Wasserstoff-Forschung
Baden-Württemberg (ZSW) with a sputtered intrinsic ZnO layer
followed by a ZnO:Al layer and a Ni/Al contact grid. Mechani-
cal scribing leads to separated cells with an area of 0.5 cm2 .
Current–voltage (I–V) measurements were performed in the
dark and under approximated AM1.5 illumination at ZSW. For
each cell, three measurements were performed: first directly af-
ter cell preparation, second after an annealing step at 200 ◦C for
30 min in air, and third after light-soaking the cell for 30 min
under AM1.5 illumination in the open-circuit condition, while
actively cooling the cell. External quantum efficiency (EQE)
measurements were performed without bias illumination after
light-soaking.

Buffer layer thicknesses were controlled by means of X-
ray fluorescence (XRF) measurements using a Fischerscope X-
RAY XDV instrument ensuring a film thickness between and
40 nm. At an indium concentration of [In]/[Zn] = 0.4, the process
leads to significantly thinner films. Therefore, two identical pro-
cesses were performed sequentially, and the final thickness was
around 50 nm.

The same procedure of performing two deposition processes
on one substrate was utilized to obtain thicker films on quartz
glass for transmission measurements. Transmittance and re-
flectance were measured with a setup consisting of an Ocean
Optics DH-2000-BAL UV-Vis-NIR light source and an Ocean
Optics Maya2000 Pro spectrometer.

In order to obtain information about the actual composition of
the produced buffer layers and band alignment between buffer
layer and CIGSSe absorber, a piece of coated substrate was cut
away from the sample after buffer layer deposition and ana-
lyzed with XPS using a Physical Electronics Quantera SXM
instrument equipped with a monochromatic Al anode. Due to
changes in the measurement setup, the sputter rates of the depth
profiles are not directly comparable. In addition, since the piece
of substrate was cut away from the edge, the film thickness is
not necessarily exactly the same as in the more homogeneous
center of the substrate, which is used for cell preparation. For
film thickness comparison, we, therefore, refer to our XRF mea-
surements mentioned earlier.

Fig. 1. [In]/([In]+[Zn]) ratio in the ZnInOS layer determined from XPS mea-
surements on CIGSSe, as well as on Mo substrates for different amounts of
indium sulfate in the chemical bath solution.

III. RESULTS AND DISCUSSION

A. Film Properties

In order to develop the chemical bath process, ZnInOS lay-
ers were deposited on molybdenum-coated soda lime glass.
This has the advantage that it is possible to determine the ratio
[In]/([In]+[Zn]) in the film by XRF measurements in order to ob-
tain the relevant [In]/[Zn] ratios in the solution. Later, for films
deposited on CIGSSe, the ratio [In]/([In]+[Zn]) could only be
determined by XPS measurements. Fig. 1 shows that according
to XPS analysis, the compositions for films deposited on either
substrate are quite similar. For both types of substrates, there is a
clear increase of the amount of indium in the layer with increas-
ing amount of indium in the solution. Ratios of 5% to 50% in
the layer are within the range of easily controlled solution com-
positions. For higher amounts of indium sulfate in the solution,
the chemical bath deposition slows down and a ZnInOS layer
formation is inhibited. In addition, a higher amount of loosely at-
tached indium hydroxide is observed as white precipitate, which
is partly dissolved when cleaning with ammonia solution after
the deposition. This might also be the cause for the larger de-
viation at high-indium content in the layer displayed in Fig. 1.
The ratio [S]/([S]+[O]) in the layer that controls bandgap and
conduction band position in the Zn(O,S) system [4] is shown in
Fig. 2 to be roughly constant for the different amounts of indium
in the layer. The values are determined from XPS measurements
by evaluation of the Auger parameter for Zn after Adler et al., [6]
and from evaluation of the integral peak intensities. Both meth-
ods of evaluation yield very high [S]/([S]+[O]) ratios around
0.8 indicating that the citrate process presented here leads to
comparatively high sulfur contents compared to other chemical
bath processes [5], [6]. This also indicates that indium hydrox-
ide formation does indeed not add significantly to the indium
incorporation into the ZnInOS layer, which is further affirmed
by examination of the Auger parameter for In ranging between
literature values of indium oxide and indium sulfide. Even if
the presence of some zinc hydroxide or indium hydroxide is
probable in chemically deposited films, we, therefore, continue
with the nomenclature of Zn(O,S) and ZnInOS.
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Fig. 2. [S]/([S]+[O]) ratio in the ZnInOS layer determined from XPS mea-
surements by evaluation of the Auger parameter for Zn and by evaluation of the
integral peak intensities in sputtering depth profiles (SDP).

B. Solar Cell Performance

Current–voltage (I–V) curves in the states before and after an-
nealing as well as after 30 min of light-soaking are depicted in
Fig. 3 for exemplary cells with buffer layers produced from so-
lutions containing varying amounts of indium. Accompanying
statistics for the final cell performance after 30 min of light-
soaking are presented in Table I for two depositions with each
20 cells per indium concentration. An exception is the concen-
tration of [In]/[Zn] = 0.4, where only one experiment with 20
cells is included. In Fig. 3, a clear trend is visible. Before an-
nealing, all cells show inhibited current collection under forward
bias leading to S-shaped I–V curves. However, this S-shape is
shifted to higher voltages and thus higher powers with increas-
ing indium amount. This trend is still visible after annealing
these cells for 30 min at 200 ◦C in air where the cell without
indium in the buffer layer still shows a distinctive S-shape gen-
erating almost no power, while the cell with [In]/[Zn] = 0.08
works significantly better and the cells with [In]/[Zn] = 0.16 and
[In]/[Zn] = 0.4 already show no S-shape any more. As a result,
the latter cells no more need to be light-soaked, while the former
cells still gain significantly in the light-soaking step as is shown
in Fig. 3(c). As can be seen in Table I, the final efficiencies
(η) of cells with ZnInOS buffer layer are on par with reference
cells with CdS. The observed loss in open-circuit voltage Voc
is compensated by higher short-circuit currents Jsc due to less
light being absorbed in the buffer layer as indicated by EQE
measurements shown in Fig. 4.

C. Determination of the Band Alignment

Valence band maximum offsets (ΔEVB ) between
Cu(In,Ga)(S,Se)2 absorber and buffer layers with differ-
ent amounts of incorporated indium were investigated by
analysis of XPS sputtering depth profile measurements (atomic
concentrations shown in Fig. 5) according to the procedure
shown in [12]. Due to the inelastic mean free path exceeding the
thickness of an atomic layer and the interface roughness, it is not
possible to distinguish the valence band structures of absorber
and buffer layer at the interface within a single spectrum.

Fig. 3. I–V curves measured under simulated AM1.5 illumination (solid lines
with symbols) and in the dark (dashed lines) of exemplary cells with varying
amounts of indium in the chemical bath. (a) Not annealed. (b) Annealed at
200 ◦C for 30 min. (c) Light-soaking under AM1.5 illumination for 30 min.

Therefore, the binding energy of valence band maximum EVB
of the buffer layer is taken at the surface after an initial sputter
step to reduce surface contamination. The value of EVB of
the substrate is taken after sputtering deep into the substrate
material. The core-level binding energies with respect to the
valence band maximum EVBM

CL are measured at these positions
for the Zn 2p3/2 , S 2s, and In 3d5/2 emission lines in the film
and for the Cu 2p3/2 , In 3d5/2 , and Se 3d5/2 emission lines in
the substrate. Shifts in the binding energy of these emission



322 IEEE JOURNAL OF PHOTOVOLTAICS, VOL. 6, NO. 1, JANUARY 2016

TABLE I
SOLAR CELL PARAMETERS AFTER ANNEALING AND 30 MIN OF LIGHT-SOAKING, MEDIAN, AND MEDIAN ABSOLUTE DEVIATION

[In]/[Zn] in solution 0 0.08 0.16 0.4 CdS reference
[In]/([In]+[Zn]) [% ] in film 0 10.2 32.1 40.7
MED(η ) [% ] ± MAD(η ) [% ] 12.65 ± 1.09 14.72 ± 0.24 13.68 ± 0.62 13.37 ± 0.63 14.12 ± 0.42
ηm a x [% ] 14.2 15.4 14.8 14.5 15.6

MED(Vo c ) [mV] ± MAD(Vo c ) [mV] 559 ± 2 586 ± 2 583 ± 2 587 ± 1 607 ± 3
MED(fill factor) [% ] ± MAD(fill factor) [% ] 60.1 ± 4.7 66.1 ± 1.0 62.3 ± 2.7 61.3 ± 2.9 64.7 ± 2.3
MED(Js c ) [mA cm−2 ] ± MAD(Js c ) [mA cm−2 ] 37.8 ± 0.3 37.8 ± 0.3 37.6 ± 0.2 37.1 ± 0.3 36.1 ± 0.2

Fig. 4. Comparison of EQE measurements for exemplary cells with varying
amounts of indium in the chemical bath and for an exemplary cell with cadmium
sulfide buffer layer.

lines are monitored during the sputter profiling, and with the
assumption that EVBM

CL is constant, EVB of film and substrate
can be calculated for all sputter steps as ECL − EVBM

CL . The
respective values for three different buffer layer compositions
are shown in Fig. 6. The valence band offset between buffer
layer and absorber is taken as the difference between averages
of the data in each profile in Fig. 6. This is carried out around the
depth where the interface can be estimated to be located based
on the atomic concentration data shown in Fig. 5 and where the
binding energy of film and substrate evolve in parallel. For the
average, only the data of the Zn 2p3/2 , the Cu 2p3/2 , and the
In 3d5/2 emission lines are used as they did not overlap with
other emission lines and, therefore, were estimated to be most
reliable. In Fig. 6, a weak but systematic trend of lowering the
valence band offset with increasing indium concentration from
1.35 to 1.15 eV is apparent. The difference is larger than the
estimated uncertainty of this method of 0.1 eV.

In order to estimate conduction band minima, the relation
ECB = EVB + Eg is used. Bandgaps Eg of ZnInOS layers
with different compositions are obtained from evaluation of
measurements of reflectance R and transmittance T for layers
deposited on quartz glass. The absorption coefficient α was
extracted from these measurements by solving the equation

T =

(
1 − R

1 + Te−αd

)2

e−αd

1 − R2

(1 + Te−αd)2 e−2αd

for αd. In an approximation to the real system with quartz glass
as substrate material, this equation can be derived for multi-
ple internal reflections in a single film with the same medium
on both sides, where the surface reflectivity is substituted by
its relation with the measured reflectance R. Since pure ZnS
and ZnO have direct bandgaps [4], it is assumed that ZnInOS
with [In]/([In]+[Zn]) < 0.5 also has a direct bandgap that is ac-
cordingly calculated from extrapolating a plot of (α�ω)2 over
�ω (see Fig. 7) [13], where the layer thickness d just scales
the ordinate and therefore does not alter the extrapolation. The
assumption of a direct bandgap is confirmed by the straight
lines obtained in the plot. The resulting bandgaps are denoted
in Table II. With increasing indium content, the optical bandgap
decreases from 3.65 to 3.07 eV. All these values are rather high
and might partly be attributed to the high-sulfur content in the
films and partly to the neglect of the low energy tail of the ab-
sorption spectra in Fig. 7, which is a feature inherent to Zn(O,S)
type films [4].

The resulting band diagrams are depicted in Fig. 8. For sim-
plification of the picture, only the immediate proximity of the in-
terface is examined neglecting space charge regions. In addition,
different positions of the Fermi level inside the three different
Cu(In,Ga)(S,Se)2 samples were neglected and the Fermi Level
given in Fig. 8 stems from Fig. 6(a) acting as a guideline here.
The bandgap of the Cu(In,Ga)(S,Se)2 absorber was calculated
by interpolation of data in [14] with [S]/([S]+[Se]) = 0.65 near
the absorber surface from the XPS data in Fig. 5 to be 1.3 eV.
Additional widening of the gap at the surface is ruled out due
to the low distance between valence band maximum and Fermi
level. An ordered vacancy compound at the surface would show
some amount of type inversion [15].

The result as visible in Fig. 8 is a lowering of the conduction
band offset (ΔECB ) from 1.0 eV via 0.89 to 0.62 eV by
increasing the indium content of the buffer layer.

D. Discussion

The observed ΔEVB reduction is rather small. Considering
the largely unaffected [S]/([S]+[O]) ratio of the films with dif-
ferent indium content, this is in accordance with the common
anion rule stating that the valence band maximum position is
rather unaffected by a change of the cation and largely affected
by change of the anion for materials with large anionic contribu-
tion to the valence band states. This is experimentally confirmed
for the interface between ZnO and In2O3 [16], both exhibiting
identical valence band maximum positions and is assumed to
hold for solid solutions of these two oxides. For the two sulfides
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Fig. 5. XPS sputter depth profiles for ZnInOS buffer layers produced from
different amounts of indium in the solution on Cu(In,Ga)(S,Se)2 substrates.
Due to changes in the measurement setup, the sputter rate in (c) is not com-
parable with the rates in (a) and (b). (a) [In]/[Zn] = 0. (b) [In]/[Zn] = 0.16.
(c) [In]/[Zn] = 0.4.

ZnS and In2S3 , the data are rather ambiguous and are reviewed
by Klein [17]. Following transitivity considerations, it might be
concluded that the difference of the valence band maximum po-
sitions for ZnS and In2S3 is probably small. On the other hand,
the change in the cation from Zn to In leads to a lowering of the
conduction band for various material combinations, including

Fig. 6. Determination of valence band maximum offsets ΔEVB between
buffer layers (different amounts of indium in the process solution) and
Cu(In,Ga)(S,Se)2 substrates, derived from XPS sputter depth profiles shown
in Fig. 5. Markers represent calculated valence band maximum positions from
different core levels; the dotted lines give the average taken for determining the
offset. (a) [In]/[Zn] = 0. (b) [In]/[Zn] = 0.16. (c) [In]/[Zn] = 0.4.

ZnO and In2O3 [16], and this fits our observation of a bandgap
reduction with increasing indium incorporation.

The measurement results, therefore, qualitatively follow our
expectations. The resulting conduction band offsets, however,
are much larger than expected and cannot be brought into agree-
ment with the observed short-circuit currents.
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Fig. 7. Tauc plots for ZnInOS buffer layers on quartz glass. A linear regression
was applied to the marked parts of the curves, and extrapolated bandgaps are
shown in Table II.

TABLE II
VALENCE BAND MAXIMUM OFFSETS FROM XPS MEASUREMENTS AND

EXTRAPOLATED BANDGAPS FROM OPTICAL MEASUREMENTS

[In]/[Zn] 0 0.08 0.16 0.4

ΔEV B [ eV] 1.35 1.22 1.15
Eg [ eV] 3.65 3.50 3.41 3.07

Fig. 8. Calculated band diagrams for the interface between the CIGSSe and
ZnInOS buffer layers with different amounts of indium in the process solution
as indicated within the figure. The band alignment was determined for the
case without annealing. The valence band offsets were taken from Fig. 6, the
bandgaps for the different buffer layers were taken from Table II, and the
bandgap of the absorber was estimated by interpolation of data in [14] with
[S]/([S]+[Se])=0.65 from the XPS data in Fig. 5 to be 1.3 eV.

In a first approximation, the barrier occurring at the ab-
sorber/buffer interface limits the short-circuit current according
to thermionic emission theory. Since even not annealed samples
containing indium in the buffer layer sustain short-circuit cur-
rents of 30 = mA · cm−2 , the maximum barrier φmax can be
approximated with

φmax ≈ kBT ln
(

Ncevth

4Jsc

)

derived from the relation between saturation current and barrier
height according to thermionic emission theory [18], to be less
than 0.44 eV at a temperature of T = 300 K. This includes the

assumption that the mean thermal velocity vth ∼ 107 cm s−1

and the effective number of states in the conduction band
Nc ∼ 2 × 1018 cm−3 [18], [19]. For the samples without in-
dium in the buffer layer and short-circuit currents of 1 mA cm−2 ,
this value is increased to 0.53 eV. Since the unknown material-
dependent parameters are contained in the logarithmic func-
tion, it becomes clear that in order to sustain the observed
currents, the thermionic barrier has to be significantly lower
than 1 eV. This, however, does not agree with the values
ΔECB = 0.62 eV − 1.0 eV calculated from the experimental
data. The following possible errors might be responsible for
this discrepancy. The first possible error lies within the sputter-
ing depth profiling for ΔEVB extraction. T. Adler showed that
there is a systematic deviation between values extracted from
sputtering depth profiling and extracted from step-by-step film
deposition for CIGSSe/Zn(O,S) interfaces [20]. For high-sulfur
contents, as in our case, this amounts to a possible underestima-
tion of the ΔEVB and, accordingly, an overestimation of ΔECB
of 0.2 eV. The next possible error is the neglect of the low-energy
tail when extracting the bandgaps from Fig. 7. This error is hard
to quantify, but it may easily be in the same range as the for-
mer one. Calculation of the bandgap of the Cu(In,Ga)(S,Se)2
absorber from the XPS data might also be prone to error. A pos-
sibility to reduce the error in determining bandgaps would be the
additional application of inverse photoemission spectroscopy in
future, where the conduction band states are probed directly,
leading to higher accuracy in ΔECB . Finally, from Fig. 3, it
becomes apparent that the barrier limiting the current is reduced
in an annealing treatment. It cannot be ruled out that the i-ZnO
sputtering process actually partly anneals the device already and
thereby reduces the barrier for current transport.

Despite the possible quantitative errors, we believe that the
relative deviations for ΔEVB and Eg , as shown in Fig. 8,
are valid, and the trend in calculated ΔECB and reduction of
S-shape correspond nicely.

IV. CONCLUSION

In this paper, we have demonstrated a novel ZnInOS buffer
layer with a wide bandgap for application in Cu(In,Ga)(S,Se)2-
based solar cells obtained from a simple chemical bath process.
The presented novel deposition route under alkaline conditions
allows for an adjustable amount of incorporated indium simply
by changing the amount of indium salt within the process so-
lution up to an amount of [In]/([In] + [Zn]) = 0.5 incorporated
in the layer. Resulting solar cells showed significant reduction
of the light-soaking necessary for final cell efficiencies upon
incorporation of indium, and these efficiencies are on par with
reference cells containing cadmium sulfide as buffer layers. We
then presented XPS measurements showing a slight decrease of
the valence band offset of up to 0.2 eV with increasing indium
incorporation and optical measurements showing a decrease in
bandgap of up to 0.6 eV at the same time. Together, this results
in a reduction of the conduction band offset, reducing the barrier
for current transport in the solar cell and yielding an explana-
tion for the increase in cell efficiency above 14% without the
light-soaking posttreatment.
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[14] M. Turcu, I. M. Kötschau, and U. Rau, “Composition dependence of
defect energies and band alignments in the Cu(In1−x Gax )(Se1−y Sy ) alloy
system,” J. Appl. Phys., vol. 91, no. 3, pp. 1391–1399, 2002.

[15] D. Schmid, M. Ruckh, F. Grunwald, and H. W. Schock, “Chalcopy-
rite/defect chalcopyrite heterojunctions on the basis of CuInSe2 ,” J. Appl.
Phys., vol. 73, no. 6, pp. 2902–2909, 1993.

[16] A. Klein, “Energy band alignment at interfaces of semiconducting oxides:
A review of experimental determination using photoelectron spectroscopy
and comparison with theoretical predictions by the electron affinity rule,
charge neutrality levels, and the common anion rule,” Thin Solid Films,
vol. 520, no. 10, pp. 3721–3728, 2012.

[17] A. Klein, “Energy band alignment in chalcogenide thin film solar cells
from photoelectron spectroscopy,” J. Phys.: Condensed Matter, vol. 27,
no. 13, p. 134201, 2015.

[18] R. Scheer and H.-W. Schock, Chalcogenide Photovoltaics. New York, NY,
USA: Wiley VCH, 2011.

[19] A. Kanevce, M. Gloeckler, A. O. Pudov, and J. R. Sites, “Conduction-
band-offset rule governing J-V distortion in CdS/CI(G)S solar cells,” in
Proc. Symp. Thin-Film Compound Semiconductor Photovoltaics, 2005,
pp. 221–226.

[20] T. Adler, “Zn(O,S) puffer eigenschaften in Cu(In,Ga)Se2 solarzellen,”
Ph.D. dissertation, Technische Univ. Darmstadt, Darmstadt, Germany,
2013.
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