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In this chapter chemical and electronic surface and interface properties of
magnetron sputtered ZnO films as determined from photoelectron spec-
troscopy are described. We particularly focus on interfaces that are important
for Cu(In,Ga)Se2 thin film solar cells. The use of in situ sample preparation
utilizing integrated vacuum systems allows for systematic studies widely rul-
ing out the influence of adsorbates on the electronic structure. No evidence
for band bending at the surface is observed indicating the absence of sur-
face states in the band gap. The ionization potential varies with deposition
conditions, which can be attributed to changes in crystallographic orienta-
tion of the films resulting in different surface terminations. A variation of the
Zn 2p and O 1s core level binding energies with respect to the valence band
maximum is attributed to local disorder in films deposited from ceramic ZnO
targets at room temperature without addition of oxygen to the sputter gas.

In the interface studies, no effects attributable to sputter damage could
be identified. The surface and interface chemistry of sputtered ZnO films
is rather governed by the ability of the surfaces to dissociate the oxygen
molecules condensing from the gas phase. Poor oxygen dissociation on ZnO
and CdS leads to the presence of peroxides on the ZnO surfaces and to a
nonreactive interface between CdS and ZnO. Noticeable interface reactions
are observed between Cu(In,Ga)Se2 or In2S3 and ZnO, where no peroxide
species is observed during initial ZnO growth. The variation of the core-
level binding energies with respect to the valence band maximum leads to
an apparent variation of the band alignment at the CdS/ZnO1 interface with
deposition conditions. The band alignment is strongly influenced by Fermi
level pinning, which is particularly pronounced at In2S3/ZnO interfaces. The
observed variation of band alignment at these interfaces can be related to
observed efficiencies of Cu(In,Ga)Se2 solar cells using In2S3 buffer layers.
An amorphous nucleation layer of 2–3nm thickness is observed for sputter
deposition of ZnO films on all investigated substrates. The amorphous layer
leads to a modification of the band alignment at the CdS/ZnO interface
compared with the reverse deposition sequence (ZnO/CdS).

1 We generally use the notation substrate/overlayer throughout this chapter.
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4.1 Introduction

4.1.1 Semiconductor Interfaces

Transparent conducting oxides are widely used as electrodes in thin film opto-
electronic devices as solar cells and light emitting diodes because of their
transparency for visible light and their high electrical conductivity. Highest
optical transparency and electrical conductivity are thus key aspects for such
applications. Most work on TCO electrodes is, therefore, dedicated to find
deposition parameters, which improve these material parameters. In addition,
contact properties are essential for the application of TCOs as electrodes.

To elucidate the contact properties, the energy band diagrams of the
devices have to be considered. Figure 4.1 shows energy band diagrams of two
basic semiconductor contacts, a semiconductor/metal contact and a semi-
conductor p/n- heterocontact. Basic interface parameters are the Schottky
barrier height ΦB = EF − EVB for p-type and ΦB = ECB − EF for n-type
semiconductors, and the valence and conduction band offsets ∆EVB and
∆ECB. The potential distribution across an interface is determined by the
barrier heights and by the doping profile. As doping of semiconductors is typi-
cally well controlled [1], the energy band diagrams of semiconductor contacts,
which determines the function of the device, can usually be well predicted
and modified if the barrier heights are known.

Extensive research has been devoted in the past to understand the mecha-
nisms governing barrier formation at semiconductor interfaces to enable pre-
diction and possible modification of barrier heights [2–8]. An essential feature
of semiconductor interfaces is Fermi level pinning, which leads to barrier
heights at semiconductor/metal contacts being almost independent on the
metal. Fermi level pinning is especially pronounced for semiconductors with
covalent bonding such as Si, Ge, and GaAs. It occurs even for defect-free
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Fig. 4.1. Example energy band diagrams for a semiconductor/metal contact and
and a semiconductor p/n-heterocontact. The Schottky barrier height for electrons
ΦB,n is given by the energy difference of the conduction band minimum ECB and the
Fermi energy EF. The valence and conduction band offsets ∆EVB and ∆ECB are
given by the discontinuities in the valence band maximum EVB and the conduction
band minimum, respectively
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atomically abrupt junctions and is explained by (metal) induced gap states,
which have first been introduced by Heine [9]. They are the result of wave
function matching at the interface and are clearly illustrated by electronic
structure calculations [10]. Fermi level pinning is reported to be less strong
for polar-bonded materials as oxides [2,11]. However, the experimental basis
concerning barrier heights at oxide semiconductor interfaces is rather limited
and is mostly restricted to electrical measurements. Electrical determinations
of barrier heights on ZnO are, e.g., presented in Chap. 7 of this book. Other
reviews are given in [12, 13].

The issue of Schottky barrier formation to ZnO is not treated in this
chapter as such contacts are not of big importance in thin-film solar cells.
This is related to the fact that in thin film solar cells metals are only used
to contact highly-doped films. For degenerately doped semiconductors, the
barrier heights become very small because of the large space charge associated
with depletion layers in such materials.

4.1.2 ZnO in Thin-Film Solar Cells

Compared with the interfaces illustrated in Fig. 4.1, the role played by ZnO
in a Cu(In,Ga)Se2 thin-film solar cell is considerably more complex (see also
Chap. 9). The basic structure and the commonly used energy band diagram
are shown in Fig. 4.2 [14]. It is evident that ZnO does not only provide a
transparent contact, but is also an essential part of the p/n-junction of the
device. Best solar cells with efficiencies of almost 20% are achieved if a ZnO
bilayer is used, which consists of a combination of a nominally undoped ZnO
and a highly doped ZnO layer [15]. ZnO is deposited onto a CdS layer, which
is prepared mostly by a chemical bath. The lattice constants of CdS are
significantly larger than those of ZnO leading to a strongly lattice mismatched
system. At such an interface, crystallographic defects are unavoidable.

The electronic defect states associated with such defects typically have
energy positions within the band gap of the smaller gap semiconductor and
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Fig. 4.2. Structure and energy band diagram of a Cu(In,Ga)Se2 (CIGS) thin-film
solar cell. The ZnO window layer typically consists of a combination of a nominally
undoped ZnO and a highly doped ZnO layer
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can be electrically charged. They might act as carrier recombination centers
but will also modify the electrical potential distribution. Another signifi-
cant difference of the interface of ZnO in the Cu(In,Ga)Se2 solar cell com-
pared with conventional semiconductor systems lies in the fact that the ZnO
layer is typically prepared by magnetron sputtering. This is partially dictated
by technological requirements (fast and large area coating) but also due to
advantages of the technique that allows to prepare highly doped films at low
substrate temperature (see Chaps. 2 and 5). The latter issues are particularly
related to the energetic particles involved in sputter deposition. However, it
is generally believed that these energetic particles lead to a damage of the
substrate surface by introducing defects. Avoiding such a sputter damage
of the Cu(In,Ga)Se2 semiconductor might, e.g., explain why a CdS buffer
layer is necessary to achieve highest conversion efficiencies. However, no clear
evidence for the influence of sputter damage has been presented so far.

A less complex situation is present if ZnO films are used as substrates for
amorphous Si thin-film solar cells. These are described in chapters 8 and 6
of this book. In this case the problem of possible sputter damage and, due
to the amorphous nature of the semiconductor, also of lattice mismatch are
not an issue. For thin film silicon solar cells, light trapping is of particular
interest. This requires a dedicated surface morphology, which can be either
achieved directly by depositing the ZnO layer using chemical vapor deposition
(see Chap. 6) or by a suitable etching process of sputter deposited films as
described in Chap. 8 of this book. The morphology obtained by etching is
strongly dependent on the sputter deposition parameters. It is well known
that etching of semiconductors is highly anisotropic and depends on surface
orientation and termination [16, 17]. Thus, the surface properties of sputter
deposited ZnO films are also of importance for thin film silicon solar cell
devices.

4.1.3 Photoelectron Spectroscopy (PES)

Electronic properties of semiconductor surfaces and interfaces can be probed
by different techniques, including scanning probe techniques [18, 19], Kelvin
probe [20] and photoelectric yield [21] measurements, electrical techniques
such as current–voltage and capacitance–voltage measurements [1, 12, 13,
22], DLTS2 and admittance spectroscopy [23–27], internal photoemission
[8, 22, 28], cathodoluminescence [29, 30], and others. A versatile tool that
has contributed significantly to the understanding of semiconductor inter-
faces is X-ray and ultraviolet photoelectron spectroscopy (XPS and UPS).
Both most frequently used (standard) applications of photoelectron spec-
troscopy are elemental and chemical surface analysis [31, 32]. Binding ener-
gies in photoelectron spectroscopy (PES) are measured with respect to the
Fermi level. Since samples are electrically connected to the spectrometer

2 Deep level transient spectroscopy.
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system, the Fermi level is at a constant energy, which can be determined
by a calibration measurement using a metallic sample. This allows to observe
changes of the Fermi level within the band gap. If, for a given sample, the
binding energy of a core level (CL) is known with respect to the valence
band maximum (BEVB(CL)), the core-level binding energy itself can be
directly used as a measure for the position of the Fermi level in the band
gap (EF − EVB = BE(VB)).

During an interface experiment, an overlayer is stepwise deposited onto
a substrate. By monitoring the substrate and overlayer core-level binding
energies during deposition, the evolution of the valence band maxima of
the substrate and of the overlayer can be followed during interface forma-
tion [33–36]. The procedure is outlined in Fig. 4.3. As will be shown in
Sects. 4.2.3.3 and 4.3.3, care has to be taken when applying this standard
procedure to study surfaces and interfaces of sputter-deposited ZnO films, as
BEVB(CL) depends on the deposition parameters for this material.

Photoelectron spectroscopy is a highly surface sensitive technique because
of the inelastic mean free path of the photoelectrons λe, which depends on
the electron kinetic energy Ekin and has typical values of 0.2–3nm [31,37,38].
Determination of Schottky barrier heights ΦB, or valence band discontinu-
ities ∆EVB, can be performed by following the evolution of the position
of the valence band maxima with respect to the Fermi level of substrate
and overlayer with increasing thickness of the overlayer. For layer-by-layer
growth the attenuation of the substrate intensities is given by the inelastic
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mean free path of the photoelectrons. Hence, after a film thickness of ∼5 nm,
the substrate emissions are completely extinguished. The study of interface
formation with PES thus requires control of the film thickness in the sub-
nanometer range. The rapid contamination of surfaces in air requires that the
sample transfer between surface preparation or film deposition to the pho-
toelectron spectrometer is performed in vacuum. Consequently, the analysis
system has to integrate all required thin film preparation chambers and a
surface analysis tool. The layout of such a system as it is used in Darmstadt
is shown in Fig. 4.4.

Experimental determinations of barrier heights on oxide semiconductor
interfaces using photoelectron spectroscopy are rarely found in literature and
no systematic data on interface chemistry and barrier formation on any oxide
are available. So far, most of the semiconductor interface studies by photo-
electron spectroscopy deal with interfaces with well-defined substrate sur-
faces and film structures. Mostly single crystal substrates and, in the case of
semiconductor heterojunctions, lattice matched interfaces are investigated.
Furthermore, highly controllable deposition techniques (typically molecular
beam epitaxy) are applied, which lead to films and interfaces with well-known
structure and composition. The results described in the following therefore,
for the first time, provide information about interfaces with oxide semiconduc-
tors and about interfaces with sputter-deposited materials. Despite the rather
complex situation, photoelectron spectroscopy studies of sputter-deposited
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Fig. 4.4. Layout of the integrated surface analysis and preparation system DAISY-
MAT (Darmstadt integrated system for materials research). A photoelectron spec-
trometer is connected by a sample handling system to various deposition and surface
treatment chambers. Preparation and analysis can be repeatedly performed under
controlled ultrahigh vacuum conditions
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ZnO films can provide substantial information on chemical and electronic
properties of ZnO surfaces and interfaces, which occur in real thin film solar
cell structures. In addition, general information on the interface formation of
oxide materials can be extracted. In the following we describe:

– Electronic surface properties including Fermi level positions, work func-
tions, and ionization potentials of sputter-deposited ZnO and Al-doped
ZnO films in dependence on deposition parameters. The results provide
insight into aspects of doping, surface chemistry, and terminations.

– Interfaces of sputter-deposited ZnO and ZnO:Al films with different sub-
strate materials (CdS, In2S3, and Cu(In,Ga)Se2) in dependence on depo-
sition parameters. The band alignments and chemical interactions at the
interfaces are discussed.

4.2 Surface Properties of ZnO

4.2.1 Crystallographic Structure of ZnO Surfaces

The wurtzite lattice of ZnO and its low-index surfaces are shown in Fig. 4.5.
The basic low index surface terminations are (0001), (0001̄), (101̄0), and
(112̄0). The (0001) and (0001̄) represent the zinc and oxygen-terminated sur-
faces of the polar {0001} direction, which corresponds to the {111} direction
of the cubic zincblende lattice. In contrast to the polar (100) and (1̄00)
surfaces of the zincblende lattice, the surfaces with threefold symmetry (111)
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oxygen
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(1010)
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Fig. 4.5. Crystallographic structure of ZnO and its basic surfaces
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and (1̄1̄1̄) are not equivalent. There is thus a clear distinction between the two
surfaces. The same is true for the basal plane (0001) and (0001̄) surfaces of the
wurtzite lattice. These are important surface terminations for sputtered ZnO
thin films, which often grow with a (0001) texture (see e.g., [39] and other
contributions to this book). The (101̄0) and (112̄0) surfaces are nonpolar, i.e.,
they contain the same number of zinc and oxygen atoms. These surfaces show
no reconstruction [40, 41]. The wurtzite (112̄0) surface directly corresponds
to the well-known nonpolar (110) surface of the zincblende lattice [42].

Surfaces of real crystals never adopt the bulk-truncated structures shown
in Fig. 4.5. They reconstruct or relax (inwards or outward movement of the
atoms) to minimize their surface energy [42]. Known surface structures of
zincblende and wurtzite structure semiconductors are summarized in [43].
Nonpolar surfaces of wurtzite (112̄0) and (101̄0) surfaces show no lateral
surface reconstructions and are supposed to have a structure similar to the
well-known zincblende (110) surface, which is characterized by an inward
relaxation of the surface cations and partial electron transfer from the surface
cation dangling bond to the surface anion dangling bond [42, 43].

Polar surfaces of semiconductors cannot be bulk-truncated because of the
alternating charge of atomic planes in polar directions, which will lead to
a diverging electrostatic potential due to the large number of lattice planes
[44]. Compensation of the diverging electrostatic potential is possible by a
rearrangement of charges at the surface. For the basal (0001) and (0001̄)
surfaces of ZnO this corresponds to a removal of ∼1/4 of the surface charge.3

In principle, the rearrangement of the charge can be achieved by: (1) creation
of a metallic surface by introduction of surface states; (2) removal of surface
atoms; and (3) charged impurities at the surface, as e.g. hydroxyl or hydroxide
species. All mechanisms have been invoked for the basal surfaces of ZnO
[45–49].

The uncertainty concerning the identification of the stabilization mecha-
nism on polar ZnO surfaces is partly due to the lack of atomically resolved
STM images. Such images are possible for the nonpolar (101̄0) and (112̄0)
surfaces [40,41] but have, to our knowledge, not been reported for polar sur-
faces. The polar cation terminated (111) surface of zincblende compounds
typically displays a 2 × 2 reconstruction associated with removal of every
fourth surface cation [43,50–52]. This structure is ideally suited to match the
charging condition for surface stabilization for this particular surface orien-
tation. The 2 × 2 reconstruction and the missing surface atoms can directly
be observed by STM [52]. In contrast to literature [53], a 2 × 2 reconstruc-
tion is also frequently observed in our group for the (0001) surface of wurtzite
CdS.4 The reconstruction on the anion terminated (1̄1̄1̄) surfaces of III–V and
II–VI zincblende compounds are considerably more complex. These surfaces

3 The factor of 1/4 results from the distance of the Zn and O lattice planes along
the c-direction.

4 B. Siepchen et al., Darmstadt University of Technology (unpublished results).
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show a strong tendency for facet formation [43]. Nonfacetted GaAs(1̄1̄1̄) show
complex superstructures associated with adsorbed As species [54].

In contrast to most of the zincblende and wurtzite materials, the ZnO
(0001) and (0001̄) surfaces are usually not reconstructed [40,47]. Only Kunat
et al. report the observation of a 1 × 3 reconstruction for the ZnO (0001̄)
surface and attribute the unreconstructed surface to a hydrogen termination
[49]. A new stabilization mechanism for polar ZnO (0001) surfaces has been
introduced by Dulub et al. based on scanning tunneling microscopy [41, 45,
46]. This involves a large number of oxygen-terminated step edges on the
Zn-terminated surface. This termination allows for field compensation and
is consistent with an unreconstructed surface and with the predominant Zn
surface atoms found in low energy ion scattering (LEIS) [40].

4.2.2 Chemical Surface Composition of Sputtered ZnO Films

Examples of XPS spectra recorded from in situ sputter-deposited ZnO and
ZnO:Al films are shown in Fig. 4.6. Absence of contaminations is evident from
the survey spectra, which show only emissions from Zn and O. Aluminium-
doped ZnO films, deposited from a target with a nominal Al concentration of
2 wt%, also show a small Al signal. Detailed spectra of the Zn 2p3/2, O 1s,
Zn LMM Auger, and valence band emissions for largely different deposition
conditions are given in the lower half of Fig. 4.6.

Despite the strongly varying deposition conditions of the films shown in
Fig. 4.6, all spectra represent the ZnO composition. Binding energy varia-
tions are largely due to changes of the Fermi level position (see Sect. 4.2.3.1).
The O1s and the Zn LMM Auger line show a noticeably different shape for
the most highly doped films, which are those deposited from ZnO:Al tar-
gets without addition of oxygen to the sputter gas. The high doping level
is reflected by the highest binding energy of the corresponding spectra. The
different shapes of the Zn LMM line can be explained by the changes in
electron concentration: The electron gas in highly degenerate TCOs leads
to screening of the core hole and to inelastic scattering of the photoelectron
because of excitation of plasmons (see Fig. 4.17) [55–58]. The latter leads to
shoulders on the high binding energy side of the core levels and to a second
Auger emission, which is shifted to lower binding energies [55]. This explains
the typical “smeared” appearance of the Zn LMM Auger spectra of the film
with the highest carrier concentration (spectra (d) in Fig. 4.6).

4.2.2.1 Oxygen and Aluminium Content

The chemical composition of the surface can be evaluated from the integrated
intensities of the core-level emissions [31]. Unfortunately, the accuracy of
quantitative analysis with photoelectron spectroscopy is generally limited to
a few percent even when good standards are available [31]. Therefore, even
from a large number of measured samples it was not possible to observe a
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Fig. 4.6. X-ray photoelectron spectra of undoped ZnO (a–c) and of Al-doped ZnO
(d–f) prepared by magnetron sputtering. The spectra are excited with monochro-
matic Al Kα radiation (hν = 1486.6 eV). ZnO:Al films are prepared from a target
containing 2 wt % Al. The films are prepared with 100 % Argon as sputter gas either
at room temperature (a and d) or at a substrate temperature of 400◦C (b and e).
Spectra (c) and (f) are recorded from films deposited onto samples held at room
temperature in a sputter gas mixture of 50% argon and 50% oxygen

systematic variation of the oxygen to zinc intensity ratio in dependence on
deposition conditions. The oxygen content in films deposited from undoped
ZnO targets varies between 46 and 49%. Sensitivity factors supplied by the
manufacturer of the XPS system5 are used for quantification. Nonappropriate

5 Physical Electronics: PHI 5700.
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(see Sect. 4.2.2.2)

sensitivity factors are most likely the reason for the deviation of the deter-
mined composition from the nominal oxygen content of 50%. Even larger
deviations are observed for other oxides. It is thus not possible to derive an
absolute number for the composition of the films.

A better reproducibility and quantification of concentrations with XPS
is possible for the relative cation concentrations of mixed cation systems as
e.g. (Zn,Al)O, (Zn,Mg)O [59], and (In,Sn)O (ITO) [58]. Figure 4.7 shows the
variation of the Al content of ZnO:Al films deposited with different Ar/O2

ratios in the sputter gas and at different substrate temperatures. There is
only a small or negligible dependence of the Al content if oxygen is added to
the sputter gas. In contrast, a strong enrichment of Al is obtained at higher
substrate temperature. This is explained by the high vapor pressure of Zn,
which reevaporates from the surface at higher substrate temperatures before
a ZnO compound can form. A comparable behavior has been observed for
(Zn,Mg)O films, where also a strong enrichment of Mg is observed at higher
substrate temperatures [59].

4.2.2.2 Oxygen-Related Surface Species
and Initial Growth of ZnO Films

The O1s spectra in Fig. 4.6 show an additional small emission at higher
binding energies. The energy difference between the ZnO-related emission at
530–531eV and the high binding energy component amounts to 1.6–1.8 eV.
Such a species is always observed on ZnO surfaces. In literature, it is
mostly attributed to adsorbed species. These include water and hydroxides
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[49, 60–62], physisorbed or chemisorbed oxygen [63–66], and COx species
(see [67] and references therein). The latter can be excluded as an expla-
nation for the species observed here because of the absence of carbon. Chen
et al. also mention a possible contribution of oxygen vacancies [68] and Stucki
et al. suggest that the high binding energy oxygen species is related to oxygen
interstitials [69].

ZnO is rather hygroscopic. It is, therefore, reasonable to expect hydroxide
at the surfaces of samples that have been exposed to air. Even for in situ
sputter-deposited films, hydroxide species cannot be excluded since water and
hydrogen is always present in the residual gas, in the ceramic ZnO target,
and/or the sputter gas. However, a high binding energy O 1s component is
also observed at UHV-cleaned single crystal ZnO surfaces [49] and is still
present after heating in UHV to >500◦C [49,70].

The high binding energy O 1s component of in situ sputter-deposited ZnO
films is related to a surface species. Photoelectron spectra recorded with
different photon energies at the synchrotron are shown in Fig. 4.8. Because
of the different photon energies, the photoelectrons have different kinetic
energies, which results in different photoelectron escape depths. The highest
surface sensitivity is obtained for a photoelectron kinetic energy of ∼50 eV,
which is obtained for an excitation energy of 580 eV. With increasing surface
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Fig. 4.8. (a) O 1s core-level spectra of a sputter-deposited undoped ZnO film. The
spectra were recorded with different photon energies at the synchrotron. Binding
energies are given with respect to the ZnO component. The relative intensity of
the high binding energy component is shown in (b). The dashed line represents
the calculated dependency for a homogeneous surface layer using energy-dependent
inelastic mean paths as provided by Tanuma, Powell, and Penn [37]. Using their
material parameters for ZnS, the fit to the experimental data reveals a thickness of
the surface layer of 3.3 ± 0.1 Å
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sensitivity, the contribution of the high binding energy component to the
total O 1s intensity increases. The intensity ratio of the high binding energy
to the ZnO component of the O 1s level is shown in Fig. 4.8b. The dependence
on electron kinetic energy is reasonably well reproduced by modeling the
intensity ratio using a homogeneous surface layer with a different oxygen
species. The formula for the inelastic mean free path proposed by Tanuma,
Powell, and Penn with the parameters for ZnS [37] has been used to calculate
the curve. Fitting the model for the intensity to the experimental data reveals
a thickness of the surface layer of 3.3±0.1 Å. The different oxygen component
is, therefore, located mostly in the topmost surface layer.

Observations made during the deposition of ZnO on different substrate
surfaces support this model and provide arguments for the chemical iden-
tification of the surface oxygen species. This is illustrated in Fig. 4.9. The
spectra show the evolution of the O1s signal during stepwise deposition of
ZnO or ZnO:Al onto CdS, In2S3 and Cu(In,Ga)Se2 by dc magnetron sputter-
ing. The growth is interrupted several times in order to follow the changes in
the spectra with ZnO thickness. During deposition onto CdS, the high bind-
ing energy component dominates at low coverage over the ZnO component.
It is reduced during further deposition until it reaches the intensity typically
observed for thick ZnO films. Although the O1s spectra of ZnO and ZnO:Al
are different due to the different free carrier concentrations, the behavior is
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the same for both interfaces. Also alloying of Mg with ZnO results in an
identical evolution of the O1s spectra [71].

A different behavior is observed during deposition onto In2S3 or CIGS
(see Fig. 4.9c,d). At low coverage the high binding energy component is not
present, although the deposition conditions are otherwise identical. The sub-
strate, therefore, determines whether the high binding energy component is
observed or not at low coverage. It is thus not likely that the surface com-
ponent is due to a hydroxide species originating from a contamination of the
deposition system, as this is the same in all cases. It is rather suggested that
the surface component is related to a peroxide species. In a peroxide, the
O2− ions are replaced by O2−

2 ions. The situation resembles the dumbbell-
like oxygen interstitial defect recently described in literature [72,73] (see also
Sect. 1.6 of this book).

The presence of peroxide species at ZnO surfaces is not unreasonable.
During deposition the surface is exposed mainly to Zn and O2 species. There
are also other, more reactive, oxygen species in the gas phase. However, the
percentage of dissociated and ionized gas species in a magnetron discharge is
below 1% [74] (a detailed description of sputter deposition of ZnO is given
in Chap. 5 of this book). The growth of the oxide film, therefore, requires
dissociation of the O2 species. According to the spectra shown in Fig. 4.9
it is suggested that oxygen dissociation is not favorable on the surfaces of
the II–VI compounds ZnO and CdS, while Cu(In,Ga)Se2 and In2S3 obvi-
ously favor the dissociation of oxygen molecules. The different behavior is
summarized in a tentative model in Fig. 4.10.

ZnO and CdS CIGS and In2S3

ZnZn

O2O2

Fig. 4.10. Tentative model describing the initial growth of ZnO on different sub-
strates that is consistent with the different evolution of the O 1s signal (Fig. 4.9)
and the different reactivitiy at the interface (see Sects. 4.3.2.1, 4.4.1, and 4.5.2).
A peroxo-like surface species is observed during growth on ZnO and CdS substrates
but not on In2S3 and Cu(In,Ga)Se2 substrates. The differences are attributed to
the abilities of the surfaces to dissociate the adsorbed O2 molecules



4 ZnO Surfaces and Interfaces 139

4.2.3 Electronic Structure of ZnO Surfaces

The electronic potentials at a semiconductor surface are shown in Fig. 4.11.
There are basically two independent quantities that can be determined using
photoelectron spectroscopy: The distance between the Fermi energy and the
valence band maximum (BE(VB) = EF − EVB) and the work function (φ).
The former quantity can change with doping and surface band bending, which
is introduced by charged surface or interface states. A change of the surface
Fermi level position changes the work function by the same amount. A change
in work function can also be induced by changes of the surface dipole of the
material by a modification of the structure of the surface or by adsorbates [75].

Motivated by the application of ZnO in gas sensors and catalysis and by
the more general desire to understand surface properties of ionically bonded
solids, electronic properties of ZnO surfaces have been investigated for many
years [20,76–80]. An overview of the early work on ZnO surface properties is
included in the book of Henrich and Cox [81].

An extensive investigation of the surface potentials at ZnO (0001), (0001̄),
and (101̄0) surfaces using UPS is described by Jacobi et al. [79]. A noticeable
change of Fermi level position after surface preparation (ion bombardment
and annealing in vacuum) is observed with time for the oxygen terminated
(0001̄) and to a lesser extend also for the nonpolar (101̄0) surface. These
changes in band bending have been related to oxygen removal caused by
UV irradiation. The Fermi level stabilizes after several hours close to the
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Fig. 4.11. Surface potentials of an n-type semiconductor in flat band condition
(a). The work function φ can change either by modification of the surface dipole
preserving flat bands but modifying the electron affinity χ and ionization energy
IP = χ+Eg (b). The work function might also change by bending of the bands at the
surface qVb (c). Surface dipole and band bending could also change simultaneously.
In photoelectron spectroscopy, binding energies are measured with respect to the
Fermi energy
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conduction band minimum. For the (0001) surface termination, the Fermi
level is close to the conduction band minimum directly after surface prepara-
tion (ion bombardment and annealing). In addition, a time-dependent reduc-
tion of work function is observed for all surface orientations. A similar effect
has also been reported by Moormann et al. [20, 77].

More recently, Meier has also observed time-dependent binding energy
shifts of ZnO thin films [82]. The shifts observed after heating magnetron-
sputtered ZnO thin films are in the same direction and of the same mag-
nitude as those described by Jacobi et al. In addition, Meier describes also
binding energy shifts in the opposite direction, directly after deposition at
low substrate temperatures. The shifts are related to changes in hydrogen
and hydroxide concentrations near the surface [82]. In our studies, we have
not observed time-dependent binding energies of the sputter-deposited ZnO
films. A possible reason for the difference might be the different surface ter-
mination of the films. As will be shown below, the ZnO films used in this
study were prepared by dc magnetron sputtering and show mainly a (0001)
surface termination. For this particular surface orientation no changes in sur-
face Fermi level position with time have been observed by Jacobi et al. [79].
The ZnO films investigated by Meier et al. were deposited by rf magnetron
sputtering [82], which might lead to a different surface termination.

4.2.3.1 Surface Fermi Level Position

The core and valence levels in Fig. 4.6 show comparable binding energy shifts
in dependence on deposition conditions. The shifts are mainly due to shifts of
the Fermi level position at the surface. The Fermi level position with respect
to the valence band maximum is directly measured as the binding energy
of the valence band maximum. Values for magnetron-sputtered ZnO and
ZnO:Al thin films are shown in Fig. 4.12 in dependence on oxygen content in
the sputter gas and substrate temperature.

Films deposited from the undoped and Al-doped target at room temper-
ature without addition of oxygen to the sputter gas show a valence band
maximum ∼2.8 and ∼3.7 eV below the Fermi energy, respectively. If we take
the band gap of ZnO as 3.3 eV, the surface Fermi level of highly doped
ZnO:Al is above the conduction band minimum, as expected for a degener-
ately doped n-type semiconductor. A Fermi level position ∼0.4 eV above the
conduction band minimum is in good agreement with observed shifts of the
optical transitions in ZnO because of filling of conduction band states, known
as Burstein–Moss shift [83, 84]. Therefore, for degenerately doped ZnO:Al,
the surface Fermi level position detected by XPS/UPS agrees with the bulk
Fermi level position detected by optical measurements, which corresponds
to the flat band situation shown in Fig. 4.11a. This indicates that the ZnO
surfaces are free of surface states in the fundamental band gap, in agreement
with theoretical calculations of the electronic structure of ZnO surfaces [85].
Surface-sensitive electron energy loss spectroscopy (EELS) also indicates the
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Fig. 4.12. Valence band maximum binding energies of magnetron sputtered ZnO
and ZnO:Al films in dependence on the oxygen content in the sputter gas at room
temperature (left) and in dependence on substrate temperature for deposition in
pure Ar (right). The binding energies are derived from X-ray excited valence band
spectra. All films were deposited using a total pressure of 0.5Pa, a sputter power
density of 0.74 W cm−2 and a substrate to target distance of 10 cm. The horizontal
line indicates the position of the conduction band minimum

absence of electronic transitions with energies below the fundamental gap
at different surfaces [86]. The theoretical and the EELS investigations were
performed on different polar and nonpolar single crystal surfaces. Obviously,
the results are also valid for polycrystalline sputtered ZnO films.

The absence of surface states in the fundamental gap allows to discuss
the measured Fermi level positions in Fig. 4.12 in terms of bulk doping. This
is particularly interesting for the addition of oxygen to the sputter gas. Addi-
tion of oxygen to the sputter gas does not change the Fermi level for the
undoped material, but it leads to a considerable lowering of the Fermi level
for films deposited from the Al-doped target. The latter compares well with
the reported reduction of conductivity of ZnO:Al films with the addition of
oxygen (see e.g., [87]). The origin of the reduced carrier concentration and
the associated lowering of the Fermi level is not clear yet. It has been argued
that addition of oxygen leads to an increased formation of Al2O3 [87], thus
removing Al atoms from the active dopant sites, which are provided by the
regular Zn lattice sites (AlZn). However, a reduced carrier concentration can
also result from an increased compensation because of the introduction of
intrinsic acceptor states. According to recent theoretical calculations, zinc
vacancies or oxygen interstitials in a dumbbell or rotated dumbbell config-
uration are possible candidates (see e.g., [72, 73] and Sect. 1.6). The refined
calculations indicate that the zinc vacancy has the lowest formation energy
under oxygen-rich conditions [73]. In a recent publication by Lany and Zunger
[S. Lany, A. Zunger, Phys. Rev. Lett. 98, 045501 (2007)], the zinc vacancy
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has been explicitly used to demonstrate the compensation mechanism with
increasing oxygen partial pressure (see Fig. 1.15 in Sect. 1.6.1). However,
this consideration holds for thermodynamic equilibrium while the deposition
of ZnO by magnetron sputtering is far from equilibrium and also includes
energetic particles. Therefore, also other defects will be present. In any case,
the situation is again different compared with ITO, where it is well accepted
that the formation of neutral (2 SnInOi) defect complexes is responsible for
the reduction of conductivity under oxidizing conditions [88, 89].

For higher oxygen content in the sputter gas, the Fermi level stabilizes
at ∼2.7 eV above the valence band maximum. This particular energy posi-
tion seems to be related to an intrinsic defect level of ZnO. A similar Fermi
level position has also been observed during interface experiments [90]. For a
Fermi level position ∼0.6 eV below the conduction band, it can be expected
that all AlZn donors are ionized. In principle, the Fermi level stabilization
energy should then be a few kT lower than the energy level of an acceptor
state, such that a considerable fraction of the acceptors are ionized. How-
ever, the identification of the associated defect level is not straightforward, as
direct experimental observations of intrinsic defect energy levels are, in most
cases, not available. On the other hand, theoretical calculations can reveal
defect levels but suffer from an incorrect determination of band gaps (see e.g.,
discussion in [73]). Within this uncertainty, both the zinc vacancy and the
oxygen interstitials are, according to density functional theory calculations,
reasonable candidates for the observed Fermi level stabilization energy under
oxygen-rich conditions [73]. Both defects form rather deep acceptor states.

4.2.3.2 Work Function and Ionization Potential

The work functions and ionization potentials of sputter-deposited ZnO and
ZnO:Al films are shown in Fig. 4.13. The different Fermi level positions of ZnO
and ZnO:Al for deposition at room temperature in pure Ar are also observed
in the work function. The undoped films prepared under these conditions
have a work function of ∼4.1 eV, while the Al-doped films show values of
∼3.2 eV. The difference is almost of the same magnitude as for the Fermi
level position and, therefore, explained by the different doping level. Also the
ionization potentials are almost the same under these preparation conditions.
The work function of the undoped material is close to the value reported by
Moormann et al. for the vacuum-cleaved Zn-terminated (0001) surface [20].
The same authors report a work function of 4.95 eV for the oxygen terminated
ZnO(0001̄) surface, which is in good agreement with the values obtained for
films deposited with �5 % oxygen in the sputter gas. Since the Fermi level
position of the undoped ZnO films does not depend on the oxygen content in
the sputter gas (Fig. 4.12), the different work functions correspond to different
ionization potentials.

The ionization potentials of the undoped ZnO films prepared at room tem-
perature are ∼6.9 eV for films deposited in pure Argon and raise to ∼7.7 eV
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Fig. 4.13. Work function and ionization potential of magnetron sputtered ZnO
and ZnO:Al films in dependence on oxygen content in the sputter gas for samples
deposited at room temperature (left) and in dependence on substrate temperature
for deposition in pure Ar (right). The values are derived from He I excited valence
band spectra. All films were deposited using a total pressure of 0.5 Pa, a sputter
power density of 0.74 Wcm−2 and a substrate to target distance of 10 cm

for films deposited with �5 % oxygen in the sputter gas. The lower value cor-
responds well with literature data given for the electron affinity of ZnO(0001)
(3.7 eV) [79]. Ionization potentials of ∼7.82 eV have been determined by
Swank et al. for the nonpolar ZnO(101̄0) surface [76] as well as by Jacobi
et al. for ZnO(101̄0) and for oxygen terminated ZnO(0001̄). These values are
in good agreement with the ionization potential of ZnO films sputtered from
the undoped target with more than 5 % oxygen in the sputter gas.

The variation of the ionization potential with surface orientation evident
from the literature data corresponds well with a systematic study by Ranke
using a cylindrical GaAs single crystal [91]. This revealed that the electron
affinity of the cation terminated (111) surface of GaAs (corresponding to
wurtzite (0001)) is 0.4–0.5 eV lower than those of other surface termina-
tions. The same variation is observed at single crystal surfaces of CdTe and
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CdS [92]. The ionization potentials of CdTe(111), (1̄1̄1̄), and (110) amount
to 5.3, 5.6, and 5.65 eV, those of epitaxial CdS films deposited onto these
surfaces are given by 6.25, 6.85, and 6.75 eV, respectively. For comparison,
the ionization potentials of polycrystalline CdTe and CdS films amount to
5.8 and 6.9 eV [92]. The lower ionization potential of the cation terminated
(111) or (0001) surfaces is related to a smaller surface dipole. The different
ionization potentials can also affect the band alignment at weakly interacting
interfaces [93].

According to these observations, the low ionization potential of the un-
doped ZnO films deposited at room temperature in pure Ar corresponds to a
predominant Zn-terminated (0001) surface orientation. The surface orienta-
tion agrees with a preferred (0001) orientation observed in X-ray diffraction
for identically prepared films (see Fig. 4.146). A pronounced c-axis texture is
almost exclusively observed for sputtered ZnO films (see e.g., [39,94,95] and
other chapters of this book). With increasing oxygen content, the increase of
ionization potential indicates a change of surface orientation, which agrees
with a reduced texture in XRD (see Fig. 4.14). No significant change of ion-
ization potential is observed for a substrate temperature of 200–300◦C (see
lower right graph of Fig. 4.13). Apparently, Zn-terminated (0001) surfaces
are the predominant surface termination under these deposition conditions,
in agreement with a pronounced (0001) texture in XRD (Fig. 4.14).

The Al-doped films deposited at room temperature show an ionization
potential of 7.0–7.1 eV, independent on oxygen concentration. Reliable work
function measurements of ZnO:Al films deposited with more than 10 % oxy-
gen in the sputter gas were not possible due charging effects during mea-
surement. Apparently, the presence of Al in the films stabilizes the (0001):Zn
surface termination. ZnO:Al films deposited with 10 % oxygen in the sputter
gas also exhibited a pronounced (0001) texture [70]. In contrast, an increase of
substrate temperature leads to a reduced texture and an associated increase
of ionization potential. This change is most likely related to the increase of the
Al-content in the films with increasing substrate temperature (see Fig. 4.7).
A higher Al content hence leads to a deviation from the pronounced (0001)
texture, as also reported by Sieber et al. [96].

4.2.3.3 Core-Level Binding Energies

Because of the variation of the Fermi level position with respect to the band
edges (see Fig. 4.12), the binding energies of the core levels will also change.
Hence, the core level binding energies of semiconductors are not a good refer-
ence. However, the binding energy difference between the core levels and the

6 The diffraction patterns in Fig. 4.14 were recorded in gracing incidence and plot-
ted on a logarithmic scale and, therefore, have a different appearance compared
with data taken in standard Bragg–Brentano (Θ–2Θ) mode and data plotted on
a linear scale.
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Fig. 4.14. Gracing incidence (Φ0 = 2.2◦) X-ray diffraction patterns of undoped
ZnO films deposited with identical parameters as those of films used for photo-
emission experiments. Intensities are plotted on a logarithmic scale to emphasize
the low intensity features. The patterns were recorded using Cu Kα radiation (λ =
1.54060 Å). The thickness of the films is ∼1 µm

valence band maximum BEVB(CL) should be constant for a given material as
they reflect the density of states. These values are essential for the determina-
tion of the band alignment at semiconductor interfaces [8,33]. Corresponding
values for the Zn2p3/2 and the O 1s core levels of sputter-deposited ZnO
films in dependence on deposition conditions are given in Fig. 4.15. It is evi-
dent that the values depend on deposition conditions and on the doping of
the films. An almost identical variation is observed for undoped (Zn,Mg)O
films [59].

The variation in BEVB(CL) and in the binding energy difference between
the two core levels is explained by a superposition of two different effects. To
begin with, undoped ZnO films show the highest BEVB(CL) when the films
are deposited at room temperature with pure Argon as sputter gas. The
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pressure of 0.5 Pa, a sputter power density of 0.74 W cm−2 and a substrate to target
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addition of oxygen to the sputter gas or the deposition at elevated substrate
temperatures leads to the same values for BEVB(CL), independent on the
target material (undoped or doped). It is reasonable to assume that the values
obtained under such conditions

BEVB(O 1s) = 527.4 ± 0.1 eV
BEVB(Zn 2p3/2) = 1018.55± 0.1 eV

BE(Zn 2p3/2) − BE(O 1s) = 491.15± 0.1 eV

are representative for well-ordered crystalline ZnO. In contrast, films de-
posited at room temperature without addition of oxygen have to be expected
to contain a considerable number of structural defects as the formation of
well-ordered crystalline ZnO may be kinetically prohibited. Structural disor-
der can lead to a modification of the density of states in the valence band,
which is well known for the extreme disorder in amorphous semiconductors
(Urbach tails). However, X-ray diffraction patterns (see Fig. 4.14) of films
prepared in the same way as those used for the data in Fig. 4.15 show clearly
the long range order of the wurtzite lattice and provide no evidence for an
amorphous structure of the ZnO films. Nevertheless, local disorder can be
present as a high density of crystallographic point defects or a high density
of stacking faults [96,97]. These do not affect the long range order but modify
the local chemical bonding and thereby influence the electron wave functions
and the local charge distribution.

Local disorder might affect the valence band maximum energy of ZnO
also via a modification of orbital hybridization. The Zn 3d levels are low
lying d-states, which hybridize with the O 2p states and thus contribute to
the valence band density of states [98–100]. Any change in local symmetry
will also affect the hybridization between the Zn 3d and O2p states. It is
expected that the p–d hybridization leads to a lowering of the valence band
maximum in ZnO (see discussion of band alignment between II–VI com-
pounds in Sect. 4.3.1). A reduction of the p–d interaction by disorder would
thus lead to an upward shift of the valence band maximum and consequently
to an increase of BEVB(CL) as indeed observed in the experiments.

Instead of modifying the density of states, local disorder might also lead
to a poorer screening of the core hole as a result of reduced polarizability of
the lattice. This might also account for the larger BEVB(CL) values of films
deposited at room temperature in pure Ar.

The variation of band alignment on the deposition conditions suggests a
modification of the density of states as origin for the changes in BEVB(CL)
(see Sect. 4.3.3). However, a detailed comparison of valence band spectra
provides no hint for such an explanation as no changes in the shape and
width of the spectra are observed (see Fig. 4.16). There are also no evident
changes in the distance between Zn 3d level and the valence band maxima in
these spectra. Hence, although the variation in BEVB(CL) for undoped ZnO
suggests the presence of a strong local disorder for films deposited at room
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Fig. 4.16. Comparison of He II (hν = 48.86 eV) valence band spectra of sputter
deposited undoped (left) and Al-doped (right) ZnO films. Different curves belong to
different sputter conditions as substrate temperature and oxygen partial pressure.
The binding energies of the spectra were shifted for better comparison of shapes of
the spectra

temperature in pure Ar, a detailed description of the influence of the disorder
cannot be given yet.

In addition to the local disorder, the high free-electron concentration of
the Al-doped films deposited at low substrate temperature and with less
than ∼2 % oxygen in the sputter gas also contributes to the variation in
BEVB(CL). The free electrons lead to an increased screening of the positive
charge of the core hole, which is created by the photoemission process. The
additional screening reduces the apparent binding energy of the core hole.
The effect has been systematically observed for Sb-doped SnO2 [55, 56] and
also for ITO [57, 58]. The screening of the core hole affects not only the
apparent binding energy of the core level and thereby BEVB(CL), but also
the line shape of the core levels due to the occurrence of plasmon satellites,
which has already been mentioned earlier. The processes and their influence
on line shape are illustrated in Fig. 4.17.

According to Fig. 4.15, a BEVB(Zn 2p3/2) of highly doped films is
∼150meV smaller than those of films deposited at higher substrate temper-
atures or with addition of oxygen to the sputter gas. For ITO, the difference
in BEVB(In 3d5/2) between highly doped and undoped material amounts to
∼500meV, which is considerably larger than for ZnO. Most likely, the reduc-
tion of the apparent core-level binding energy in ZnO by screening is super-
imposed by an increase in binding energy, which is observed for identically
prepared undoped ZnO films. The difference in BEVB(Zn 2p3/2) for i-ZnO
and ZnO:Al for films prepared at room temperature with pure Ar as sputter
gas amounts to ∼400meV, which is comparable to the shift observed for ITO.
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Fig. 4.17. Photoelectron line shape of the In 3d5/2 and O 1s core levels of a highly
doped ITO film [58]. The high concentration of free electrons leads to excitation
of plasmons, which give rise to shoulders at the high binding energy side of the
main emission. Furthermore, the polarization of the free electron gas leads to an
additional screening of the core hole, which reduces the binding energy of the main
emission component. The plasmon energy depends on the electron concentration
and amounts to 0.5–1 eV for the highest doped films [56,101]

4.3 The CdS/ZnO Interface

4.3.1 Band Alignment of II–VI Semiconductors

The CdS/ZnO interface is of particular importance in Cu(In,Ga)Se2 thin
film solar cells because it is used in the standard cell configuration (Fig. 4.2).
A first experimental determination of the band alignment at the ZnO/CdS
interface has been performed by Ruckh et al. [102]. The authors have used ex-
situ sputter-deposited ZnO films as substrates. The interface formation was
investigated by stepwise evaporation of the CdS compound from an effusion
cell. Photoelectron spectroscopy revealed a valence band offset of ∆EVB =
1.2 eV. An identical value of 1.18 eV has been derived using first-principles
calculations [103]. With the bulk band gaps of CdS and ZnO of 2.4 and
3.3 eV, respectively, this leads to a conduction band offset 0.3 eV, with the
conduction band minimum of CdS being above the one of ZnO. This value is
frequently used in the literature for modeling of the Cu(In,Ga)Se2 thin film
solar cells [14, 104, 105].
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Fig. 4.18. Band alignment of II–VI compound heterointerfaces calculated ab-initio
by density functional theory [103] (left section of each column). The valence band
maxima are given with respect to the valence band maximum of ZnS as in the
original publication by Wei et al. Available experimental values for the band align-
ments of individual interfaces are shown in the middle section of each column.
Corresponding experimental details and references are given in Table 4.1. The right
section contains valence band offsets ∆EVB of Cu(In,Ga)Se2/II–VI heterointer-
faces as determined by Schulmeyer et al. [36, 106, 107] (right axis). The energy
difference between the left and right axes corresponds to the valence band offset at
the CuInSe2/ZnS interface. Vacuum levels as determined for the different materials
are shown at the top. Except for ZnS the vacuum energies are at approximately the
same energy, indicating that only small interface dipoles occur

The calculated band alignments of the II–VI semiconductors including
ZnO [103] are shown in Fig. 4.18. The energies of the valence band maxima
are referenced to the valence band maximum of ZnS. Included in the figure
is a selection of experimental results for band alignment at different in situ
prepared II–VI semiconductor interfaces (for detailed values and references
see Table 4.1). All experimental results agree with the theoretical prediction
within 100meV. An additional justification of the theoretical band align-
ments is given by the valence band offsets between the II–VI compounds and
Cu(In,Ga)Se2. These interfaces are prepared by evaporation of II–VI com-
pounds onto oxide-free device-grade Cu(In,Ga)Se2 surfaces [36,106,107]. Such
surfaces can be made available using the decapping procedure by heating-off
of a Se cap layer, which is deposited onto a freshly prepared Cu(In,Ga)Se2

layer without breaking vacuum. The procedure allows for storage and trans-
port of the samples in air.

The agreement between the calculations and the various experimental
results is excellent. This indicates the wide applicability of the calculated
band alignments. The general behavior also confirms the original value given
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Table 4.1. Valence band offsets at interfaces of II–VI compounds determined by
photoelectron spectroscopy

Interface ∆EVB (eV) Ref. Growth Crystallinity Lattice

ZnO/CdS 1.2 [102] MBE Poly Mismatched
ZnO/ZnTe 2.37 [108] Sputtering Poly Mismatched
CdTe/ZnTe 0.1 [108] Sputtering Poly Mismatched
CdS/CdTe 1.01 [109] MBE Poly Mismatched
CdTe/ZnTe 0.1 [110] MBE Single Mismatched
CdSe/ZnTe 0.64 [111] MBE Single Matched

by Ruckh et al. [102] for the band alignment at the ZnO/CdS interface and
its use in device simulation. It also provides a valuable tool for the selection
of different buffer layers in solar cells. In general, Zn-containing compounds
as ZnS, ZnSe, and ZnTe result in a considerably larger conduction band
offset to ZnO compared with Cd-containing compounds as CdS, CdSe, and
CdTe. This is related to the larger band gaps of the Zn- compared to the
Cd-chalcogenides in combination with the similar valence band maximum
energies for the same anions.

Although the band alignment at the interfaces seems to be well estab-
lished from the data presented in Fig. 4.18 and Table 4.1, the influence of the
sputter deposition on the electronic properties of the interface has not yet
been addressed systematically. Such studies are required to identify the funda-
mental parameters that govern interface chemistry and electronic properties.
In the following we describe our recent results on the CdS/ZnO interfaces.
Although being rather extensive, so far only CdS films prepared by ther-
mal evaporation have been used. In high efficiency solar cells, the CdS films
are prepared by chemical bath deposition [15], which might lead to differ-
ent interface properties. However, noticeable efficiencies can also be achieved
using evaporated CdS films [112]. Furthermore, Weinhardt et al. have studied
the band alignment at the CdS/ZnO interface by sputter depth profiling of a
layer structure used for solar cells, i.e., a chemical bath deposited CdS buffer
layer and sputter-deposited undoped ZnO [113]. Valence and conduction band
offsets are determined as ∆EVB = 0.96± 0.15eV and ∆ECB = 0.1± 0.15eV.
The valence band offset lies well within the range of values presented in the
following and therefore suggests that the electronic interface properties are
only little affected by the CdS deposition technique.

4.3.2 Sputter Deposition of ZnO onto CdS

A determination of the band alignment at the CdS/ZnO interface where ZnO
has been stepwise deposited by magnetron sputtering has been published by
Venkata Rao et al. [71]. A more extended series of spectra recorded dur-
ing ZnO deposition by dc magnetron sputtering onto CdS are presented in
Fig. 4.19. During ZnO deposition the sample was held at room temperature.
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Fig. 4.19. Core levels (Zn 2p3/2, O 1s, Cd 3d5/2, S 2p), Auger levels (Cd MNN,
ZnLMM) and valence bands (VB) recorded during stepwise sputter deposition of
ZnO onto a CdS substrate. The deposition times are indicated in seconds. All
spectra were excited using monochromatic AlKα radiation (hν = 1486.6 eV). ZnO
was deposited from an undoped target using pure Ar as sputter gas and a sputter
power of 5 W (dc)

The bottom spectra are taken from a freshly evaporated CdS film. The only
emissions observed are from Cd and S core levels and Auger levels and from
the valence band region. With increasing deposition time of ZnO, the Cd
and S levels are attenuated, while the emissions from the growing ZnO film
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are increasing. The valence band spectra of CdS are gradually replaced by
those of ZnO, which is evident from the higher binding energy position of
the valence band maximum. It is recalled that the escape depth of the pho-
toelectrons is ∼1–2nm. The low attenuation of the substrate emissions after
the first deposition step corresponds to a nominal ZnO film thickness of less
than 1 Å.7 To achieve such a low deposition rate by dc magnetron sputtering,
a low sputter power of 5W (2 in.-target) has been used.

4.3.2.1 Interface Chemistry and Film Growth

A chemical reaction at the interface can, in principle, result in additional
components of the core levels or Auger lines, or in a different energy shift
of the different lines of the substrate or film. In particular, an oxidation of
the CdS substrate should result either in the occurrence of SOx emissions at
binding energies of 166–169eV [114], or in the change of the line shape of
the Cd MNN Auger emission.8 No such effects are observed. In addition, the
substrate emission lines (Cd 3d, O1s, CdMNN) show only very small and
nearly parallel binding energy shifts (see also Fig. 4.20). An oxidation of the
substrate can, therefore, be excluded within the sensitivity of the experiment.
Hence, even for sputter-deposited oxide films, oxidation of the substrate is
not inevitable. This might be explained by the fact that most of the oxygen
involved in the growth process is present as stable O2 molecules.

In contrast to the substrate emissions, the line shape of the growing O1s
emission changes significantly with film thickness. The spectra are the same
as those shown in Fig. 4.9a. For low coverage, the high binding energy com-
ponent dominates. The behavior has been explained in Sect. 4.2.2.2 by the
formation of peroxide species due to the inability of the CdS surface to disso-
ciate the adsorbed O2 molecules. This also explains why no oxidation of the
substrate is observed during growth. It has been argued in Sect. 4.2.2.2 that
dissociation of O2 is facilitated on In2S3 and Cu(In,Ga)Se2 surfaces, since no
peroxide is observed on these surfaces at low ZnO coverage (see Fig. 4.9b,d).
In fact, during deposition of ZnO onto In2O3 and Cu(In,Ga)Se2, oxidation
of the substrate is observed by XPS (see Sects. 4.5 and 4.4), which supports
the interpretation given in Fig. 4.10.

At low coverage, the binding energy of the ZnO O1s level (low binding
energy O1s component) does not shift in parallel to the binding energy of the
Zn 2p3/2 level. The binding energy difference BE(Zn 2p3/2) − BE(O 1s) is up
to 0.7± 0.1 eV larger than the value observed for the thick ZnO film. This is
evident from the splitting of the two curves for ZnO at low deposition times in
Fig. 4.20. An identical behavior is observed in all experiments where ZnO has
been deposited onto CdS, In2S3, and Cu(In,Ga)Se2 (see Sects. 4.4 and 4.5,

7 The deposition rate is ∼5 nm min−1.
8 Chemical shifts are not very pronounced for the Cd 3d core level [114] and might

therefore be hardly identified.
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Fig. 4.20. Evolution of the CdS and ZnO valence band maxima as derived from the
binding energies of the core levels by subtracting BEVB(CL) values determined from
the CdS substrate and the thick ZnO film, respectively [71]. The different evolution
of the Zn 3d and O1s binding energies is attributed to an amorphous structure of
the ZnO layer during the initial growth. The thickness of the amorphous layer is
∼2 nm. The ZnO films were deposited by magnetron sputtering from an undoped
ZnO target at room temperature using 5W dc power

Figs. 4.30 and 4.37, and [70]) and also during deposition of (Zn,Mg)O onto
CdS [71]. Therefore, the different evolution of the oxygen and zinc core-level
binding energies can not be related to the observation of the peroxide surface
species, as no such species is observed during initial growth on In2S3 and
Cu(In,Ga)Se2 (see Fig. 4.9).

For the reverse deposition sequence (CdS on ZnO), the binding energy
difference between the Zn 2p and O 1s core levels remains constant during
deposition [70, 90]. However, in these experiments the binding energy differ-
ence between the Cd 3d and S 2p core levels is different at low coverage [70,90].
An identical behavior is observed during growth of CdS onto SnO2 [115] and
during growth of CdTe onto In2O3 [116]. It is, therefore, clear that the dif-
ferent binding energy difference between anion and cation core levels at low
coverage cannot be due to a chemical interaction at the interface but is rather
related to the structure of the growing film.

Yoshino et al. [117] have studied the growth of magnetron-sputtered ZnO
films on different substrates using transmission electron microscopy and X-ray
diffraction. A crystalline nucleation layer of ZnO is only observed on surfaces
of crystalline materials such as sapphire and Au. In the case of unordered sur-
faces like glass or Al, which are either amorphous or develop an amorphous
oxide layer during deposition, the ZnO nucleation layer is highly disordered
or amorphous. Similar results were observed by Mirica et al. [97] who com-
pared the growth of ZnO on oxide forming (Si) and nonoxide forming (Pt)
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substrates. Sieber et al. [96] also found a highly disordered layer at the Si/ZnO
interface consisting of an amorphous SiO2 and an nanocrystalline ZnO layer.

The formation of an amorphous nucleation layer of ZnO on (poly-) crys-
talline chalcogenides as CdS, In2S3 and Cu(In,Ga)Se2 could be related to
the interface chemistry. In the case of CdS, oxygen dissociation and there-
fore formation of a crystalline layer is hindered. For In2S3 and Cu(In,Ga)Se2

(see following sections), oxygen dissociation at the surface leads to a partial
oxidation of the substrate surface, which also destroys the regular atomic
arrangement at the surface.

Following these studies, a microstructure of sputter-deposited ZnO films
on polycrystalline CdS substrates is outlined in Fig. 4.21. The different evo-
lution of the Zn 2p and O1s binding energies can consequently be attributed
to the amorphous ZnO nucleation layer with a different chemical bonding
between Zn and O. The model is also valid for polycrystalline In2S3 and
Cu(In,Ga)Se2 substrates and for deposition of (Zn,Mg)O films, as these show
the same behavior (see Figs. 4.20 and 4.24). It is not clear whether an amor-
phous nucleation layer occurs also when the ZnO is deposited by other tech-
niques as MBE, CVD, or PLD, as no data are available for such interfaces. In
addition, the influence of the polycrystallinity of the substrates is not clear
so far.

polycrystalline
substrate

amorphous

polycrystalline,
statistical
orientation

polycrystalline,
preferred
orientation

surface
species

transition depends on
preparation parameters

Fig. 4.21. Microstructure of ZnO films on polycrystalline CdS substrates following
models for amorphous substrates suggested in literature [96, 97, 117]. No chemical
reaction between CdS and ZnO is identified suggesting a sharp interface. The initial
growth of ZnO proceeds with a highly disordered or amorphous structure, giving
rise to the different evolution of the Zn 2p and O 1s core-level binding energies at
low coverage, which is generally observed at low coverage during sputter deposition
of ZnO onto CdS (see Figs. 4.20 and 4.24 and [71]) The thickness of the amorphous
layer is ∼2 nm
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4.3.2.2 Band Alignment at the Interface

The valence band offset at the interface can be directly evaluated from the
data in Fig. 4.20. For deposition times between 500 and 2 000 s, the difference
in valence band maxima positions for CdS and ZnO is almost constant with
an average value of ∆EVB = 1.2±0.1eV. This is in excellent agreement with
the value from Ruckh et al. [102] for the ZnO/CdS interface and with the the-
oretical calculation by Wei et al. [103], suggesting that there is only little influ-
ence of the preparation conditions on the band alignment. However, given the
highly asymmetric microstructure of the CdS/ZnO and the ZnO/CdS inter-
faces, which is expressed by Fig. 4.21, the agreement between the valence band
offsets for the two orientations cannot necessarily be expected. In addition
the agreement turns out to be fortuitous when data for additional interfaces
are taken into account (see Sect. 4.3.3).

The energy band diagram of the interface as determined from the spectra
is shown in Fig. 4.22. The positions of the vacuum energy, which is determined
from UPS measurements of the CdS substrate and the thick ZnO layer are
included. Taking these values, there appears to be a large discontinuity in the
vacuum energy (dipole potential) at the interface, which could be attributed
to a charge transfer at the interface. The large discontinuity in the vacuum
level is a result of the low electron affinity of the ZnO, which is due to
the (0001):Zn surface termination obtained under the selected preparation
conditions of the ZnO film (see Sect. 4.2.3.2). However, when the details of
the microstructure (Fig. 4.21) are taken into account, the ZnO layer close to
the interface is not c-axis but rather randomly oriented. Therefore, a larger
electron affinity has to be used, which consequently leads to a smaller interface
dipole potential as illustrated in the right part of Fig. 4.22. A similar model,
although with a reversed order of electron affinities has been used by Löher
et al. to describe the band alignment between II–VI compounds and layered
transition metal dichalcogenides [93].

4.3.3 Dependence on Preparation Condition

To study the influence of the preparation conditions on the interface prop-
erties, a number of different interfaces have been prepared. Details of the
preparation and the determined valence band offsets are listed in Table 4.2.
The experiments include not only both deposition sequences, but also inter-
faces of Al-doped ZnO films, which have been conducted to elucidate the role
of the undoped ZnO film as part of the Cu(In,Ga)Se2 solar cell. Details of
the experimental procedures and a full set of spectra for all experiments are
given in [70]. Table 4.2 includes a number of interfaces between substrates
of undoped ZnO films and evaporated CdS layers (ZOCS A-D). In a recent
publication [90] different values were given for the valence band offsets, as
the dependence of BEVB(CL) on the deposition conditions was not taken into
account in this publication.
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Fig. 4.22. Energy band diagram at the CdS/ZnO interface. All values are given in
electronvolt. The left side shows the diagram where the vacuum energy of the ZnO
layer is determined from the thick ZnO film. For the selected preparation conditions
(room temperature, 100 % Ar) the film is (0001) textured with a Zn termination
(see Sect. 4.2.3.2), which results in a large discontinuity of the vacuum energy at the
interface. According to the microstructure of the interface (Fig. 4.21), the ZnO close
to the CdS is not oriented leading to a larger electron affinity of ∼4.5 eV and hence
to a lower discontinuity in the vacuum energy. In the left part of the figure, the
amorphous ZnO nucleation layer is indicated by the shaded area. The amorphous
region is omitted in the right part for clarity

The experimentally determined valence band offsets span quite a large
range from ∆EVB = 0.84 − 1.63 eV. The variation of 0.8 eV is considerably
larger than the experimental uncertainty, which is ±0.1 eV for most exper-
iments with only a few exceptions. Experiments with a larger uncertainty
have been omitted.

The experimental procedure for the determination of the valence band off-
sets directly relies on the core level to valence band maximum binding energy
differences BEVB(CL) as described in Sect. 4.1.3 and Fig. 4.3. The correspond-
ing values for the Zn 2p3/2 and the Cd 3d5/2 core level are therefore included
in Table 4.2. These values are determined directly from the respective inter-
face experiments. With two exceptions (CSZA-E and ZACS-C), the values for
the Zn2p3/2 core level show the same dependence on deposition conditions
as given in Fig. 4.15. For these two exceptions, also the Fermi level position
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Table 4.2. Details of experiments on different CdS/ZnO interfaces studied by
photoelectron spectroscopya

Label Interface ZnO CdS (◦C) ∆EVB (eV) Zn-VB (eV) Cd-VB (eV)

CSZO-A CdS/ZnO 5W 250 1.20 1018.85 403.46

ZOCS-A ZnO/CdS 3W 25 0.84 1018.89 403.41
ZOCS-C ZnO/CdS 450◦C 25 1.00 1018.74 403.45
ZOCS-D ZnO/CdS 10 %O2 25 1.11 1018.54 403.48
Ref. [102] ZnO/CdS RF 25 1.10 1019.1 403.4

CSZA-A CdS/ZnO:Al S 25 1.63 1018.44 403.48
CSZA-B CdS/ZnO:Al 10 %O2 250 1.17 1018.53 403.58
CSZA-D CdS/ZnO:Al S 250 1.57 1018.44 403.53

ZACS-A ZnO:Al/CdS S 25 1.43 1018.45 403.42
ZACS-D ZnO:Al/CdS 10 %O2 25 1.37 1018.55 403.52

aUnless indicated, ZnO films were sputter deposited using the standard parame-
ters “S,” which are defined as T = 25◦C, p = 0.5 Pa (100 % Ar), P = 15 W (dc).
All CdS films were prepared by thermal evaporation from the compound. Uncer-
tainties of valence band offsets ∆EVB and core level to valence band maximum
binding energy differences BEVB(CL) (“Zn-VB” for ZnO and “Cd-VB” for CdS)
are typically ±0.1 eV. Experiments with larger uncertainties have been omitted.
The ZnO:Al films were deposited from targets with an Al content of 2 wt %. Details
of the experimental procedures and a full set of spectra for all experiments are pro-
vided in [70]. The valence band offsets given for the interfaces ZOCS-A to ZOCS-D
differ from those in a recent publication [90] in which a constant value of BEVB(CL)
for Zn 2p and O 1s levels have been used. Data from Ruckh et al. [102] are also
included. For a better comparison we have adopted their value determined from
the core-level binding energy difference (1.1 eV) instead of the value determined
directly from the valence band spectra (1.2 eV)

is much lower than expected (BE(VB) ≈ 3.2 eV instead of ∼3.6 eV). As the
ZnO:Al films are deposited at 450◦C substrate temperature in these experi-
ments, the deviating film properties might be related to diffusion of species
from the substrates. The BEVB(CL) for the Cd3d5/2 level of the CdS films
are 403.46 ± 0.05, which is in good agreement with literature [36, 102, 115].
All CdS films were deposited by thermal evaporation from the compound.
No significant dependence of the film properties with substrate or source
temperature has been noticed so far.

To account for a possible influence, the experimental valence band off-
sets are plotted vs. BEVB(Zn 2p3/2) in Fig. 4.23. For comparison, values
obtained for interfaces between thermally evaporated CdS films and undoped
(Zn,Mg)O films prepared by rf magnetron sputtering have been included
[59]. The agreement between the valence band offsets of ZnO (squares) and
(Zn,Mg)O (triangles) is due to the fact that the larger band gap of (Zn,Mg)O
is due to a higher conduction band minimum and a nearly zero valence band
offset between these two materials [71,118]. According to Fig. 4.23, the exper-
imental valence band offsets can be divided into different groups, which are
indicated by circled numbers.
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1. The valence band offsets for the interfaces where CdS was evaporated onto
undoped ZnO (open squares) or (Zn,Mg)O (open triangles) show a linear
dependence on BEVB(Zn 2p3/2). Using ordered ZnO films as substrates
(BEVB(Zn 2p3/2) ∼ 1018.5 eV; see Sect. 4.2.3.3) results in a valence band
offset of ∆EVB = 1.2± 0.1 eV, which agrees with the theoretical value of
Wei and Zunger [103]. The larger values of BEVB(Zn 2p3/2) correspond to
ZnO layers deposited at room temperature in pure Ar, which show a high
local disorder. Using such films as substrates for CdS deposition results
in a valence band offset of ∆EVB = 0.85±0.1eV. The disorder, therefore,
shifts the valence band maximum of ZnO upwards in energy. This leads
both to a smaller valence band offset and to a larger binding energy of the
core levels with respect to the valence band maximum BEVB(Zn 2p3/2).
The valence band offset determined for a ZnO film prepared with stan-
dard deposition conditions (room temperature, 100%Ar) is smaller than
the one obtained when the ZnO film is deposited with the addition of oxy-
gen to the sputter gas. An influence of the ionization potential of the ZnO
surface on the band alignment might therefore also be considered as origin
for the variation in band alignment. The ionization potential of the ZnO
film deposited with oxygen is ∼0.8 eV larger for standard deposition con-
ditions (see Sect. 4.2.3.2). However, a higher substrate temperature does
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not lead to a larger ionization potential (see Fig. 4.2.3.2) but also results
in a larger valence band offset. It is, therefore, not likely that the differ-
ent ionization potential is the origin for the variation in band alignment.
This agrees with theoretical considerations [119], which indicate that a
variation of band alignment with surface orientation is only possible for
interfaces between nonisovalent semiconductors and, therefore, not for
the interface between the two II–VI semiconductors ZnO and CdS.
The experimental result of Ruckh et al. [102], which is obtained for
comparable preparation conditions, deviates from the general behavior
observed in our own data. The reason for this deviation is not clear.

2. The interfaces prepared by sputter deposition of ZnO (filled square) or
(Zn,Mg)O (filled triangles) exhibit a valence band offset of ∆EVB =
1.2 eV. The ZnO and (Zn,Mg)O films were prepared at room temper-
ature in pure Ar and therefore exhibit a large disorder and a large
BEVB(Zn 2p3/2). Compared with the interface with reverse deposition
sequence, the offset is ∼0.35 eV larger. This indicates a rather strong influ-
ence of the deposition sequence on the band alignment at the CdS/ZnO
interface, which is most likely related to the amorphous nucleation layer
when ZnO is deposited onto CdS.
Unfortunately, there are currently no band alignments for the CdS/ZnO
interface available, where undoped ZnO is deposited using other depo-
sition parameters or deposition techniques. Such data would be impor-
tant to distinguish between different influences on the band alignment.
The use of higher substrate temperatures or oxygen in the sputter gas
during ZnO deposition should lead to ordered ZnO films with a smaller
BEVB(Zn 2p3/2). It would be interesting to know if the resulting band
alignment shows the same dependence as for the reverse deposition
sequence. In this case the valence band offsets should follow the upper
dashed line in Fig. 4.23 (“?”) and a ∆EVB of ∼1.6 eV should result.

3. The valence band offsets for deposition of ZnO:Al on CdS are ∼1.6 eV
when the ZnO:Al films are prepared using pure Ar, which leads to degen-
erately doped material (CSZA-A and CSZA-D). Deposition of ZnO:Al
films with a sputter gas containing 10% O2 results in a low doped mate-
rial (see Sect. 4.2.3.1). For such deposition conditions (CSZA-B) a valence
offset of ∼1.2 eV is obtained.
The difference of 0.4 eV is related to Fermi level pinning in the CdS
substrate, which becomes evident by plotting the evolution of the valence
band maxima in dependence on deposition time (left graph in Fig. 4.24).
The Fermi level pinning is expressed by the observation that the valence
band maximum binding energy in CdS lies always between EF − EVB =
1.8 − 2.2 eV. These limits hold for a large set of experiments performed
in the surface science group in Darmstadt. They are observed without
exception for any used CdS source temperatures (growth rate), substrate
temperatures, and substrate materials as ZnO, SnO2, CdTe, and CuInSe2.
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The Fermi level pinning is related to the defect structure of the material
and therefore to the preparation of the CdS films.9 The particular defects,
which lead to the pinning of the Fermi level in CdS, are, however, not yet
identified.
Since the position of the Fermi level in the CdS substrate is obviously
restricted to 1.8–2.2 eV, the band alignment is determined by the Fermi
level position in the ZnO:Al film at low coverage. This can also be
extracted from Fig. 4.24. The Fermi level at very low coverage (≤2 nm)
cannot be determined unambigously because of the different evolution of
the Zn 2p and O1s binding energies, which has been attributed to the
amorphous nucleation layer (see Sect. 4.3.2). A unique Fermi level posi-
tion in the growing ZnO film can be determined only for deposition times
≥100–150s, which correspond to a film thickness of ∼2 nm. The obtained
values of EF − EVB ≈ 3.8 eV for degenerately doped ZnO:Al deposited in
pure Ar and of EF − EVB ≈ 3.0 eV for undoped ZnO:Al deposited with
10% oxygen are close to the values obtained for very thick films. Accord-
ingly, there are almost no further changes of the Fermi level position for
larger deposition times. This corresponds to a very fast establishing of the
bulk Fermi level position in growing ZnO:Al films, which must be associ-
ated with a high defect concentration. It is suggested that this behaviour
is related to the amorphous nucleation layer.

9 All CdS films were evaporated from resistively heated Al2O3 crucibles using
99.999 % purity CdS source material.
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The Fermi level pinning in CdS and the fast establishing of the Fermi
level in ZnO:Al determine the band alignment at the interface: (1) The
valence band offset determined for the CdS/ZnO:Al interfaces with degen-
erately doped ZnO films (EF − EVB ≥ 3.8 eV) cannot be lower than
3.8−2.2 = 1.6 eV. This is exactly the value derived from the correspond-
ing experiments. (2) The valence band offset for ZnO:Al films deposited
with addition of oxygen (EF − EVB ≤ 3.0 eV) cannot be larger than
3.0−1.8 = 1.2 eV, which is again the value determined in the experiment.

4. The experiments where ZnO:Al is used as substrate for the deposition
of CdS give similar valence band offsets of ∆EVB = 1.4 ± 0.1 eV for
degenerately doped ZnO:Al and for films where oxygen has been added
to the sputter gas. Apparently, Fermi level pinning does not contribute to
the band alignment in this case. This is related to the large change of
the Fermi level in the ZnO:Al substrates. The large difference of the
Fermi level position of degenerately doped ZnO:Al (EF − EVB = 3.8 eV)
and of compensated ZnO:Al (2.8 eV) is strongly decreased during CdS
deposition onto the substrates (see right part of Fig. 4.24). Hence the
Fermi level is not pinned in the ZnO:Al substrates but can change
considerably during interface formation. This supports that the fast
establishing of the Fermi level position in growing ZnO:Al films described
in point 3 is related to the amorphous nucleation layer.
The valence band offsets determined for the ZnO:Al/CdS interfaces
(1.4±0.1 eV) are 0.2–0.4 eV larger than the values obtained for interfaces
where undoped ZnO or (Zn,Mg)O films have been used as substrate. This
points toward an influence of the Al content in the ZnO film on the band
alignment. An explanation for this cannot be given yet.

4.3.4 Summary of CdS/ZnO Interface Properties

No interface reaction is observed at the CdS/ZnO interfaces. Even the sputter
deposition of ZnO onto CdS with or without oxygen in the sputter gas does
not lead to an increased reactivity. This is most likely related to the poor
ability of the CdS and ZnO surfaces to dissociate oxygen atoms (compare
Sect. 4.2.2.2 and discussion of the reactivity in Sects. 4.4 and 4.5).

The results presented in this section further illustrate that there is a
considerable dependence of the band alignment at the CdS/ZnO interface on
the details of its preparation. An important factor is the local structure of the
ZnO film. There is considerable local disorder when the films are deposited
at room temperature in pure Ar, deposition conditions that are often used in
thin film solar cells. It is recalled that the disorder is only on a local scale and
does not affect the long range order of the films, as obvious from clear X-ray
diffraction patterns recorded from such films (see discussion in Sect. 4.2.3.3).
Growth of sputter deposited ZnO on CdS always results in an amorphous
nucleation layer at the interface. The amorphous nucleation layer affects the
valence band offset.
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To give an individual value for the band alignment is not possible. Struc-
turally well-ordered interfaces, which are obtained e.g., by deposition of CdS
onto ZnO layers deposited at higher temperatures and/or with the addition
of oxygen to the sputter gas, show a valence band offset of ∆EVB = 1.2 eV
in good agreement with theoretical calculations [103]. Sputter deposition of
undoped ZnO at room temperature in pure Ar onto CdS also leads to a
valence band offset of 1.2 eV. In view of the observed dependencies of the
band offsets this agreement is fortuitous, as the influence of the local disor-
der and of the amorphous nucleation layer most likely cancel each other.

The amorphous nucleation layer has the consequence that the Fermi level
of the growing ZnO films reaches its equilibrium value already at very low
thickness (∼2 nm). This is particularly important for ZnO:Al films, where
the Fermi level changes by more than 1 eV upon the addition of oxygen to
the sputter gas. The amorphous nucleation layer, therefore, substitutes the
space charge layer, which is usually necessary for charge equilibration at the
interface. This important effect is illustrated in Fig. 4.25.

The absence of large band bendings is also evident for the CdS substrates
where the Fermi level is restricted to a narrow energy region in the upper
part of the band gap. As there is no (large) bending of the bands in the CdS
substrate and in the ZnO film, the band alignment at the interface is mainly
determined by the Fermi level in the materials and no longer by the chemical
bonds at the interface as in the case of structurally well-ordered interfaces.
An important technological consequence of the amorphous nucleation layer
is, therefore, that it is essential to control the Fermi level position in the

CdS ZnO

∆ECB

∆EVB

CdS ZnO

amorphous
nucleation
layer

CdS ZnO

2.4eV
3.3eV

ECB

EVB

EF

(a) (b) (c)

Fig. 4.25. Influence of the amorphous nucleation layer of the ZnO film on the band
alignment at a hypothetical CdS/ZnO interface: (a) CdS and ZnO before contact;
(b) in contact with charge equilibrium established by space charge layers; (c) in
contact with equilibrium established by charges localized in an amorphous ZnO
nucleation layer
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substrate and in the film to establish a desired band alignment. This might be
a reason why chemical bath deposited CdS layers lead to superior solar cells
compared with evaporated CdS films. However, Fermi level pinning might
also be present in chemical bath deposited CdS films.

The contribution of Fermi level pinning to the band alignment is one
of the most important results of the performed studies. It is also very pro-
nounced when CdS is replaced by In2S3. Corresponding results are presented
in Sect. 4.5.

4.4 The Cu(In,Ga)Se2/ZnO Interface

In principle, a Cu(In,Ga)Se2 thin-film solar cell should be possible without
the use of so-called buffer layers like CdS. The necessary p-n junction might
be provided by the p-type Cu(In,Ga)Se2 absorber and the n-type TCO. Such
a cell structure is also advantageous as it requires less production steps. Con-
sequently, there has been considerable effort to prepare Cu(In,Ga)Se2 thin-
film solar cells without a chalcogenide buffer layer (see Chap. 9 of this book
and [120]). Conversion efficiencies above 16% have yet been achieved [121].

For interface studies, it is recommended to use well-defined substrate
surfaces. In particular, if the influence of substrate oxidation is investi-
gated, it is essential to use an unoxidized surface. Oxide-free surfaces of
Cu(In,Ga)Se2 can be prepared using the decapping procedure, which is
described in detail elsewhere [36, 122]. Basically a Se cap layer is deposited
onto the Cu(In,Ga)Se2 surface directly after preparation of the layer before
the sample is removed from the vacuum system. The cap layer effectively pro-
tects the Cu(In,Ga)Se2 surface against oxidation and can be easily removed
from the surface by heating at 300◦C in the vacuum system at the begin-
ning of the interface experiment. It has been shown that the capping and
decapping does not deteriorate the surface as the films allow for preparation
of solar cells with the same efficiency as obtained from identically prepared
uncapped films [123].

The Se-capped Cu(In,Ga)Se2 films used for the present studies were
prepared at the Zentrum für Sonnenenergie und Wasserstoffforschung in
Stuttgart, Germany with 30% of the In substituted by Ga. The films are
also used for solar cell preparation and yield an energy conversion efficiency
of ∼14% [36,123]. Good conversion efficiencies are obtained from films, which
are prepared with a slight Cu deficiency (∼22% Cu instead of the nominal
25% of Cu in stoichiometric chalcopyrites) [124]. Surfaces of such materials
are, however, considerably depleted of Cu and show a surface composition
that corresponds to the Cu(In,Ga)3Se5 vacancy compound with a typical Cu
concentration of 11 − 13% [36, 123, 125]. The importance of this compound
for the Cu(In,Ga)Se2 surfaces and interfaces has been pointed out first by
Schmid et al. [126, 127].
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4.4.1 Chemical Properties

A set of spectra recorded during stepwise deposition of ZnO onto a decapped
Cu(In,Ga)Se2 surface is shown in Fig. 4.26. The ZnO film has been sput-
tered from an undoped ZnO target using 15W dc power but otherwise the
same “standard” deposition conditions, which have been used for investi-
gation of the CdS/ZnO interface. On a first inspection no changes in the
shape of the peaks is observed during deposition. A chemical reaction between
Cu(In,Ga)Se2 and ZnO is, therefore, not evident.

The O1s spectra do not show the surface species at low coverage in con-
trast to the CdS/ZnO interface (see Fig. 4.19). The difference has already
been discussed in Sect. 4.2.2.2, where the absence of the surface species has
been attributed to the propensity of the Cu(In,Ga)Se2 surface to dissociate
oxygen. However, in case the oxygen can easily dissociate on the surface, an
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Fig. 4.26. Core levels, Zn LMM Auger level and valence bands recorded using
monochromatic Al Kα radiation during sputter deposition of undoped ZnO onto a
decapped Cu(In,Ga)Se2 sample. The deposition times are indicated in seconds



166 A. Klein and F. Säuberlich
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oxidation of the substrate is to be expected. A first indication of a stronger
chemical interaction between the deposited ZnO and the Cu(In,Ga)Se2 sur-
face is provided by the full widths at half maximum (FWHM) of the substrate
core-level emissions. These are given in Fig. 4.27. The values are normalized
for better comparison. A considerable increase of the FWHM is particularly
observed for the Ga 2p and to a lesser extend also for the In 3d level.

The small changes of the Ga and In core levels with changes in chemical
environment is well known in surface science. A higher sensitivity to chemi-
cal interactions is usually obtained by the Auger levels. The Zn LMM Auger
level of the growing ZnO film is included in Fig. 4.26. It shows the same struc-
ture independent on ZnO film thickness, indicating no substantial changes in
chemical environment. In particular, there is no evidence for the formation of
Zn–Se bonds, which are expected at ∼2 eV lower binding energies and which
have been observed by Loreck et al. for a different absorber composition and
interface preparation [128]. Figure 4.28 shows the substrate Auger emissions.
No noticeable changes during ZnO growth are observed in the Cu LMM and
the Se MNN levels.

A small additional emission occurs at higher binding energy with increas-
ing ZnO thickness in the In MNN level. This is a clear indication for the
formation of In–O bonds. An additional emission also grows in the Ga LMM
emission. Hence the formation of Ga–O bonds is also indicated. The forma-
tion of Ga–O and In–O bonds is thermodynamically favorable compared with
Zn–O bonds because of the larger formation enthalpies of Ga2O3 (6.15 eV/Ga
atom [129]) and In2O3 (4.8 eV/In atom [130]) compared with 3.6 eV for ZnO.
Nevertheless, the oxidation of the Cu(In,Ga)Se2 substrate is not very pro-
nounced and limited to the topmost surface layers as estimated from the
given spectra.
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Fig. 4.28. Auger levels recorded using monochromatic Al Kα radiation during
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dashed lines indicate line positions from the clean substrate and from additional
components occurring during ZnO deposition. The latter are indicated by “ox.”
The In MNN spectra also includes the Na 1s signal, which is due to diffusion of Na
from the soda lime glass substrate

Chemical interactions at the interface are further reflected in the decay
of the substrate emissions with increasing ZnO film thickness. Because of the
dependence of the photoelectron escape depth on kinetic energy [31], a faster
attenuation of deeper bound levels is to be expected. This contrasts with the
experimental observation, which is presented in Fig. 4.29. As expected the
slowest attenuation with increasing ZnO deposition is obtained for the Se 3d
level, followed by sligthly faster attenuation of the In 3d level. The strongest
attenuation is observed for the Cu 2p level and not for Ga 2p as expected from
its lower kinetic energy. In general, the fast attenuation of the substrate core
levels suggests a layer-by-layer growth mode and no substantial intermixing
between the Cu(In,Ga)Se2 substrate and the ZnO film. Such an intermixing
occurs only at higher substrate temperatures [131].

The decay length obtained from fitting exponential curves to the inte-
grated intensities are plotted in the right graph of Fig. 4.29 in dependence on
the kinetic energy of the photoelectrons. Escape depths calculated according
to the formula given by Tanuma, Powell, and Penn [37] and by Seah and
Dench [38] are shown for comparison. The curves are scaled to match the
values of the In 3d and Se 3d levels. The decay length of the Cu 2p level is
considerably smaller than the theoretical value, while the one of Ga is con-
siderably larger. This suggests that two mechanisms are responsible for the
faster attenuation of the Cu 2p compared with the Ga 2p level: (1) a depletion
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of Cu from the surface and (2) an enrichment of Ga at the surface. The latter
might be explained by the formation of the Ga-oxide species, which could
lead to some segregation of Ga. The first observation would be in-line with
observed Cu depletion at Cu(In,Ga)Se2 surfaces as a result of interface forma-
tion [36,132–136], which is related to an upward shift of the Fermi level [134].
An upward shift of the Fermi level is also observed during deposition of ZnO
onto de-capped Cu(In,Ga)Se2 (see Sect. 4.4.2), supporting this correlation.
However, as the Cu(In,Ga)Se2 surfaces used for this study are already con-
siderably depleted of Cu, a strong further Cu depletion is not expected.

In contrast to the tendency for a Cu depletion in the course of ZnO de-
position, Lauermann et al. have reported Cu accumulation at the interface
between Cu(In,Ga)(S,Se)2 and rf magnetron sputtered (Zn,Mg)O films [137].
The observation was attributed to the electric field, which is present during
the sputter deposition process. For rf sputtering, the electric field at the
substrate might be considerably larger than for dc sputtering [138], which
is used in the experiment presented in Figs. 4.26–4.29. This difference might
explain the discrepancy between the two different experiments. However, also
the different substrate composition and preparation as well as other sputter
parameters might contribute to the different behavior.

Another species might contribute to the chemistry and electronic proper-
ties at the interface. As evident from the In MNN spectra shown in Fig. 4.28,
there is also sodium present at the surface. The sodium diffuses from the
soda lime glass substrate during deposition of the Cu(In,Ga)Se2 film and has
a beneficial effect on the solar cell conversion efficiency [139]. As mentioned
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by Platzer-Björkman et al., the Na content might be directly related to the
conversion efficiency of Cu(In,Ga)Se2/ZnO solar cells [140].

The spectra in Fig. 4.28 indicate that the Na 1s core level exhibits a slower
attenuation compared with the nearby In MNN Auger level. A comparable
behavior has been observed at interfaces between CdS and single crystal
CuInSe2 substrates, where Na monolayers have been deliberately inserted by
vacuum deposition [133] and also between interfaces of CdS and decapped
polycrystalline Cu(In,Ga)Se2 films [141]. Apparently Na is at least partially
dissolved in the growing ZnO film. The effect of Na might, therefore, at least
partially be related to its influence on the doping of the first ZnO layers.
Na may act both as an acceptor and as a donor in ZnO [142]. If Na is pre-
dominantly inserted as an acceptor by substituting Zn or as a donor (inter-
stitial Na) depends on the Fermi energy position in the ZnO. At the interface
the Fermi energy is close to the conduction band and it is, therefore, more
likely that Na is incorporated as an acceptor (see description in Chap. 1).
The reduced doping of the ZnO can change the energy band diagram.

4.4.2 Electronic Properties

To determine the valence band offset at the interface, the binding energies of
the core levels are plotted in dependence on deposition time in Fig. 4.30. Core
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Fig. 4.30. Evolution of valence band maxima in dependence on ZnO deposition
time as derived from core-level binding energies of the spectra shown in Fig. 4.29.
The ZnO films were deposited by magnetron sputtering from an undoped ZnO tar-
get at room temperature using 15 W dc power. Core level to valence band maxima
binding energy differences are comparable to those presented in Fig. 4.15 for ZnO
and to those given in [36] for Cu(In,Ga)Se2. The different evolution of the Zn 2p
and O 1s derived valence band positions for ZnO deposition times indicates the
presence of an amorphous nucleation layer, as already discussed in Sect. 4.3.2
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level to valence band maximum binding energy differences are determined
from the decapped Cu(In,Ga)Se2 substrate and the thick ZnO film, respec-
tively. The values correspond well with those given recently for Cu(In,Ga)Se2

[36] and with those in Fig. 4.15 for undoped ZnO films deposited at room
temperature in pure Ar.

According to our experience, it is more difficult to determine a reliable
valence band offset for the Cu(In,Ga)Se2/ZnO interface than for the CdS/ZnO
interface. This is related to the lower substrate core-level intensities because
of the presence of multiple cations. The substrate intensity might, there-
fore, be already completely suppressed when the Zn2p and the O1s derived
valence band maxima (see filled circles and squares in Fig. 4.30) reach the
same value, and, therefore, reflect a proper ZnO valence band maximum
(end of the amorphous nucleation layer). This difficulty is not present in the
data set in Fig. 4.30 and for a deposition time of 64 s a valence band offset of
∆EVB = 2.15 ± 0.1 eV can be determined. In another experiment, we have
derived a slightly smaller valence band offset of ∆EVB = 1.98 ± 0.2 eV [70].
The larger uncertainty is due to the above-mentioned difficulties.

The valence band offsets determined in our group are very close to val-
ues reported in literature. Platzer-Björkman et al. have determined ∆EVB =
2.2 ± 0.2 eV for ALD10-ZnO deposited onto CuInSe2 or Cu(In,Ga)Se2 [143,
144]. Weinhardt et al. give a valence band offset for ILGAR11-ZnO on
CuIn(S,Se)2 substrates of ∆EVB = 1.8 ± 0.2 eV [60]. The comparable values
for the different interface preparation and substrate compositions suggest a
rather small variation of the band alignment with these parameters.

Figure 4.31 shows ultraviolet photoelectron spectra recorded during the
same interface experiment shown in Fig. 4.26. A clear transition from the
Cu(In,Ga)Se2 valence band structure with a valence band maximum at
∼0.8 eV binding energy to the ZnO valence band structure with a valence
band maximum at ∼3 eV is observed with increasing ZnO deposition. The
well-resolved valence band features are enabled by the in situ sample prepa-
ration. Also very sharp secondary electron cutoffs are obtained, which allow
for an accurate determination of work functions. The work functions of
Cu(In,Ga)Se2 and ZnO are determined as 5.4 and 4.25 eV, respectively. These
result in ionization potentials of 6.15 and 7.15 eV for Cu(In,Ga)Se2 and ZnO.

The ionization potential of ZnO is slightly larger than the one usually
obtained for such deposition conditions, which lead to a predominant (0001)
Zn-terminated surface. The deviation is, however, directly explained by the
microstructure of the film (see Fig. 4.21). At low coverage the (0001) orienta-
tion of the grains is not yet fully developed and a statistical orientation should
lead to a larger ionization potential. The evolution of the orientation of the
ZnO grains is reflected in the strong shift of the secondary electron cutoff for
deposition times ≥8 s. At this coverage the ZnO valence band structure is

10 Atomic layer deposition.
11 Ion layer gas reaction.
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Fig. 4.31. UPS valence bands recorded during deposition of undoped ZnO onto de-
capped Cu(In,Ga)Se2 showing the valence band structure (right) and the secondary
electron cutoff (left). The deposition times are indicated in seconds

almost completely developed but the work function still amounts to ∼4.8 eV.
An energy band diagram of the Cu(In,Ga)Se2/ZnO interface is shown in
Fig. 4.32.

The band alignment at the Cu(In,Ga)Se2/ZnO interface can be compared
with the band alignment expected for Cu(In,Ga)Se2/CdS/ZnO sequence. The
valence band offset at the CdS/ZnO interface is taken as ∆EVB = 1.2 eV,
which is obtained for the same ZnO deposition conditions as those used in the
investigation of the Cu(In,Ga)Se2/ZnO interface. The valence band offset at
the Cu(In,Ga)Se2/CdS interface is taken from literature [36,106,123,125]. In
the corresponding studies identically prepared decapped Cu(In,Ga)Se2 sub-
strates have been used. CdS was deposited by thermal evaporation as also
applied in the studies of the CdS/ZnO interface formation. The transitivity
of the band alignment in the Cu(In,Ga)Se2/CdS/ZnO sequence is excellently
fulfilled as evident from Fig. 4.33. This indicates that a modification of the
band alignment by the introduction of the CdS buffer layer does not account
for the superior conversion efficiencies typically obtained with CdS buffer lay-
ers. However, the high efficiencies are obtained with chemical bath deposited
and not with evaporated CdS buffer layers. So far, Cu(In,Ga)Se2 thin-film
solar cells with a direct contact between the absorber and the TCO have
achieved higher efficiencies than solar cells with evaporated CdS buffer lay-
ers [112,120].
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CdS/ZnO sequence showing the transitivity of band alignment. The valence band
offsets for CdS/ZnO and Cu(In,Ga)Se2/ZnO are discussed in this chapter. The
valence band offset for the Cu(In,Ga)Se2/CdS interface is taken from literature
[36,106,123,125]

4.5 The In2S3/ZnO Interface

4.5.1 Cu(In,Ga)Se2 Solar Cells with In2S3 Buffer Layers

In2S3 or In2S3 containing compounds are possible alternatives for the CdS
buffer layer in Cu(In,Ga)Se2 thin-film solar cells [120, 145–148]. The In2S3

layers are prepared by various techniques as chemical bath deposition [145],
thermal evaporation [146], atomic layer deposition (ALD) [147], and mag-
netron sputtering [148]. Energy conversion efficiencies above 16 % have been
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Fig. 4.34. Schematic arrangement of buffer layers used in the experiments carried
out by Nguyen et al. [154,155]

reached [147]. Depending on deposition technique and conditions InxSy shows
a variety of compositions and structures [149]. The In–S phase diagram is
given by Godecke and Schubert [150]. Here we present results using In2S3 lay-
ers prepared by thermal evaporation of the In2S3 compound. The substrates
were held at room temperature or at 250◦C during deposition. Using optical
transmission we have determined an optical gap of the films of Eg = 1.9 eV
[107]. This value is smaller than the optical gap of Eg = 2.75 eV determined
by Spiering et al. for ALD-In2S3 [151] but agrees well with optical gaps of
Eg = 1.98 eV or 2.0–2.2 eV determined for MOCVD In2S3 films by Nomura
et al. [152] and for evaporated films by Timoumi et al. [153].

A particular buffer layer experiment, carried out by Nguyen et al. [154,
155], is shown in Fig. 4.34. Two different combinations of chemical bath de-
posited CdS and Inx(OH,S)y buffer layers were used to fabricate Cu(In,Ga)Se2

thin-film solar cells. The experiment was defined in order to identify the inter-
face that leads to poor efficiencies if single Inx(OH,S)y buffer layers are used.
The type A arrangement of the two buffer layers with a Cu(In,Ga)Se2/CdS
and an Inx(OH,S)y/ZnO interface results in poor efficiencies, while type
B arrangement with a Cu(In,Ga)Se2/Inx(OH,S)y and a CdS/ZnO interface
results in a high efficiency. This observation strongly suggests that the inter-
face between Inx(OH,S)y and ZnO limits the efficiency.

4.5.2 Chemical Properties

X-ray photoelectron spectra recorded during interface formation of mag-
netron sputtered Al-doped ZnO with an evaporated In2S3 substrate are
shown in Fig. 4.35. The In2S3 substrate has been deposited at 250◦C sub-
strate temperature and the ZnO:Al was deposited at room temperature in
pure Ar, resulting in a degenerately doped film. The valence band maximum
after the last deposition step (not shown) is at EF − EVB = 3.9 ± 0.1 eV.
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in
te

ns
ity

 [a
rb

. u
ni

ts
] 

448 446 444 442

In 3d

0

1

2

4

8

16

32

64

128

256

512

168 164 160

S 2p

in
te

ns
ity

 [a
rb

. u
ni

ts
] 

1024 1020

Zn 2p

534 530

O 2p

505 500 495 490

Zn LMM

1085 1075

ox In MNN

binding energy [eV]

Fig. 4.35. Core levels and cation Auger levels of an In2S3 substrate during sputter
deposition of Al-doped ZnO (experiment ISZA-B). The deposition times are indi-
cated in seconds. In2S3 was deposited at 250◦C and ZnO:Al at room temperature
in pure Ar. Reproduced with permission from [136]

Degenerate doping is further indicated by the broad structure of the Zn
LMM Auger line after the last deposition step (compare Sect. 4.2.2).

From the core level and Zn LMM Auger level shown in Fig. 4.35 no
chemical reactions at the interface are evident. However, the In MNN
Auger level shows an additional emission at higher binding energy with
increasing ZnO deposition. Compared with the deposition of ZnO onto
Cu(In,Ga)Se2 (Fig. 4.28), the oxidation of the In is more pronounced. The
O1s level shows no high binding energy species at low coverage, as also
observed for the Cu(In,Ga)Se2 substrate (Fig. 4.26). According to the discus-
sion in Sect. 4.2.2.2, this indicates that the In2S3 surface facilitates oxygen
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dissociation. This observation concurs well with substrate oxidation observed
in the In MNN Auger level.

Interface formation between In2S3 substrates and ZnO:Al has also been
studied with 10% oxygen added to the sputter gas during ZnO:Al deposition.
Corresponding X-ray photoelectron spectra are shown in Fig. 4.36. The In2S3

substrate has been deposited at 250◦C substrate temperature and the ZnO:Al
was deposited at room temperature. This results in a highly compensated
film. The valence band maximum after the last deposition step (not shown)
is at EF−EVB = 2.7±0.1 eV. A low doping of the films is further indicated by
the sharper features of the Zn LMM Auger line after the last deposition step
compared with the spectra obtained for the highly doped film in Fig. 4.35.
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Fig. 4.36. Core levels and cation Auger levels of an In2S3 substrate during sputter
deposition of Al-doped ZnO (experiment ISZA-C). The deposition times are indi-
cated in seconds. In2S3 was deposited at 250◦C and ZnO:Al at room temperature
in a sputter gas containing 10% O2
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Again no evident chemical changes in the core level and Zn LMM Auger
emissions are observed during ZnO deposition. The broadening of the In
MNN Auger line is ascribed to the substrate oxidation. Compared with the
interface where ZnO has been deposited without oxygen in the sputter gas,
the broadening of the In MNN Auger level is not more pronounced. Hence,
substrate oxidation is not enhanced when oxygen is added to the sputter
gas. This further supports the conclusion that substrate oxidation is not
governed by the energy of the deposited particles but rather by the ability of
the substrate surface to dissociate oxygen.

Interface formation between In2S3 and ZnO has also been studied for the
reverse deposition sequence with Al-doped ZnO films used as substrates [70].
In this case, only degenerately doped substrates were used. Photoemission
spectra indicate no chemical reactivity at the surface.

4.5.3 Electronic Properties

The valence band offsets between In2S3 and ZnO are determined from the
substrate and overlayer core-level binding energies in dependence on deposi-
tion time. Core-level binding energies with respect to the valence band maxi-
mum are determined from the substrate and the thick overlayer, respectively.
The values for ZnO:Al are within the experimental uncertainty of ±0.1 eV
the same as those presented in Fig. 4.15. Values for In2S3 films deposited at
room temperature are 443.7 ± 0.1 eV for In 3d and 160.4 ± 0.1 eV for S 2p,
respectively. Values for In2S3 films deposited at 250◦C are 444.0 ± 0.1 eV
for In 3d and 160.85 ± 0.1 eV for S 2p, respectively. The difference between
the films deposited at different substrate temperatures indicates a significant
change in the density of states, which could be related to a different compo-
sition and/or structure of the films. However, In 3d to S 2p intensity ratios
for In2S3 films deposited at room temperature and at 250◦C are not signifi-
cantly different. Therefore, structural differences most likely account for the
variation of the core-level binding energies with respect to the valence band
maximum. It has to be expected that the structural differences also affect
the band gaps of the In2S3 films. Band gaps were so far only determined for
the films deposited at room temperature [107].

The valence band offsets between In2S3 and ZnO:Al determined from
Fig. 4.37 are ∆EVB = 2.78±0.2 eV and ∆EVB = 1.86±0.2 eV for the
interface with degenerately doped and with oxygen compensated low doped
ZnO:Al, respectively. There is almost no change of the valence band max-
imum binding energy in the substrate in the course of ZnO:Al deposition.
No band bending is, therefore, introduced in the substrate by contact for-
mation. As both substrates show comparable Fermi level positions, only the
different Fermi level positions in the ZnO:Al films account for the different
valence band offsets. This situation is comparable to those observed at the
CdS/ZnO:Al interface (see left graph in Fig. 4.24). However, the Fermi level
in In2S3 changes even less than in CdS. Therefore, the difference in ∆EVB
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Fig. 4.37. Evolution of valence band maxima of In2S3 and ZnO:Al for the two
experiments displayed in Figs. 4.35 (left) and 4.36 (right). The difference between
the curves derived from the Zn 2p and O 1s level at low coverage indicates the
presence of an amorphous nucleation layer. Reproduced with permission from [136]

between In2S3 and highly doped or low doped ZnO:Al amounts to ∼0.9 eV,
which is considerably larger than for CdS (∼0.4 eV). The larger difference is
a result of the stronger Fermi level pinning in In2S3 compared with CdS.

Energy band diagrams for different In2S3/ZnO and ZnO/In2S3 interfaces
are summarized in Fig. 4.38. Vacuum energies are not included, as no UPS
was available during the experiments. Hence, it was not possible to determine
work functions and ionization potentials for the deposited films. Interface
dipole potentials can, however, be estimated using ionization potentials of
7.1 eV for ZnO:Al according to Sect. 4.2.3.2 and an identical value for In2S3

[107]. This results in interface dipole potentials of 1.8–2.8 eV for the different
investigated interfaces. These large values indicate a considerable density
of states at the interface, which would explain the strong influence of the
In2S3/ZnO interface on the solar cell performance [154,155].

The largest difference in valence band offset is observed for the two experi-
ments presented in detail above. Valence band offsets for the other three inter-
faces are very similar and amount to 2.3–2.4 eV. All three interfaces leading
to this valence band offset are prepared using the same deposition conditions:
ZnO:Al deposition at room temperature in pure Ar leading to degenerately
doped ZnO:Al and In2S3 deposition at room temperature. The difference in
∆EVB compared with the interface in which In2S3 has been deposited at
250◦C substrate temperature (the second diagram from the left in Fig. 4.38)
is the different Fermi energy position in the In2S3 film.

For all investigated interfaces the valence band offset can be estimated by
the alignment of the Fermi levels of thick In2S3 and ZnO:Al prepared under
the same conditions used in the interface experiment. This is related to the
very small band bending observed at the interfaces (≤0.2 eV) and concurs



178 A. Klein and F. Säuberlich
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Fig. 4.38. Energy band diagrams at In2S3/ZnO interfaces as determined from pho-
toelectron spectroscopy. The material used as substrate during interface formation
is shown to the left. In2S3 films were deposited by evaporation onto substrates held
either at room temperature or at 250◦C. ZnO:Al films were prepared by dc mag-
netron sputtering at room temperature in pure Ar or with 10% O2 in the sputter
gas as indicated at the top. All values are given in electronvolt. Band bending at
the interface is ≤0.2 eV in all experiments. Because of the uncertainty in the band
gap, the conduction band positions of In2S3 are given as dotted lines. Reproduced
with permission from [136]

well with the large dipole potentials. The behavior is illustrated in the top
part of Fig. 4.39.

Figure 4.39 also shows the alignment of valence bands at CuGaSe2/CdS/-
ZnO:Al and CuGaSe2/In2S3/ZnO:Al interfaces. CuGaSe2 was chosen as no
experimental determination of the band alignment between Cu(In,Ga)Se2

and In2S3 is available. For the determination of the valence band offset at
the CuGaSe2/CdS and CuGaSe2/In2S3 interface the respective contact mate-
rials were evaporated at room temperature onto decapped CuGaSe2 surfaces
[106, 107]. The valence band offsets at the CdS/ZnO:Al and In2S3/ZnO:Al
are taken from this chapter for deposition of the ZnO:Al films at room tem-
perature in pure Ar. A deviation of the valence band offsets from transitivity
of ∼0.6 eV is evident. The deviation can be attributed to the Fermi level
pinning at the In2S3/ZnO interface.

Of the energy band diagrams given in Fig. 4.38, the band alignment most
suitable for the Cu(In,Ga)Se2 thin-film solar cell is provided by the inter-
face with the smallest valence band offset (middle diagram). Irrespective
of the uncertainty in the In2S3 band gap, this alignment has the smallest
conduction band offset and hence the largest separation between the In2S3

valence band maximum and the ZnO conduction band minimum. This situ-
ation should be favorable with respect to the suppression of recombination
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Fig. 4.39. Top: Estimation of band alignment (middle section) from the Fermi
level positions measured at the surfaces of thick In2S3 and ZnO:Al films in depen-
dence on deposition conditions.
Bottom: Energy level alignment in the system CuGaSe2-In2S3-CdS-ZnO:Al. Valence
band offsets for CdS/ZnO:Al and In2S3/ZnO:Al are taken from the results pre-
sented in this Chap. for ZnO:Al films deposited at room temperature in pure Ar.
Valence band offsets for CuGaSe2/CdS and CuGaSe2/In2S3 are taken from litera-
ture [106,107]

at the In2S3/ZnO interface. In addition, the smallest conduction band offset
also allows for larger open circuit voltages [156]. Hence, better solar cell effi-
ciencies are expected for a In2S3 deposition temperature around 250◦C and
the use of undoped ZnO films. This expectation agrees well with the prepara-
tion conditions for optimized Cu(In,Ga)Se2 solar cells applying In2S3 buffer
layers [146, 148].
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