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Direct observation of Al-doping-induced electronic states in the valence band and
band gap of ZnO films
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We present a synchrotron radiation hard x-ray photoemission spectroscopy study of the electronic structure
of Al-doped ZnO films. Doping-induced states appear between the Zn3d and O2p levels and in the band gap
just below the conduction band minimum (CBM). Ab initio calculations confirm the Al impurity origin of these
induced states. The drop in the film resistivity with Al doping is not due to the progressive shifting of the Fermi
level above the CBM, but rather to the filling of the Al impurity band state, which pins the Fermi level just below
the CBM.
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Thanks to its excellent properties and low cost,1 Al-doped
ZnO (AZO) is regarded as a promising replacement for indium
tin oxide (ITO) as a transparent conductive oxide (TCO)
film for photovoltaic and optoelectronic applications.2 TCO’s
play an important role, for example, in the thin film silicon
solar cells’ global efficiency.3 Front electrodes and back
side reflectors must achieve optimum optical and electrical
properties, which have to be met by the applied TCO layer.
ZnO films doped with group III elements (Al, Ga, In, B)
substituted to a Zn atom site were found to have both low
resistivity and high transparency,4 and thus, they constitute
a cheap and nontoxic alternative to ITO. Controlling the Al
doping is essential for optimizing solar device performance.
However, unambiguous observation of the effect of Al doping
on the electronic structure of ZnO and a corresponding,
realistic theoretical explanation has, to date, not been provided.
The most accepted picture is that donor doping shifts the
chemical potential above the bottom of the conduction band
(CB),5–7 making conduction carriers available at the Fermi
level (FL) while preserving the transparency of the film.
Electrical and optical measurements indirectly support this
picture,8,9 the band gap being measured by optical transitions
of the type p → s. Other theoretical results predict a density
of states (DOS) close to the chemical potential due to Al

doping.6 Photoluminescence has placed the ionization energy
of Al 90 meV below the CB, pinning the FL.10 In the absence
of direct measurement of the effect of realistic Al doping on the
electronic states at the FL, it is therefore unclear as to whether
the conduction band minimum (CBM) is below or above the
chemical potential.

X-ray photoemission spectroscopy (XPS) provides the most
direct measure of the DOS, and it was used to investigate
the AZO valence band (VB) as a function of Al doping.11

However, due to its high surface sensitivity, standard XPS is
not well suited to study the electronic configuration of AZO
close to the FL. In fact, the intensity coming from surface-
related features (including surface contamination) can mask
the bulk contribution. Hard x-ray photoemission spectroscopy
(HAXPES), where the contribution of surface features to the
total spectrum is strongly reduced,12 is better suited for the
investigation of the bulk states at the FL in AZO. Here, we
present HAXPES results for ZnO and AZO films with different
Al content, together with ab initio and model calculations
of the DOS at the VB and FL regions, which conclusively
show that Al doping of ZnO leads to impurity bands inside
the band-gap region and in the valence band. The position of
these bands scarcely changes as a function of doping, thus the
FL is pinned. Conductivity changes with Al doping should
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therefore be interpreted within the framework of these new
results.

We deposited three AZO films and one undoped ZnO film
by rf sputtering of ZnO (99.99%) and Al2O3 (99.99%) ceramic
targets. The temperature of the crystalline Si(100) substrate
was 300 ◦C . Film thicknesses range from 75 nm (undoped
film) to 110 nm (highest doping film), as measured by
transmission electron microscopy. X-ray-diffraction patterns
are very similar for all films and have a single peak at
(34.2 ± 0.1)◦ with a full width at half maximum ∼0.2◦,
indicating that the films are highly oriented along the [001]
direction and that the ZnO crystal structure is unaffected by
low Al doping.13 The resistivity is 4.44×10−2�·cm for the
undoped film and 2.89×10−3�·cm for the highest doping.
Optical transmittance exhibits a sharp ultraviolet absorption
edge and a transmittance of about 80% in the visible region.
The optical band gap determined from the absorption spectra
was 3.21 eV for the undoped film and 3.25 eV for the AZO
2% film. HAXPES experiments were performed at the ID16
beamline of the European Synchrotron Radiation Facility
(Grenoble, France) using the VOLPE setup.14 The photon
energy was set to 6995 eV using a Si (220) monochromator;
therefore, the measured kinetic energies were greater than
5 keV for all core levels and nearly 7 keV for the VB region.
The corresponding probed thickness is ∼20 nm.12 The total
energy resolution (photon + electron) was 0.35 eV, measured
at the FL of a polycrystalline Au foil. Binding energies
were referred to this FL. All spectra were recorded at room
temperature.

The intensity of the Al 1s peak has been used to determine
the relative Al concentration by comparison with the Zn 3s
intensity recorded on the same samples and with the same
measurement conditions, normalized to the same integration
time and corrected for respective cross sections.15 The Al/Zn
ratio in our samples varies from 0.1% to 2%. It is difficult to
evaluate an error bar on these values because of the uncertainty
in the tabulated subshell cross sections. However, the same
analysis using Zn 3p intensities leads to variations of less than
20% in the relative concentrations. The Al concentration of
the most heavily doped film has also been estimated using
electron dispersive analysis, giving an average Al content of
2% relative to Zn. In the following, we refer to our samples as
pure ZnO, AZO 0.1%, AZO 0.7%, and AZO 2%.

Measured valence band spectra are shown in Fig. 1. For
clarity the spectra are shifted along the vertical axis. Zn 3d
occupancy is not expected to vary upon Al doping; therefore,
all spectra were normalized to the same Zn 3d integrated
intensity. As doping increases, the gap between the Zn 3d
and O 2p levels decreases from 0.75 eV to 0.50 eV [see
Fig. 2(a)]. At the same time, an increase in the DOS is observed
around 9.1 eV. The inset in Fig. 1 shows that the valence band
maximum (VBM) shifts by 0.05–0.1 eV toward the FL, in
agreement with previous experimental results.11 Fitting the
VBM can be difficult, particularly at low photon energies.16

Here, the use of hard x-ray minimizes final state effects in the
photoemission spectrum and allows reliable extraction of the
VBM by linear extrapolation of the VB leading edge. There is
also a significant DOS just below the FL, which increases with
doping [Fig. 2(b)]. The gap as measured by optical absorption
spectroscopy and the experimental VBM places the CBM at
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FIG. 1. (Color online) HAXPES VB spectra of the undoped and
Al-doped ZnO films. Symbols are as follows: red (dark gray) dots,
ZnO; black hollow circles, AZO 0.1%; black full squares, AZO 0.7%;
blue (gray) hollow squares, AZO 2%. The inset shows the VBM for
the ZnO and the AZO 2%. The VBM maximum values obtained from
linear extrapolation are indicated.

the FL. However, the measured DOS is considerably wider
than the experimental energy resolution. If only CB states lay
below the chemical potential, then progressive filling of the
CB with doping should lead to a downward shift of the ZnO
VB since the band gap is nearly constant despite doping. This
is not at all what we observe. The only possible conclusion is
that the DOS observed just below the FL is not the AZO CB
but a localized impurity band due to doping. ITO surfaces, for
example, were found to exhibit a Fermi edge emission, which
was explained by the emission of metallic surface states in the
band-gap region.17

In order to compare and to explain the VB spectra of
different films, theoretical simulations of the DOS have been
carried out. The ab initio calculation using the standard
techniques, namely, local density approximation (LDA) or
generalized gradient approximation (GGA), fails to account
for the band structure of ZnO. There is not only the usual
band-gap problem, but also the fact that the calculated
valence DOS of ZnO strongly deviates from the experimental
measurement. In particular, the Zn 3d is much too shallow,
giving rise to an overly strong hybridization with O2p states.
The LDA + U and GGA + U techniques compensate the
poor approximations in LDA or GGA with on-site repulsion
terms.18 These techniques are now widely used to perform
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FIG. 2. (Color online) Details of the VB spectra (a) in the gap
between the Zn3d and O2p levels, and (b) at the FL region. Symbols
and colors are as in Fig. 1.
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FIG. 3. (Color online) Spherically projected densities of states of
AZO with an aluminum content of 4% as obtained from GGA + U
calculations. The VBM has been set to the experimental value. The
dark areas represent the total DOS and the white areas the projected
DOS on Zn (upper panel), on O (middle panel), and in an expanded
view on Al (lower panel). The red arrow identifies the Al-related DOS
in the gap between the Zn3d and O2p.

improved transition metal oxide calculations. In the present
study, our practical goal is to understand where the aluminium
states are to be placed in the AZO electronic structure; first of
all, we need a realistic DOS for the ZnO host. We therefore
employ the GGA + U approach with a term U considered
as a parameter whose role is to provide a realistic host DOS.
The U value obtained by fitting the experimental ZnO DOS
data is 7.5 eV, much higher than the often used 4.5 eV,19 but
in line with several quantum chemistry calculations.6,20 The
parameter J, of minor importance in GGA + U calculations,
was set to 0.75 eV. We used the ABINIT package21 for several
supercell sizes that account for different Al doping levels (6%:
Zn15AlO16, 4.2%: Zn23AlO24, 2.8%: Zn35AlO36, and 1.8%:
Zn53AlO54). The binding energy of the Zn3d states within
our GGA + U is, by construction, in close agreement with
experiment (∼6.6 eV below the VBM). Using these calculation
parameters, a clear valence gap can be observed between the
O2p and the Zn3d states. The theoretical spectra have been
broadened by the experimental energy resolution. In Fig. 3, we
show the projected DOS of an AZO sample on Zn, O, and Al.
As the concentration does not influence the conclusions drawn
here, we prefer to use a high concentration (4%) for a clearer
representation of the data. With respect to undoped ZnO, the
Al states affect the VB DOS only very slightly. A remarkable
feature is the localization of Al states in the valence gap around
8.3 eV below the experimental FL as shown in Fig. 3 (bottom).
The spectral weight is proportional to the Al content according
to the calculations and follows precisely the trend we measure

FIG. 4. Density of states assuming 1% Al and 0.05% VO

concentrations. The bulk valence and conduction bands are in black.
The defect states (Al and VO) are in gray. The occupied DOS as
measured by HAXPES is symbolized by the white vertical stripes.
The DOS are broadened by experimental resolution.

experimentally. This observation explains the difference in the
valence band spectra between undoped and 0.1% AZO films,
and the 0.7 and 2% AZO films, at about 9 eV below the FL
[see Fig. 2(a)].

The HAXPES measures a DOS close to the FL irrespective
of film doping [Fig. 2(b)]; however, spectra of the 0.7 and 2%
AZO films display a peak 10 times stronger than the undoped
and 0.1% films. The strong increase of intensity at the FL upon
Al doping indicates a modification of the electronic structure
of the AZO films. However, the shape of the structure at
FL does not change with the Al concentration. Progressive
filling of the bottom of the conduction band by Al doping5–7

would imply broadening of the FL structure with Al content,
at variance with our experimental observations. Other experi-
mental data for AZO, however, position differently the states
potentially revealed by HAXPES. Photoluminescence places
the ionization energy of Al, ε(Al+/Al), at ∼90 meV, below
the CBM.10 The oxygen vacancy (VO) states [ε(V2+

O /VO)]
can be safely placed 1 eV below the CBM.22 Both the
donor level of Al and the deep level arising from VO are
introduced into the model. Electron paramagnetic resonance
has confirmed the double donor behavior of the VO.23 Finally,
we add the experimental band gap, the effective masses
of the valence and conduction bands, and the experimental
energy resolution. Implementing these data into an empirical
model based on the Fermi-Dirac distribution gives a full
understanding of the experimental results near the FL with
the only further assumption being that the impurity band
position is independent of the Al concentration. The resulting
DOS is depicted in Fig. 4. Significant intensity appears due to
electronic states created by Al doping and oxygen vacancies,
identifying the nature of the states observed in the FL region.
Thus, the drop of more than an order of magnitude in the
electrical resistivity is correlated with filling of the Al states
near the FL. Other theoretical calculations have also predicted
a small enhancement in the PES intensity close to the chemical
potential due to Al doping, although they placed the impurity
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band inside the CB.6 Our experimental results perfectly match
the theoretical calculations, and allow identification of the
physical origin of the DOS appearing at and just below
the FL. Furthermore, the presence of VO could reasonably
explain the extension of the DOS to almost 1.5 eV below
the FL.

The FL position scarcely varies with Al concentration.
The presence of the ε(Al+/Al) state inside the band gap pins
the FL, preventing a shift. For instance, with a very high Al
concentration, 5%, the calculated FL is only 50 meV above
the CBM. Thus, the spectral weight in the the FL region
arises mainly from localized oxygen vacancies and Al states
and has only a small contribution from the CBM. This also
neatly explains why the increase of Al concentration makes the
spectral weight higher rather than wider: the weight of the CB
in the spectrum remains unchanged, whereas the weight of the
Al impurity band increases linearly. The experimental spectral
weight due to the VO also increases with Al concentration,
intuitively explained by the fact that heavily doped samples
are more likely to have a higher defect concentration.

In conclusion, we have grown highly oriented ZnO and
AZO films with Al doping ranging from 0 to 2 cation%. We
have investigated the doping-induced changes in the electronic
properties of these samples by core level and valence band
HAXPES. Al states arise in the VB at about 5 eV below the
VBM, most notably for the 0.7 and 2% AZO films. In the
FL region, we observe a large increase of the photoemission

intensity for Al content exceeding 0.7%. The onset of a
photoemission peak at the FL is accompanied by a strong
decrease of the electrical resistivity. Theoretical calculations
have helped to provide direct evidence of the character of the
near FL states, which can be attributed to oxygen vacancies
and Al-induced states. Thus, contrary to what was generally
believed, the conductivity in AZO is not due to the FL shifting
progressively up above the CBM with increasing Al doping.
Rather, it can be explained in terms of filling of the Al impurity
band just below the CB edge, which in turn pins the FL. Our
experimental results match with photoluminescence and agree
with ab initio theory and an empirical model, not only in
the FL region, but also in the valence band gap, where the
Al-derived states predicted by GGA + U calculations are
visible. Therefore, we provide a direct proof of the picture
which attributes the change of the AZO film resistivity to
the appearance of impurity bands in the gap as a function of
the Al doping rather than gradual filling of the bottom of the
conduction band.
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