
lable at ScienceDirect

Materials Chemistry and Physics 160 (2015) 420e428
Contents lists avai
Materials Chemistry and Physics

journal homepage: www.elsevier .com/locate/matchemphys
Electronic and atomic structure of complex defects in Al- and
Ga-highly doped ZnO films

Eduardo Men�endez-Proupin a, b, Pablo Palacios a, d, *, Perla Wahn�on a, c

a Instituto de Energía Solar, Universidad Polit�ecnica de Madrid (UPM), Ciudad Universitaria, 28040 Madrid, Spain
b Departamento de Física, Facultad de Ciencias, Universidad de Chile, Las Palmeras 3425, 780-0003 ~Nu~noa, Santiago, Chile
c Dpt. TFO, E.T.S.I. Telecomunicaci�on, UPM, Ciudad Universitaria, 28040 Madrid, Spain
d Dpt. FAIAN, E.T.S.I. Aeron�autica y del Espacio, UPM, Pz. Cardenal Cisneros 3, 28040 Madrid, Spain
h i g h l i g h t s
� Defects in Ga- and Al-heavy-doped ZnO films are studied by quantum calculations.
� Defects compatible with electrical, optical, and HAXPES spectra are proposed.
� Doping efficiency is reduced by Zn vacancies and O interstitials.
� HAXPES bands near the Fermi level are induced by Ali, and complexes GaZn-Oi, and AlZn-Oi.
a r t i c l e i n f o

Article history:
Received 14 July 2014
Received in revised form
23 March 2015
Accepted 3 May 2015
Available online 8 May 2015

Keywords:
Oxydes
Ab initio calculations
Defects
Photoemission
* Corresponding author. Dpt. FAIAN, E.T.S.I. Aeron�a
Cardenal Cisneros 3, 28040 Madrid, Spain.

E-mail address: pablo.palacios@upm.es (P. Palacio

http://dx.doi.org/10.1016/j.matchemphys.2015.05.012
0254-0584/© 2015 Elsevier B.V. All rights reserved.
a b s t r a c t

Point defects in Ga- and Al-doped ZnO thin films are studied by means of first principles electronic
structure calculations. Candidate defects are identified to explain recently observed differences in
electrical and spectroscopic behavior of both systems. Substitutional doping in GaeZnO explain the
metallic behavior of the electrical properties. Complexes of interstitial oxygen with substitutional Ga can
behave as acceptor and cause partial compensation, as well as gap states below the conduction band
minimum as observed in photoemission experiments. Zn vacancies can also act as compensating ac-
ceptors. On the other hand, the semiconducting behavior of AleZnO and the small variation in the optical
gap compared with pure ZnO, can be explained by almost complete compensation between acceptor Zn
vacancies and substitutional Al donors. Interstitial Al can also be donor levels and can be the origin of the
small band observed in photoemission experiments below the Fermi level. Combinations of substitu-
tional Al with interstitial oxygen can act simultaneously as compensating acceptor and generator of the
mentioned photoemission band. The theoretical calculations have been done using density functional
theory (DFT) within the generalized gradient approximation with on-site Coulomb interaction. In
selected cases, DFT calculations with semilocal-exact exchange hybrid functionals have been performed.
Results explain photoelectron spectra of GaeZnO and AleZnO at the corresponding doping levels.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Doped ZnO based materials constitute a family of transparent
conducting oxides with several potential applications in solar cells,
windows thermal coatings and spintronic devices [1]. N-type
doping, easily achieved with group III elements (Al, Ga, In,
…)-although In does not seem to be an economical and nature-
utica y del Espacio, UPM, Pz.

s).
friendly option due to its natural scarcity and toxicity-, improves
both their electrical and optical properties [2]. However, and in spite
of the considerable effort that scientific community is doing in order
to understand the mechanisms that rule the doping effectiveness in
such ZnO doped materials, there is still a lack of knowledge on the
dopants interactionwith ZnO host matrix and their intrinsic defects
and how it affects to the ZnO electronic structure. Frequently, the
doping efficiency depends on details of the growth process that are
not well understood. For example, AleZnO films grownwith similar
methods and Al content (ca. 1%) may have resistivities as low as
10�4 U cm [3e6], but also much higher values (10�2 � 102 U cm)
[7e12]. The quenching of resistivity and carrier concentration in the
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Fig. 1. DOS around the fundamental bandgap. The red and green vertical lines indicate
the Fermi levels of AleZnO and GaeZnO. The almost vertical black line at 0 eV is the VB
edge. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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latest samples should be caused by carrier trapping either at bulk
defects or grain boundaries.

New data [12] from hard X-ray photoemission spectroscopy
(HAXPES) have revealed an electronic band in the doped material,
near the conduction band minimum (CBM), which is considerably
stronger in GaeZnO than in AleZnO. HAXPES is better suited than
conventional photoelectron spectroscopy for the exploration of the
density of states (DOS) at the valence band (VB) and Fermi level (FL)
regions, since the contribution of surface features is strongly
reduced [13,14].

In this Article, we explore the electronic structure of a number of
defects in heavily doped AleZnO and GaeZnO by means of density
functional theory (DFT) calculations. We identify the defects that
can explain the peculiar HAXPES band and the electrical properties
observed in AleZnO and GaeZnO. The defects of ZnO have been
studied intensively using DFT in recent years [15e22]. These
studies have focused on the thermodynamical properties and the
electronic structure of isolated defects, and none can explain the
observed HAXPES band. Our study is focused at AleZnO and
GaeZnO with ~1% at. concentration of Al or Ga [11,12]. These thin
films, grown by magnetron sputtering and with doping content 1%
at., showed substantial differences in their electric and optical
properties [11].

On the one hand, the GaeZnO resistivity increased with tem-
perature (a metallic-like behavior), and the film presented an
increased optical bandgap, 3.63 eV vs. 3.21 eV measured for the
undoped film, both facts being consistent with substitutional
doping. On the other hand, AleZnO film showed little variation in
the optical gap (3.25 eV) compared with pure ZnO. The electrical
properties of ZnO and AleZnO correspond to a semiconductor with
conduction electrons thermally activated, i.e., the resistivity de-
creases with increasing temperature, and absolute values are or-
ders of magnitude higher than for GaeZnO. Since Al and Ga have
similar electronic structure in their valence levels, they were ex-
pected to behave analogously as substitutional dopants in the ZnO
matrix. Hence, the different doped film behaviors were then
attributed to the tendency of Al and Ga cations to occupy different
insertion sites in the host ZnO.

The GaeZnO film carrier density deduced from Hall effect mea-
surements [11] is one order of magnitude larger than for AleZnO
(5 � 1020 vs 3 � 1019 cm�3). From these carrier concentrations, a
conduction band (CB) population of 0.7 and 0.04 electrons per
dopant atom can be inferred in GaeZnO and AleZnO, respectively.
Therefore, the doping effectiveness seems to be modulated by the
presence of acceptor defects, that would compensate partially
(GaeZnO) or almost totally (AleZnO), the donor doping. Therefore,
in addition to defects related to the HAXPES bands, we have
searched acceptor defects. Our search has been limited to the bulk
material, therefore neglecting states at grain boundaries and
interfaces.

The Article is organized as follows. The computational methods
are explained in Sect. II, the computed defects electronic structures
are presented in Sect. III. Sect. IV is devoted to our conclusions.

2. Methods

The local density approximation (LDA) and the generalized
gradient approximation (GGA) are the most commonly used flavors
of DFT. Their greatest limitation for semiconductor materials is the
underestimation of the fundamental bandgap. In the case of ZnO,
part of this inaccuracy is produced because the Zn 3d binding en-
ergy is underestimated by several eV due to the self-interaction
error. Therefore, the Zn 3d and O 2p levels, present an incorrectly
large hybridization, pushing up the top VB composed mainly of O
2p levels [23]. The on-site Coulomb interaction method (GGA þ U)
[24] allows to obtain the correct binding energy for the Zn 3d levels,
using a Hubbard term correction for the 3d levels of Zn with the
parameter U � J ¼ 8.5 eV [25,26]. Correcting the energy of Zn 3d
states, the mixing with O 2p states is reduced, and the bandgap
values are improved, although not totally. Most of our calculations
have been made using the GGA þ U method. A plane-wave pro-
jector augmented wave [27,28] scheme has been used, as imple-
mented in the Vienna Ab Initio Simulation Package (VASP) [29]. The
GGA exchange-correlation functional of Perdew, Burke, and Ern-
zerhof (PBE) [30] has been used for our GGA þ U calculations.

For selected cases, we have used the hybrid functional of Heyd,
Scuseria and Ernzerhof (HSE) [31,32]. This functional generally al-
lows to obtain better bandgaps and better structural properties
than PBE, at the cost of a great increment in computer time.
Following the recent practice [21,22,33] we have used the fraction
0.375 of the Hartree-Fock exact exchange, that allows to fit the
experimental gap of ZnO, 3.4 eV. The DOS of substitutional Ga
shown in Fig. 2 was obtained within this approximation.

The primitive unit cell of ZnO has four atoms. To simulate the
impurity concentration 1% at., we have used a 3 � 3 � 3 supercell,
containing 108 atoms (109 and 107 atoms in case of interstitials and
vacancies, respectively). A 100-atoms supercell is possible, but it is
not a good choice. Such supercell can be built as 5� 5� 1,1� 5� 5,
or 5 � 1 � 5 multiples of the 4-atoms primitive cell, but the large
cell asymmetry would imply too short distance between the im-
purities along the non-replicated direction. Hence, we prefer the
rather equant 3 � 3 � 3 supercell.

In all cases, the atomic positions have been relaxed until the
forces are smaller than 0.01 eV/Å. A plane wave cutoff of 500 eV,
was used in all GGA þ U calculations and HSE calculations with the
ZnO unit cell. The lattice constants used were a ¼ 3.2473 Å,
c ¼ 5.2085 Å, as obtained from structural relaxation with the HSE
functional. For HSE calculations with the 3 � 3 � 3 supercell, a
reduced cutoff of 400 eV was used in order to decrease the
computational time. With 400 eV, the pressure is underestimated
by 39 kbar, but it may be safely used for simulations with constant
cell. The Brillouin zone was sampled with 3 � 3 � 2, and 6 � 6 � 4
G� centered k-point grids for structural optimization and for DOS
calculations, respectively. Defect images weremadewith the Visual
Molecular Dynamics (VMD) software [34].

3. Results and discussion

Fig. 1 shows the DOS near the fundamental bandgap for undoped
ZnO and Al- and Ga-doped ZnO, assuming that all dopant cations are
in substitutional sites. All DOS have been computed using the same
3 � 3 � 3 supercell (108 atoms), PBE exchange-correlation



Fig. 2. Theoretical DOS around the fundamental gap, computed for the GaZn defect
using the gap-corrected HSE(0.375) method. The HAXPES spectra for AleZnO and
GaeZnO [12] are also shown superimposed on the DOS. The Fermi levels are indicated
by vertical lines. The inset shows the range of the valence band.
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functional, and other computational parameters. Also shown is the
ZnO DOS computed with the 4-atoms unit cell and a denser
18 � 18 � 12 k-points grid that should be equivalent to the coarse
grid used with the supercell. The oscillations observed in the
supercell DOS above the FL (also in Figs. 3e5 and 7 and 8) are an
artifact of the interpolation of energies in the Brillouin zone (tetra-
hedronmethod), and they should be reduced using a denser k-points
grid. However, these oscillations have no effect in the occupied
states. It is seen that the doping-induced change on the CB DOS is
minimal, both dopant cations supply an extra electron that populates
a perturbed host state at the bottom of the CB, but there is no
differentiated band below FL associated with the Al and Ga cations
occupying substitutional positions in ZnO matrix. Due to the Pauli
exclusion principle, the optical bandgap must renormalize by the
difference between the FL and the valence band maximum (VBM)
[35,36].

The theoretical gap values obtained are Eg(ZnO) ¼ 1.806 eV,
Eg(GaeZnO) ¼ 2.696 eV, Ecv(GaeZnO) ¼ 1.709 eV, Eg(AleZnO)
¼ 2.734 eV, Ecv(AleZnO) ¼ 1.745 eV Ecv is the gap between the VBM
and the CBM. The band-filling energy is DEbf ¼ 0.989 and 0.987 eV
(equal within error) for Al and Ga doping. If each impurity donated
one electron to the CB, the optical gap variation would be 0.93 and
0.89 eV for Al- and GaeZnO, respectively. However, it is found
experimentally that GaeZnO increases its gap by only 0.42 eV, while
for AleZnO the increment is 0.04 eV [11]. Therefore, the dopant
cations have to be partially compensated by acceptor defects that
would reduce the carrier density at the CB. Thereafter, we need to
find models of shallow acceptors associated to Al and Ga dopants.

The above mentioned FLs, gaps and band-filling energies have
been obtained from supercell calculations with 108 atoms, i.e,
0.926% at. impurity concentration. For our supercells containing just
one impurity atom the CB is populated by exactly one electron. As
the dopant experimental concentration is nominally 1% at., we need
to correct the band-filling energies. We find the corrected FL ðE0FÞ
requiring that the CB population is 1.08 electron. The renormalized
band-filling energies are given as DE0bf ¼ E0F � Ecv. We are neglecting
changes in Ecv assuming that it depends more on the nature of the
impurity than on its concentration. This is not completely justified
because the impurity states are shallow and extend over the full
supercell. Considering that replacing one Zn atom by Ga causes a
change of �0.1 eV in Ecv, and assuming a linear dependence of Ecv
with the impurity concentration, the correctionwould be�7.4 meV.
Hence, we estimate a correction for DE0bf � DEbf of 0.03 eV.

Renormalizing the measured carrier concentrations by the factor
1.08, we find effective band-filling energies of 0.86 eV (GaeZnO). For
AleZnO, the band-filling effect cannot be estimated with our rough
k-points sampling. Using the effective conduction and heavy valence
masses of ZnO (0.22 me and 3.03 me 1), the band-filling energy is
0.14 eV. Adding Ecv we obtain an effective gap of 1.88 eV, which is
0.07 eV larger than for intrinsic ZnO. This difference is in good
agreement with the measured optical gaps.

The reduced gap shift in GaeZnO is due to band-gap narrowing,
a many body effect not accounted completely by DFT calculations
[37]. This is caused by carrier densities larger than a critical value,
and it is associated with the insulator-metal Mott transition.

Fig. 2 shows the HAXPES spectra of AleZnO and GaeZnO in the
region of the fundamental bandgap. The theoretical DOS calcu-
lated for GaeZnO is shown for comparison, assuming that all the
dopant cations are placed in substitutional sites, GaZn, replacing
thus the Zn cations. This DOS has been computed with the
HSE(0.375) functional, in order to be free of the gap error and to
allow a quantitative comparison with the HAXPES results. The
energy scale zero has been set to the theoretical VBM, and the
HAXPES spectra have been aligned to the DOS by the VB edge. The
inset in Fig. 2 shows that not only the VB edge, but the full bands
coincide when they are aligned in this way. This setup facilitates
the comparison of the theoretical DOS with the experimental
HAXPES spectra, which are generally reported with the energies
relative to the FL of the spectrometer contact. The HAXPES spec-
tral function is roughly proportional to the DOS multiplied by the
Fermi-Dirac occupation function, and convoluted with a
Gaussian-like distribution that accounts for the resolution of the
photoelectron detector of the binding energies. Henceforth, to
facilitate the comparison, the DOS has been multiplied by the
Fermi-Dirac occupation function, and broadened with a Gaussian
function with standard deviation s ¼ 0.206 eV [38]. Some
important effects neglected in this approximation are the quan-
tum transitions and photoelectron escape probabilities, which
affect the energy-dependent ratios of the DOS to HAXPES signal,
as illustrated in the inset for the full range of the VB. The FLs are
indicated by vertical lines in Fig. 2. The FL for the theoretical
GaeZnO DOS (4.05 eV) corresponds to a CB population of 0.7
electrons per every 100 atoms. The corresponding band-filling is
0.88 eV, quite similar to the GGA þ U value 0.86 eV above
mentioned. The DOS without the occupation function is also
shown in black thin line, as can be seen for energies larger than
3.7 eV.

The GaeZnO total gap obtained with HSE(0.375) is 4.05 eV,
which is 0.65 eV higher than for pure ZnO. Comparing with the
experimental gap shift, 0.42 eV, a many-body gap narrowing of
0.23 eV can be inferred. Following this reasoning, the optical gap
would equal the difference between the FL and the VBM, 3.63 eV.
For AleZnO, where the many-body gap narrowing is absent
because it is not a metal, the same difference is 3.25 eV. The
difference between the gaps of GaeZnO and AleZnO is 0.38 eV,
in close agreement with the difference between the experi-
mental FL, 0.35 eV [39]. To apply the gap-narrowing correction
in Fig. 2, it is enough to redshift the DOS curve for energy above
3 eV.

Fig. 2 shows that GaeZnO hasmore states than AleZnO between
2.5 and 3.5 eV, and the ratio of areas is not proportional to the ratio
of free carrier densities, which is one order of magnitude smaller
for the Al doped films. If these peaks were due to the occupation of
the CB by the electrons supplied by the impurities, one would
expect some coincidence at the low energy side of the peak be-
tween 2.5 and 3.5 eV. Moreover, the width of this peak for AleZnO
is inconsistent with the experimental low amount of free CB elec-
trons. Hence, there must be some defects that cause localized (non-
conducting) states just below the CB edge. Comparing the HAXPES



Fig. 3. DOS of different doping situations considered for Al and Ga doping. The valence band DOS (red lines) are shown divided by 10 for optimal view. The conduction DOS are
shown by green dashed lines. Also shown, in thick black line, the DOS smeared with the experimental HAXPES resolution (0.35 eV). The highest occupied levels of each defect are
shown by black vertical lines. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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signals with the DOS for the ranges 0�1 eV and 2.5�3 eV, the
presence of wide band tails can be inferred in both AleZnO and
GaeZnO, which can be attributed to the presence of real electronic
states.

In order to explain the HAXPES signal, we will investigate the
types of defects that can cause it, as well as the acceptor defects that
take electrons out of the CB.

Fig. 3 shows the DOS calculated for a number of defect combi-
nations in the ZnOmatrix, mostly assuming that the dopant cations
substitute Zn cations and assuming the neutral charge state.
Charged states will be discussed separately. The possibility of the
dopant cations as interstitial impurities is also shown. To facilitate
the visualization, the DOS of the VB has been divided by 10 (red
line). The highest occupied level for each model are indicated by
black vertical lines. Thick black lines show the broadened DOS ac-
cording to experimental resolution. The jumps seen in the broad-
ened DOS are due to the above mentioned factor 1/10 for the
valence DOS. The Fermi-Dirac occupation function has not been
used for this figure, because the FL is unknown. As the FL cannot be
determined accurately, we prefer to analyze the full DOS. However,
considering the previous discussion, one must keep in mind that
the FL is near the CBM for AleZnO, and approximately 0.86 eV over
the CBM for GaeZnO. Fig. 3 (1) show the DOS of intrinsic ZnO in
order to facilitate the comparison with the defect models. Fig. 3 (2)
show the DOS for substitutional cations, that has already being
discussed.

3.1. Substitutional doping with Zn vacancies

The substitutionalevacancy complex MZn � VZn (M ¼ Al, Ga)
presents an acceptor band about 0.1 eV over the valence band
(Fig. 3 (3)). This level can accept one electron and compensate the
donorMZn. The configurationwith the Zn vacancy in the same (001)
plane as the substitutional Al is 0.08 eV more stable than the case
where the vacancy and the Al cation are placed in adjacent planes.
The presence of Zn vacancies is favored from the thermodynamical
point of view, as the Zn vacancy has the lowest formation energy in
O-rich conditions, when the FL approaches to the CBM [19,33]. The
vacancy can be in the same atomic plane as the cation, or in an
adjacent plane, which is 0.08 eV higher in energy, but has almost
the same DOS. Fig. 4 shows the DOS for different configurations of
this defect, including charged states.

For the sake of clarity, before continuing the description of other
dopant defect combinations in Fig. 3, we present in Fig. 4 the DOS of
different configurations of the vacancy-cation complex. Fig. 4(1)
shows the DOS for Al and vacancy located at adjacent atomic
planes.

The vacancy could be separated from AlZn, but in this case the



Fig. 4. DOS of different configurations of the complex of Zn vacancies with substitu-
tional Al. Subindex 1 indicates configuration with Zn vacancy and Al located at adja-
cent atomic planes, meanwhile subindex 2 indicates that the both, cation and vacancy
are in the same plane. The line types and colors have the same meaning as in Fig. 3.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 6. Views of defect combination of substitutional Al with interstitial O,
(AlZn � Oi(o)). Top: Neutral state. Bottom: state charged with one electron. Pink, red,
and gray balls represent Al, O, and Zn atoms, respectively. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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formation energy is somewhat higher and the acceptor band is
shifted away from the VBM, as seen in Fig. 4(2). When the FL is near
the CBM, the complex AlZn� VZn accepts one electron and is denoted
(AlZn� VZn)�. Its DOS is shown in Fig. 4(3). The triple complex of two
substitutional cations and a Zn vacancy 2AlZn � VZn has the donor
level separated from the VBM, but is within the range of the tail
observed in the HAXPES spectra. 2AlZn � VZn1 (Fig. 4(4)) corresponds
to both Al atoms in the same basal plane and the vacancy in the
adjacent plane, while 2AlZn � VZn2 (Fig. 4(5)) has both Al atoms in
adjacent planes and the vacancy in one of them. This defects with
two cations have been calculated using the same supercell as the
defects with one cation. Hence, it strictly corresponds to 1.8% at.
Fig. 5. DOS of the neutral (1) and the positive singly charged (2) states of the inter-
stitial Al at octahedral site. The line types and colors have the same meaning as in
Fig. 3. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
concentration. For a double supercell, we expect the DOS to be an
average between the DOS of intrinsic ZnO and 2AlZn � VZn, or be-
tween (AlZn � VZn)� and AlþZn. This behavior is in fact observed
comparing the defect named 0.5(AlZn� VZn)þ 0.5AlZn (Fig. 4(6)) with
the charged (AlZn � VZn)� (Fig. 4(3)) and the uncharged AlZn � VZn
(Fig. 4(1)). The defect (6) has been calculated using a double supercell
than contains AlZn � VZn far from AlZn, and the index 0.5 summed
indicate the same concentration of substitutional dopants as the
single supercells. In this case, it is seen that the VB edge has the same
forms of those of the charged (AlZn � VZn)�, the charge coming from
the donor AlZn. In practice, thismodel is nearly indistinguishable from
the defect 2AlZn � VZn. Hence, more important than the precise
composition is to have the acceptors and donors in the correct charge
state. Other configurations are possible, e.g., both M atoms and the
vacancy in three different basal planes, but are not considered here
due to the similarities of the DOS for all the models.

Based on the above discussion, one may design a model of
compensating defects AlZn � VZn and AlZn, that can be either close
or far, where the first defect accepts one electron donated by a far
AlZn. The vacancies can be also isolated, as in Fig. 4(2), but their total
Fig. 7. DOS of the neutral (1) and the negative singly charged (2) states of the com-
bination of a substitutional Al with interstitial octahedral O, (AlZn � Oi(o)). The line
types and colors have the same meaning as in Fig. 3. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of this
article.)



Fig. 8. DOS of different configurations of the defect combination of a substitutional Ga
with interstitial O at octahedral site, (GaZn � Oi(o)). * denotes metastable configura-
tions. The line types and colors have the same meaning as in Fig. 3. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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energy is higher and the vacancy tends to migrate towards the
substitutional atom. Results for GaeZnO are practically the same
and are not shown.

In this model, the difference between Ga- and Al-doping would
be the concentration of Zn vacancies, resulting in a different degree
of compensation. About half of Al is in the form AlZn � VZn hence
attaining an almost total compensation of the donor AlZn. In the
case of GaeZnO, the concentration of GaZn � VZn should be much
smaller than the concentration of GaZn, in such a way that 0.7
electrons per dopant atom remain uncompensated and free to
conduct. If 15% of Ga is in the acceptor form GaZn � VZn, and 85% is
in donor form GaZn, then the CB will be populated by 0.7 electron
per Ga impurity.

However, the above model alone cannot explain the observation
of states below the CB by HAXPES. A possibility is to include in the
description interstitials and oxygen vacancies.
3.2. Substitutional doping with O vacancies

Oxygen vacancy (VO) is an abundant point defect in intrinsic
ZnO, specially when it is grown in O-poor conditions. In O-rich
conditions, VO and its complexes are not expected to attain signif-
icant concentrations because of its high formation energy when the
FL is near the CBM. Our calculations show that the complexes
MZn � VO (M ¼ Al, Ga) (Fig. 3 (4)) in the neutral state supply one
electron to the CB. The unsmeared DOS shows an in-gap band
0.2e0.4 eV over the VBM, that may contribute to the VB tail, and it
shows no peak near the CBM. The charged state (MZn � VO)þ has a
similar DOS (not shown), the CB gets empty, and the in-gap band
remains near the VBM.

The DOS of far defects (MZn þ VO) (not shown) presents similar
features, only shifting slightly the in-gap band to 1 eV over the
VBM. This in-gap band is characteristic of the isolated vacancy VO
[21]. Being at 1 eV over the VBM, this should be observed in the
HAXPES experiment, contrary to the evidence. States (MZn � VO)2þ

or with larger charge are not compatible with the FL observed in
the experiments.

3.3. Interstitial doping

Let us consider interstitial aluminum (Ali). At the octahedral
interstitial site Ali(o), the unsmeared DOS shows a 0.7 eV wide band
with a maximum 0.2 eV below the CBM (Fig. 3 (5)). Such a defect
may justify the small band observed in AleZnO HAXPES below the
FL (see Fig. 2). It populates the CB with one electron. In order to
match the experimental facts, this defect needs to be positively
charged ðAlþiðoÞÞ, thus avoiding the filling of the CB and the obser-
vation of two peaks in HAXPES. As can be seen in Fig. 5, the charged
state keeps an in-gap band totally filled and close to the CBM.

The corresponding Ga interstitial (Gai(o)) presents similar fea-
tures, but the in-gap band is deeper (0.8 eV below the CBM), and
the CB is populated, as discussed above. This would produce a
double peak structure in the HAXPES GaeZnO spectrum that is not
observed. Notice that the charged (Gai(o))þ is inconsistent with the
observed population of the CB in GaeZnO.

Tetrahedral interstitial (Ali(t)) is unstable and relaxes to a related
configuration, that can be named Ali(t) � VZn � Zni(o). It turned out
that the closest Zn was displaced from its lattice position to a close
octahedral site. Then Al moved almost into the vacant lattice site,
also attracting the closest O atom. In this configuration, which has
lower formation energy (0.6 eV less) than Ali(o), the donor band
overlaps with the CB, forming a continuous DOS band 1.5 eV wide
up to the FL and populated with three electrons (Fig. 3 (6)). This is
also in contradiction with the experimental electrical behavior.

The equivalent combination defect in GaeZnO has a somewhat
different geometry due to the larger dopant atomic radius.
Compared with the Ali(t) � VZn � Zni(o) defect, the lowest CBs of
Gai(t) � VZn � Zni(o) splits in a deep in-gap band and a continuous
upper band occupied by one electron. This should be seen in the
HAXPES spectrum as a double band. Therefore, this defect com-
bination would not explain the experimental facts.

3.4. Substitutional doping with O interstitials

Interstitial oxygen is thermodynamically favored at O-rich
conditions, only overcome by the Zn vacancies [19,33]. The
different configurations have been analyzed in Refs. [17] and [20].
The configuration with lowest formation energy for FL between
0 and ~2.8 eV over the VBM, is the so called split [20] or dumbbell
[17] configuration in neutral charge state (Oi(s))0. This configuration
can be regarded as an O2 dimer substituting a lattice O. This dimer
is not spin-polarized (different to the free O2) and the bond length
is 1.49 Å. For higher values of FL, the charged octahedral configu-
ration (Oi(o))2� is more stable than the split configuration. Hence,
the oxygen interstitial is a double acceptor, by means of a trans-
formation from the split to the octahedral configuration. According
to Refs. [17] and [20], the singly charged state (Oi(o))� is unstable in
all configurations. Other metastable configuration is the split * or
rotated-dumbbell [17,20], which is 0.1e0.2 eV higher in energy.

In the proximity of a substitutional cation (M ¼ Al, Ga), Oi may
arrange in a split, split *, or octahedral configurations, or, consid-
ering the complex energy landscape of the isolated interstitial, take
a different configuration. Its electrical behavior may be that of a
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single-acceptor, as result of the combination of a double acceptor
with a single donor. The lowest energy combination has been ob-
tained relaxing the structure from an octahedral interstitial position
(AlZn � Oi(o)) near the Al atom (Fig. 6). The neutral defect is more
distorted than the charged one, and it may be considered a kind of
split configuration, where the O2 dimer has bond length of 2.04 Å
and is oriented along the line joining two octahedral cavities. In the
charged state, the dimer breaks and the oxygens enter more in the
cavities. Their DOS are shown in Fig. 3(7) and Fig. 7. The neutral state
is spin-polarized. Its DOS, shown in Fig. 7(1), presents two in-gap
bands at 1.0 and 2.2 eV that have opposite spin projections. The
lowest of these bands is occupied and is responsible of the spin
polarization. The highest one is empty, suggesting than it can accept
one electron and generate the HAXPES peak in the CB edge.

However, as seen in Fig. 7(2), the charged state (AlZn � Oi(o))� is
not spin-polarized and the in-gap states have energies between the
VBM and the middle of the gap. Therefore it cannot be assigned to
the HAXPES peak. The combination where oxygens take up tetra-
hedral positions is unstable and relaxes to a variant of split
configuration, where the O2 dimer is located over the Al in the
adjacent ZnO layer. This configuration, named AlZn � Oi(s) in
Fig. 3(8), has an excess of 0.14 eV in its formation energy compared
to the combinationwhere oxygen is in an octahedral site. Its DOS in
both neutral (Fig. 3(8)) and charged states are similar to the case of
octahedral interstitial, and will not be further discussed.

Results are very similar for the combination GaZn � Oi(o) in the
neutral and the singly charged states (Fig. 8(1, 2) and Fig. 9). The
doubly charged state (GaZn � Oi(o))2� has been found to be ther-
modynamically stable [33] for values of the FL at 0.4 eV below the
CBM and higher. However, according to our electronic calculations
the FL would be over the CBM, and the highest occupied level is the
lowest CB. This electronic structure is not consistent with a tran-
sition level below the CBM. For FL over the CBM, as in our GaeZnO,
the state is plausible and deserves to be considered. Its DOS is
shown in Fig. 8(3), where it can be seen that the in-gap defect levels
are close to the VBM, a situation similar to the singly charged defect.
Therefore, it seems that the doubly charged state cannot give rise to
the HAXPES peak near the CBM.

We have found a metastable configuration of ðGaZn � O�
i Þ that
Fig. 9. Views of defect combination of a substitutional Ga with interstitial O,
GaZn � Oi(o). Top: Neutral state. Bottom: charged state with one excess electron. Cyan,
red, and gray balls represent Ga, O, and Zn atoms, respectively. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version
of this article.)
shows a DOSwith a peak near the CBM, whichmatches the HAXPES
data, as it can be seen in Fig. 8(4e6). This configuration can be
appreciated in Fig. 10. Its main difference with the stable configu-
ration shown in Fig. 9 is a rotation of the O2 dimer. Each charge state
has higher energy than its corresponding state in the stable
configuration, the differences being 0.25, 0.79, and 0.76 eV for the
neutral, single-charged and double-charged states, respectively.

Our previous analysis of photoemission spectra by means of
comparison with calculated DOS does not account for electronic
relaxation in the final state. This is particularly important in the
cases of Fig. 7 and Fig. 8(1e2). In these cases, there is a strong
variation in the energy of top last occupied orbital of the charged
state, when it gets emptied by the photoemission. This abrupt
change deserves further analysis. The HAXPES binding energies are
in fact excitation energies or quasiparticle energies. Due to the size
of our system it is not possible to perform a quasi-particle calcu-
lation. However, the excitation energy can be estimated using the
Slater-Janak theorem as established in Ref. [40]. The binding energy
of the top-most valence electron EB in the charged state (N þ 1
electrons) can be obtained as

EB ¼ EN � ENþ1x� εið1=2Þx� 1
2
½εið0Þ þ εið1Þ�: (1)

where εiðhiÞ is the energy of the orbital that becomes unoccupied in
the excitation, and hi is the occupation number. We have obtained
the values EB ¼ �1.80 and �1.64 eV for (AlZn � Oi)� and
(GaZn � Oi)�, respectively. Graphically, the HAXPES emission peak
should be halfway between the energies of level that is filled at the
charged state (Q ¼ �1) and empty at the uncharged state (Q ¼ 0).
Here the one-electron energies are referred to the supercell average
electrostatic potential as usual in periodic DFT calculations. Adding
the FL energy one recovers the usual binding energy. In the same
calculation the CBM is at 2.22 eV. Hence, if the material is n-type
and the FL is just below the CBM, as in AleZnO, the binding energy
would be 0.42 eV below the FL. Hence, the defect (AlZn � Oi(o)) can
still be responsible of the small HAXPES peak. In the case of
GaeZnO, for the stable (GaZn � Oi(o)), the HAXPES peak would be
shifted by 0.16 eV towards the VB, and considering that the FL is
Fig. 10. Views of metastable defect combination GaZn � O�
iðoÞ . Top: Neutral state. Bot-

tom: state charged with one electron. Cyan, red, and gray balls represent Ga, O, and Zn
atoms, respectively. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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also shifted by 0.4 eV in the opposite direction, we think this sep-
aration would result in a double peak structure, in disagreement
with the experiment. However, the metastable configuration has a
band that overlaps with the CB edge, in nice agreement with the
HAXPES spectrum.

Table 1 shows the defects and combinations that match the
experimental data. In AleZnO, the electrical properties are
explained by substitutional AlZn compensated by Zn vacancies, in
ratio 2:1 (we do not count the Zn vacancy of AlZn), or combinations
of both defects. The small HAXPES band below the FL can be
attributed to a small amount of oxygen interstitials AlZn � Oi
(exchanged by Zn vacancies) or interstitials Ali (exchanged by AlZn).

In GaeZnO, the electrical metallic behavior is explained by
substitutional GaZn, partially compensated by acceptor defects.
GaZn � Oi can provide compensation by accepting one electron, and
it also would cause the observed HAXPES band below the FL.
Compensation can also be achieved by Zn vacancies (or the com-
bination GaZn � VZn), but it cannot be the cause of the HAXPES
band. An alternative to simple GaZn is the combination
(Gai(t) � VZn � Zni(o))þ, which justify simultaneously the HAXPES
band and the electron donation.

The presence of a HAXPES band below the FL has been reported
for AleZnO [41], SneIn2 O3 [42], and seems to be a robust effect in
heavily doped semiconductor oxides. The sensitivity of HAXPES to
CB states is facilitated by the fact that photoionization cross sec-
tions decrease much faster for O 2p shell than for other elements, at
photon energies over 2 keV. This factor reduces the signal from the
VB edge, composed mostly of O 2p states, compared to the CB edge,
that presents contributions from other atomic shells. The role of
photoionization cross sections in the shape of the HAXPES spectra
from the VBs have been clearly shown [42,43]. It is less clear for the
CB edge, as these states should be qualitatively different to the
atomic levels. In fact, the HAXPES band was not observed for
undoped, but still n-type, In2 O3, similarly to our case. For heavily
doped AleZnO [41], a coincident HAXPES spectra was obtained,
although with a shorter VB tail than in the samples here studied.
Moreover, transient capacitance measurements revealed the pres-
ence of a deep defect level with energy about 0.3 eV below the CBM,
and concentration comparable to the shallow donor concentration.
These data could be explained by the presence of (Ali(o))þ,
(AlZn � Oi)�.

The study of Ref. [4], showed that film thickness greater than
200 nm is required to obtain resistivities of order 10�4 U cm. For
film thickness around 100 nm, similar to those analyzed in this
work [11,12], resistivity is ~8 � 10�4 U cm, still one order of
magnitude smaller than here. Mobilities are somewhat larger in
Ref. [4], but the great difference between both realizations of
AleZnO films resides in the carrier concentration. The similar
mobilities allow to discard dramatic differences in carrier relaxa-
tion times. On the other hand, GaeZnO films have electrical
behavior similar to the low resistivity AleZnO. The nature of the
dopant may affect the degree of crystallinity of the thin film, but it
is not evident from the data in Ref. [11]. Photoluminescence showed
that AleZnO has effectively more recombination centers than
Table 1
Possible defects and charge states. Positive (negative) states indicate depopulation
(population) of donor (acceptor) bands.

GaeZnO AleZnO Property

GaZn Stability, electron donation, band-filling.
ðAlZnÞþ Stability, electron donation.

(GaZn � VZn)� (AlZn � VZn)� Compensation.
ðGaZn � O�

i Þ� (AlZn � Oi)� Compensation, HAXPES band.
(Ali(o))þ HAXPES band, electron donation.
GaeZnO, and microscopy showed that the surface much rougher.
Differences in surface morphology could justify the differences in
recombinations and suggest that the HAXPES band could be related
to a surface state, even when the HAXPES signal is less sensitive to
the surface than conventional XPS. However, a surface state would
be better resolved by the traditional technique. Grain boundaries
may contain acceptor centers and also states causing the HAXPES
bands. They represent a possible alternative to our model, but the
identification of the nature of these states requires a considerable
amount of additional research.

4. Conclusions

The differences between Al- and Ga-heavily doped ZnO films
may have their origin in the association of each dopant with
different structural defects in the ZnO matrix. In that way, a
particular kind of defect could be present in the Ga-doped film,
while absent, or in quite different concentration, in the Al-doped
film. DFT and beyond calculations of the DOS induced by a list of
defects and defect combinations around the band gap for these
doped films have allowed to identify the most probable ones in
each material. The comparison of the calculated DOS with the
experimental HAXPES spectra and the analysis of the consequences
that each particular defect or defect combinationwould have on the
electrical and optical properties allowed to discard the non suitable
ones. It seems that the Al cations can be located either at substi-
tutional or octahedral interstitial sites, while the Ga cations can be
only in substitutional sites. Al and Ga substitutional impurities MZn
(M ¼ Al, Ga) are donors but the electrical behavior of the AleZnO
and GaeZnO films suggests that they cannot be the only doping
induced defect in the ZnO matrix. Moreover, different degrees of
electron compensations are required in each material in order to
explain the differences in carrier concentration and resistivity. The
only acceptor combinations involving substitutional cations MZn
are the complexes with Zn vacancies (MZn � VZn, M ¼ Al, Ga) and
with oxygen interstitials MZn � Oi(o). For the Ga-doped film, the
charged Ga complex with oxygen interstitial (GaZn � Oi(o))� may
explain the HAXPES peak observed below the CB edge, although
only as a metastable state with the same geometry as the un-
charged state. The uncharged state presents a half occupied band
that may explain the metallic behavior of GaeZnO. For the AleZnO
film, interstitial (Ali(o))þ is the best candidate to explain the small
HAXPES peak observed near the FL, but some other defects would
be present in the Al-doped film. The acceptors AlZn � VZn and/or
(AlZn � Oi(o))� can explain the compensation and the resistivity
semiconducting behavior, and the second can also contribute to the
HAXPES band near the FL.
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