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Abstract
Valence-band type Auger lines in Al doped and undoped ZnO were
comparatively studied with the corresponding core level x-ray photoelectron
spectrography (XPS) spectra as references. Then the shift trend of energy levels
in the valence band was that p and p–s–d states move upwards but e and p–d
states downwards with increasing Al concentration. The decreased energy of
the Zn 3d state is larger than the increased energy of the O 2p state, indicating
the lowering of total energy. This may indicate that Al doping could induce
the enhancement of p–d coupling in ZnO, which originates from stronger Al–O
hybridization. The shifts of these states and the mechanism were confirmed by
valence band XPS spectra and O K-edge x-ray absorption spectrography (XAS)
spectra. Finally, some previously reported phenomena are explained based on
the Al doping induced enhancement of p–d coupling.

1. Introduction

The importance of cation outer d states in II–VI semiconductors was first discussed by Wei
and Zunger [1] and subsequently confirmed by theoretical investigations [2–4]. These cation d
states play a non-negligible role in electronic structures by coupling with anion p states [1–4].
This p–d coupling has been proved to be influential to some important properties, such as
lattice constant, bandgap and band offsets [1, 2, 5, 6]. Thus the change of p–d coupling will
influence the optical and electrical properties of II–VI semiconductors. Zinc oxide (ZnO)
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is an important II–VI semiconductor due to its potential applications in short-wavelength
optoelectronic devices [7, 8], nanodevices [9, 10], and field emission devices [11]. In the
ab initio calculations of the electronic structure for ZnO [2, 12, 13], results more consistent
with experiments were obtained when Zn 3d electrons were included in the valence band (VB)
together with O 2p electrons. The presence of p–d coupling in ZnO was also supported by
experiments [13, 14]. However, the response of p–d coupling to extrinsic doping has been
rarely discussed, which is meaningful from aspects of physics and applications. This paper is
in response to such an objective by analysing the Auger line shape of Al doped and undoped
ZnO. Al is a good dopant to realize n-type ZnO [15]. Different concentrations of Al are doped
into ZnO films to discern the corresponding change of p–d coupling. The effect of Al doping
on p–d coupling may provide a new explanation for some observed but unclear phenomena in
ZnO.

2. Experiment

Undoped and Al doped ZnO films (in varied atomic ratio [Al]/[Zn] of 1%, 2%, and 4%) of
about 640 nm thickness were deposited on glass substrates by DC magnetron sputtering. The
sputtering gas was highly pure O2 (99.99%) mixed with highly pure Ar (99.99%). Deposition
was performed for 30 min under a constant substrate temperature (500 ◦C) with a constant
pressure of 5 Pa. Finally, these epilayers underwent an annealing process under higher
temperature in oxygen to realize crystallization. Auger lines as well as x-ray photoelectron
spectrography (XPS) spectra were recorded on a VG MKII XPS instrument with Al Kα

(hν = 1486.6 eV) as the x-ray source, which had been carefully calibrated on the work
function and Fermi energy level (EF). All spectra were accumulatively scanned six times with
a step of 0.15 eV per 100 mS and calibrated by the C 1s peak from contamination. X-ray
absorption spectrography (XAS) spectra at the O K edge were measured at the photoemission
station of Beijing Synchrotron Radiation Facility. They were obtained by measuring the
photocurrent directly from the samples at steps of 0.05 eV with the resolution better than
0.5 eV, which is believed to have more bulk sensitive character [16]. X-ray diffraction (XRD)
measurements were performed using a Philips X’Pert x-ray generator with Cu Kα1 radiation
source (λ = 0.154 05 nm).

All films have nearly the same XRD spectra (as shown in figure 1), which only have (0002)
and (0004) diffraction peaks at 34.225◦ and 72.275◦, respectively. This indicates the wurtzite
structure of the deposited films with c-axis orientation. According to Hall measurements, all
Al doped films show n-type conduction, and with increasing the Al doping concentration, the
conductivity becomes better. For 1%, 2% and 4% Al doped ZnO films, the resistivities are
34.37, 12.54 and 1.079 � cm, respectively.

3. Auger lines and core level XPS spectra

Figures 2(a) and (b) show the Auger lines of O KLL and Zn LMM, and these Auger transition
processes reflect the distribution of electron kinetic energy in the corresponding VB originating
from a combination between the same VB electrons and holes in core levels. Undoubtedly the
shifts of VB Auger lines can give information on the energy level structure in the VB (O 2p
and Zn 3d in this case). To better analyse Auger lines, we discuss the energy levels of the
VB in ZnO first. It is well known that 3d states in transition metal oxides will be split into t2

and e states in the crystal field [17]. Zn 3d in ZnO is also under such splitting [1], as proved
by the calculation of the density of states (DOS) in the ab initio calculations [2, 13]. Atoms
in nearest neighbour positions of the wurtzite-structure ZnO are tetrahedrally bonded. In Td
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Figure 1. θ–2θ x-ray diffraction spectra.

symmetry, Zn 3d is split into higher energy states t2 and lower energy states e. O 2p undergoes
splitting caused by hybridization with Zn 4s [14, 18–20]. Its splitting, caused by the crystal
field and spin–orbit coupling, could be neglected in our measurements due to the very small
splitting difference [21]. So O 2p is regarded approximately to be composed of hybridized
and unhybridized states in this study. Considering p–d coupling, a part of the DOS from p–d
coupling will be mainly incorporated into the hybridized O 2p, as proved by the wave-function
analysis [2]. On the other hand, p–d coupling leads to the inversion of Zn 3d, making the states
derived from p–d coupling lower than e states [1]. Calculations and experiments on the total
and partial DOS have proved such an arrangement [2, 13, 22, 23]. The energy level interaction
described above is exhibited in the left-hand part of figure 3. Unhybridized O 2p, hybridized O
2p incorporating p–d coupling, e states, and t2 states from p–d coupling are denoted respectively
as p, p–s–d, e, and p–d states. Based on such a physical picture, each spectrum in figures 2(a)
and (b) can be approximately regarded to be composed of two components (O1 and Z1 for the
low kinetic energy ones and O2 and Z2 for the high kinetic energy ones), consistent with the
experimentally observed asymmetry. According to figure 3, O1 is assigned to hybridized p–
s–d states, and O2 to unhybridized p states. Similarly, Z1 is related to p–d states and Z2 to e
states. It can be seen that O KLL does not show an apparent position shift with increasing Al
concentration, but the components Z1 and Z2 in Zn LMM both shift to lower kinetic energy, by
∼2.85 and ∼3.1 eV, respectively, compared to the undoped ZnO.

It is well known that the final states of Auger transitions involve core levels, O 1s and Zn 2p
in this case. So O 1s and Zn 2p core level XPS spectra were measured as energy references
to discuss the relative shifts of VB states. As shown in figure 2(c), both O 1s and Zn 2p shift
to higher binding energy with the increase of Al concentration. For 4% Al doped ZnO with
respect to undoped one, the shifts of the O 1s and Zn 2p3/2 are ∼1.2 and ∼0.9 eV, respectively.
Taking the shifts of O 1s and Zn 2p into consideration, the components O1 and O2 are relatively
energetically heightened, while Z1 and Z2 and lowered. Higher Al concentration results in
larger downward movements of p–d and e states and upward movements of p–s–d and p states.
The decreased energy for Zn 3d is larger than the increased energy for O 2p. Therefore, the
p–d and e states of Al doped ZnO shift downwards by a larger amount of energy than that with
which the p and p–s–d states shift upwards.
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Figure 2. Normalized (a) O KLL and (b) Zn LMM Auger lines of undoped and Al doped ZnO. O1,
O2 for O KLL and Z1, Z2 for Zn LMM are components based on the energy levels in figure 3. (c)
O 1s and Zn 2p core level XPS spectra.

Figure 3. Scheme of energy level interaction in ZnO. Al doping induced enhancement of p–d
coupling can be seen. CB: conduction band. The left-hand part is deduced from [1].
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Figure 4. (a) VB XPS and (b) O K-edge XAS spectra. EF is given at the binding energy of zero.
Each spectrum was normalized at the maximum intensity.

We describe the following mechanism to interpret the effect of Al doping. Assuming that
Al occupies the substituting positions of Zn, Al–O bonds will form by s–p hybridization; these
bonds have stronger bond energy and shorter bond length than Zn–O bonds. Then a number
of inequivalent oxygen atoms bonded with Al atoms will come into existence. The formation
of the stronger s–p hybridization in Al–O bonds will increase the DOS of p and p–s–d states.
Such a change is proved by the enhancement of photoelectron intensity found for the peaks
located at binding energy of ∼8 eV and ∼6 eV in Al doped ZnO with respect to undoped
ZnO in [18]. When the DOS of p–s–d states increases, p–d coupling will be enhanced. Such
enhanced coupling will lower the total energy and increase the energy spacing between Zn 3d
and O 2p by interaction. This is consistent with the experimental results above. Then it can be
concluded that Al doping may induce the enhancement of p–d coupling in ZnO films, and such
coupling increases with increasing Al concentration. According to the mechanism mentioned
above, the enhancement of p–d coupling should result from the addition of a new DOS into
p–s–d states due to the stronger hybridization between O and Al. The result is schematically
summarized in the right-hand part of figure 3.

4. VB XPS and XAS

To further confirm the experimental results and the mechanism, both VB XPS spectra
(figure 4(a)) and O K-edge XAS spectra (figure 4(b)) were recorded. In figure 4(a), the wide
weak peaks around EF may be attributed to surface states or nonlocal states caused by defects.
Features 1 and 2, respectively from photoelectron emission of p and p–s–d states, both slightly
shift to higher binding energy with the increase of Al concentration. Feature 3, resuming from
Zn 3d, combines the contribution from both e and p–d states. The splitting of Zn 3d cannot be
detected by direct photoelectron emission in this case, but it can be obtained by analysing the
Auger decay process. Clearly, feature 3 also shifts to higher binding energy with increasing Al
concentration. It can also be seen that the energy separation between O 2p and Zn 3d slightly
increases when the Al concentration increases. So the results of VB XPS support the analysis
from Auger lines in section 3. As predicted by the mechanism aforementioned, inequivalent
oxygen sites will come into existence due to the bonding with Al atoms and stronger s–p
hybridization between Al and O leads to the increase of the DOS of p–s–d states. Then new
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unoccupied DOS derived from such hybridization will be incorporated into the conduction
band. The existence of inequivalent oxygen sites and the unoccupied DOS related to O 2p were
detected by O K-edge XAS, which depends on the scattering of the photoelectron wave from
neighbouring atoms so as to reflect the local structure around the absorber and the information
of unoccupied states. As shown in figure 4(b), all XAS spectra have similar line shapes and
match previously published XAS spectra for ZnO nanostructures [13, 20]. The absorption peak
is located at the photon energy of ∼537 eV. In the region above 537 eV, the x-ray absorption
can be mainly assigned to O 2p–Zn 4p and O 2p–Zn 4d hybridized states [13, 20]. In the region
of ∼531–537 eV, apparent absorption edges were observed. The contribution in the absorption
edge mainly comes from O 2p–Zn 4s hybridized states. The absorption edge of Al doped
ZnO slightly moves to lower photon energy compared with that of undoped ZnO, reflecting the
downward movement of the conduction band minimum. Considering the upward movement of
p and p–s–d states, this manifests the reduction of bandgap for Al doped ZnO, which is also
shown in the right part of figure 3. Features 4, 5 and 6 denote the main differences caused by
the variation of Al concentration. These show that increasing the Al concentration results in
several sharper spectral features, an indication of the increase in O 2p state localization. The
increase in relative intensity of feature 6 indicates the increase of the unoccupied DOS of O
2p–Zn 4s hybridized states. This phenomenon is in accordance with the prediction that the new
unoccupied DOS caused by strong s–p hybridization of Al–O bonds will be incorporated into
the conduction band. These phenomena above should be directly related to the inequivalent
oxygen sites caused by stronger s–p hybridization in Al–O bonds, making O 2p more localized
and increasing the unoccupied DOS. Therefore, the mechanism we used to interpret Al doping
induced enhancement of p–d coupling is confirmed.

Al doping induced enhancement of p–d coupling in ZnO can be applied to further clarify
some previously reported phenomena. An upward VB edge shift for 3% Al doped ZnO was
interpreted as the reduction of the bandgap, indicating no semiconductor–metal transition upon
Al doping for ZnO [18]. We observed the red shift of the absorption edge for Al–N codoped
ZnO with respect to N doped ZnO [24]. Al doping induced enhancement of p–d coupling may
reduce the bandgap, giving a fundamental reason for such observations. The III–V codoping
method is regarded as a feasible way to produce p-type ZnO [22]. However, a very puzzling
result can be found in that the presence of III group elements enhanced the carrier concentration
as predicted, but the hole mobility was decreased by as much as an order of magnitude [24–26].
Besides the possible new scattering caused by III group elements, the decrease of mobility
could also be understood from the energy level structure. It is suggested that Al doping induced
enhancement of p–d coupling may prefer to make the hole level more localized, as the presence
of more localized O 2p shows in figure 4(b).

5. Conclusions

In summary, Al doping can induce the enhancement of p–d coupling in ZnO in terms of the
analysis of O KLL and Zn LMM Auger lines as well as O 1s and Zn 2p core level XPS spectra.
Such an enhancement should result from the stronger Al–O hybridization. The increase of
Al concentration results in stronger p–d coupling, further separating O 2p and Zn 3d. This
was confirmed by VB XPS spectra and O K-edge XAS spectra. Finally, Al doping induced
enhancement of p–d coupling was adopted to explain some phenomena.
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