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Valence-band electronic structure of CdO, ZnO, and MgO from x-ray photoemission
spectroscopy and quasi-particle-corrected density-functional theory calculations
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The valence-band density of states of single-crystalline rock-salt CdO共001兲, wurtzite c-plane ZnO, and rocksalt MgO共001兲 are investigated by high-resolution x-ray photoemission spectroscopy. A classic two-peak structure is observed in the VB-DOS due to the anion 2p-dominated valence bands. Good agreement is found
between the experimental results and quasi-particle-corrected density-functional theory calculations. Occupied
shallow semicore d levels are observed in CdO and ZnO. While these exhibit similar spectral features to the
calculations, they occur at slightly higher binding energies, determined as 8.8 eV and 7.3 eV below the valence
band maximum in CdO and ZnO, respectively. The implications of these on the electronic structure are
discussed.
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I. INTRODUCTION

Many II- and III-oxide materials have long found application in polycrystalline form as transparent contacts in, for
example, photovoltaic devices, liquid-crystal displays, and
light-emitting diodes.1–3 However, there is currently intense
interest in utilizing oxides as semiconductors in their own
right, with potential application, for example, in
optoelectronic4 and high-performance electronic5 device applications. While ZnO, with its room-temperature band gap
of ⬃3.3 eV and large exciton binding energy of ⬃60 meV,6
will likely form a central component of many II-O-based
optoelectronic devices, their spectral range can be extended
into the visible and deep ultraviolet by alloying ZnO with the
smaller band-gap compound CdO 共room-temperature Eg
⬃ 2.2 eV at the Brillouin-zone center7兲 and larger band-gap
compound MgO 共Eg ⬃ 7.7 eV兲.8,9 Additionally, a high mobility two-dimensional electron gas has already been demonstrated in ZnO/MgZnO heterostructures,10 indicating the potential of this system for high-frequency electronic device
applications.
In order to fully exploit this materials system, it is necessary to obtain a good understanding of the binary oxide compounds, and in particular, their electronic structure. There
have been numerous theoretical investigations of electronic
band structure for II-O semiconductors and their alloys, utilizing a variety of different calculation methods and correction schemes.11–19 In order to test the validity of these calculations, however, it is necessary to compare the results to
experimentally measured quantities.
X-ray photoemission spectroscopy 共XPS兲 is a powerful
tool for investigating the electronic structure of solids. Provided a sufficiently large acceptance angle for detection of
emitted photoelectrons is used so that the whole Brillouin
zone is sampled, and given that final-state effects can generally be ignored, the photoemission intensity at low binding
1098-0121/2009/79共20兲/205205共6兲

energies gives the angle-integrated valence-band density of
states 共VB-DOS兲,20–22 weighted by the relative cross sections
for photoemission from the valence bands of given orbital
character. In many cases, however, at typical photon energies
for XPS measurements the cross sections for photoemission
from anion valence p states and cation valence s states that
commonly contribute to the topmost valence bands are approximately equal, and so the XPS spectra effectively probe
the total VB-DOS.22 From the atomic photoionization crosssection calculations of Yeh and Lindau,23 this is also true for
the materials investigated in this work, and so it is a good
approximation to treat the photoemission spectra as giving
the total VB-DOS here. This is in contrast to studies of oxide
semiconductors by other spectroscopic techniques such as
soft x-ray emission 共SXE兲 which only yield the O 2p partial
density of states 共PDOS兲. Additionally, XPS can easily be
used to investigate higher binding energy features such as
core levels and semicore levels.
Here, high-resolution XPS measurements are used to
probe the valence electronic structure of the II-O semiconductors, rock-salt 共rs兲 CdO, wurtzite 共wz兲 ZnO, and rs-MgO.
In contrast to many of the previous investigations, in particular for CdO, single-crystalline thin-film samples are used,
allowing a direct determination of the electronic structure in
high-quality material of the form suitable for use in device
applications. The shallow semicore d levels in rs-CdO and
wz-ZnO, which are crucial in determining fundamental properties such as band gaps and valence-band offsets, are also
investigated. The XPS measurements show good agreement
with the results of first-principles calculations performed using density-functional theory 共DFT兲 incorporating quasiparticle corrections.
II. EXPERIMENTAL AND THEORETICAL DETAILS

Single-crystalline CdO共001兲 was grown on r-plane sapphire to a thickness of ⬃500 nm by metal-organic vapor-
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phase epitaxy at a growth temperature of ⬃380 ° C, using
tertiary butanol and dimethylcadmium as the oxygen and
cadmium growth precursors, respectively. Single-crystalline
c-plane ZnO was grown on c-plane sapphire to a thickness of
⬃500 nm by plasma-assisted molecular-beam epitaxy at a
growth temperature of ⬃500 ° C. Further details of the
growth and materials characterization are reported
elsewhere.24,25 Single-crystalline bulk grown single-side polished MgO共001兲 was obtained from SPI Supplies.
High-resolution XPS measurements were performed using a Scienta ESCA300 spectrometer at the National Centre
for Electron Spectroscopy and Surface Analysis, Daresbury
Laboratory, U.K. X-rays of energy h = 1486.6 eV were produced using a monochromated rotating anode Al-K␣ x-ray
source. The ejected photoelectrons were analyzed by a 300
mm mean-radius spherical-sector electron energy analyzer
with 0.8 mm slits at a pass energy of 150 eV. The effective
instrumental resolution is 0.45 eV derived from the Gaussian
convolution of the analyzer broadening and the natural linewidth of the x-ray source 共0.27 eV兲. For the insulating MgO,
charge compensation was achieved using a low-energy electron flood gun. In all cases, the binding-energy scale of the
photoemission measurements is referenced to the valenceband maximum 共VBM兲, determined by aligning the valenceband photoemission with the broadened VB-DOS calculations, where the VBM is defined as 0 eV.
DFT calculations were performed using the hybrid functional HSE03 for exchange and correlation.26 The electronion interaction was treated in the framework of the projectoraugmented wave method, including the shallow d electrons
in CdO and ZnO as valence states. Quasiparticle effects were
included in the calculation of the DOS by a G0W0 correction
of the generalized Kohn-Sham eigenvalues. Details of the
calculation method and its application to the study of
II-O materials are reported elsewhere.16,27 For comparison
with the experimental results, the quasi-particle-corrected
共QPC兲-DFT DOS is broadened by a 0.2 eV full width at half
maximum 共FWHM兲 Lorentzian and a 0.45 eV FWHM
Gaussian to account for lifetime and instrumental broadening, respectively.

FIG. 1. 共Color online兲 Cd 3d5/2, O 1s, and C 1s XPS core-level
peaks from CdO before 共solid line兲 and after 共dashed line兲 annealing the sample at 600 ° C in UHV. The intensities have been normalized relative to the Cd 3d5/2 intensity.

species. The XPS core-level spectra for the ZnO and MgO
samples 共not shown兲 were very similar to those of the CdO.
To remove surface contamination, the samples were annealed by electron-beam heating in a preparation chamber
connected to the XPS analysis chamber, at a temperature of
⬃600 ° C for 2 h. Following annealing, the components in
the XPS core-level peaks due to peroxide, hydroxide and
carbonate species were quenched, with only a negligible
peak due to adventitious carbon remaining 共Fig. 1兲. A slight
asymmetry to higher binding energies was observed on the
core-level peaks. However, CdO is known to exhibit electron
accumulation at its surface.28,29 The asymmetry in the corelevel peaks is attributed to plasmon satellite features due to
conduction-band plasmons in the accumulation layer, as was
observed for the analogous compound, InN.30 Similar results
were obtained for ZnO and MgO, although a slightly larger
peak due to adventitious carbon still remained following surface preparation for the MgO sample.
IV. VALENCE-BAND ELECTRONIC STRUCTURE

III. SURFACE PREPARATION

A. CdO

Core-level XPS spectra were recorded from the untreated
samples, and are shown for CdO in Fig. 1. A pronounced
multiple-peak structure was observed for the Cd 3d5/2 core
level. The lower binding-energy component is attributed to
Cd-O bonding in the CdO, with the higher binding-energy
components attributed to bonding to more electronegative
species such as in CdO2 共peroxide兲, Cd共OH兲2 共hydroxide兲,
and CdCO3 共carbonate兲 compounds, present due to atmospheric surface contamination and potentially remnants of
the growth precursors. Equivalently, the low binding-energy
component of the O 1s peak is attributed to Cd-O bonding,
with the higher binding-energy components due to the peroxide, hydroxide, and carbonate species. A large C 1s peak
was also observed, with a low binding-energy component
due to adventitious physisorbed hydrocarbon, and higher
binding-energy components due to carbonate and alcohol

Shirley-background-subtracted valence-band photoemission measurements from rs-CdO共001兲 are shown in Fig. 2共c兲,
along with the calculated VB-DOS, with and without lifetime and instrumental broadening. The VB-DOS in this region arises from the three 共neglecting spin-orbit splitting兲
topmost valence bands, the electronic structure of which is
shown in Fig. 2共d兲.
The QPC-DFT DOS calculations contain much structure
in the valence-band region, due to the changing dispersions
and crossings of the electronic structure of the valence bands.
In particular, regions of energy where the bands are fairly flat
in k-space lead to peaks in the DOS, although the fine structure is largely smeared out by lifetime and instrumental
broadening. The resulting measured VB-DOS due to the topmost three valence bands is characterized by a two-peak
structure, as observed from VB-XPS measurements of a
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FIG. 2. 共Color online兲 Shirley-background-subtracted photoemission spectra from 共a兲 around the Cd 4d peaks, and 共c兲 the valence band, and QPC-DFT VB-DOS calculations shown without
共shaded兲 and with lifetime and instrumental broadening for rs-CdO.
The corresponding QPC-DFT band structure for rs-CdO is shown in
共b兲 and 共d兲. The photoemission spectra and broadened QPC-DFT
calculations are normalized to the same maximum value both for 共a兲
the d-level region and 共c兲 the valence-band region. The main features in the VB-DOS are marked after Ley et al. 共Ref. 22兲.

large number of other III–V and II–VI semiconductor compounds by Ley et al.22 This is despite the six fold coordination in this case, rather than the tetrahedral bonding for the
semiconductors investigated by Ley et al.22 The agreement
of the valence photoemission with the broadened QPC-DFT
VB-DOS is good, in particular for the lower binding-energy
peak of the VB-DOS 共peak I兲. The higher binding-energy
peak 共peak II兲 occurs at a slightly higher binding energy in
the experimental spectrum than in the calculation, and has a
lower intensity and larger width. By comparison with the
calculated valence-band structure, the main spectral weight
of peak II of the VB-DOS can be associated with turning
points around the bottom of the third valence band. This
suggests that the bottom of the third valence band may be
located slightly too shallow in energy by the QPC-DFT calculations. Additionally, lifetime broadening is known to increase with increasing binding energy,22 although a constant
lifetime broadening has been applied to the QPC-DFT calculations here. This may explain the greater width and lower
intensity in peak II of the measured VB-DOS compared to
the calculations.
As discussed, the XPS measurements presented here effectively probe the total DOS of the system. It is of interest
to compare these results to the O 2p PDOS obtained previously from XES measurements on similar samples.31 In particular, in the XES measurements, the ratio of peaks I to II is
approximately 2:1, whereas in the XPS measurements presented here this ratio is only ⬃1.3: 1. This indicates that,
while peak I of the total VB-DOS may be dominated by
anion p-like contributions, peak II must contain significant
character from other orbitals. This is supported by the orbitally resolved QPC-DFT calculations of the VB-DOS, shown

FIG. 3. 共Color online兲 Total and s-, p-, and d-resolved cationand anion-projected VB-DOS for 关共a兲,共b兲兴 CdO, 关共c兲,共d兲兴 ZnO, and
关共e兲,共f兲兴 MgO from QPC-DFT calculations.

in Figs. 3共a兲 and 3共b兲, which show, in particular, some Cd sand d-orbital character to peak II. This indicates that the third
valence band has appreciable cation s- and d-like character,
in contrast to the interpretation from simple tight-binding
arguments.
A rather sharp onset of the VB-DOS occurs around the
VBM, which is broadened considerably by a combination of
lifetime and instrumental effects. Of particular interest here
is the nature of the calculated valence-band structure, which
indicates that the VBM does not occur at ⌫, but rather away
from ⌫ at the L point, with another local maximum along the
⌺ line between ⌫ and K. These two critical points, located at
similar binding energy, give rise to the sharp onset in the
VB-DOS. CdO has occupied shallow d levels, as discussed
in detail in Sec. V. A pronounced p-d repulsion pushes the
valence-band states to higher energies. However, this p-d
repulsion is symmetry forbidden at ⌫ for the octahedral point
symmetry of CdO’s rock-salt structure, causing the VBM to
occur away from ⌫, as discussed in detail elsewhere.13 This
results in an indirect band gap, consistent with previous
theoretical11,13 and experimental32,33 investigations. The hybridization of the p and d orbitals is also evident from the
Cd d-orbital character present in the VB-DOS close to the
VBM, as shown in Fig. 3.
The magnitude of the indirect band gap has been studied
extensively experimentally, although there has been a large
spread in the results obtained. Values of 0.55 共Ref. 32兲 and
0.84 eV 共Ref. 33兲 are widely quoted34 for the indirect band
gap at room temperature and at 100 K, respectively. However, McGuinness et al.,35 interpreting the previous photoemission results of Dou et al.,36,37 suggested a value of
⬃1.2 eV, while their own x-ray emission and absorption
measurements suggested a value of almost 2 eV, although
this determination is complicated by limited resolution and
the elementally specific nature of the measurement. The
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FIG. 4. 共Color online兲 Shirley-background-subtracted photoemission spectra from 共a兲 around the Zn 3d peaks, and 共c兲 the valence band, and QPC-DFT VB-DOS calculations shown without
共shaded兲 and with lifetime and instrumental broadening for wzZnO. The corresponding QPC-DFT band structure for wz-ZnO is
shown in 共b兲 and 共d兲. The photoemission spectra and broadened
QPC-DFT calculations are normalized to the same maximum value
both for 共a兲 the d-level region and 共c兲 the valence-band region. The
main features in the VB-DOS are marked after Ley et al. 共Ref. 22兲.

good agreement of the spectral features in the calculated VBDOS and the valence-band photoemission, particularly
around the lower binding-energy peak, suggests that the energies of critical points in the valence-band electronic structure are accurately determined by the QPC-DFT calculations
v
separation
presented here. These calculations give the L3v-⌫15
共the energy difference of the top valence band at the VBM
共L-point兲 and at the zone center兲 as 1.09 eV. Taking the
room-temperature band gap as 2.16 eV,7 this gives an indirect band gap at room temperature of 1.07 eV, significantly
higher than the widely quoted value of 0.55 eV.
A third peak was also observed in the valencephotoemission measurements of Ley et al.,22 associated with
the fourth, largely anion s-like, valence band. However, this
is not observed here within the binding-energy range investigated. This is due to the highly ionic nature of CdO, which
leads to a large ionicity gap, with the fourth valence band
located a long way below the VBM 共⬃18 eV in the theoretical calculations兲. Due to its highly bound nature, it takes on
a somewhat semicore-level character of an O 2s orbital, with
only limited dispersion of the band throughout the Brillouin
zone, representing its localized nature in real space. This
band is not considered further in the work presented here.
B. ZnO

The stable polymorph of ZnO is the wurtzite, rather than
the rock-salt crystal structure. This leads to pronounced differences in the valence-band electronic structure of ZnO,
shown in Fig. 4共d兲, as compared to CdO 关Fig. 2共d兲兴. In particular, the presence of a nonzero 共albeit small兲 crystal-field
splits the top three valence bands into six bands. Additionally, although ZnO also has occupied d levels, p-d repulsion

is now symmetry allowed at ⌫, resulting in a single VBM
at ⌫.13
Despite these differences in the electronic band structure,
the calculated VB-DOS 关Fig. 4共b兲兴 shows rather similar features to that of CdO, with two main peaks now due largely to
the uppermost four and next two valence bands, respectively.
The onset of the VB-DOS is rather more gradual around the
VBM than for CdO. This is because there is only one critical
point in the band structure around the VBM in ZnO, whereas
the VBM and a local maximum at similar binding energies
both contributed to the onset of the VB-DOS in CdO.
The valence photoemission spectrum is compared to the
broadened VB-DOS calculations in Fig. 4共c兲. Excellent
agreement is obtained between experiment and theory, indicating that the QPC-DFT calculations accurately determine
the VB-DOS, and by extension the correct valence-band
structure for ZnO. In this case, even for peak II of the VBDOS, there is good agreement between experiment and
theory, both in terms of binding energy and relative intensity
and width compared to peak I.
As for CdO, it is of interest to compare the XPS results
determined here with previous SXE measurements of the
O 2p PDOS.38 Again, the intensity ratio of peaks I and II is
much larger in the SXE measurements than in the XPS measurements, indicating an appreciable component of peak II of
the VB-DOS that is not of anion p-like character. This is
supported by the orbitally resolved VB-DOS calculations,
shown in Figs. 3共c兲 and 3共d兲, indicating that peak II of the
total VB-DOS, and hence the corresponding valence bands,
has considerable anion s- and d-orbital character.
C. MgO

As for CdO, the stable polymorph of MgO is the rock-salt
structure. However, Mg has no occupied d orbitals and so, as
shown in Fig. 5共b兲, the VBM occurs at ⌫. The VB-DOS due
to the top three valence bands 共there is no crystal-field splitting for the rock-salt structure兲, shown in Fig. 5共a兲, contains
the same two-peak structure seen above for CdO and ZnO,
although there is now a pronounced shoulder on the low
binding-energy side of peak I due to critical points in the
valence-band structure around K, W, and between L and X.
The general features of the calculated VB-DOS are well reproduced by experiment, in particular the binding energies of
the peaks. However, the XPS yields a somewhat broader
spectrum than the broadened QPC-DFT VB-DOS. This may
be due to a larger lifetime broadening for MgO than for the
other II-O materials considered above, but may also be an
experimental artifact. As discussed above, some carbon contamination still remained on the MgO sample after surface
preparation, and this may have led to a slight broadening of
the spectral features. Also, although charge compensation
was performed using a low-energy electron flood gun, a
slight broadening of the experimental spectrum may result if
a small amount of charging remained.
Comparing the XPS measurements presented here with
previous SXE measurements,27 it is again clear that peak II
has some intensity that cannot be attributed to valence bands
of anion 2p character, and the calculations shown in
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FIG. 5. 共Color online兲 共a兲 Shirley-background-subtracted
valence-band photoemission spectrum, and QPC-DFT VB-DOS
calculations shown without 共shaded兲 and with lifetime and instrumental broadening for rs-MgO. The corresponding QPC-DFT
valence-band structure for rs-MgO is shown in 共b兲. The photoemission spectra and broadened QPC-DFT calculations are normalized
to the same maximum value. The main features in the VB-DOS are
marked after Ley et al. 共Ref. 22兲.

Figs. 3共e兲 and 3共f兲 indicate some cation s- and p-orbital character in this region. However, there are now no d-orbitals
which can contribute to this peak, as for CdO and ZnO.
V. SEMICORE d-LEVELS

As discussed above, the presence 共CdO and ZnO兲 or absence 共MgO兲 of occupied d-orbitals shallow in binding energy can have a profound influence on the valence-band electronic structure. In particular, their influence on the VBM
position can have significant consequences for the band
offsets18,19 and also band gaps19,39 of these materials. It is
therefore of interest to consider these levels in some detail.
Photoemission measurement from around the Cd 4d
关Zn 3d兴 peaks of CdO 关ZnO兴 are shown in Fig. 2共a兲 关Fig.
4共a兲兴, compared to QPC-DFT calculations of the DOS, and
the corresponding calculated electronic structure 关Fig. 2共c兲
and Fig. 4共c兲兴. The band structure is somewhat more complicated in this region for ZnO than CdO due to the crystal-field
splitting. Despite their low binding energies, the shallow dispersion of the bands indicate their localized semicore-level
character, which leads to intense, narrow peaks in the DOS.
These are significantly reduced in intensity and increased in
width by lifetime and instrumental broadening effects. However, in both cases, the width of these features is much larger
in the photoemission measurements than in the theory. This
is likely due to an increase in lifetime broadening for these
semicore-level features as compared to the much less localized valence states, which has not been included in the

broadening of the theoretical calculations. There are also
small high binding-energy shoulders on these levels, attributed to energy losses to conduction-band plasmons in
electron-accumulation layers, as was previously observed for
the analogous material, InN.30,40
Additionally, it is evident that the binding energy of the
Cd 4d-like and Zn 3d-like semicore levels are slightly underestimated by the theoretical calculations compared to the experimental measurements. This slight underestimation of
shallow d-level positions has previously been observed for
QPC-DFT calculations utilizing the HSE03 functional,16,40
and these results suggest that it may be a rather general feature of this calculation scheme.
It is useful to determine the position of these levels experimentally. However, how this should be achieved is not
well defined. The binding energy of core-level features in
XPS measurements is usually determined by peak-fitting
Voigt 共mixed Lorentzian-Gaussian兲 line shapes to the spectral features, properly accounting for effects such as stepped
backgrounds, and spin-orbit split components.41 However, it
is not appropriate to treat the semicore d levels in this manner. This can be effectively illustrated by considering the
Cd 4d-like levels. If these were assumed to be true core levels, they should be described by a spin-orbit split doublet,
with the intensity ratio of the lower binding energy 共4d5/2兲 to
higher binding energy 共4d3/2兲 components being 3:2. However, from Fig. 2共a兲, it is clear that this intensity ratio is not
observed, indicating that these cannot be considered as conventional core levels, and standard spectral functions cannot
be used in their analysis. The position of these levels is therefore defined here as the binding energy of the maximum
intensity of these features. Consequently, the binding energy
of the semicore Cd 4d levels in rs-CdO is determined as 8.8
eV below the VBM, while the Zn 3d levels in wz-ZnO occur
at 7.3 eV below the VBM, in contrast to values of 8.3 and 6.9
eV determined from the QPC-DFT calculations. The experimental values determined here are in reasonable agreement
with the position of the O 2p-Cd 4d and O 2p-Zn 3d hybridized components observed in SXE experiments.31,38
VI. CONCLUSION

The valence-band electronic structure of the II-VI oxides,
CdO, ZnO, and MgO, has been investigated using a combination of high-resolution x-ray photoemission spectroscopy
measurements
and
quasi-particle-corrected
densityfunctional theory calculations. The valence-band density of
states of each compound can broadly be characterized by a
two-peak structure, dominated by anion 2p contributions, although with contributions from other cation orbitals, particularly in the higher binding-energy peak. There are also qualitative differences between the different compounds due
largely to variations in crystal structures, and the presence or
absence of occupied cation d orbitals. Good agreement between the experimental and theoretical results was obtained
in all cases. The occupied shallow semicore d levels were
also investigated in CdO and ZnO, and their binding energies
were found to be 8.8 eV and 7.3 eV below the valence-band
maximum, respectively. These values were slightly underes-
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timated in the theoretical calculations in comparison to the
experiment, although the calculated spectral shape of these
features was similar to that found experimentally.
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