
APL Mater. 7, 022522 (2019); https://doi.org/10.1063/1.5054395 7, 022522

© 2019 Author(s).

The electronic structure of ε-Ga2O3

Cite as: APL Mater. 7, 022522 (2019); https://doi.org/10.1063/1.5054395
Submitted: 31 August 2018 • Accepted: 17 December 2018 • Published Online: 22 January 2019

 M. Mulazzi, F. Reichmann, A. Becker, et al.

COLLECTIONS

Paper published as part of the special topic on Wide Bandgap Oxides

ARTICLES YOU MAY BE INTERESTED IN

Tin-assisted heteroepitaxial PLD-growth of -Ga2O3 thin films with high crystalline quality

APL Materials 7, 022516 (2019); https://doi.org/10.1063/1.5054378

Deep acceptors and their diffusion in Ga2O3
APL Materials 7, 022519 (2019); https://doi.org/10.1063/1.5063807

Si and Sn doping of ε-Ga2O3 layers

APL Materials 7, 031114 (2019); https://doi.org/10.1063/1.5050982

https://images.scitation.org/redirect.spark?MID=176720&plid=1537545&setID=376414&channelID=0&CID=560327&banID=520444299&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=eb5f56658cdf484d77cd11d9cd55e9814a19b678&location=
https://doi.org/10.1063/1.5054395
https://doi.org/10.1063/1.5054395
http://orcid.org/0000-0002-9010-1993
https://aip.scitation.org/author/Mulazzi%2C+M
https://aip.scitation.org/author/Reichmann%2C+F
https://aip.scitation.org/author/Becker%2C+A
/topic/special-collections/wbo2019?SeriesKey=apm
https://doi.org/10.1063/1.5054395
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.5054395
http://crossmark.crossref.org/dialog/?doi=10.1063%2F1.5054395&domain=aip.scitation.org&date_stamp=2019-01-22
https://aip.scitation.org/doi/10.1063/1.5054378
https://doi.org/10.1063/1.5054378
https://aip.scitation.org/doi/10.1063/1.5063807
https://doi.org/10.1063/1.5063807
https://aip.scitation.org/doi/10.1063/1.5050982
https://doi.org/10.1063/1.5050982


APL Materials ARTICLE scitation.org/journal/apm

The electronic structure of ε-Ga2O3

Cite as: APL Mater. 7, 022522 (2019); doi: 10.1063/1.5054395
Submitted: 31 August 2018 • Accepted: 17 December 2018 •
Published Online: 22 January 2019

M. Mulazzi,1,2 F. Reichmann,3 A. Becker,3 W. M. Klesse,3 P. Alippi,4 V. Fiorentini,5,6 A. Parisini,7

M. Bosi,8 and R. Fornari7,8

AFFILIATIONS
1Institut für Physik, Humboldt-Universität zu Berlin, Newtonstr. 15, D-12489 Berlin, Germany
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ABSTRACT
The electronic structure of ε-Ga2O3 thin films has been investigated by ab initio calculations and photoemission spectroscopy
with UV, soft, and hard X-rays to probe the surface and bulk properties. The latter measurements reveal a peculiar satellite struc-
ture in the Ga 2p core level spectrum, absent at the surface, and a core-level broadening that can be attributed to photoelectron
recoil. The photoemission experiments indicate that the energy separation between the valence band and the Fermi level is about
4.4 eV, a valence band maximum at the Γ point and an effective mass of the highest lying bands of – 4.2 free electron masses. The
value of the bandgap compares well with that obtained by optical experiments and with that obtained by calculations performed
using a hybrid density-functional, which also reproduce well the dispersion and density of states.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5054395

Gallium oxide (Ga2O3) is a wide bandgap transparent
semiconducting oxide (TCO). Although known for decades, it
is only in the last ten years that it received a lot of attention
as a novel wide bandgap semiconductor for power electronic
and deep-UV applications. Among five crystal structures of
Ga2O3, the monoclinic β phase is the most thermodynami-
cally stable and indeed the only one that can be grown from
a Ga2O3 melt, either by Czochralski1 or Edge-defined Film-
fed Growth (EFG).2 Specific advantages of this material are the
bandgap close to 5 eV, transparency up to the UV-C range,
and very high breakdown voltage. Relatively high n-type con-
ductivity can be achieved by doping with Si, Sn, or Ge, which
makes β-Ga2O3 suitable for fabrication of power transistors,3
high-voltage diodes,4 and UV photodetectors.5

The ε phase of Ga2O3, object of the present investiga-
tion, is the second most stable, after β, and was observed to be
thermodynamically (meta)stable up to about 700 ◦C exhibiting

a complete transition to β around 900 ◦C.6 This polymorph
can easily be deposited on commercial c-oriented sapphire at
temperatures much lower than those needed for β-Ga2O3.7
In addition to having an orthorhombic (pseudo-hexagonal)
crystallographic structure8 and a wide bandgap of about
4.6 eV,9 ε-Ga2O3 presents unique properties such as ferro-
electric behavior10 with a relatively large spontaneous polar-
isation,11 making this polymorph even more interesting, as it
might be exploited to obtain a two-dimensional electron gas
and thus high mobility devices.

Many angle-resolved photoemission spectroscopy (ARPES)
studies have already been devoted to TCOs, ZnO,12–15
CdO,16–18 and In2O3,19–21 and also to β-Ga2O3.22–25 However,
such an investigation is still lacking for ε-Ga2O3. The interest-
ing properties of the ε phase, on the other hand, fully justify
the investigation of its electronic structure and motivate our
present ARPES investigation. In the following, we report on the
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band structure of ε-Ga2O3 grown in the form of thin films of
250 nm thickness. ARPES excited with low- and high-energy
photons was used to measure the core-levels as well as the
valence band with high momentum resolution. The films are
electrically conductive and stable against the sputtering and
annealing procedure that we applied to clean the surface.

The ε-Ga2O3 thin films were grown by Metal-Organic
Chemical Vapor Deposition (MOCVD) on 2-inches (0001) ori-
ented sapphire by using the growth parameters reported in
the literature.7 The films were doped with diluted silane to
get high conductivity (the resistivity of samples from the
same wafer was 0.8-1 Ω cm and carrier concentration was
2-3 × 1018 cm−3), which prevented the charging effects that
were previously observed in undoped ε-Ga2O3 epilayers.

The measurements were carried out at the surface clus-
ter of the Institute for High-Performance Microelectronics
(IHP), featuring a SPECS Phoibos 150 electron spectrometer.
The photons used for the ARPES experiment are generated by
a monochromatised He discharge lamp, while a monochroma-
tised X-ray tube with aluminum and silver targets was used
to obtain the Al Kα and Ag Lα emission lines at photon ener-
gies of hνAl = 1468.7 eV and hνAg = 2984.3 eV, respectively.
Prior to photoelectron spectroscopy, the surface of the films
was prepared by repeated Ar ion sputtering and annealing
cycles. While at the beginning an ion energy of 1 keV was used,
at later stages, it was reduced to 500 eV to avoid excessive
material removal. For the same reason, namely, the limited
film thickness, the samples were sputtered 5 min per cycle.
The films were heated at 500 ◦C for 30 min, a temperature at
which no transition between the ε and β phases occurs. All
measurements were taken at room temperature, and the pres-
sure in the chamber during the measurements was lower than
2 × 10−10 mbar and about 5 × 10−9 mbar during the annealing.

X-ray photoemission spectroscopy (XPS) is a refined and
relatively easy technique that can be used to investigate the
electronic structure of materials. While its main purpose is
the identification of the chemical species in a compound, it
has recently been applied to quantitatively determine the band
bending in a semiconductor.26 In comparison with this work
in which UV radiation was used, X-rays were employed in the
present study since they possess two advantages: measure-
ments (1) of several core levels from either gallium or oxygen

and (2) of many values of the mean escape depth are possible.
The bulk sensitivity is enhanced even more by the use of the
higher photon energy hνAg imparting higher kinetic energy to
the photoelectrons.

Figure 1 shows the spectrum of ε-Ga2O3 taken with the Al
Kα radiation, hνAl.

All measured photoemission and Auger peaks of the spec-
trum of Fig. 1 could unambiguously be identified. These are
the very first photoemission measurements on the ε phase
thin films. We stress that we observed no peaks from either
aluminum or silicon, which has three implications: (i) the Ar
sputtering cycles just removed a thin Ga2O3 surface layer so
that no substrate portions resulted exposed to X-rays and (ii)
no Al migration from the substrate to epilayer occurred during
the annealing. Moreover, (iii) the small amount of Si intro-
duced via silane doping during growth must be well below the
XPS detection limit (≈0.1%). In fact, the absence of any Si core-
level peaks indicates that there is no Si surface segregation in
the layers.

Next, we wish to discuss the Ga 2p core levels (the
strongest lines measured) and the O 1s. With the intention of
detecting differences between the surface and the bulk, we
used the two photon energies mentioned above. Furthermore,
for the Al Kα case, we repeated measurements at two emission
angles, namely, normal emission (labeled as 0◦) and at 70◦ from
normal emission, i.e., at a grazing emission angle of 20◦.

The reason for the use of a grazing angle is to increase the
surface sensitivity by effectively projecting the inelastic mean
free path (IMFP) on the surface normal direction, reducing it
by a factor cos(θ). For θ = 70◦, this equals cos(70◦) ≈ 0.342.

The first interesting feature observed in Fig. 2(a) is the
appearance of two weak satellites when the photon energy is
increased. Contrary to the spectra taken with hνAl, the spec-
trum taken with hνAg shows a distinct peak at a binding energy
of −1110 eV, lower than that of the Ga 2p3/2 peak. Furthermore,
at −1130 eV binding energy, there is a second peak, also absent
in the spectra taken with hνAl. The importance of these two
peaks lies in their energy difference relative to the Ga 2p3/2
and Ga 2p1/2 peaks. In fact, the Ga 2p is split in the final state
by spin-orbit coupling by about 26.8 eV, and thus, every peak
observed at an energy ∆E from 3/2 peak should be replicated
and located at a ∆E energy from the 1/2 peak.

FIG. 1. XPS spectrum in a wide binding energy range mea-
sured at a photon energy hνAg. All core levels have been
identified, as well as a number of Auger peaks located at
about −950 eV and in the −800 eV to −400 eV range. In
this range, the Auger peaks overlap with the O 1s core level
at −534 eV. The black arrow indicates a very weak peak
near zero binding energy, which is the valence band. The
latter is hardly visible in XPS but is thoroughly investigated
with the He I radiation.
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FIG. 2. Core-level measurements taken at different photon energies and emission
angles, as indicated in the figure labels. (a) shows the spectrum of the 2p core
level doublet split by spin-orbit coupling; (b) the 2p3/2 component and (c) the O 1s
core level.

Thus, the peak at −1110 eV, located 10.35 eV above the Ga
2p3/2, should be replicated 10.35 eV above the 1/2 component.
However, the peak positioned between the Ga 2p3/2 and Ga
2p1/2 lines is at 15.45 eV from the Ga 2p1/2 component and
therefore is not a replica but a further satellite.

While most of the photoemission satellites lie at the left
of the main line, i.e., at lower kinetic energies and apparently
higher binding energies, the peak at −1130 eV lies on the right
side, i.e., at higher kinetic energies. The attribution of this peak
is not unambiguous as two possibilities are available, i.e., a
non-local screening as it happens in manganites or a shake-
down satellite, occurring when the photohole pulls electrons
below the Fermi level in the final-state, leading to a more
effective valence electron screening of the hole. However, in
all previously studied systems,27–30 the well-screened peaks
appear only a few eV from the main line, but in our case, the
difference is more than 10 eV, which is of the scale of the typi-
cal correlation energy in oxides. Therefore, we tend to believe
that the satellite derives from a shake-down effect.

Figures 2(b) and 2(c) show zoomed-in images of the Ga
2p3/2 and O 1s peaks in a narrow energy range. The qualita-
tive behavior of the peaks upon photon energy and emission
angle is the same. In fact, the binding energy of the peaks
taken with hνAl does not change upon a variation of the emis-
sion angle. However, the width of the peaks taken in the most
surface sensitive conditions (the blue lines in Fig. 2) is slightly
narrower than those measured at normal emission, which is
more bulk sensitive. The measurements taken with hνAg, which
are even more bulk sensitive, are broader and show an asym-
metric tail on the left side. We attribute the left tail of the
peaks taken at high energy at normal emission (θ = 0◦) to the
recoil effect occurring in core-level peaks taken at high pho-
ton energy:30,31 a hard X-ray can excite a photoelectron to

such high kinetic energies that, by momentum conservation,
the ion left behind by the photoelectron is set in motion. The
shift and asymmetric broadening of the photoemission peaks
appears because the ion dissipates its energy to the lattice by
phonon emission.

The electronic bands of ε-Ga2O3 have been calculated,
after structural optimisation, within density-functional theory
both in the generalized gradient approximation32 (GGA) and
the hybrid-functional33 (HSE) approach, using the projector
augmented wave method as implemented in the VASP code.34
For Ga, we used the 13-electron “Ga-d” VASP PAW dataset with
3d states in the valence and two projectors in the s, p, and
d channels and one f projector; for O, we used the 6-electron
“O” VASP PAW dataset with two projectors in the s and p chan-
nels and one in the d channel. The energy cutoff is 400 eV, and
the k-point mesh is 4 × 2 × 2 for self-consistency and opti-
mization and 8 × 6 × 6 for the calculation of the density of
states (DOS). The parameters α = 0.25 and µ = 0.2 are used in
HSE.

ε-Ga2O3 has a non-magnetic 40-atom unit cell. The
valence manifold thus comprises 72 spin-degenerate bands
that fall nicely in the experimental energy range. The total
valence band width is 6.96 eV and 7.26 eV in GGA and HSE,
respectively. The occupied bands are rather flat, while the
first conduction band (CB) disperses strongly. The conduc-
tion band minimum (CBM) is at Γ, and the gap is, as expected,
underestimated by GGA (2.32 eV), whereas HSE yields 4.26 eV,
comparable to the experiment. Previous calculations35 using
the B3LYP functional reported 4.62 eV, but any comparison of
different beyond-local-DFT approaches carries uncertainties
of order ±0.5 eV, as shown, e.g., for β-Ga2O3.36 The present
ARPES experiments suggest (see below) a lower bound of
4.41 eV; photoconductivity and optical absorption indicate a
value of about 4.6 eV.9

The experimental valence band dispersion is presented in
Fig. 3(a) in a false-colour scale, as explained in the caption.

The data show that the valence band consists of a sin-
gle rather broad band located 6 eV below the Fermi level (the
zero of the y-scale in the left panel of Fig. 3) which reaches
its minimum binding energy at the Γ point of the Brillouin
zone. The binding energy of the band increases with the wave-
vector, indicating a negative high effective mass. To obtain the
latter, we extracted EDCs at 0.05 Å−1 steps across the whole
wave-vector range and fitted the spectra from −7 eV to −3 eV
to obtain the binding energy of the maximum. Then we fit-
ted the data with a parabola and obtained an effective mass
m∗ = −4.2 electron masses. Thus, the effective mass is neg-
ative and large, and the bands are fairly flat. The resulting
parabola is indicated by the red line superimposed to the
band-structure calculations in the right panel of Fig. 3. As
shown in Fig. 3, a large number of theoretical bands lie in
the same energy range of the experimental signal, with a few
dispersive bands overlapping with many flat ones, especially
near the valence band maximum (VBM). The result of the
calculations shown in Fig. 3 confirms that the GGA bandgap
underestimates the experimental one, as mentioned.

The question of the characteristics of the bandgap cannot
be addressed by ARPES, unless the CB is partially filled. Only
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FIG. 3. (Left) ARPES map in false colours (as indicated by
the linear colour scale) taken with the photon energy hν
= 21.2 eV. The strong intensity at about −6 eV is due to
the oxygen states dispersing to higher binding energies with
momentum. (Right) Theoretical electronic bands within the
GGA (gray continuous lines) and HSE (blue dotted lines)
approximations, with the valence band top of both aligned
with the experimental one at Γ. A parabolic band (red con-
tinuous line) is superimposed, with a mass of −4.2 me [as
determined by fitting the experimental Energy Distribution
Curves (EDCs)].

in this case, the position of the CBM in k-space can be directly
observed. The experimental data show no intensity near the
Fermi level [the zero for the energy scale in Fig. 3(a)], leading
us to the conclusion that the CBM is not occupied. According
to our calculations, as well as previous ones,35 the CBM is at
the Γ point. The experimental data suggest that the VBM is
at or near (see Fig. 5) the zone centre, so ε-Ga2O3 is likely a
direct-gap semiconductor.

Figure 4(a) shows the EDC taken at zero k‖ [vertical
dashed line in Fig. 3(a)], which has been used to extract the
size of the single-particle bandgap. The peak region and the
right flank of the EDC have been fitted to obtain the inflex-
ion point, from which a linear extrapolation to zero has been
used to estimate the apparent bandgap, obtaining EB = 4.41 eV.
This compares well with optical measurements on undoped
as-grown films,9 suggesting that (a) the Fermi level is pinned
some 0.2 eV below the CBM and (b) correlation effects in
optical experiments are small.

FIG. 4. (a) Experimental EDC taken at the Γ point superimposed to a fit of the
spectrum used to do the linear extrapolation. (b) The theoretical calculation of
the density of states, smoothed to better indicate the most prominent features,
obtained with the hybrid functional.

Surprisingly, a weak shoulder peak is observed [Fig. 4(a)]
inside the bandgap at about 3.5 eV below EF. Its origin is
unknown, but we associate it with localised native-defect
states because of its almost vanishing dispersion and of similar
observations made in other oxide systems.37–39 The theoret-
ical density of states in Fig. 4 finds no state in that region,
supporting an extrinsic origin of this peak.

A direct comparison between theory and experiment is
presented in Fig. 4, where the theoretical DOS and the exper-
imental EDC at the Γ point are shown. Although the DOS is
k-integrated, while the EDC is measured at a single k, the
validity of the comparison is supported by the flatness of the
bands. Indeed, the comparison relates fairly satisfactorily the
computed occupations and observed intensities: in both cases,
a dominant asymmetric peak is observed, topping at about
−6 eV and spanning a roughly 5 eV-wide interval, with a major
dip around −10 eV; the intensity then picks up again, peak-
ing at −11 eV. The theoretical DOS ends at −11.5 eV, while
the experimental one has a plateau at that energy, before
increasing again toward higher binding energies. This latter
intensity increase is due to the secondary electron back-
ground and not to primary photoelectrons. However, the peak
at −11 eV is a genuine feature, unrelated to the Ga 3d core
levels. The binding energy of the Ga 3d is 21 eV from the
Fermi level, in good agreement with the predictions of both
GGA and HSE, i.e., −20.2 eV and −21.9 eV below the same
reference.

Concerning transport band masses and the characteris-
tics of the gap, two points stand out upon a closer look (Fig. 5)
at the highest valence bands. First, the gap is direct accord-
ing to the more accurate HSE approach, which predicts a VBM
at the Γ point (in accordance with the experiment). GGA would
instead predict that the very flat top band has a local minimum
at Γ and a maximum at k‖ = 0.35 Å−1, hence a (barely) indirect
band structure.

Second, although the main peak in the EDC centered
around −5 eV provides, as mentioned earlier, an average

APL Mater. 7, 022522 (2019); doi: 10.1063/1.5054395 7, 022522-4

© Author(s) 2019

https://scitation.org/journal/apm


APL Materials ARTICLE scitation.org/journal/apm

FIG. 5. Calculation of the bands near the VBM plotted from Γ along the exper-
imentally explored direction with the GGA (black lines) and the HSE (blue
dots).

valence mass of −4.2 me, the mass adopted by p carriers doped
into the material will be that of the highest band (which, it is
simple to estimate, is the only one that will be occupied for
any reasonable carrier concentration, say below 1021 cm−3).
Fitting a parabola to the highest computed HSE band in the
experimentally explored direction, we find a very large effec-
tive mass of −15 me. Another likely occurrence we have not
explored explicitly here is that the top valence band will prob-
ably be significantly anisotropic and will need to be described
by more complex datasets such as Luttinger parameters.

The electronic structure of ε-Ga2O3 films grown by
MOCVD on c-oriented sapphire was investigated by XPS and
ARPES. The main conclusions are that no band bending is
observed, which excludes the presence of a large density
of surface states. However, a careful check of the ARPES
map shows an accumulation of states at about 3.5 eV from
the Fermi level. These states are possibly related to intrinsic
defects, but more comparative studies (for instance, on sam-
ples grown with different O-to-Ga ratios in the vapour phase)
are necessary to clarify this question.

Our ARPES investigations indicate a weak maximum of the
valence band at the Γ point, therefore strongly hinting that the
ε-phase is indeed a direct bandgap semiconductor, although
ARPES alone cannot supply a full confirmation since it cannot
measure the CBM position. The effective mass for holes in the
top of the VB was estimated to be about −4.2 m0.

Theory reproduces rather well the experimental inten-
sities and predicts the CBM as well as (in its arguably most
accurate version) the VBM at Γ, with a gap not far from the
experiment.
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