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1. Introduction

Gallium oxide is an ultrawide-bandgap 
(UWBG) semiconductor that promises 
to extend the capabilities and applica-
tion limits in areas such as power elec-
tronics, solar blind UV photodetectors, 
gas-sensing devices, and solar cells.[1,2] It 
is already successfully used in some areas, 
including phosphors and electrolumi-
nescent (EL) devices,[3] solar-blind photo-
detectors,[4,5] photocatalysis,[6] and power 
electronics.[7,8] Ga2O3 is similar to many 
other polymorphic oxide systems, such as 
Al2O3, In2O3, and Sb2O3, in that beyond 
the thermodynamically stable mono-
clinic β-phase (C2/m) at least four further 
phases exist. These include the rhom-
bohedral α-Ga2O3 ( 3 )R c , cubic γ-Ga2O3 
( 3 )Fd m , orthorhombic ε/κ-Ga2O3 (Pna21), 
and cubic δ-Ga2O3 ( 3)Ia  phases. It should 
be noted that the existence of the δ-phase 
is still subject to some discussion and it 
has been suggested that it may be formed 
by a mixture of the β- and ε/κ-phases.[9]

Ga2O3 and its polymorphs are attracting increasing attention. The rich struc-
tural space of polymorphic oxide systems such as Ga2O3 offers potential for 
electronic structure engineering, which is of particular interest for a range 
of applications, such as power electronics. γ-Ga2O3 presents a particular 
challenge across synthesis, characterization, and theory due to its inherent 
disorder and resulting complex structure–electronic-structure relationship. 
Here, density functional theory is used in combination with a machine-
learning approach to screen nearly one million potential structures, thereby 
developing a robust atomistic model of the γ-phase. Theoretical results are 
compared with surface and bulk sensitive soft and hard X-ray photoelectron 
spectroscopy, X-ray absorption spectroscopy, spectroscopic ellipsometry, 
and photoluminescence excitation spectroscopy experiments representa-
tive of the occupied and unoccupied states of γ-Ga2O3. The first onset of 
strong absorption at room temperature is found at 5.1 eV from spectroscopic 
ellipsometry, which agrees well with the excitation maximum at 5.17 eV 
obtained by photoluminescence excitation spectroscopy, where the latter 
shifts to 5.33 eV at 5 K. This work presents a leap forward in the treatment of 
complex, disordered oxides and is a crucial step toward exploring how their 
electronic structure can be understood in terms of local coordination and 
overall structure.
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The existence of γ-Ga2O3 was first suspected by Böhm in 
1939,[10] and subsequent works by Roy  et  al. and Pohl led to 
the conclusion that it has a spinel-type structure similar to γ-
Al2O3.[11,12] Although these initial observations of the γ-phase 
took place in the first half of the 20th century, it took until 2013 
for detailed structural investigations to be performed by Play-
ford et al. using total neutron diffraction.[9,13] Whilst the analogy 
to γ-Al2O3 still holds in that γ-Ga2O3 can be considered to be 
a cubic, cation-deficient spinel with only partial occupancy of 
its tetrahedral and octahedral sites, Playford et al. conclusively 
showed that the distribution of occupied sites results in an 
inherently disordered structure. Figure  1a shows a schematic 
representation of the crystal structure of γ-Ga2O3. In addition 
to the expected ideal spinel sites, tetrahedral (Td) 8a (Ga1) and 
octahedral (Oh) 16d sites (Ga2), Td 48f (Ga3) and Oh 16c (Ga4) 
sites are also partially occupied, with a refined tetrahedral to 

octahedral ratio from Playford et al. of 1:1.35. Furthermore, the 
local structure of γ-Ga2O3 is distorted, with the Oh 16d sites 
having distinct long and short Ga–O distances and showing the 
most significant degree of local distortion.

Previous first principles calculations of γ-Ga2O3 based on den-
sity functional theory (DFT)[14,15] have focused on systematically 
exploring all possible structures arising due to different com-
binations of vacant Ga sites, both for pure γ-Ga2O3

[16] and Mn-
doped γ-Ga2O3.[17] Similar approaches have been employed for 
γ-Al2O3.[18–20] While the exhaustive search approach has led to 
some interesting insights regarding the preferred vacancy sites 
in γ-Ga2O3, it is made tractable due to the assumption of a 2-site 
defective spinel structure. However, the proposed 4-site model 
of Playford et  al. leads to a number of possible configurations 
that makes such an approach prohibitively expensive. Similarly, 
the need to impose stoichiometry, combined with the low occu-
pancies for two of the four sites, increases the size of the unit 
cell needed to effectively define the structure. Other approaches 
for structure searching and optimization of Ga2O3 have been 
employed, however, these have focused on other phases[21] or 2D 
structures,[22] while the large number of required calculations 
in such approaches poses challenges for systems containing 
many atoms. One way to overcome such size limitations is via 
the use of interatomic potentials, which have been previously 
employed to explore a very large number of potential structures 
for γ-Al2O3.[23] However, this relies on the availability of a poten-
tial which is accurate enough to distinguish between struc-
tures which are close in energy. In a previous study by some of 
the present authors, a combination of X-ray spectroscopy and 
theory was successfully used to explore the influence of local 
Ga coordination on the electronic structure across the α, β, and 
ε polymorphs.[24] However, the γ-phase was not included at the 
time as its inherent disorder proved challenging.

The present work significantly extends previous efforts to pre-
pare, characterize, and model γ-Ga2O3. A detailed understanding 
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Figure 1.  Atomic structure of γ-Ga2O3. a) Schematic representation of the crystal structure with inequivalent Ga positions given numbers (1,3) for 
tetrahedral Td and (2,4) for octahedral Oh ordination. b,c) Atomic resolution image of γ-Ga2O3 crystallized on a sapphire substrate. b) High-resolution 
phase contrast image along the [110] projection. The inset shows an expanded view as well as an image simulation. The latter is overlaid with an atomic 
model (red atoms are oxygen, green, and blue are fourfold and sixfold coordinated Ga atoms. c) STEM high-angle annular dark-field image of the same 
area. The bright atoms correspond to Ga. An atomic model is overlaid to the image. The image pattern fluctuates between a single periodicity and a 
double periodicity along the (111) planes of the structure. The inset shows details of the microscopy image that correspond to an occupation resembling 
that of the β-structure in the <132 > projection (double periodicity, left inset) and to an occupation of the γ-structure along the <110 > projection (single 
periodicity, right inset). Figure 1a was prepared using the VESTA software package.[57]
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of the influence of structural disorder on the electronic structure 
of γ-Ga2O3, including the nature of the occupied and unoccupied 
states, as well as the bandgap and alignment, is crucial to pro-
vide a firm knowledge base for this and other disordered mate-
rials, as well as for furthering optimization and implementation 
across different applications. To achieve this, first principles cal-
culations are combined with a machine-learning (ML) approach 
to accelerate the screening of possible structures in 160 atom 
cells. The predicted low energy configurations are shown to pro-
vide a good description of the experimental data, whilst clear 
deviations are found for the higher energy configurations, con-
firming that these are not a realistic description of the disorder 
in γ-Ga2O3. Soft and hard X-ray photoelectron spectroscopy (XPS 
and HAXPES) in combination with X-ray absorption spectros-
copy (XAS) provide a direct experimental probe for the elec-
tronic structure as well as distinguishing between surface and 
bulk contributions. Complementary spectroscopic ellipsometry 
and photoluminescence excitation spectroscopy (PLE) results 
add further information on the bandgap and related transitions.

2. Results

2.1. Atomic-Level Disorder

Whilst the neutron diffraction experiments and analysis by 
Playford  et  al.[9,13] provide crucial insights into the disorder 
present in γ-Ga2O3, electron microscopy can probe this on 
much shorter length scales. Figure  1b shows an atomic reso-
lution phase contrast image of γ-Ga2O3 thin films obtained 
under imaging conditions, where atoms appear as bright dots. 
The image shows the interface between the sapphire substrate 
and the crystalline Ga2O3 layer along the 1100〈 〉  projection 
of the sapphire substrate. The layer is single crystalline, and 
the image pattern fits well to that of the γ-phase of Ga2O3. A 
ball and stick model is overlaid to indicate the positions of the 
oxygen (red) and the octahedrally coordinated (blue) and tet-
rahedrally coordinated (green) Ga atoms. Image simulations 
were done considering only partial occupation of the various Ga 
sites according to the model by Playford et  al.[9,13] The best fit 
between the image pattern and the simulations was obtained 
for projected sample thickness of 10 nm. The inset shows the 
simulation with the atoms overlaid and a detail of the micros-
copy image. Two key observations can be made in this image. 
While the oxygen sublattice is periodic and characterized by 
intense bright spots under the imaging conditions used here, 
translational symmetry in the Ga sublattice is not present and 
the image pattern fluctuates at the nanometer scale. This indi-
cates a strong local fluctuation in the occupancy of the various 
Ga sites, as expected for the defective spinel structure. While 
neutron scattering and X-ray methods are integrating across 
larger volumes, TEM data, such as those presented here, can 
resolve these fluctuations on much shorter length scales. In 
case of phase contrast images such as shown in Figure  1b 
the TEM sample has a thickness of 3  nm along the viewing 
direction. The phase shift of the electron wave then scales lin-
early with the atomic density. Thus density fluctuations can 
be mapped in the image plane with true atomic resolution 
integrating the atomic columns along the beam direction. In 

case of STEM HAADF images (Figure 1c) the thickness of the 
sample is considerably higher (50 nm), while the in-plane reso-
lution is still at the atomic columns level. This finding is con-
firmed by scanning transmission electron microscopy images 
using a high-angle annular dark-field detector (see Figure  1c), 
where only Ga atoms are visible. As can be seen, the image 
pattern fluctuates, with the apparent change of the periodicity 
along the (111) planes between a single periodicity and a double 
periodicity. The latter corresponds to an occupancy of the Ga 
sites that is close to the β-phase in its [132] projection, shown 
in the inset in Figure 1c, while single periodicity corresponds to 
the γ-structure in the [110] projection. The structures in the pro-
jections show a common oxygen lattice with almost identical 
positions with the γ-phase having a higher number of Ga sites 
with stochastic occupation. These TEM results provide further 
evidence of the inherent disorder of both Ga and O in γ-Ga2O3, 
emphasizing the need to build atomistic models that take this 
aspect of its intrinsic structure into account.

2.2. High-Throughput Structure Screening

The initial random structure generation, PBE-based DFT cal-
culations, and process for augmenting the data set, which are 
described in Section  4, are summarized in the first two rows 
of Figure  2. The performance of the model coming from the 
resulting 839 structures and denoted “ML1,” is depicted in 
Figure  3a,b. As can be seen, the mean absolute error (MAE) 
across the validation set converges at around 300 structures in 
the training set, while the MAE for the largest training set size 
is 5.9 meV per atom. However, the DFT energies across the 839 
structures (depicted in Figure 3e) are spread out across a range 
of around 0.3 eV per atom, with the majority distributed around 
the center of that range. Therefore, a more important measure 
of the success of the model is whether or not it is able to find low 
energy structures, which are not well represented in the data set.

To this end, an additional 40 000 structures were generated, 
using the four site probabilities. All structures with a predicted 
energy lower than Eref  + 0.02  eV per atom were calculated, 
where Eref is the lowest energy seen thus far. The majority of the 
45 new structures (69%) were indeed found to have DFT ener-
gies within 0.02 eV per atom of Eref (see Table S1, Supporting 
Information). However, as shown in Figure  3f, a number of 
structures were 0.1  eV per atom or higher in energy, demon-
strating that the initial model did not adequately cover the low 
energy region of interest. Therefore, the model was refit by 
splitting the full set of data into 590 (294) training (validation) 
structures, as summarized in row three of Figure 2.

The performance of the new model, denoted “ML2,” is 
depicted in Figures 3c,d. The convergence with training set size 
is slower than for ML1, while the MAE for the largest training 
set size is 7.5 meV per atom, slightly higher than for ML1, but 
nonetheless reasonable. In order to verify whether or not the 
new model had improved predictivity for low energy structures, 
a further 250 000 structures were generated, this time including 
10% of structures with explicit two site occupancies. The same 
energy criterion was used to identify potential low energy 
structures, that is, EML2 − Eref < 0.02 eV per atom. As shown in 
row four of Figure 2, this resulted in an additional 171 structures, 

Adv. Mater. 2022, 2204217
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all but one of which had three of the Ga sites occupied. As can 
be seen from Figure 3g and Table S1, Supporting Information, 
the majority of the structures were within the targeted range 
(79%), with the remainder being only slightly higher in energy. 
More importantly, there were no high-energy outliers.

As a final step, another 250 000 structures were generated, as 
in the previous step, however the energy threshold was increased 
to 0.03  eV per atom, and all 3-site structures were rejected. 
This resulted in an additional 168 DFT structures, of which 26 
(142) had two (four) sites occupied, as summarized in row five 
of Figure 2. As shown in Figure 3h all of these structures were 
higher in energy than the lowest identified 3-site structures.

2.3. Atomic Structure

Out of the full set of 1223 DFT-calculated structures, 30 struc-
tures were relaxed. The structures were selected first by taking 

the five lowest energy 2-, 3-, and 4-site structures, respectively. 
An additional 15 structures were then randomly selected to give 
a total of ten structures each with two, three and four occupied 
Ga sites. Particularly for the higher energy structures, some 
Ga atoms moved considerably during relaxation, and thus the 
type of Ga site was redetermined for each Ga atom by identi-
fying the closest corresponding Ga site in the pristine struc-
ture. The structures were then reclassified by the number of 
occupied Ga sites. The unrelaxed and relaxed energies, and 
the site occupancies for the 30 structures are given in Table S2, 
Supporting Information.

For the unrelaxed structures, the lowest energy structures all 
have three occupied Ga sites, with the 4-site structures being 
next lowest in energy, at around 8  meV per atom higher in 
energy. The 2-site structures are slightly higher in energy. This 
is further evident in Figure S1, Supporting Information, where 
the distribution of all unrelaxed energies is given by number of 
occupied Ga sites. After relaxation, the lower energy structures 
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Energy thresholds are in eV per atom.
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remain lower in energy than those selected randomly, but with 
some rearrangements within the group (see Figure  S2, Sup-
porting Information). Notably, the 3- and 4-site relaxed struc-
tures are at similar energies, with the lowest energy 3-site 
structure being less than 1 meV per atom lower in energy than 
the lowest energy 4-site structure. The 2-site relaxed structures 
remain slightly higher in energy, but are also closer in energy 
than before relaxation, with the lowest 2-site being 7 meV per 
atom higher than the overall lowest energy structure. However, 
such small energy differences are relatively insignificant given 
the sensitivity to simulation parameters including the basis set 
and pseudopotential. Indeed, when comparing relative ener-
gies of the relaxed structures calculated using CASTEP with 
those calculated with BigDFT (depicted in Figure  S2, Sup-
porting Information), the ordering changes and the relative 
energies differ on average by 4.0 meV per atom. Therefore, in 
the following, structures within 10 meV per atom of the lowest 
energy structure are grouped together, and are all considered 
to be low in energy. We note that the energies calculated using 
HSE after further relaxation differ more significantly from the 
BigDFT PBE energies, however, despite a smaller range of 
values, the trend is well preserved (see Figure S2, Supporting 
Information), and thus unless otherwise stated, relative ener-
gies are those calculated with BigDFT. For the randomly 
selected structures, a considerable number of structures con-
tain Ga atoms which change site following relaxation, while 
the relative energies also change considerably. As a result, 
only two randomly selected structures have two occupied Ga 
sites, both of which are relatively low in energy, while there 

remain some 3- and 4-site structures which are relatively high 
in energy.

The lowest energy PBE-relaxed 2-, 3-, and 4-site structures 
are depicted in Figure 4a, where the distortions away from ideal 
octa- and tetrahedra are clearly visible, as expected based on 
the neutron diffraction results.[9,13] This is also evident in the 
smearing of the correlation function (depicted for the lowest 
energy structure in Figure S3, Supporting Information) and in 
the spreading out of both Ga and O atoms around their undis-
torted positions (depicted in Figure  S4, Supporting Informa-
tion for the low energy structures). We note that the structures 
were further relaxed using HSE for the bandgap calculations, 
however, this did not have a significant effect on the atomic 
positions (0.01 Å average displacement). To further investigate 
the distortions, the Ga–O bond lengths were analysed for all 
30 relaxed structures. These were determined by identifying the 
4 (6) closest O atoms for each tetrahedral (octahedral) Ga atom, 
giving rise to the average, maximum and minimum bond 
lengths for each type of Ga site in a given structure. The results 
are depicted in Figure  4b. Disorder is present in the bonds 
associated with all four Ga sites, but to a much greater extent 
for the Oh sites. The two Oh sites also show a larger differ-
ence in average bond lengths—taking the lowest energy 4-site 
structure (IVA), the average bond lengths are 1.85, 1.99, 1.83, 
and 2.10  Å for Ga sites 1 to 4, respectively, which are in good 
agreement with the values from Playford et al.[13] Although the 
average bond lengths are relatively consistent across all struc-
tures, the Oh sites show a large variation for a number of the 
higher energy structures, with some bond lengths deviating 

Adv. Mater. 2022, 2204217

Figure 3.  Performance of the different models, including a comparison to the DFT results and ability to predict low energy structures. a,b) The model 
performance for the initial 800 structures plus those containing rare environments (ML1), while (c) and (d) are for the refitted model, which has an 
additional 45 predicted low energy structures (ML2). Also shown in (a) and (c) are the mean absolute errors (MAEs) for the largest training set. (e)–(h) 
show the distribution of PBE-calculated energies for: e) the initial structures plus those containing rare environments, f) structures where the ML1 
predicted energy was less than 0.02 eV per atom above the reference energy, g) structures where the ML2 predicted energy was less than 0.02 eV per 
atom above the reference energy, and h) structures where the ML2 predicted energy was less than 0.03 eV per atom above the reference energy, and 
for which only 2 or 4 distinct Ga sites were occupied.
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significantly from the expected values. Such deviations suggest 
the presence of unrealistic local environments, in other words 
these high energy structures are poor representations of the 
atomic structure of γ-Ga2O3.

2.4. Occupied and Unoccupied States

HSE was used to calculate the bandgaps for the 30 relaxed 
structures (see Figure  5a) with a clear trend of lowest energy 
structures having the largest bandgaps. The bandgap value 
for the lowest energy structure, which is a 3-site structure, is 
4.69  eV, which is smaller than the 4.87  eV bandgap of the β-
Ga2O3 from HSE calculations.[25] This is in agreement with the 
narrowing of the bandgap observed in the experimental SXPS 
and XAS data, which are plotted on a common energy scale 
for both the γ and β polymorphs in Figure 5b (see Figure S5, 
Supporting Information for the full range O K-edge XAS spec-
trum). The 0 eV point of the common energy scale is aligned to 
the experimental Fermi energy EF position as determined from 
the SXPS experiments. In line with our previous results on the 
other polymorphs, the EF appears within the bandgap toward 
the conduction band minimum (CBM), indicating that γ-Ga2O3 
is nondegenerate n-type. However, due to limitations in the 
common energy scale alignment, as well as possible small 
influences from surface band bending, this approach cannot be 
used to extract reliable bandgap values. Therefore, a combina-
tion of spectroscopic ellipsometry and PLE spectroscopy was 
used to further explore the bandgap experimentally.

The experimentally determined point-by-point fitted dielec-
tric function is shown in Figure 5c. The onset of strong absorp-
tion is visible by the increase of ε2 at an energy of ≈5.1  eV, 
determined by the characteristic energy of a model dielectric 
function used to describe the point-by-point result. This value 
is related to the lowest allowed direct band-to-band transition 
in the material, but lowered by Coulomb interaction due to 
excitonic effects. This value is very similar to that of other poly
morphs of Ga2O3, namely an averaged optical response over 
x and y directions of the dielectric tensor of stable β-Ga2O3

[26] 
and the ordinary dielectric function of ε-Ga2O3,[27] but lower 
than that of corundum α-Ga2O3.[28] The tiny contribution to ε2 
at ≈4.6eV is most likely an artifact due to an imperfect model 
description of the sample. From ( 0)1 �ε ω → , the dielectric limit 
of the material, usually referred to as ε∞, can be estimated to be 
3.9 ± 0.1.
Figure 6a shows a response- and substrate-corrected PLE map 

of γ-Ga2O3 at 5 K. It is dominated by a strong and broad excita-
tion channel centered around 5.33 eV feeding a broad lumines-
cence with an intensity maximum at 3.17 eV. The corresponding 
excitation spectra for selected temperatures between 5 and 300 K 
are displayed in Figure 6b. The maxima of PLE intensity (dots) 
shift to lower excitation energies starting at around 150 K. This 
shift can be well approximated by phenomenological expres-
sions commonly used to describe the temperature dependence 
of bandgaps in semiconductors,[29,30] as shown by the solid line 
in Figure 6c. The derived values for the high-temperature slope 
of 3.2(9) meV K−1 and the low temperature energy gap E(T = 0) =  
5.330(3) eV do not vary significantly depending on the specific 
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Figure 4.  Relaxed structures of γ-Ga2O3. a) Lowest energy relaxed 2- (IIA), 3- (IIIA), and 4- (IVA) site structures, with Ga sites 1/2/3/4 depicted in orange/
green/blue/purple, and O atoms in red, as viewed along the b-axis. b) Ga–O bond lengths for the 30 relaxed structures versus the relative energy of 
that structure, for each type of Ga site. Shown is both the average bond length (points) and the minimum and maximum bond lengths (error bars) in 
a given structure. Figure 4a was prepared using the VESTA software package.[57]
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model chosen (ref.  [29] was used here). At room temperature 
the PLE maximum is observed at 5.17 eV, thus downshifted by 
160 meV compared to T = 0 K, which indicates that the highest 
excitation efficiency coincides with the onset of strong absorp-
tion (5.1 eV) observed in spectroscopic ellipsometry (Figure 5c). It 
should be noted that the PLE spectrum is not generally expected 
to be identical to the corresponding absorption spectrum as only 
absorptive processes that lead to the occupation of electronic 
states which participate in the emission of the detected lumines-
cence contribute to the PLE signal. In the present case, this can 
be observed in the high energy region (E > 5.5 eV), where the 
PLE signal decreases (Figure 6b) despite increasing absorption 
(Figure 5c), implying that at higher energies different relaxation 
paths become available that do not contribute to the measured 
luminescence band. The bandgap values from spectroscopic 
ellipsometry and room temperature PLE are in good agreement 
with each other and somewhat larger than the SXPS/XAS and 
HSE predicted values, pointing toward a mismatch of elec-
tronic and optical bandgaps. It is worth noting that this effect 
appears more pronounced for γ-Ga2O3, as calculations with the 
same methods yield good agreement with experiment for other 

polymorphs, such as the β and α phases.[24,26,31,32] One potential 
explanation may be due to localization effects in the uppermost 
valence band states, which we describe in more detail below and 
in the Supporting Information.

In order to explore the electronic structure of the occu-
pied states in more detail, projected density of states (PDOS) 
calculations of the 30 relaxed structures were performed (see 
Figures  S6 and S7, Supporting Information for PDOS results 
of select structures). After broadening and photoionization 
cross section  weighting, the PDOS can be directly compared 
to the experimental SXPS and HAXPES valence spectra (see 
Figure 7a,e, respectively). As is the case of the other Ga2O3 poly-
morphs, the valence band (VB) of the γ phase is dominated by 
O 2p states with small contributions from Ga 3d and 4s states 
at the top and bottom of the VB. The influence of photoioniza-
tion cross sections  is obvious when comparing the SXPS and 
HAXPES spectra in these figures, in particular the decrease of 
the O p state contribution when going to higher X-ray energies. 
The cross section effects are useful in identifying the individual 
orbital contributions to the overall valence band as well as vali-
dating the theoretically predicted PDOS.

Adv. Mater. 2022, 2204217

Figure 5.  Bandgap and band alignment of γ-Ga2O3. a) Relative energy, ΔE versus bandgap, Eg for all relaxed structures, where both quantities have been 
calculated using HSE. b) Soft X-ray photoelectron spectra of the valence band states and O X-ray absorption spectra of the conduction states of both 
γ- and β-Ga2O3 plotted on a common energy axis.[24] c) Point-by-point fitted dielectric function of γ-Ga2O3 in the visible and ultraviolet spectral range.
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Whilst good agreement is found with the photoelectron 
spectra for the overall valence band, significant localization 
of the highest-lying valence band states of γ-Ga2O3 is found, 
while no such localization was observed in the conduction band 
states. Localization extends to ≈0.8 eV below the highest occu-
pied state for the lowest energy structure, as can be seen in 
Figures S8 and S9, Supporting Information. Preliminary anal-
ysis of the calculated optical transitions (Figure S8, Supporting 
Information) indicate weaker transition strengths between the 
more localized valence band states and the conduction band, 
as compared to the more delocalized states at higher transi-
tion energies. This behavior in the model γ-Ga2O3 structures 
is similar to that observed in other semiconducting amorphous 
oxides,[33] and may account for the discrepancy between the 
measured optical and electronic bandgaps.

Overall good agreement is found between the PDOS of the 
low energy structures (ΔE  < 10  meV per atom) and the PES 
results. The 3- and 4-site structures are almost indistinguish-
able in their PDOS, with the 2-site structures showing some 
differences. Variations in PDOS increase when moving to the 
medium energy structures (10 ≤ ΔE < 20 meV per atom), while 
the high energy structures (ΔE ≥ 20 meV per atom) start to vary 
extensively, deviating clearly from the experimental spectra. In 
addition, in the predicted high energy structures, in-gap states 
start to appear, which are clearly not present in the experi-
mental data of the γ-Ga2O3 samples. Therefore, whilst PES 
cannot distinguish between the lowest energy structures as the 
differences predicted from theory are too subtle to be identified 
in the experimental data, it demonstrably shows that the higher 
energy structures are not a realistic description of γ-Ga2O3.

Adv. Mater. 2022, 2204217

Figure 6.  PLE spectra of γ-Ga2O3. a) 2D map of excitation energy as function of emission energy as obtained by PLE measurement of the γ-Ga2O3 film 
at a temperature of 5 K. The top and right graphs display corresponding PL and PLE spectra as obtained within ±100 meV energy intervals around 
the intensity maxima of 3.17 and 5.33 eV, respectively. b) Integrated PLE spectra as a function of temperature between 5 and 300 K. The spectra have 
been normalized and shifted vertically for clarity. The dots mark approximate excitation energy corresponding to highest PLE signal. c) Energy of the 
excitation maximum in the PLE spectra as function of temperature between 5 and 300 K (dots and corresponding error bars). The solid line represents 
a semi-empirical fit of the temperature dependence of the excitation energy.[29,30]
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2.5. Semicore Spectra

Semicore (shallow core) states can have a significant influence 
on the final electronic structure of metal oxide semiconduc-
tors. Figure  8 shows the theoretical spectra from PBE and 
HSE calculations, as well as the experimental SXPS spectra 
of the semicore states and the valence band, with the calcu-
lated spectra coming from the lowest energy structure. HSE 

shows an improvement in the agreement between its pre-
dicted semicore energies and SXPS as compared to PBE, 
while still showing disagreement of several eV relative to the 
experimental peak positions of the highest binding energy 
(BE) states in Figure 8. This is expected from these levels of 
theory, which suffer from different amounts of self-interac-
tion errors that impact the calculated bandgap, and the p–d-
repulsion that influences the BE positions of semicore levels 
and valence band states. In addition, theory underestimates 
the level of hybridization in Ga2O3, leading to differences in 
relative peak intensities of the semicore states and different 
relative errors for the O- and Ga-derived semicore levels. This 
leads to a typical underestimation of the semicore levels with 
respect to experiment, which can be improved with higher 
levels of theory such as those that treat many-body interac-
tions like the GW approximation.[24] Nevertheless, their overall 
shape and orbital character is described well even with PBE, 
as will be discussed in the following.

The semicore states in Ga2O3 show two peaks of O 2s and 
Ga 3d character, for which the broadened and cross section cor-
rected PDOS for the lowest energy γ-Ga2O3 structure, as well 
as the SXPS and HAXPES data, are shown in Figure 9a,e. Fol-
lowing the arguments presented for the valence spectra above, 
combining SXPS and HAXPES can help to identify the orbital 
character of observed spectral features and verify theoretical 
projections. The dominant feature in the semicore spectra is 
the predominantly Ga  3d peak (at 21.1  eV in the SXPS data), 
with contributions from Td and Oh sites reflecting the ratio 
of sites present within the structure, with Oh dominating. In 
addition, a shoulder toward the lower BE of the main feature 
is due to hybridization with O 2s states. The difference in the 

Adv. Mater. 2022, 2204217

Figure 7.  a–h) Comparison between the calculated and measured valence XPS for soft (a–d) and hard (e–h) X-rays. The theoretical results are for the 
30 relaxed structures listed in Table S2, Supporting Information grouped by energy relative to the lowest energy relaxed structure. (a) and (e) show the 
weighted PDOS for the lowest energy structure for the SXPS and HAXPES case, respectively. The theoretical spectra have been aligned and normalzed 
to the peak dominated by Ga s states at the bottom of the VB.

Figure 8.  Comparison of the weighted occupied PDOS from both PBE 
and HSE for the lowest energy structure with the experimental SXPS 
results, including both the valence bands and semicore states. The theo-
retical spectra are aligned to the dominant Ga s feature at the bottom 
of the valence band. The detailed PDOS from both PBE and HSE can be 
found in Figure S10, Supporting Information.
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decay in photoionization cross sections  between O  2s and 
Ga 3d, with the O 2s cross section decreasing at a slower rate 
compared to the Ga 3d one, leads to this shoulder being more 
pronounced in the HAXPES spectra compared to the SXPS 
spectra. This clear cross sectional dependence is also obvious 
in the second semicore state (at 24.5 eV in the HAXPES data), 
which is largely dominated by O 2s states and which changes 
considerably in relative intensity when going from soft to 
hard X-rays.

Figure 9b–d,f–h show the comparison of the experimental 
spectra with the calculated spectra for the 30 relaxed struc-
tures listed in Table  S2, Supporting Information, grouped 
by energy relative to the lowest energy relaxed structure, for 
SXPS and HAXPES, respectively. Unweighted PDOS and 
comparison between the calculated and measured semicore 
XPS for soft and hard X-rays for select relaxed structures can 
be found in Figures  S11 and S12, Supporting Information. 
Whilst only very minimal differences exist between the lowest 
energy (<10  meV per atom) structures, changes become 
more obvious for structures with energies 10 ≤ ΔE < 20 meV 
per atom, particularly in the HAXPES case due to the dis-
cussed relative increase in the O 2s cross section. Finally, for 
the high energy structures with ΔE ≤ 20 meV per atom, the 
calculated spectra no longer resemble the experiment. The 
resulting width increase, in particular for the Ga  3d domi-
nated feature, originates from the spreading in energies for 
both Ga and O states, which is magnified due to hybridiza-
tion in the semicore states. As was evident from VB spectra, 
the higher energy structures are not a realistic representa-
tion of γ-Ga2O3.

2.6. Core-Level Spectra

Although core-level spectra are often overlooked as a source of 
information regarding the relationship between local coordi-
nation and electronic structure of a material, recent work has 
shown that the full width at half maximum (FWHM) of core-
levels, in particular of O 1s, can change significantly depending 
on local coordination environments in Ga2O3 polymorphs.[24] 
Ga  2p3/2 and O  1s core-level spectra of γ-Ga2O3, as well as β-
Ga2O3 for comparison, were collected using both SXPS and 
HAXPES and are shown in Figure  10. The advantage of col-
lecting core-level spectra with both SXPS and HAXPES is that 
any surface related effects affecting SXPS data, such as hydrox-
ylation, undercoordination, and band bending, do not influence 
the HAXPES spectra considerably. This is due to the consid-
erable increase in probing depth upon the increase in X-ray 
energy and therefore kinetic energy of the photoelectrons. The 
Ga 2p3/2 spectra are near identical in SXPS and HAXPES except 
for the small difference in the energy resolution of the two 
measurements. The O 1s spectra also have comparable FWHM 
and line shapes in SXPS and HAXPES, with the SXPS data 
showing a small shoulder on the higher BE side of the main 
photoionization peak due to surface species, such as hydroxyl 
groups. The surface-related features are not included in the 
theoretical calculations as these are based on a bulk description 
of γ-Ga2O3, resulting in a closer match with the HAXPES data 
compared to the SXPS data.

The FWHM of the HAXPES core-level spectra are almost 
identical at 1.15±0.01 eV for O 1s and 1.29 ± 0.01 eV for Ga 2p3/2 
for both γ- and β-Ga2O3. To understand this observation, core 

Adv. Mater. 2022, 2204217

Figure 9.  Comparison between calculated and measured semicore states for SXPS and HAXPES. a,e) The weighted PDOS for the lowest energy 
structure (3-site structure) for SXPS and HAXPES, respectively. b–d,f–h) Theoretical results for the 30 relaxed structures listed in Table S2, Supporting 
Information grouped by energy relative to the lowest energy relaxed structure, and compared to the experimental SXPS and HAXPES spectra, respec-
tively. The theoretical spectra are aligned and normalized to the peak with the maximum height.
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BE calculations were performed and the results are shown in 
Figure 10b,f for the lowest energy γ and (a) and (e) for the refer-
ence β structure. In the much simpler β case, two clearly sepa-
rated contributions (with a difference in energy ΔE of 0.25 eV) 
from Td Ga1 and Oh Ga2 to the Ga 2p3/2 core level are found. 
In contrast, the relative energies in the γ case are spread out 
due to the differences in coordination environment, with a 
maximum difference in energy ΔEmax  = 0.71  eV. O  1s shows 
similar behavior albeit with an in general larger ΔEmax (0.36 eV 
in β-Ga2O3) and also a greater magnitude of spreading in the 
γ structure (to ΔEmax = 1.25 eV). This heightened sensitivity of 
O 1s to changes in local coordination compared to Ga 2p3/2 is in 
agreement with previous observations on Ga2O3 polymorphs.[24]

Due to the high computational cost of core BE calculations 
(where each atom in the cell requires a separate DFT calcula-
tion), core BEs were only calculated for nine structures: the 
lowest energy relaxed 2-, 3-, and 4-site structures, and the six 
highest energy relaxed structures. Since there are no high 
energy relaxed 2-site structures, this comprised three 3-site and 
three 4-site structures. Figure 10c,g show the comparison of the 
experimental spectra to calculated spectra for the lowest energy 
structures with two, three and four occupied Ga sites. Similar 
to the observations made for the semicore states, it is clear that 
only very minimal differences exist between these structures, 
which are too small to influence the overall line profile of the 
experimental core-level spectra. In contrast, the spectra from 
the highest energy structures shown in Figure  10d,h show 
various levels of deviation, including some extreme cases for 

the 4-site structures, where there is a much larger spread of BE 
values for both Ga  2p3/2 and O  1s. This is common to all Ga 
sites, as shown in Figure S13 and Table S3, Supporting Infor-
mation. A possible explanation for this greater spread of values 
comes from the rough trend that the higher the energy of the 
structure, the greater the number of distinct environments pre-
sent in the unrelaxed structure, as depicted in Figure S14, Sup-
porting Information. In addition, the in some cases extreme 
broadening of BE is due to the appearance of unrealistic envi-
ronments in these structures. Although the higher energy 
structures in particular change significantly during relaxation, it 
is nonetheless likely that they typically retain a greater diversity 
in local environment, leading to the wider spread of BE values.

3. Conclusion

The present work showcases a successful strategy for theoreti-
cally screening and experimentally validating potential atomic 
structures of the disordered material γ-Ga2O3 and assessing 
their relationship to its electronic structure. By combining 
the screening of nearly a million structures with more than a 
thousand DFT calculations, a number of low energy candidate 
structures were successfully identified. Based on the developed 
robust atomistic model, bandgaps, densities of states, as well as 
semi core and core state energies were calculated and directly 
compared to experimental efforts across a range of advanced 
techniques. The results convincingly show that the predicted 

Adv. Mater. 2022, 2204217

Figure 10.  Comparison between the calculated and measured core states for Ga  2p3/2 (top) and O  1s (bottom), for both SXPS and HAXPES.  
a,b,e,f) The different site contributions for the lowest energy γ-Ga2O3 structure (b,f) (equivalent plots for the other structures are shown in Figure S11, 
Supporting Information), and the reference results for β-Ga2O3 (a,e). c,d,g,h) The theoretical results for the lowest 2-, 3-, and 4-site relaxed structures, 
as well as the six highest energy (3- and 4-site) relaxed structures. Calculations are grouped by energy relative to the lowest energy relaxed structure. 
The theoretical spectra are normalized and aligned with respect to experiment.
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low energy structures are a suitable representation of disorder 
in γ-Ga2O3, whilst predicted higher energy structures result in 
dramatic deviations from experiments. Of the low energy struc-
tures, both 3- and 4-site models provide good descriptions of 
the experimental data, with 2-site models showing worse agree-
ment. This work opens up pathways to more extensive theo-
retical explorations of this material, such as going beyond fixed 
lattice parameters and treating larger supercells, to enable a 
more realistic treatment of long range disorder. Furthermore, 
the complementarity between theoretical and experimental 
approaches demonstrated here shows the potential for applying 
such a strategy to many other disordered systems where, whilst 
technologically interesting, structure—electronic structure rela-
tions have been challenging (or impossible) to explore.

4. Experimental Section
Structure Generation: Atomic structures were generated using 

the structure of Playford et  al.,[9] using a fixed lattice constant of 
8.2376  Å. Preliminary calculations in smaller cells showed a strong 
sensitivity to stoichiometry, therefore all calculations were performed 
in a stoichiometric 1 × 1 × 3 supercell (160 atoms). The Ga sites were 
randomly occupied, first by selecting a site with a probability such that 
each type of Ga site was selected with the same frequency. The selected 
site was then occupied using the following probabilities. For 10% of the 
800 initial 1 × 1 × 3 structures only the first two sites (Ga1 and Ga2) were 
occupied, with equal probability. For the remainder of the structures, all 
four Ga sites were randomly occupied, with probabilities of 0.741, 0.741, 
0.066, and 0.024 for Ga1 through Ga4, respectively, following ref. [9]. To 
avoid unphysically short Ga–Ga distances, a minimum Ga–Ga distance 
of 2.4 Å was imposed. Due to the combination of the distance constraint 
and randomized approach, even in the case where all four sites had a 
nonzero probability, many structures nonetheless had only two or three 
sites occupied, as summarized in Table S1, Supporting Information.

DFT Calculations: Except where stated otherwise, DFT calculations 
were performed using the semi-local PBE functional.[34] Single point 
energy calculations and geometry optimizations employed the wavelet-
based BigDFT code,[35] using HGH-GTH pseudopotentials (PSPs),[36,37] 
also including non-linear core corrections for O.[38] The Ga PSP included 
three valence electrons, with the 3d electrons treated as part of the 
core. Calculations used a wavelet grid spacing of 0.38 bohr and coarse 
(fine) radius multipliers of 5 (7), and were performed at the Γ-point 
only. In order to aid convergence for screening calculations, and since 
a number of the generated structures were found to have a negligible 
bandgap, density mixing was used with a finite temperature of 0.001 Ha. 
Structures which did not converge within 500 diagonalization iterations 
(≈2% of initial structures) were discarded. Geometry optimizations 
were performed using a direct minimization approach without finite 
temperature, since a bandgap opened up during relaxation for all 
structures. A maximum force threshold of 0.03  eV Å−1 was employed, 
while the unit cell was kept fixed.

PDOS calculations were performed using the CASTEP plane-wave 
DFT code,[39] employing a kinetic energy cut-off of 700  eV. Ultrasoft 
PSPs were employed with the Ga  3d electrons treated as valence 
states. The density was obtained at the Γ-point only, while the PDOS 
was calculated on a 2 × 2 × 1 Monkhorst–Pack k-point grid.[40] Post-
processing was performed using OptaDOS,[41] with 0.44  eV (0.25  eV) 
Gaussian smearing applied for comparison with soft (hard) X-rays 
to reflect the experimental broadening. To further aid comparison of 
theory and experiment, Scofield photoionization cross sections  for the 
experimental soft and hard X-ray energies were applied to the calculated 
PDOS using Galore.[42–44] Unweighted PDOS were broadened using 
0.44 eV Gaussian smearing.

Relative core BE were also calculated with CASTEP, using the ΔSCF 
approach, in which a core hole was introduced into the excited atom by 

means of an on-the-fly generated core hole PSP. Core-hole calculations 
were then performed with a net charge. For Ga, the core-hole PSP 
was generated using an averaged approach, that is, the electron was 
not removed from a specific p-orbital, and thus the calculated BEs 
did not specifically correspond to the 2p3/2 states. The same cut-off 
energy and PSPs were employed as for PDOS calculations. Due to 
the higher computational cost of core BE calculations, which require 
one calculation per atom in a given structure, calculations were only 
performed for select structures, at the Γ-point only. Core BE and PDOS 
calculations were also performed for β-Ga2O3, using the same PSPs and 
cut-off energy, and an 8 × 8 × 8 Monkhorst–Pack k-point grid. The unit 
cell was taken from ref.  [45]. The structure was relaxed using CASTEP 
using a maximum force threshold of 0.03 eV Å−1 while keeping the cell 
fixed, otherwise using the same parameters as the core BE calculations. 
BEs were calculated for each atom in the cell, regardless of whether they 
are equivalent by symmetry. For both γ and β phases, the spectra were 
generated by applying a combination of 0.25 eV Gaussian smearing to 
reflect the experimental broadening of the HAXPES data and 0.38  eV 
(0.133  eV) Lorentzian smearing for Ga (O) to reflect the different 
intrinsic line widths of the Ga and O lines.

To evaluate the bandgaps beyond semilocal functionals, HSE06 
screened hybrid functional calculations were employed. These 
calculations were performed with the VASP code with 32% mixing of 
exact exchange, a 400  eV plane-wave cut-off and PAW potentials that 
include the Ga 3d states as valence electrons, which had been previously 
shown to accurately describe the properties of β-Ga2O3.[24] All atomic 
coordinates in the 160-atom model γ-Ga2O3 structures were allowed 
to relax and the direct bandgap was evaluated at the zone-center with 
a Γ-centered k-point mesh including Γ and another k-point at the 
zone boundary at 0.5,0.5,0.5. Owing to the size of the supercells, this 
bandgap may also include contributions from higher-lying valence band 
states that were folded to the Γ-point in the supercells. For the lowest 
energy structure, the density of states was further resolved with a 5× 5 
×1 Γ-centered mesh. This larger k-point sampling confirmed the indirect 
bandgap nature of γ-Ga2O3, with the indirect valence band maximum 
(VBM) falling at least 0.05 eV higher than the highest-lying valence band 
state at the Γ-point of the supercell.

Machine-Learning Approach: Since the number of possible structures 
is too large for an exhaustive search, a machine-learning (ML) approach 
was implemented to nonetheless enable the screening of a large number 
of structures. The employed model relied on the decomposition of a 
structure into a set of distinct (reference) local atomic environments. 
Each reference environment, α had an associated energy, εα, with the 
total energy of a given structure, E, defined as

1

env

∑ ε=
α

α α
=

E M
N

� (1)

where Mα is the number of instances of α in the structure and Nenv is 
the total number of reference environments. The decomposition of the 
total energy into local atomic energies was well established in the ML 
community, and had been employed with a range of descriptors.[46,47] 
In this work, a simple descriptor based only on the local coordination 
environment was used, as described below.

For each atom i of species s in a given structure, all Ga (O) atoms 
within a radius of c

s Ga−r  ( )c
s O−r  of atom i were identified. Atom i and 

these neighboring atoms constitute environment α. Given another 
environment β, centered on atom j of the same species s, the two 
environments may be said to be equivalent if both α and β contained 
the same number of Ga and O atoms, that ia, if Ga Ga=α βN N  and 

O O=α βN N . Otherwise, the two environments were treated as distinct. 
In other words, only the number of atoms of each species present 
within the environment was taken into consideration, irrespective of 
their actual atomic coordinates. Since all O sites were fully occupied, 
all O–O interactions were excluded, that is, 0.0c

O O =−r  Å. Therefore, the 
approach relied on only two parameters: c

Ga Ga−r  and c
Ga O

c
O Ga≡− −r r .

The decomposition of a given atomic structure then proceeds as 
follows, as illustrated in Figure  S15, Supporting Information. For each 
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atom i in the input structure, its local environment α was obtained, 
given user-defined cut-off radii. Environment α was then compared to 
each of the existing reference environments β associated with an atom 
of the same species as atom i. If none of the existing environments were 
equivalent to α, then α was a new, distinct environment and was added 
to the set of reference environments. The process was repeated for each 
atom in the structure, and again for subsequent structures, taking the 
already existing set of reference structures as an input, adding new 
reference environments as needed.

Once all structures within a given data set had been decomposed 
into a set of reference environments, the data was split into training 
and validation sets, where each structure which contained a previously 
unseen reference environment must be included in the training set. The 
energies of each environment, εα, were then obtained by fitting to DFT-
calculated energies using ridge regression, as implemented in Scikit-
learn.[48] In order to determine the cut-off distances, rc, single point 
calculations were performed for 800 initial structures. The structures 
were split randomly into 534 (226) training (validation) structures. To 
account for variations due to the choice of training set, five randomized 
splits were tested. The model was then fit using different values of rc, 
which were chosen so as to include increasing shells of neighbors, 
as depicted in Figure  S16, Supporting Information. For each pair of rc 
values, the regularization parameter was varied between 0.5 and 50 in 
intervals of 0.5. For each case, the value giving the lowest MAE of the 
validation set, when averaged across the five splits, was then employed. 
As shown in Table S4, Supporting Information, the values rc

Ga Ga−  = 4.3 Å  
and rc

Ga O−   = 4.8 Å gave the lowest MAE and are therefore used in 
the following.

Having established the model hyperparameters, a number of 
additional structures were generated using the four site occupancies, in 
order to improve the coverage of the data set. A DFT calculation was 
then performed for each structure which contained either new (i.e., 
not already encountered) reference environments, or rare reference 
environments, which were present in less than five structures. The 
structures were generated in batches of 20 000, discarding unconverged 
structures following the same criterion as before. The process was 
repeated until a total of 400  000 additional structures had been 
generated, giving rise to an extra 39 converged structures. Although 
such an approach did not guarantee that all possible environments 
were represented, it was assumed that any remaining unrepresented 
environments were either very rare, or only occur in structures which 
did not converge, and were thus likely to be high in energy and therefore 
ultimately unfavorable. The model was then refit by splitting the data into 
560 (279) training (validation) structures. The regularization value, α, 
was again varied as described above; a final value of 0.5 was employed.

Growth and Structure: An epitaxial γ-Ga2O3 film was grown on a 
double polished (001) MgAl2O4 substrate using conventional plasma-
assisted molecular beam epitaxy (MBE), which was used for all 
photoelectron and optical experiments. Beam fluxes of Ga and O 
radicals were supplied to the heated substrate from an effusion cell and 
an RF-radical cell, respectively. The nominal Ga flux measured in vacuum 
was 2.2× 10−8 Torr and an input RF power of 200 W and an oxygen flow 
rate of 0.50  standard cubic centimeters per minute (sccm) were used 
to generate oxygen radicals for the growth. In the oxygen background 
during growth, the Ga effusion cell mainly provided Ga2O at a higher 
flux than the pure Ga flux provided during the beam-flux measurement 
in vacuum.[49] The substrate temperature was 600 °C with a total growth 
time of 2000  s. The film thickness as estimated from the growth rate 
(2.8 nm min−1) was 92 nm. The surface roughness as determined from 
atomic force microscopy was 0.8  nm. Further details can be found in 
previous publications.[50–52]

The crystal phase of the produced epitaxial film was investigated 
using X-ray diffraction (XRD). Data collection was performed on 
a high-resolution X-ray diffractometer (Rigaku SmartLab) using 
monochromated Cu Kα1 radiation. The strong MgAl2O4 001 substrate 
reflection was observed at 44.8° with the γ-Ga2O3 004 film reflection 
at lower 2θ (42.6°) indicating successful epitaxial stabilization (see 

Figure  S17, Supporting Information). The FWHM of the 004 rocking 
curve was 0.4°.

In addition, γ-Ga2O3 films were grown by solid-phase epitaxy on 
c-plane Al2O3 substrates for the TEM experiments. For this purpose, 
an amorphous Ga2O3 film was grown by plasma-assisted MBE on 
a 2″ c-plane Al2O3 substrates at a substrate temperature of 125  °C, a 
Ga flux of 2× 10−7  mbar (corresponding to a Ga2O3 growth rate of 
3.6  nm min−1), and an oxygen flux of 3  sccm at an RF plasma power 
of 300  W. The growth time of 35  min resulted in an estimated film 
thickness of ≈120  nm. Within the first 20  s of growth (i.e., the first 
1.2  nm), the spotty reflection high-energy electron diffraction patterns 
(RHEED) pattern of the substrate changed into a featureless, diffused 
one, indicating the formation of an amorphous film. After growth, the 
substrate was split into smaller pieces for the subsequent crystallization 
of the amorphous film.

The amorphous films were annealed in an oven under O2 at 
atmospheric pressure isochronal for 30 min increasing the temperature 
from 400 to 900 °C in steps of 100 °C. The structure of the samples was 
analyzed by X-ray diffraction in a Bragg–Brentano geometry with −2θ 
scans after each annealing step. Figure  S18, Supporting Information 
shows the XRD ω−2θ scans of as grown amorphous Ga2O3 thin films 
on sapphire substrate after annealing at the various temperatures. The 
sample annealed at 400 °C showed exclusively (0003)n reflections of the 
sapphire substrate indicating the sample still to be amorphous within 
the detection limit of X-ray diffraction. After further annealing to 500 °C, 
additional reflections were revealed (indexed with a, b, c, and d). These 
peaks can be assigned (111)n reflections of the γ-phase (111)n, and they 
were close in position to the (20 1)n reflections of the β phase. The 
XRD data showed that peaks (a) and (c) match literature data of the 
(201) and (603) reflections of the β phase increasing in intensity with 
increasing temperature. Peaks (b) and (c) decreased in intensity with 
increasing temperature and shift to nominal values that corresponded 
to reflections of the γ phase. These observations were commensurate 
with a gradual transition from the γ-phase to the β-phase at higher 
temperatures. The sample annealed at 500  °C was used for the high 
resolution transmission electron microscopy experiments presented.

X-ray Photoelectron and Absorption Spectroscopy: γ-Ga2O3 samples 
were investigated using both soft (SXPS) and hard (HAXPES) X-ray 
photoelectron spectroscopy. Laboratory-based SXPS was performed 
on a Thermo Scientific K-Alpha+ spectrometer with a monochromated 
microfocused Al Kα X-ray source (hν  = 1486.7  eV) and a spot size of 
400  µm. The base pressure of the instrument was 2×10-9  mbar and 
the X-ray source was operated at 6  mA emission current and 12  kV 
anode bias. Pass energies of 20 eV for core level and 15 eV for valence 
band spectra were used. HAXPES data were collected at beamline I09 
at Diamond Light Source, UK, at a photon energy of 5.9403  keV.[53] A 
double-crystal Si (111) monochromator was combined with a Si (004) 
channel-cut crystal as a post-monochromator to achieve the final energy 
resolution. The main end station at beamline I09 was equipped with 
a VG Scienta EW4000 electron analyzer, which had a wide acceptance 
angle of ±28°. All measurements were performed in grazing incidence 
geometry at angles below 5° between the incoming X-ray beam and 
the sample surface and a pass energy of 200 eV was used for all spectra. 
The resolution of SXPS and HAXPES measurements, as determined by 
the width of the Fermi edge of gold, are 0.44 and 0.25 eV, respectively. 
The HAXPES valence band spectrum was also collected at beamline P22 
at PETRA III/DESY to confirm the reproducibility under varying beamline 
conditions.[54] The I09 and P22 spectra were identical and information 
on the experimental setup at P22, as well as a comparative plot of 
the data, can be found in Figure  S19, Supporting Information. The β-
Ga2O3 core-level reference spectra were collected on a (010) oriented 
bulk single crystal obtained from Novel Crystal Technology Inc., Tamura 
Corporation. The semicore and core spectra for γ- and β-Ga2O3 shown 
in Figures  9 and 10 are all aligned to the O  1s core level of the SXPS 
experiments. Beamline I09 was also used to collect XAS of the O K-edge 
in total electron yield mode and details on the alignment procedure can 
be found in a previous publication.[24]
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Spectroscopic Ellipsometry: Spectroscopic ellipsometry was performed 
using a scanning variable-angle spectroscopic ellipsometer based on a 
grating monochromator operational in the spectral range between 0.5 
and 6.5  eV. The instrument was equipped with an autoretarder. The γ-
Ga2O3 film was measured using three different angles of incidence Φ of 
50°, 60°, and 70°. The recorded experimental ellipsometric parameters 
Ψ and Δ were analyzed using a multilayer model to find the complex 
dielectric function as a function of photon energy ε(ℏω). For the present 
case, the model consisted of the substrate MgAl2O4, the γ-Ga2O3 layer of 
interest, and an effective medium approximated surface roughness layer 
using the Bruggeman formalism.[55] Layer thicknesses were found to be 
122  nm (γ-Ga2O3) and 3.3  nm (effective medium layer). The dielectric 
function of MgAl2O4 has already been determined by Zollner  et  al.[56] 
Their results were compared and slightly modified to match the identical 
(001) MgAl2O4 crystal, which was used as a substrate in the present 
study. For the description of the γ-Ga2O3 layer, a model independent 
so-called point-by-point fitted dielectric function was obtained by 
fitting the calculated optical response of the multilayer model to  
the experimental ellipsometric parameters while varying the real 
and imaginary parts of ε(ℏω) = ε1(ℏω) + iε2(ℏω) until best agreement 
was obtained. The cubic crystal structure of γ-Ga2O3 had an isotropic 
optical response, this means the dielectric function was a scalar for 
this material.

PLE Spectroscopy: PLE was performed using a 400  W Xe arc lamp, 
which was monochromatized by a two-stage spectrometer (Acton 
SP250, f  = 250  mm, gratings: 1800  lines mm−1) yielding a spectral 
FWHM of the excitation beam of around 1  nm. The samples were 
placed in a He-flow microcryostat (Janis ST-500) enabling temperature-
dependent measurements between 5 and 300 K. The optical excitation 
and detection of the emitted light was performed in backscattering 
geometry using a UV fused silica beamsplitter and focusing lens 
(NA = 0.69). The emitted light was dispersed in a single-stage 
monochromator (Acton SP300, 300 mm, grating: 300  lines mm−1) and 
detected by a charge-coupled device (Horiba Syncerity). Reference 
measurements of the MgAl2O4 substrate were conducted alongside the 
PLE measurements of the γ-Ga2O3 thin film under equal conditions to 
correct for the non-negligible substrate signal in overlapping spectral 
regions. The PLE spectra were corrected to account for the spectral 
power density of the lamp and transmission losses throughout the 
optical setup by in situ monitoring of the excitation light using a 
UV-optimized high sensitivity Si photodiode (Hamamatsu S4349). The 
excitation spectra were obtained by integrating over the full width of the 
detected luminescence signal and were proportional to the probability 
that an exciting photon generated an emitted photon in the observed 
emission wavelength range.
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