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STRUCTURE

FIG. S1: X-ray diffraction patterns of the Ga2 O3 samples. The graphs show wide angle symmetric out-of-plane 2θ-ω
scans on a logarithmic scale of a, α, b, β, and the investigation of samples prepared through different routes ε Ga2 O3 .

FIG. S2: Detailed X-ray diffraction patterns of the ε-Ga2 O3 samples. The graphs show symmetric out-of-plane 2θ-ω
scans on a logarithmic scale and the insets show the corresponding ω-rocking curves of the Ga2 O3 peaks on a linear scale along
with their full widths at half maximum. All samples were grown by MEXCAT MBE using either Sn (ε3 ) or In (ε1 and ε2 ) as
catalyst. Data in (a) taken and adapted from Ref. [1].
OCCUPIED STATES
Calculated Valence DOS

DFT is routinely used to calculate the density of states (DOS) of materials. Fig. S3 shows the results of such
calculations for the α, β, and ε-polymorphs of Ga2 O3 . The data have been broadened by convolution with a Gaussian
function of width 0.3 eV to help visualise the data. At first glance the DOS look very similar across the polymorphs,
as expected due to their equivalent chemical composition. However, a number of features can be distinguished which
make them discernible from each other. Firstly, the calculated band gap is larger in the α-phase, being around 2.8

3
eV compared to 2.4 eV and 2.5 eV for the β and ε polymorphs, respectively. These absolute semiconductor band
gaps suffer from the known problem of theoretical under-prediction using semilocal DFT functionals [2], however,
relative comparisons of band gaps between the different structures are still valid.
The DOS at the VB maximum (VBmax ) of the α phase has a much sharper onset than for the β and ε phases,
which both show a step in the leading edge. This step consists of nearly entirely O 2p character and is larger in the
ε phase than the β phase. In addition, the middle of the valence band of the α-phase differs from the other two in
that it is relatively much less intense. A greater degree of hybridisation between the Ga 4p and O 2s orbitals occurs
in this region for the β and to a lesser extent the ε phases, which accounts for the difference in intensities in the
DOS. In addition, an increased contribution of tetrahedrally coordinated Ga sites, which are completely absent in
the α-phase, may contribute. The DOS of the ε-phase appears as a combination of the other two phases, due to
it having three octahedra to every tetrahedron. It is also worth noting that in previous calculations of the band
structures of these polymorphs [3], it was shown that the density of bands in the valence region increased heavily
from the α-phase through the β to the ε-phase. This follows the number of inequivalent lattice sites in the unit cell,
see Fig. 1a–c in the main manuscript. The overall positions of the valence levels are very similar between the three
phases, including the O 2s and Ga 3d derived semi-core levels.

FIG. S3: Calculated partial and total DOS for the α, β and ε-polymorphs of Ga2 O3 . The VBmax has been set to 0
eV in each case and a small degree of Gaussian broadening has been applied to help visualise the data.

DFT Corrections for Valence States

The partial densities of states (pDOS) from DFT calculations are corrected for the photoionisation cross sections
based on theoretical values calculated by Scofield.[4] Tabulated values for energies of 1.5 keV for SXPS and 6.0 keV
for HAXPES were used, respectively, which were divided by the number of electrons in each orbital as stated in the
reference to give one electron cross sections. The DFT results were broadened with a Gaussian contribution of 0.35
eV to reflect experimental resolution based on the Au Fermi edge reference and with a Lorentzian broadening of 0.40
eV to reflect hole lifetimes.[5]
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Atomically-resolved DFT

To construct the dos for the octahedrally and tetrahedrally coordinated gallium, β-Ga2 O3 was used as a template
structure (containing both tetrahedral and octahedral Ga environments), and atomic resolved DFT modeling was
performed, adopting the more computationally expensive HSE06 screened hybrid functional [6, 7] and projectoraugmented wave (PAW) approach [8] as implemented in the VASP code [9, 10]. We explicitly include the semi-core
Ga 3d states as valence electrons and adopted a fraction of 32% exact-exchange in the hybrid functional. The
treatment of the Ga d states leads to slightly improved lattice parameters as compared to the experiment (12.21,
3.03, and 5.79 Å for the a, b, and c lattice parameters and a β angle of 103.8◦ ), and most importantly for this
study, an improved description of orbital interactions that can influence the valence band features observable via
photoelectron spectroscopy. Either Ga coordination can be expressed by combining atomic resolved dos for the
relevant atoms, which in turn can be combined to give a total dos for any combination of octahedral to tetrahedral
Ga coordination. We acknowledge that the bond lengths and angles vary between the three phases, and so exact
agreement is not expected.

FIG. S4: Valence band structure of the tetrahedral and octahedral coordinated Ga before and after cross-section
correction.
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SURVEY AND CORE LEVEL SPECTRA

FIG. S5: Survey spectra of the Ga2 O3 polymorphs. a, SXPS and b, HAXPES. All core levels and Auger lines are
indicated in the figures.
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FIG. S6: Fitted O 1s and Ga 2p3/2 core level spectra of the Ga2 O3 polymorphs. a, SXPS and b, HAXPES. The
FWHM ∆ of the peaks are given for each spectrum.
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FIG. S7: Comparison of the SXPS O 1s and Ga 2p3/2 core level spectra of three different ε-Ga2 O3 samples grown
by MEXCAT-MBE. ε1 and ε2 are grown with mediation from In and ε3 is grown with mediation from Sn, respectively. The
β-Ga2 O3 data is included for comparison.
DFT calculated Core Level Spectra

TABLE S1: Calculated core state energies E of Ga 2p3/2 and O 1s and number of equivalent sites for each energy.

α
β

ε

Ga 2p3/2
O 1s
sites E / eV sites E / eV
4 1083.73196 6 505.37256
2 1083.65820 2 505.15698
2 1083.79563 2 505.35401
2 505.56981
4 1083.65065 4 504.90987
4 1083.70425 4 505.02003
4 1083.75213 4 505.23575
4 1083.99685 4 505.47205
4 505.68715
4 505.82656

Fig. 4 of the main manuscript displays the calculated O 1s and Ga 2p3/2 core level binding energies and spectra for
all atoms in the primitive unit cell of the different polymorphs. The calculated spectra are aligned with the centre of
the experimental spectra. To obtain the spectra, a Gaussian-Lorentzian convolution was fixed at each of the calculated
binding energies and subsequently the intensities summed. Since in each polymorph all inequivalent lattice sites for
a given atom exist with the symmetry degeneracy, the intensities of the Gaussian-Lorentzian convolution could be
normalized so each has the same intensity (see figure S8). While the resolution of the HAXPES measurements was
determined to be 0.25 eV, fixing the Gaussian component of the theoretical peaks for either O 1s or Ga 2p3/2 to
this width and allowing the Lorentzian width the vary freely provided a poor fit to the data. This is likely due to
effects other than lifetime and resolution broadening, which are not included into this simple approach, e.g. phonon
broadening and crystallinity effects. Instead, for the Ga 2p3/2 the Lorentzian component of the broadening was fixed
to 0.76 eV (matching that for metallic Ga[11, 12]), and the Gaussian component allowed to vary, giving a width of
0.67 eV for the Ga 2p3/2 core-levels of each polymorph. This Gaussian component was then fixed for the O 1s core
levels, and the Lorentzian allowed to vary giving 0.40 eV. These fits agreed well with the experimental data.
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FIG. S8: Comparison of the theoretical SXPS O 1s and Ga 2p3/2 core level spectra for β-Ga2 O3 .

OCCUPIED STATES
Computational details of the DFT XAS calculations

The effect of the core hole in simulation of x-ray absorption is studied using ab initio calculations based on the density
functional theory (DFT)[13]. WIEN2k package is employed in which the electron wavefunctions and eigenvalues
are calculated using a full-potential (linearized) augmented plane wave (LAPW) + local orbital (lo) method[14].
The generalized gradient approximation of Perdew, Burke, and Ernzerhof (GGA-PBE) was used for the correlation
and exchange potentials for the three different polymorphs. The calculations are performed without any geometry
optimization for direct comparison with experimental result[15]. For ‘partial core’ hole calculations, the unit cell is
used instead of super cell to include the interaction between neighboring core holes. The occupancy of the core level
was reduced (not a Z+1 approximation, true core hole). Then the missing charge is added as a uniform background
charge to the unit cell to avoid renormalisation problems. Because of the core hole charge screening in metallic systems
there was no need for using supercell[16–18]. We used 250 K-points, and a plane wave cut-off of Rmt × Kmax = 6.5.

FIG. S9: Calculated O K-edge XAS spectra from BSE of the three polymorphs of Ga2 O3 .
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FIG. S10: Comparison of XAS calculations and experimental data for the three polymorphs of Ga2 O3 . a, DFT,
BSE and O K edge XAS data.b, DFT plus core hole (CH) correction and BSE level theories with O K edge XAS data.

Alignment of XAS and XPS

Calibration of the energy scale for the XAS spectra was performed using a pre-calibrated spectrum from the
α-Ga2 O3 sample. The reference spectrum was recorded at beamline 8.0.1 at the Advanced Light Source in TEY
mode, and calibrated using first- and second-order diffraction Ti L3,2 edge absorption features of rutile TiO2 . The
α-Ga2 O3 XAS spectra recorded at I09 are shifted so that their features align with the reference spectrum, which
also determines the rigid shift required for the other two polymorphs. A reference O K-edge X-ray emission (XES)
spectrum was also recorded to allow for calibration of both occupied and unoccupied data on a combined photon
energy scale. Both XAS and XES reference spectra are displayed in the top panel of figure S11. The DFT calculated
O 2p pDOS is overlaid and aligned to the XES data, which allows us to calibrate the XPS spectra, determining the
rigid shift required for the other two polymorphs in turn. This is shown for the α-Ga2 O3 sample in the bottom panel
of S11. The determined rigid shifts to both XPS and XAS are applied to the spectra in Fig. 5b of the main manuscript.
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FIG. S11: Alignment of XES, XAS and XPS on a common photon energy axis for α-Ga2 O3 . The top panel
shows the alignment of XES with the calculated O pDOS. The magnified inset shows the O semi-core state in XES at 15x
magnification. The bottom panel shows the XPS aligned to the calculated tDOS.

Finally, it is interesting to note that in the XES spectrum in Fig. S11, a small feature is visible at ∼511 eV. This
feature is predicted in the theory also (albeit offset by about 5 eV to lower photon energy) and represents the O
2p component of the heavily Ga d dominated semi core-level. The hybridisation of metal d with O p states is well
established in related systems including ZnO, CdO, In2 O3 , and SnO2 [19, 20]. This peak can be seen in Fig. S3, as
in XES only the O 2p pDOS is probed. It is difficult to resolve the oxygen contribution in XPS due to the overlap
with the much stronger Ga d states.
The VBM and CBM onsets were determined from second order derivatives of the spectra shown in Fig. S12. This
is an established approach [21], however, the choice of onset position varies, giving varying VBM-CBM separation
values. Fig. S12 includes two values for each of the polymorphs, one for the separation between peak maxima (black
bars and values) and one for the half height values of the highest/lowest onsets (red bars and values). An additional
feature below the main onset of the XAS data is marked with an asterisk.
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FIG. S12: Second derivatives of the SXPS and XAS data for the three Ga2 O3 polymorphs. The values for the
VBM-CBM determined from the derivatives are included. Black bars/values correspond to the separation between peak maxima
whilst red bars and values correspond to the half height values of the highest/lowest onsets. An additional feature below the
main onset of the XAS data is marked with an asterisk.

∗

Electronic address: a.regoutz@ucl.ac.uk
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