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Abstract

A systematic study using density functional theory has been performed for B-Ga,Os
doped with non-metal elements X (X=C, N, F, Si, P, S, Cl, Se, Br, and I) to evaluate
the effect of doping on the band edges and photocatalytic activity of B-Ga,Osz. The
utilization of a more reliable hybrid density functional as prescribed by Heyd,
Scuseria and Ernzerhof, is found to be effective in predicting the band gap of f-Ga,0;
(4.5 eV) in agreement with the experimental result (4.59 eV). Based on the relaxed
structures of X-doped systems, the defect formation energies and the plots of density
of states have been calculated to analyze the band edges, the band gap states and the
preferred doping sites. Our results show that the doping is energetically favored under
Ga-rich growth condition with respect to O-rich growth condition. It is easier to
replace the threefold coordinated O atom with non-metal elements than the fourfold
coordinated O atom. X-doped systems (X=C, Si, P) show no change of band gap, with
the presence of discrete midgap states, which have adverse effect on the
photocatalytic property. The photocatalytic redox ability can be improved to a certain
extent by doping with N, S, Cl, Se, Br, and I. The band alignments for Se-doped and
I-doped B-Ga,0O3 are well positioned for the feasibility of both photo-oxidation and
photo-reduction of water, which are promising photocatalysts for water splitting in the

visible region.
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1. Introduction

Photocatalytic overall water splitting is one of the most attractive approaches to
solving energy and environmental issues at a global level, and drawing increasing
worldwide attention. Over the past several decades, a large number of semiconductor-
based photocatalysts have been developed and reported to exhibit photocatalytic
activities for splitting water."™® However, most of these materials are only active in
ultraviolet region, which merely occupied about 5% of the solar spectrum. In order to
improve the solar energy utilization, numerous investigations have attempted to
extend the absorption wavelength range of photocatalysts.”'® Among them, doping of
a foreign element into active photocatalysts with wide band gaps is the well-studied
way to design the visible-light-driven photocatalyst."'® During the doping process,
dopants may be introduced into the lattice of semiconductors, or react with the parent
semiconductor to form a new surface nanostructure.”'*'"'* It was found that doping is
not always effective in enhancing the photocatalytic activity.'”** A deep
understanding of the effects of doping foreign ion on the structure, charge carrier
kinetics and activity of the photocatalysts is definitely necessary. The description of
these effects is very delicate from the theoretical point of view, especially concerning
the possible configurations after doping and the details of electronic structures. 2
Among the developed photocatalysts, semiconductors with a d'° electron

configuration exhibit superior photocatalytic activities,

mainly because their
conduction bands are formed by hybridized sp orbitals with large dispersion able to

generate photoexcited electrons with large mobility.* Gallium oxide (Ga,0s) is a
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representative of such d'® metal oxides, exhibiting high activity of overall water
splitting and degradation of organic pollutants. 3337 Ga,0; can adopt five different
crystalline structures controlled by preparative means, designated as a, B, v, 0, and ¢
phases.”® The relative order of stability of different phases has been predicted by
density functional theory (DFT) calculations, which is in good agreement with
experimental results.***? In these phases, p-Ga,O3 has drawn much attention as the
most stable crystal phase.33 3643 B-Ga,03 is a wide band gap semiconductor, with the
conduction band minimum (CBM) lower than the H'/H, potential (0 eV) and the
valence band maximum (VBM) higher than the O,/H,O potential (1.23 eV). The
appropriate band position of B-Ga,O; provides one of the requirements for an
energetically-feasible overall water splitting reaction. Doping with non-metal anions
has been considered for more than ten years as a promising way to change the
photo-absorption properties of photocatalysts by influencing the electronic structure
of semiconductors.*** It was found that, in Sn-doped and Si-doped p-Ga,O; grown
by different experimental methods, Sn and Si behave as n-type donor.”*>* Liu et al.
prepared N-doped [B-Ga,O; nanowires by CVD, which has a p-type electrical
conductivi‘[y.53 Also nitrogen element doping can enable tunable light emission.”**
Theoretical calculations were performed to calculate the electronic, magnetic and
optical properties of nitrogen-doped B-Ga,03, showing that the N 2p states contribute
the experimental red-shift of absorption band edge.’®’ However, there is no report

about the photocatalytic performance of non-metal doped -Ga,O3 experimentally.

In this work, we present a systematic comparative study of the non-metal doping of
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bulk B-Ga,O; by some elements in the second to fifth row of the periodic table (C, N,
F, Si, P, S, Cl, Se, Br and I). Only substitutional doping of O atom in the lattice has
been considered. The main aim of this study is to identify and rationalize the trends
along the series, to discuss the stability of the different doping cases based on the
calculated formation energies, and to explore how the CBM and VBM of pure
B-GaOj; are influenced by the dopants and whether the doping introduces band gap

states.

2. Computational Details

All the spin-polarized DFT calculations were performed with the VASP (Vienna Ab
initio Simulation Package) code.”® The exchange correlation potential was described
by the Perdew-Burke-Ernzerhof (PBE) functional within the generalized gradient
approximation (GGA).” The projector-augmented wave method was applied to
describe electron-ion interactions.®"** Full optimization of the cell parameters for the
bulk p-Ga,Os; with monoclinic structure was carried out by using the 3x11x7
Monkhorst-Pack type k-point sampling. The cutoff energy for the plane wave basis set
was fixed at 520 eV. The calculated lattice parameters, a=12.504 A, »=3.101 A,
¢=5.915 A, and p=103.71°, are in good agreement with experimental data.”> A 1x2x1
supercell with 40 atoms was used to simulate the bulk f-Ga,O3; A Monkhorst-Pack set
of 3x7x7 k-points was applied. The geometries were considered to be converged
when the forces on each ion become 0.01 eV/ A or less.

Based on relaxed geometries by the GGA-PBE method, a more accurate screened

Coulomb hybrid functional HSE06 presented by Heyd, Scuseria and Ernzerhof is



Physical Chemistry Chemical Physics

adopted to finish the electronic structure calculations.***® The HSE06 functional
includes a fraction a, of screened, short-range HF exchange to improve the derivative
discontinuity of the Kohn-Sham potential for integer electron numbers. The
percentage of HF exchange in a hybrid functional is not a universal constant and the
optimal value may be system-dependent. The band gap of bulk B-Ga,0Os; from
experiment is 4.2-4.7 eV.***%7%¥ I this work, a is set to 0.3 because we found that
this value can yield close agreement between the computed (4.5 eV) and experimental

band gaps.

3. Results and Discussion
3.1. Bulk p-Ga,0;

Figure 1a shows that the supercell of -Ga,O; contains eight Ga,O; formula units
with two nonequivalent Ga sites and three nonequivalent O sites. Gal is bonded to
four O anions in the form of a distorted tetrahedron, and Ga2 forms highly distorted
octahedral with six O anions. Each Ol is threefold coordinated and lies at the
intersection of two tetrahdra and one octahedron. Each O2 is fourfold coordinated and
connected with three octahedral and one tetrahedron. Each O3 is threefold
coordinated and shared between two octahedra and one tetrahedron. The calculated
bond lengths are as follows: Gal-O1=1.867 A, Gal-02=1.894 A, Gal-O3= 1.864 A,
Ga2-01=1.951 A, Ga2-02=2.073 A, Ga2-03= 1.969 A, which are in good agreement
with experimental values.®”’

To modify the band structure of Ga,0O; through doping, we first need to know the

atomic wave function characters of the band-edge states. As can be seen from the
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calculated total density of states (TDOS) and partial density of states (PDOS) for bulk
[-Ga,05 in Figure 1(b), the VBM is mainly composed of O 2p states, slightly
hybridized with Ga 3d and Ga 4p states; while the CBM consists mostly of Ga 4s
states. The strong mixing of O and Ga orbitals is indicative of the high degree of
covalent bonding in this semiconductor. The band gap of is computed to be 4.5 eV by
means of the HSE method, which is close to the experimental results.***"¢*
3.2. Formation energies

We have considered three different configurations for each doped system by
introducing non-metal atom at the O1, O2 and O3 positions, respectively (Figure 1a).
To get an idea about the stability of the doped systems, we calculated the formation
energy (Ef) according to the following equation

Ef= Ex doped T Mo — Eundoped — (1)
where Ex_doped and Eyngoped are total energies of the supercells with and without
dopants, respectively. The quantities po and px represent the chemical potential for
oxygen and X atoms, respectively. The chemical potential of O depends on the nature
of synthesis condition of Ga;O;. In the case of Ga,0s, the chemical potential of the
constituent elements must satisfy the relationship
214Ga T 3H0 =HGa203 (2)

Under the environment of O-rich condition, pg is calculated from the energy of O
atom. In the case of Ga-rich condition, pg, is obtained from the energy of the Ga atom

in the bulk crystal and o is determined from Eq. (2). The chemical potential px is

obtained from the energy calculated for one X atom in a cubic unit cell with side
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length of 15A. The calculated formation energies in X-doped systems are summarized
in Table 1.

It is noted from Eq (1) that the substitutional doping is energetically more favorable
as the Ef value becomes smaller. From the E¢ value of Table 1, the following trends
are observed:

(a) The doping is energetically favored under Ga-rich growth conditions with

respect to the O-rich growth conditions.

(b) Comparing the relative energies of three configurations for each doped system,
it is found that O2 site is energetically unfavorable for all the cases. In other
words, it is difficult to replace the fourfold coordinated O atom with other
non-metal atoms.

(c) As to the substitutional nonmetal X (X= C, N and Si), doping at O1 site is
calculated to be energetically most favorable. For nonmetal species X (X=F, CI,
Br, I, P, S and Se), O3 site is found to be the most stable site for doping.

(d) The doping becomes more difficult as the size of atom increases in the same
group, suchas C<Si, F<CI<Br<1.

In order to prove the rationality of our current model, we chose a larger supercell
including 80 atoms to calculate the formation energy for each impurity case. The
results are shown in parentheses in Table 1. As can be seen, compared with the small
supercell, a larger supercell produces the same trend on the most stable doping site for
every system. Therefore, we will use the current model including 40 atoms to discuss

the geometrical and electronic structures.
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3.3. Geometrical Structures and Electronic Structures

The optimized geometries of local structure for every doping case are shown in
Figure 2. The calculated TDOS and PDOS for doped systems are displayed in Figure
3, 4 and 5, where the zero energy value is set at the top of the valence band in order to
easily allow identification of the band gap and of the relative position of the impurity
states introduced by dopants.
3.3.1. Doping by Group IV-A Elements

For C-doped Ga,0s, the optimized Ga-C bonds of the local “Y-shaped” CGa;
structure are longer than the corresponding Ga-O bonds of undoped Ga,0Os (1.983 vs
1.951 A, and 1.943 vs 1.867 A). The larger expansion of the local structure reflects
the fact that the C atom has a larger atomic radius than does the O atom (0.7 vs 0.6 A).
% As shown in Figure 2(a), the distortion mainly results from the fact that C atom and
the adjacent O atom at Ol site approach each other, which makes the distance
between C and O atoms to be 1.570 A. The C 2p orbitals are higher in energy than O
2p orbitals because their nuclear charges are smaller. When a C atom replaces an O
atom in the Ga,Oj; structure, isolated C 2p states appear into the band gap (see Figure
3). The Fermi energy of the system corresponds to the highest C 2p state, which is
1.58 eV above the VBM. There is almost no change of the band gap for C doping with
respect to pure Ga,0;. Due to the symmetric contribution of spin up and spin down
for C 2p states, the overall spin configuration of the system becomes a closed shell
singlet.

In the case of Si-doped Ga,0s;, the Ga-Si bond lengths of the local “Y-shaped”
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SiGajs structure are 2.222 and 2.223 A, much larger than Ga-O bonds in pure Ga,O3
(1.951 and 1.867 A) due to the relative larger atomic radius of Si than that of O,
indicating that the Si doping induces relative larger local structure modifications.
Similar to the local structure of C-doped Ga,Os;, the movement of Si to the
neighboring O atoms decreases the distance to 1.815 A. As shown in Figure 3,
substitution of Si at the O1 site brings no change of VBM and CBM compared to the
undoped case. The Fermi energy is set at 2.2 eV above the VBM and the isolated Si
3d states in the middle of the band gap is entirely below the Fermi level. The
symmetric spin-up and spin-down contributions make the system a closed shell
singlet.
3.3.2. Doping by Group V-A Elements

The most stable configuration for N-doped Ga,0O; is doping at the Ol site.
Replacing an O with an N atom does not result in significant structural changes as
shown Figure 2(c). The Ga-N bond lengths, 1.963 and 1.901 A, are only slightly
longer than the Ga-O ones, 1.951 and 1.867 A. As can be seen from Figure 3, the N
2p orbitals split into occupied and unoccupied states, mixing well with O 2p orbitals
at the VBM and located at the “forbidden gap” near to the CBM. These states
accommodate five valence electrons of N dopant. As a result, the unoccupied N 2p
state is responsible for the band gap narrowing of 0.7 eV with respect to that of pure
Gay0;.

For P-doped Ga,Os, the calculated formation energies in Table 1 indicate that

replacing O3 atom with P atom is energetically more favorable. The computed Ga-P
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bond lengths are 2.337 and 2.212 A, respectively, which are much longer than the
original Ga-O bonds (1.969 and 1.864 A). There are two possible reasons responsible
for this change. One arises from the larger atomic radius of the P relative to the O ion,
and the other is the lower electronegativity of the P atom in comparison to the O atom,
which leads to a decrease in electron cloud overlapping and weakens the strength of
the Ga-P bond, as well as elongating the Ga-P bond length. For subsitutional P to O
doping, Figure 3 shows little shift of the position of the VBM and CBM with respect
to the undoped material. The most of P 3p states lie in the band gap and form
occupied and unoccupied energy bands.
3.3.3. Doping by Higher Chalcogens

Since Ga,0; is an oxide, oxygen-doping is not practical, but there is interest in
doping with sulfur and selenium. Because of the relatively larger atomic radius of S
and Se compared to O (1.0 vs 0.6 A, 1.15 vs 0.6 A), this is expected to induce a large
atomic reorganization. The S and Se atoms move slightly out of the hexagon shown in
Figure 2(e) and 2(f) so that the Ga-S bond lengths (2.284 and 2.182 A) and the Ga-Se
bond lengths (2.362 and 2.267 A) are larger than the Ga-O ones (1.969 and 1.864 A).
As shown in Figure 4, since the total number of electrons remain the same after
replacing O with S or Se atom, the overall VBM and CBM profiles look symmetric
and clean for both S-doping and Se-doping cases. The VBM edge of S-doped system
is shifted upwards by 0.98 ¢V and mainly composed of the S 3p orbitals, whereas the
CBM remains almost unchanged. Thus, the effective band gap of S-doped system is

3.52 eV. For Se-doped Ga,0s, the highest occupied level moves upwards significantly,
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by 1.68 eV, due to the much higher energy of Se 4p compared to the O 2p orbitals.
While the CBM keeps almost at its original position. Consequently, the calculated
band gap of Se-doped Ga,0Os3 is 2.80 eV.

3.3.4. Halogen Doping

The effect of an X-dopant (X=F, Cl, Br and I) on the structure of X-doped Ga,O;
can be seen from the local geometry around X, as displayed in Figure 2. The
calculated Gal-X and Ga2-X bond lengths are 1.964 and 2.144 A for F, 2.456 and
2.371 A for Cl, 2.689 and 2.434 A for Br, and 2.800 and 2.542A for I, respectively,
which are longer than those in the undoped Ga,0Os. In the F-doped and undoped cases,
Gal-X bonds are shorter than Ga2-X bonds. While in the X-doped systems (X=Cl, Br,
and I), Gal-X bonds become longer than Ga2-X bonds. The reason for this change is
that the “Y-shaped” XGa3 has a local C; symmetry with the Gal-X bond in the mirror
plane of symmetry and two Ga2-X bonds out of plane and symmetric to each other.
As X atom becomes larger, the Gal-X length increases faster than does the Ga2-X
length.

Several experimental investigations showed that there is no change in the optical
adsorption edge of oxides upon F-doping since the F 2p orbitals are lower in energy
than the O 2p orbitals.”””* Our results in Figure 5 suggest that for Ga,Os, doping F
also does not change the initial positions of VBM and CBM. For Cl-doped Ga,03, the
VBM is raised by 0.13 eV, while the CBM is lowered by about 0.35 e¢V. The PDOS in
Figure 5 shows that CI 3p orbitals contribute importantly to the reduction of the band

gap. For subtitutional Br to O, the Br 4p states locate just above the VBM and well
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overlap and mix with O 2p states. As a result, new edge of valence band shifts
towards the higher energy by 0.52 eV. Meanwhile, the position of CBM is also
effected and moves to the lower energy. Then, the effective band gap of Br-doped
Ga,0; is 3.44 eV. As can be seen from Figure 5, the VBM of I-doped system is raised
strongly from that of pure Ga,Os by 1.65 eV due to the contribution of I 5p states, and
the CBM shifts down by 0.21 eV, which results in the band gap narrowing of 1.86 eV.
3.3.5. Charge Distribution Analysis

To provide insight regarding the nature of chemical bonding between the doping
atom and Ga,O; bulk, charge density differences for the most stable doping
configuration of each case have been calculated as

Ap = p(X-doped) — p(Ga203) — p(X) 3)

Where p(X-doped) is the total charge density of the X-doped Ga,0; system, p(Ga,03)
is the charge density of the Ga,O; bulk after doping except X atom, and p(X) is the
electron density of the X atom isolated in the same periodic box. As shown in Figure
6, for C-doped and Si-doped systems, the electron density accumulates along the C-O
and Si-O bonds, which corresponds to a new C/Si-O bond formed. In N-doped Ga,Os,
the electron density is depleted along the Ga-N bonds, which leads to the increase of
Ga-N bonds on the basis of the Ga-O bonds in Ga,0O3; bulk. For P-doped, S-doped,
Se-doped, Cl-doped, Br-doped and I-doped, the charge density difference maps look
very similar and reveal that strong depletion of electron density between the impurity
atom and bonded Ga atoms pointing to strong antibonding character, which is in good

agreement with the longer Ga-X bonds compared with the Ga-O in the pure Ga,Os.
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As to F-doped case, the electron density displayed in Figure 6(g) is localized along
the Ga-F bonds, and bonding interaction between Ga and F atoms results in relatively
small deformation of the localized structure compared with other doping systems.

3.4. Prediction on Photocatalytic Applications

In the photocatalytic overall water-splitting reactions, the photo-genenerated
electrons and holes cause redox reactions similarly to electrolysis. Water molecules
are reduced by the electrons to form H, and are oxidized by the holes to from O,.
Important points in the semiconductor photocatalyst materials are the width of the
band gap and levels of the conduction and valence bands. To make efficient use of the
visible light, the semiconductor band gap should be smaller than 3.0 eV. The CBM
has to be more negative than the reduction potential of H/H, (0 V vs. NHE), whereas
the VBM has to be more positive than the oxidation potential of O,/H,O (1.23 V).

In order to evaluate the physical significance of this work, the calculated results and
analysis are presented in the form of schematic diagram in Figure 7. According to
experimental measurements,”” the rough conduction band edge potential of pure
B-Ga,05 is -1.55 V with respect to NHE. Subsequently the valance band edge position
is determined as 2.95 V based on the calculated band gap of 4.5 eV. To assess the
photocatalytic performance, we have aligned the CBM and VBM energy levels of
X-doped systems obtained from the corresponding TDOS plots by taking into account
the relative location with respect to the undoped Ga,0;. As shown in Figure 7, for C,
Si and P-doped systems, some impurity states are localized in the middle of band gap,

which are detrimental for photocatalysis because the gap states can act as
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recombination centers to limit the efficiency of semiconductors. Replacing O with F
exerts no effect on the band-gap narrowing. For N-doped Ga,0Os3, the photo-reduction
ability is supposed to be improved since the CBM shifts downwards by 0.7 eV with
respect to pure Ga,Os;. Doping with isovalent elements (S and Se) essentially
influences the position of VBM and greatly enhanced the photo-oxidation capacity.
For Se-doped system, the absorption edge moves from UV to visible light range. As to
halogen doping, including Cl, Br and I, both photo-reduction and photo-oxidation
abilities are improved since the positions of CBM and VBM move towards the energy
levels of water reduction and oxidation simultaneously. Our calculations indicate that
I-doped Ga,0; can be photocatalytically active under visible light.

Further experiments should therefore be done for Se-doped and I-doped Ga,O; to
systemically investigate their photocatalytic properties. Certainly, the photocatalytic
activities of Ga,O3 don’t only depend on its bulk properties, in particular, the nature of
its surface is also an important factor, however it is beyond the scope of present work.
We will further investigate the relationship between the photocatalytic activities and
surface properties as well as the effect of loading cocatalysts in future work.

4. Conclusions

In the present first-principles DFT study on the energetic and electronic structures
of X-doped B-Ga,O; (X=C, N, F, Si, P, S, Cl, Se, Br, and I), we considered the
substitutional doping at oxygen sites. Our results lead to the following conclusions:

(1) The doping energetically more favorable under Ga-rich growth conditions

than under O-rich growth conditions.
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(2) The comparison of formation energies doping at different oxygen sites
suggests that it is the most difficult to replace the fourfold coordinated O
atom with non-metal atoms.

(3) For X-doped Ga,05; (X=N, S, Se, Cl, Br, 1), clean and narrowed band gaps
are obtained. Meanwhile, photocatalytic reduction or/and oxidation abilities
are improved with respect to pure Ga,Os.

(4) Se-doped and I-doped B-Ga,Os are promising candidates for visible-light
photocatalysts owing to the largest band gap narrowing and increase of
photocatalytic redox ability.
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Table 1 Calculated defect formation energies in -Ga,O; under O-rich and Ga-rich conditions.

The data in parentheses are obtained from a larger supercell including 80 atoms. The positions of

01, 02 and O3 in bulk are shown in Figure 1.

E¢(eV) O-rich Ga-rich E¢ (eV) O-rich Ga-rich
C-01 246(2.35) -559(-5.70) N-O1 1.09 (1.03) -6.97 (-7.03)
C-02 399(398) -4.06(-4.08) N-02 1.77 (1.78)  -6.28 (-6.27)
C-03 3.77@3.71) -428(434) N-03 1.35(1.34) -6.70 (-6.72)
F-O1 420(3.95) -3.85(4.10) Si-Ol 7.24(6.85) -0.81(-1.21)
F-02 4.07(3.82) -3.99(-4.23) Si-02 9.13(9.11) 1.07 (1.05)
F-O3  3.84(3.58) -4.22(-447) Si-03 7.41(7.46) -0.65 (-0.60)
P-O1  6.49(6.38) -1.56(-1.68) S-Ol 528 (5.31) -2.77(-2.75)
P-O2  7.05(7.00) -1.01(-1.05) S-O2 531(5.24) -2.75(-2.81)
P-O3  593(5.86) -2.13(-2.20) S-O3 447437 -3.59(-3.69)
Cl-O1 829(7.94) 0.23(-0.11) Se-Ol 7.22(7.26) -0.83 (-0.80)
Cl-02 790(7.59) -0.16(-0.46) Se-O02  7.22(7.16) -0.83(-0.90)
Cl-O3  7.39(7.06) -0.66(-0.99) Se-O3  6.25(6.08) -1.81(-1.98)
Br-O1 10.09 (9.70) 2.04 (1.65) I-O1  12.90(12.45) 4.84(4.40)
Br-O2 9.56(9.22) 1.50(1.17) [-02 1226 (11.84) 4.20(3.78)
Br-O3  8.85(8.53) 0.80(0.47) I-O3  11.24(10.81) 3.19(2.76)
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Figure captions

Fig. 1 (a) Bulk structure f-Ga,O; with 40 atoms. The red spheres represent O atoms and the

brown spheres represent Ga atoms. (b) The calculated total and project density of states for bulk

B-Ga,03. The Fermi level is shown by the vertical dashed line.

Fig. 2 Local structures of optimized cells for (a) C-doped, (b) Si-doped, (¢) N-doped, (d) P-doped,

(e) S-doped, (f) Se-doped, (g) F-doped, (h) Cl-doped, (i) Br-doped, and (j) I-doped Ga,0Os;.

Fig. 3 Total density of states (a) and projected density of states (b) for pure B-Ga,0;, C-doped

Ga,03, Si-doped Ga,03, N-doped Ga,0;, and P-doped Ga,0;. The vertical dashed line represents

the Fermi level.

Fig. 4 Total density of states (a) and projected density of states (b) for pure p-Ga,0Os3, S-doped

Ga,03, and Se-doped Ga,0s. The vertical dashed line represents the Fermi level.

Fig. 5 Total density of states (a) and projected density of states (b) for pure B-Ga,O;, S-doped

Ga,03, and Se-doped Ga,0;. The vertical dashed line represents the Fermi level.

Fig. 6 Charge density differences for the most stable structure of (a) C-doped, (b) Si-doped, (c)

N-doped, (d) P-doped, (e) S-doped, (f) Se-doped, (g) F-doped, (h) Cl-doped, (i) Br-doped, and (j)

I-doped Ga,03;. The yellow and cyan volumes represent zones of electron depletion and

accumulation, respectively.

Fig. 7 Schematic representation of the calculated VBM and CBM positions of X-doped Ga,0;

with reference to those of pure Ga,0s.

Page 22 of 29



Page 23 of 29 Physical Chemistry Chemical Physics

T
20 “ﬁ: ——TDOS
—02
10 ._h'.A. & o s B A

Density of States

Energy (eV)

(b)




Physical Chemistry Chemical Physics Page 24 of 29




Page 25 of 29

Density of States

Physical Chemistry Chemical Physics

OF A oz
0 e }
or . ! A o . .
05 \ c2p
T
gosf ' N
5 ‘
9 05 |- M Si3p
o 0.0
S ‘
=z | l'“‘
g 03 s . L .
8 o5t ||J] N2p
0.0 E
-15 1 I | 1 1 1 1 o5 1 1 : 1 . 1 1
5 " P-doped o5 W“JL\ : P3p
ol 0.0
. v
: L
6 8 10 5 4 2 5

6 4 2 [} 2 4
Energy (eV)

(a) (b)
Fig. 3

0 2 4
Energy (eV)



Density of States

Physical Chemistry Chemical Physics

Ga,0,

TV

o T IAM

tu)

O2p

' S-doped

Density of States

0.0

-0.5

L i

.

Se-doped

05

0.0

-05

o 2 4
Energy (eV)

(@

o 2
Energy (eV)

(b)

Page 26 of 29



Page 27 of 29 Physical Chemistry Chemical Physics

* L\,.,\ww« 1 Ga,0, 1 WWW O2p
0 of
15 . ! . L . L or L h ».‘M ) .
15[ [
! F-doped 0.5 ! F2p
0F 00| L
1 \
] v .
9 15r I nul” b . . . 8 o° . . | . .
= 1B ' s T
5 : Cl-doped S 0s MM: Cl3p
g o i ‘5 00 [
2. i
S 151 P~ i ]
ok | 00
! L
15 - 1 /) ‘IY‘ f 1 T 1 1 1 05 L 1 1 1
15 C
' I-doped 05 k: 15p
o oo 0.0 PR :
6 -4 -2 0 2 4 8 10 -6 4 2 o 2 4
Energy (eV) Energy (eV)
(@) (b)

Fig. 5



Page 28 of 29

Physical Chemistry Chemical Physics

FOET 4

_

um‘.

Fig. 6



Page 29 of 29 Physical Chemistry Chemical Physics

-2.0- —
A ;A; A A =) =
1.0+ ] — |
= P 3p A
A
K R B e bt [LeECEt RECEECES CECE) EEELEED! EERRCED! SOCEEEE IRCLELE RETh - H*/H,
T 4.5eV 4.5 eV 4.5eV 3.8eV 4.5 eV 3.52 eV 28eV 4.5eV 4.02 eV 3.44eV 2.64eV
z 1.0— = —a |
6 2] Sise _d e Y Y 0,/H,0
> = =—a 2/H2
> C2p ' Se-doped |-doped
2.0 == oo, y Ga,0,
ped —=
/ y ' y ' Ga,0, A Br-doped
30— === == == =—= == /== .0 B
B-Ga,03; C-doped Si-doped N-doped P-doped F-doped P
Ga,03 Ga,0; Ga04 Gay0, Ga,0, ©20s
4.0 =

Fig. 7



