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Doping of Ga2O3 with transition metals
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We explore the viability of using transition-metal impurities as n-type dopants in β-Ga2O3, focusing on
W, Mo, Re, and Nb. Our first-principles calculations show that these impurities can incorporate on both
crystallographically inequivalent Ga sites, with the octahedrally coordinated sites being preferred. Mo and
Re behave as deep donors. Tungsten on a tetrahedral site is a shallow donor, but unfortunately W on an octahedral
site is much lower in energy. Niobium emerges as the best candidate for n-type doping: It has a low formation
energy, is a shallow donor on the tetrahedral site, and has only a modest ionization energy (0.15 eV) on the
octahedral site.
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I. INTRODUCTION

Ga2O3 is a transparent conducting oxide with a wide variety
of applications. Given its particularly wide band gap (∼4.8 eV
[1,2]), it can be used as a contact for solar cells [3,4], light emit-
ters, or detectors [5] with transparency well into the ultraviolet.
It is also a promising material for high-power electronics:
high-voltage metal-semiconductor field-effect transistors [6],
nanomembrane field-effect transistors [7], and Schottky bar-
rier diodes [8] have already been demonstrated. Ga2O3 can also
be used as a gas sensor [9]. Ga2O3 crystals occur in multiple
polymorphs, of which the monoclinic β polymorph is the most
stable for a large range of temperatures. The conventional
unit cell of β-Ga2O3 is shown in Fig. 1. It contains two
inequivalent Ga positions: a tetrahedrally coordinated Ga(I)
and an octahedrally coordinated Ga(II) position. There are
also three inequivalent O positions, as labeled in Fig. 1.

The as-grown material is usually unintentionally n-type.
This cannot be attributed to oxygen vacancies, which are deep
donors with a very large ionization energy [10]. Calculations
for various dopant impurities have already been performed
[10,11]; Si, Ge, Sn, or C on Ga sites or Cl and F on O sites
have been found to be shallow donors. However, experimental
results have shown smaller than expected conductivity upon
doping with Si or Sn [12–15].

In this work we consider doping with transition metals.
Recent experiments [16,17] have shown that it is possible to
incorporate a large concentration of W in β-Ga2O3 (up to
30.4% W to Ga ratio), without the formation of WO3 phases,
and without phase transitions to one of the other Ga2O3 phases.
Here we perform a detailed study of the effect of W doping
in Ga2O3 using density functional theory (DFT) with a hybrid
functional. In order to present a fuller picture of the effects
of doping with transition metals, we also examine Mo, Nb,
and Re.

II. METHODOLOGY

Our calculations are based on DFT using PAW pseudopo-
tentials [18] in a plane-wave basis set with an energy cutoff
of 400 eV, using the Vienna Ab initio Simulation Package
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(VASP) code [19]. A 1 × 3 × 2 supercell based on the (20-atom)
conventional unit cell of Ga2O3 is used to simulate an isolated
defect. This 120-atom supercell is sampled using a 2 × 2 × 2
k-point grid. We use the HSE06 hybrid functional [20,21],
with a mixing parameter of 35% to accurately produce the
electronic band structure of Ga2O3 [22–24]. We find a direct
band gap of 4.88 eV and an indirect band gap of 4.84 eV, in
good agreement with the experimental band gap of 4.76 eV
[1,2]. This functional also provides a very good description of
the structural properties of β-Ga2O3, as can be seen from the
comparison made with experimental lattice parameters [25,26]
in Table I.

The formation energy of a defect or impurity is a key
descriptor that determines its concentration, the stability of
different charge states, and the electronic transition levels. For
W on a Ga site (WGa) it is given by [27]

Ef
(
Wq

Ga

) = Etot
(
Wq

Ga

) − Etot(Ga2O3)

− (
μW + μ0

W

) + (
μGa + μ0

Ga

)

+ q(EF + EVBM) + �q, (1)

where Etot(W
q

Ga) is the total energy of one WGa in charge state
q in the supercell, Etot(Ga2O3) is the energy of the undoped
supercell, and EF is the Fermi energy, referenced with respect
to the valence-band maximum (VBM) EVBM. The term �q

corrects for the spurious interaction of charged defects caused
by using periodic boundary conditions [28,29]. The chemical
potentials μW and μGa are referenced to the total energy per
atom of the bulk metals [μ0

W = Etot(W), μ0
Ga = Etot(Ga)], and

μO is referenced to the energy of an O atom in an O2 molecule
[μ0

O = 1/2Etot(O2)]. The Ga and O potentials have to fulfill
the stability condition for bulk Ga2O3:

2μGa + 3μO = �Hf (Ga2O3) , (2)

where �Hf (Ga2O3) is the formation enthalpy of bulk Ga2O3

(−10.73 eV), as well as μW � 0 and μGa � 0. We will present
our results for two limiting cases: Ga-rich (μGa = 0) and
Ga-poor (μO = 0) conditions. The W chemical potential will
determine the doping level, but the solubility limit is set by

μW + 3μO = �Hf (WO3) , (3)

where �Hf (WO3) is the calculated formation enthalpy of
WO3 (−7.93 eV). For the other transition metals, the sol-
ubility limits are set by the calculated enthalpies of MoO3
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FIG. 1. The conventional unit cell of monoclinic β-Ga2O3. The
two inequivalent Ga sites (large spheres) and the three inequivalent
O sites (smaller spheres) are indicated. The Ga sites are labeled as
tetrahedral (Gatetra), corresponding to a Ga(I) site, and octahedral
(Gaocta), corresponding to a Ga(II) site.

(−6.69 eV), Re2O7 (−12.81 eV), NbO2 (−7.92 eV), and
Nb2O5 (−18.82 eV). The charge-state transition level (q/q ′)
can be estimated from the formation energies by

(q/q ′) = Ef
(
Wq

Ga; EF = 0
) − Ef

(
Wq ′

Ga; EF = 0
)

(q ′ − q)
. (4)

When the Fermi level is below this energy, the charge state q

is stable; otherwise, the charge state q ′ is stable.

III. RESULTS AND DISCUSSION

We first consider W incorporation on Ga sites in Ga2O3.
The different bonding environments of the two inequivalent
Ga sites, with the Ga(I) site tetrahedrally coordinated and
the Ga(II) site octahedrally coordinated can lead to different

TABLE I. Calculated and experimental lattice parameters and
band gap of β-Ga2O3.

Calculated Experimental

a (Å) 12.27 12.21a

b (Å) 3.05 3.04a

c (Å) 5.82 5.80a

β 103.82◦ 103.83◦a

Edirect
gap (eV) 4.88 4.76b

Eindirect
gap (eV) 4.84

aRefs. [25,26].
bRefs. [1,2].

formation energies and charge-state transition levels. An
isolated W atom has four 5d and two 6s electrons. These
electrons are all valence electrons and thus available for
bonding, explaining the +6 oxidation state state of W in WO3.
Gallium, on the other hand, has two 4s and one 4p electrons,
and a +3 oxidation state. Substituting W on a Ga site thus
provides three additional electrons, turning W into a potential
triple donor. This is confirmed by the calculated formation
energies, shown in Fig. 2. The formation energy of WGa is
lower under Ga-rich conditions than under O-rich conditions.
This may seem surprising for an impurity that substitutes on
the Ga site, but it is caused by our choice to depict the formation
energies for conditions corresponding to the solubility limit,
which is set by Eq. (3) and introduces a dependence of
μW on μO.

Tungsten on the tetrahedral site acts as a shallow donor: for
Fermi levels high in the gap it occurs in a 1+ charge state,
indicating that it always donates an electron to the conduction
band. We find that the (1+/0) transition level occurs at 0.15 eV
above the conduction-band minimum (CBM). For Fermi levels
lower in the gap, the 2+ and 3+ charge states are stable.
WGa,tetra can thus, in principle, lead to n-type doping of Ga2O3.
Tungsten on the octahedral site, on the other hand, acts as a
deep donor: It assumes a neutral charge state for Fermi levels
within 0.54 eV of the CBM.

Unfortunately, the formation energy of W on the octahedral
site is significantly lower than that on the tetrahedral site; at the
CBM (n-type conditions) the energy difference between the
two sites is 1.82 eV. This difference is related to the fact that
the charge-state transition levels occur at lower Fermi-level
positions in the case of the octahedral site. For the octahedral
site the (3+/2+), (2+/1+), and (1+/0) transition levels
occur at 1.87 eV, 3.06 eV, and 4.30 eV above the VBM,
respectively; for the tetrahedral site (3+/2+) occurs at 2.34 eV
and (2+/1+) at 3.44 eV. Different transition levels are to be
expected, since the different bonding environment (octahedral

FIG. 2. Formation energy diagram of substitutional W (WGa) on
the two inequivalent Ga sites in Ga2O3. The superscript indicates if
Ga rich or O rich conditions are assumed. The zero of Fermi energy
is at the VBM. The labels 3+, 2+, and 1+ shown on the curves for
Ga-rich conditions and the tetrahedral site, indicate the charge state;
the slope reflects the charge state. The dashed lines, with a slope of
4+, indicate the presence of a 3+ charge state with a hole polaron.
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versus tetrahedral), leads to a different crystal field, which
leads to a different character of the d orbitals in the band
gap. The local distortion around the W atom also contributes
to the energy difference. In bulk Ga2O3, the bond lengths
of the octahedral site are longer than the bond lengths of the
tetrahedral site. The 0 and 1+ charge state of W leads to a local
distortion where the bond lengths are increased: on average
by 5.0% (1.8%) for the octahedral site and 6.4% (3.6%) for
the tetrahedral site for the 0 (1+) charge state. This larger
distortion for the tetrahedral site compared to the octahedral
site can explain why the formation energies for the same charge
states are higher in the case of the tetrahedral site. For larger
charge states (2+ and 3+), the difference between both sites
decreases to an average of 0.3%, explaining why the formation
energy difference between both sites is smaller for these charge
states.

Depending on the charge state, various numbers of electrons
occupy the d states of W, giving rise to a magnetic moment. For
the 3+ charge state it is 0 μB , and it increases with decreasing
charge state. For the 0 charge state the magnetic moment is
3 μB . These magnetic moments are observed for both the
octahedral and the tetrahedral sites. This also implies that the
W high-spin state is always preferred. The total magnetic
moment is mostly located on the W atom, with electrons
residing in the W 5d states. This is confirmed by inspection
of the spin density (the difference in density corresponding to
spin-up and spin-down states) in Fig. 3; the figure does not
include the spin density of the 3+ charge state, since it is zero
(magnetic moment 0 μB). An analysis of the orbital-projected
character of the bands shows that W d states are mixed with a
small contribution from O p states.

The “4+” charge state, whose formation energies are shown
using dashed lines in Fig. 2 and whose spin density is shown
in Fig. 3(a), does not correspond to a true 4+ charge state.
It is actually a 3+ charge state, together with a hole polaron
localized on O(II) atoms, as evident from the spin density. The

FIG. 3. Spin density for a W donor on an octahedrally coordinated
Ga(II) site for (a) the 4+ (1 μB ), (b) the 2+ (1 μB ), (c) the 1+
(2 μB ), and (d) the 0 charge state (3 μB ). Isosurfaces are drawn at
10% of the maximum density.

FIG. 4. Formation energy diagram of substitutional W, Mo, Re,
and Nb on Ga sites for Ga-rich conditions for (a) tetrahedral [Ga(I)]
sites, and (b) octahedral [Ga(II)] sites. Dashed lines indicate the
presence of hole polarons.

appearance of polarons is not surprising, as hole polarons are
easily formed in bulk Ga2O3 [30].

We also considered other transition metals as dopants:
Mo, which is isovalent with W, Nb, which has one fewer
valence electron, and Re, which has one additional valence
electron. The calculated formation energies in the case of
Ga-rich conditions are shown in Fig. 4. Similar to W doping,
the octahedral site is lower in energy compared to the
tetrahedral site for all these dopants. For the isovalent Mo
the (1+/0) transitions occur at 0.49 eV (tetrahedral) and
1.63 eV (octahedral) below the CBM; Mo is therefore a deep
donor. For Re the levels occur at 0.59 eV (tetrahedral) and
at 0.18 eV (octahedral) below the CBM. The latter is a low
enough ionization energy for ReGa,octa to be able to lead to
n-type doping.

Niobium stands out: NbGa,tetra can be considered a shallow
donor since the (1+/0) transition occurs only 0.03 eV below
the CBM. For the octahedral site the (1+/0) transition occurs
somewhat deeper in the gap, at 0.15 eV below the CBM, again
low enough to enable n-type conductivity. Niobium also stands
out because of its low formation energy (1.19 eV at the CBM
for the tetrahedral site and 0.31 eV for the octahedral site, for
Ga-rich conditions). Among the impurities considered here,
Nb therefore emerges as the best candidate for transition-metal
n-type doping of Ga2O3.

IV. CONCLUSIONS

In conclusion, we have studied doping of β-Ga2O3 with W,
Mo, Nb, and Re. All these transition metals prefer high-spin
states when incorporated on the Ga site. The unpaired electrons
causing the magnetic moment have distinct d character.
Substitution on the octahedral Ga sites is lower in energy
compared to the Ga tetrahedral sites. These transition metals
are generally deep donors. The main exception is Nb, which is
a shallow donor when it substitutes on a tetrahedral site, and a
small enough ionization energy to enable n-type conductivity
on the octahedral site. Niobium also has the lowest formation
energy among the considered transition metals.
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