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P-type doping in oxides is usually difficult due to their low valence-band energy. In order to make them
p type, the electronic structure of the oxides should be fundamentally changed; that is, the occupied valence
band should be raised significantly. Here, using first-principles calculations, we propose that by adding a small
amount of Bi,O3 into Ga,0; to form dilute (Bi,Ga,_,),0; alloys and, more importantly, with properly chosen
dopants, we can achieve efficient p-type doping in a transparent oxide. We show that adding a few percent of
Bi to Ga,0; leads to an intermediate valence band that is sufficiently high in energy to facilitate p-type doping;
however, the commonly expected shallow acceptors, Mg and Zn substitution on the Ga site (Mgg, and Zng,),
are still deep acceptors, whereas the expected deep acceptor, Cug,, actually creates a relatively shallow level
in (Bi,Ga;_,),05 alloys. This trend is opposite to what is found in pure Ga,Os. The puzzling behavior of the
acceptor levels in the (Bi,Ga;_,),05 alloys is attributed to the polaronic character of the holes in the Zn- and
Mg-doped cases, and the decoupling of the hole state and the valence-band edge in the Cu-doped case. This
understanding provides insights into the realization of p-type doping in dilute (Bi,Ga,_,),O3 alloys and paves a
way to dope semiconductor materials with a strongly correlated band edge state, i.e., materials with a tendency

to form polaronic acceptor or donor states.

DOLI: 10.1103/PhysRevB.103.115205

I. INTRODUCTION

p-type doping in wide band gap semiconductors is attrac-
tive due to its many interesting technological applications,
but p-type doping in oxides is difficult due to their low
valence-band energy [1]. This is the case of Ga,0O3, which
has attracted great attention in the last few years due to its
potential application in high-power electronics, ultrasensi-
tive gas detectors, and various optoelectronic devices [2-5].
Ga,0; crystallizes in five different polymorphs denoted by «,
B, v, 8, and &, among which the base-centered monoclinic
B-Ga, 03 with symmetry group C2/m is the most stable form
at ambient conditions [6,7]. The conventional unit cell of
B-Ga, 03 contains four formula units (20 atoms), with two
crystallographic nonequivalent Ga sites, one with tetrahedral
(Ga-I) and the other with octahedral (Ga-II) coordination ge-
ometry, and three nonequivalent O sites located at 4i (x, 0, ),
one with fourfold coordination (O-I), and two with threefol
coordination (O-II and O-III).

Ga; 03 in the B phase has an indirect band gap of ~4.7 eV,
compared with the direct band gap that is only 30-40 meV
higher in energy [4,8]. It is relatively easy to dope Ga;0O3 n
type by substituting group-IV elements (Si, Ge, and Sn) on the
Ga sites, with controllable carrier concentrations in the range
of 10'°-10'" cm™ [3,9-11]. However, it has been shown that
it is very difficult or even impossible to dope Ga,0O3 p type,
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like many other wide band gap oxide semiconductors [12]. For
the potential shallow acceptor candidate dopants, such as Zn,
Mg, and N, the reported transition energy levels are higher
than 1 eV above the valence band [12—14]. In short, Ga,0O;
is a promising transparent conducting oxide (TCO) material
with high levels of n-type doping, but p-type doping has not
yet been realized.

So far, all the trademark TCOs are n type, such as Sn-
doped In, O3 (ITO), F-doped SnO, (FTO), and Al-doped ZnO
(AZO). The lack of p-type TCOs has limited the design flex-
ibility of optoelectronic devices such as solar cells, LEDs,
and transparent field-effect transistors [15-17]. A possible
avenue for overcoming this limitation is to raise the valence
band of the material [1,18]. Driven by this concept, a variety
of candidates for p-type TCOs have emerged, such as the
Cu-based materials (3d'?), transition metal containing oxides
(3d™), post transition metal oxides (ns?), and layered oxy-
chalcogenides (LaCuOCh, Ch =S and Se) [15-17,19-21].
Enlightened by these findings and guided by the doping limit
rules [1], we show in this work that by adding a small amount
of BiyO3; into Ga,03 to form dilute (Bi,Ga;_,),0; alloys
and, more importantly, properly choosing doping impurities,
we can achieve efficient p-type doping in these transparent
oxides.

Results of first-principles calculations show that the
valence-band maximum (VBM) of the dilute (Bi,Ga_,),0;3
alloy is significantly pushed up by more than 1.6 eV compared
with the host material Ga,0O3, making it easier to achieve
p-type doping in the (Bi,Ga;_),03 alloy according to the
doping limit rules [1]. It is expected that if the localized defect
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TABLE I. Calculated and experimental lattice parameters (a, b,
¢, and B) and band gap (E,) of 8-Ga,O; and a-Bi,03.

ad) bA) ¢ B E,(eV)
B-Ga, 05 Calc. 1229 3.05 581 103.72° 4.84
Expt. [6,8] 1221 3.04 580 103.83° 4.90
a-Bi,0; Calc. 586 8.11 7.44 112.50° 3.56
Expt. [2425] 5.83 8.14 748 112.93° 3.71

level is uncorrelated with the VBM, when the VBM shifts
up by the addition of Bi into Ga,0s3, the acceptor transition
level can change from deep in the host material to shallow
in the alloy. To test this concept, we considered Mg, Zn, and
Cu substitutions on the Ga site (Mgg,, Zng,, and Cug,) in
dilute (Bi,Ga;_,),0;3. Interestingly, we find that Mgs, and
Zng, are also deep acceptors in the alloy, even though they
are chemically similar to Ga. On the other hand, we find
that Cug, induces a shallow acceptor level, making it a good
candidate for producing p-type (Bi,Ga;_,),0O3. This trend is
opposite to the results found in Ga,O3;. These unexpected
results are explained by the strong correlation of the VBM
state which has localized Bi 6s and O 2p orbital characters
and the consequent polaronic effects. The concepts developed
here are important for understanding doping in other related
semiconductors with a strongly correlated band edge state.

II. COMPUTATIONAL METHOD

Our first-principles calculations are based on the projec-
tor augmented wave (PAW) method and density functional
theory (DFT) with the HSEO6 hybrid functional [22] as im-
plemented in the VASP code [23]. We use a cutoff energy
of 520 eV for the plane-wave basis set and PAW potentials.
For structural optimization, atomic positions are fully relaxed
until the Hellmann-Feynman force on each atom is less than
0.01 eV/A. For the HSE06 calculations, we set the Hartree-
Fock exchange mixing parameter o to 34%. As shown in
Table I, the calculated structural parameters and band gaps of
B-Ga,03 and «-Bi, 03 are in good agreement with the exper-
imental data [6,8,24,26]. Note that for monoclinic «-Bi,O3,
space group P2;/c [24], which is the most stable phase at
room temperature, there are two types of cation environments
with different coordination to anion atoms: Bi-I, which is
fivefold coordinated, and Bi-II, which is sixfold coordinated.

To simulate random B-(Bi,Ga;_,),0j3 alloys, we construct
quasirandom structures (SQS) [27] based on a supercell of 160
atoms, where one, two, four, and eight Ga atoms are replaced
by Bi (x = 1/64,1/32,1/16, and 1/8, respectively). We only
consider the 8 phase alloy here because it has lower energy at
these low Bi concentrations. Having the two different bonding
environments of Ga in 8-Ga, 03 poses the question of which
cation site Bi prefers to occupy. We have tested the two
configurations and found that the Bi atom favors the sixfold
coordinated sites, with a total energy difference of 635 meV
per Bi between the two configurations. Thus, we consider
dilute (Bi,Ga;_,),03 alloys where Bi only occupies the oc-
tahedral Ga-II sites. For exploring p-type doping, we consider
here only the 160-atom (Bi,Ga;_),03 alloy with x = 1/8
and x = 0 (Ga,03) with the dopants substituting on the Ga
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FIG. 1. Volume per formula unit (red circles) and mixing en-
thalpy per cation AH (blue squares) of dilute (Bi,Ga;_,),05 alloys as
a function of Bi content x in the monoclinic 8 structure of the Ga,0;
parent compound. The straight red line indicates good agreement
with Vegard’s law and the blue curve is for guiding the eye. The inset
shows the monoclinic 8-Ga,O; unit cell.

site (Mgg,, Znga, and Cug,). Spin-polarized calculations are
carried out for systems with unpaired electrons. The defect
formation energy and transition energy levels are calculated
as described in the literature [28,29]. Validation of the defect
level position was attested by performing convergence calcu-
lations with larger supercell and different mixing parameters
in the HSE calculations [30,31], the results of which are in-
cluded in the Supplemental Material [32].

III. RESULTS AND DISCUSSION

When adding Bi to 8-Ga;0s3 to form a §-(Bi,Ga;_,),03
alloy, the alloy volume per formula unit expands as shown in
Fig. 1, which can be attributed to the larger atomic size of Bi
compared to Ga. Our results indicate that the volume of the
alloy in the monoclinic 8 structure closely follows Vegard’s
law [27] in the dilute concentration range. To examine the sta-
bility of these alloys, we computed the mixing enthalpy (AH)
of B-(Bi,Ga_,),0; for different Bi concentrations, defined by

AH(x) = E@®i,Ga,_,),0; — (1 = X)EGa,0, — XEBj,0,, (1)

where Eg,,0, and Eg;,0, are the total energies of f-GayO3
and a-Bi, 03, respectively, and Egi,Ga,_,),0, 18 the total energy
of the (Bi,Ga;_,),03 alloy. The results are marked as blue
squares in Fig. 1. Similar calculations have also been done
for a-(Bi,Ga;_,),03, which confirmed our expectation that
(Bi,Ga;_,),0; alloys energetically prefer the monoclinic S
phase for all Bi concentrations in the considered dilute regime.

Figure 2(a) shows a schematic of the electronic band struc-
ture of dilute (Bi,Ga;_,);03 alloys with Bi concentration
x=0,1/64,1/32, 1/16, and 1/8. Note that for these dilute
Bi alloys, the O 2p bands change only slightly with x, so
we use these O 2p bands as reference for easy inspection.
It is observed that (i) an occupied intermediate valence band
(shown in orange) emerges after the incorporation of Bi;
(ii) the bandwidth of the intermediate valence band becomes
larger with the increase of Bi concentration; (iii) the band gap
of the alloy increases with the Bi concentration x, and the
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FIG. 2. (a) Schematic representation of the electronic band structure of B-(Bi,Ga,_,),0O; alloys with x = 1/64,1/32,1/16, and 1/8,
compared to that of 8-Ga,O3. The calculated total and partial density of states for (b) Ga,O; and (c) the (Bi,Ga,_,),0; alloy with x = 1/8.
The zero in the energy axis is placed at the VBM of Ga,O;. The PDOS intensity in the conduction band (CB) range is artificially enlarged by
4 times for better visualization. (d) The first valence-band edge close to its maximum along the L-I line for Ga,O; (blue line) and the I"'-X-I"
line for the (Bi,Ga;_,),05 alloy with x = 1/8 (red line). The gray circle indicates the VBM of both structures.

upshift of the conduction band minimum (CBM) is attributed
to the level repulsion between the CBM and the intermediate
valence band. The detailed projected density of states (PDOS)
for Ga, O3 and the (Bi,Ga;_,),0;3 alloy withx = 1/8 are given
in Figs. 2(b) and 2(c). The valence band maximum (VBM)
state of Ga,0s3 is dominated by the O 2p orbital, while the
CBM is mainly composed of Ga 4s and O 2s states. For the
(Bi,Ga;_,),03 alloy with x = 1/8, an occupied intermediate
valence band derived from hybridization of O 2p and Bi
6s orbitals emerges; that is, the top of the valence band is
significantly raised, by more than 1.6 eV. The bandwidth of
the intermediate valence band for the alloy with x = 1/8 is
approximately 1.0 eV. For comparison, we also specifically
depicted the first valence-band edge in the vicinity of its
maximum for Ga, O3 and the alloy with x = 1/8 in Fig. 2(d),
where the former one is along the L-I path, while the latter one
is along the I'-X-I" path. The VBM of Ga,03 locates on the
L-Ipath [33]. We set the VBM energy as zero in both cases for
easy comparison. The corresponding calculated hole effective
mass of the VBM for Ga,Os is 3.13mygy, which lies within
the reported range [34,35]. As for the alloy with x = 1/8, the
calculated hole effective mass at the VBM is 0.74my, indicat-
ing that a higher electrical conductivity in the (Bi,Ga;_,),03
alloy could be obtained than in Ga,O;. It is noted that the
band gaps of these dilute (Bi,Ga;_,),0O3 alloys remain wider
than 3.1 eV, which ensures high optical transparency in the
visible and near-infrared regions of the spectrum. Therefore,

finding shallow acceptor impurities in 8-(Bi,Ga_,),0j3 alloys
will potentially lead to the so desired p-type TCO.

We first examined on which lattice sites the acceptor impu-
rities will prefer to incorporate, since there are many different
local environments in the (Bi,Ga;_,),0; alloy. We tested sub-
stituting a neutral Zn impurity on all possible Ga sites in the
(Bi,Ga;_, ), 03 alloy, comparing the total energy as a function
of distance to the Bi atom. The results are shown in Fig. S1 of
the Supplemental Material [32]. We find that, in general, the
total energy increases as the distance between Zng,” and Bi
atoms increases; i.e., the Zn acceptor energetically prefers to
stay close to the Bi atom. Similar behavior is obtained for the
Mg and Cu acceptor impurities.

To illustrate the properties of the dopants in the
(Bi,Ga;_4),03, we chose (Bi,Ga;_,),03 alloys with x = 1/8,
and x = 0 (Gay03) for comparison. For the alloy with x =
1/8, which is described by the special quasirandom structure
model, we observe that the width of the intermediate valence
band is fairly large, and the charge distribution associated with
the intermediate valence band is quite uniform. As discussed
above, we only considered one of the substitutional sites next
to one of the Bi in the alloy.

Figure 3 depicts the formation energy for Mg, Zn, and
Cu acceptors as a function of the Fermi level position under
O-rich conditions, in which the defect formation energies are
lower than that under O-poor conditions. The range of Fermi
level is from VBM to CBM, that is, from O to 4.84 eV for
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FIG. 3. Calculated formation energies for Mgg,, Zng,, and Cug, in (Bi,Ga,_,),0; alloys with x = 0 (Ga,0O3) and x = 1/8 under O-rich
conditions as a function of Fermi level. Note the different ranges of the Fermi level in the two systems. The zero of the Fermi level is at the
VBM of pure Ga,O3. The dopant chemical potentials are limited by the formation of MgO, ZnO, and CuO, respectively.

Ga,0; and from 1.63 to 5.23 eV for the (Bi,Ga;_,),0;3 alloy
with x = 1/8. The shaded regions correspond to Fermi level
positions below the VBM (yellow) of the (Bi,Ga,;_,),03 alloy
and above the CBM (purple) of Ga,;0s3.

We first discuss the properties of Mgg, and Zng, dopants.
The formation energies of Mg, are lower than that of Zng, in
both Ga,03 and (Bi,Ga_,),05. This can be attributed to the
closer ionic radius between Mg and Ga than between Zn and
Ga [36], and also the larger bonding strength between Mg and
O than that between Zn and O, reflected in the differences in
the formation enthalpy of MgO and ZnO. In Ga, 03, the (0/-1)
transition energy levels of Mg, and Zng, occur at 1.1 eV
above the VBM, in agreement with previous studies [12—-14],
and can attributed to the low-lying VBM of Ga,03. Unfortu-
nately, Mg, and Zng, also lead to deep acceptor transition
levels in (Bi,Ga;_,),03, at ~0.8 eV above the intermediate
valence band in the alloy with x = 1/8. Compared to Ga,0Os3,
it is easy to see from the results in Fig. 3 that the acceptor
levels of Mg, and Zng, are closer to the valence band in the
(Bi,Ga;_,),0j3 alloy than in Ga,;0s.

The deep transition levels of Mg, and Zng, in the al-
loy with x = 1/8 apparently contradict the expectation that
these impurities would act as shallow acceptors and lead to
efficient p-type doping in the (Bi,Ga;_,),0;3 alloy since the
VBM now is pushed up by more than 1.6 eV (cf. Fig. 2),
assuming that the hole state would be fixed in an absolute
energy scale. To understand this unexpected result, it is in-
formative to inspect the charge density distribution of the
single-particle hole state of the neutral acceptor impurity in
both Ga,03 and (Bi,Ga;_,),0; alloy. The case of Zng, is
shown in Figs. 4(a) and 4(b). In Ga, O3, the impurity-induced
hole state is localized mostly on a single oxygen site adjacent
to the substitutional Zn atom, indicating a hole polaronic
behavior [13,37], which is part of the reason that Zn is not an
efficient p-type dopant in Ga;Os3. In the case of (Bi,Ga;_,),03
alloy, the single-particle hole state related to Zng," is localized
around the Bi atom next to the impurity rather than on an
O atom next to Zn as in Ga,03. The same behavior is also
observed for Mgg,. That is to say, the wave function of the
Zng, impurity state is coupled to its respective VBM state

in both Ga,O5 and (Bi,Ga;_,),03, with characteristics of a
polaronic state. As the VBM shifts up in energy, the polaronic
state energy also shifts upwards, which explains why Mg or
Zn doping will not lead to efficient p-type conductivity in
(Bi,Ga;_,),03 alloys.

The reason that the hole is bounded to the Bi site in Zn- and
Mg-doped (Bi,Ga;_,),03 is because the Zn and Mg impurity
level in Ga,Oj is lower than the Bi level. In this case, the hole
will float to the VBM and lead to a polaronic defect level. As
the VBM shifts up due to alloying with Bi, the energy of the
polaronic state also shifts up in energy, and leads to a deep
transition energy level inside the band gap. To avoid this un-
desirable effect related to the strong correlation of the valence
band, we now turn to Cug, in Ga,0O3 and (Bi,Ga;_,)>03. Cu
substituting on a Ga site is expected to be a double acceptor
in Ga,03 with deep level due to its active d-orbital energy.
Our calculations show that the (0/-1) transition energy level
of Cug, occurs at 2.02 eV above the VBM in Ga,0s, as seen

isosurface of

FIG. 4. Charge density distribution (yellow:
0.005 e/bohr?) for hole state related to charge neutral (a) Zng,’,
(c) Cug,® in pure Ga,0s, as well as (b) Zng,” and (d) Cug,’ in
(Bi,Ga;_,),03 withx = 1/8.
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in Fig. 3(c), and the (—/2-) level occurs at much higher energy,
at 64 meV below the CBM. Previous works on Cu-doped
Ga;0; [38,39] have shown an emission peak at ~2.5 eV,
indicating that Cu induces a deep level. We also note that
the (0/-1) transition energy level of Cug, in Ga,Os occurs
at higher energy than the top of the Bi-derived valence band
in dilute (Bi,Ga;_,),03 alloys. Because of this, unlike Zng,
and Mgg,, the Cug,-derived defect state is not coupled to the
Bi-derived VBM, with the holes localized mainly on the Cu
impurity site instead of on the Bi or O atoms as shown in
Figs. 4(c) and 4(d). Due to this decoupling, we find that Cug,
leads to a shallow (0/-1) transition level in the (Bi,Ga;_,),0O3
alloy [cf. Fig. 3(¢c)].

This interesting behavior of the Cu impurity in Ga; O3 and
dilute (Bi,Ga;_,),0;3 alloys gives us insight on how to dope
materials with a strongly correlated band edge state p or n
type. In these systems, the valence and/or conduction-band
edges are correlated and can form polaronic states. Using the
case of p-type doping as example, by introducing a substitu-
tional impurity such as Cu, if the Cu-related states are higher
than and decoupled from the VBM of the host material, there
will be large flexibility to tune the energy levels of the host
VBM and defect state independently to make the acceptor
level sufficiently close to the VBM of the host material. An
analogous situation can be envisaged for identifying an im-
purity for n-type doping of materials with strongly correlated
conduction bands. In this case, the donor state must be decou-
pled from the CBM of the host material, which happens when
the donor level is located slightly below that of the CBM, so it
could pin the donor transition level near or close to the CBM.

IV. CONCLUSION

In summary, we studied the electronic structure and dop-
ing properties of acceptor-doped dilute (Bi,Ga;_,),0O3 alloys

using first-principles hybrid functional calculations aiming at
developing p-type TCOs. The VBM in the (Bi,Ga;_,),03
alloy is significantly higher than that in the parent compound
Ga, 03, facilitating p-type doping. Contrary to common ex-
pectation, we show that Mg, and Zng, still lead to deep
acceptor levels in the alloy, as in Ga,O3, whereas Cug, leads
to a shallow (0/-1) acceptor level, making it a good candi-
date for enabling p-type conductivity in the (Bi,Ga;_,),0;3
alloys. This unusual trend is explained by the hole state as-
sociated with Zn and Mg being coupled with the Bi-derived
VBM state, whereas the Cu impurity state is decoupled from
the VBM of the host material, giving us insight on how
to dope systems with a strongly correlated band edge state.
Considering the wide band gap E, > 3.1eV of the dilute
(Bi,Gaj_,),03 alloys, our work indicates that Cu doping of
dilute (Bi,Ga;_,),0j3 alloys is a promising route to obtaining
a p-type TCO, paving the way for a range of alternative
applications.
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