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Abstract: GaOOH, having a bandgap of 4.7—4.9 eV, can be regarded as one of several ultrawide-
bandgap (UWBG) semiconductors, although it has so far mainly been used as a precursor material
of GayOs3. To examine the possibility of valence control and application in electronics, impurity
levels in GaOOH are investigated using the first-principles density-functional theory calculation. The
density values of the states of a supercell including an impurity atom are calculated. According to
the results, among the group 14 elements, Si is expected to introduce a shallow donor level, i.e., a
free electron is introduced. On the other hand, Ge and Sn introduce a localized state about 0.7 eV
below the conduction band edge, and thus cannot act as an effective donor. While Mg and Ca can
introduce a free hole and act as a shallow acceptor, Zn and Cd introduce acceptor levels away from
the valence band. The transition metal elements (Fe, Co, Ni, Cu) are also considered, but none of
them are expected to act as a shallow dopant. Thus, the results suggest that the carrier concentration
can be controlled if Si is used for n-type doping, and Mg and Ca for p-type doping. Since GaOOH can
be easily deposited using various chemical techniques at low temperatures, GaOOH will potentially
be useful for transparent electronic devices.
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1. Introduction

Ultrawide-bandgap (UWBG) semiconductors have been extensively demonstrated to
improve the performance of power devices and deep UV optoelectronic devices [1,2]. Ga;O3
is one of the most promising UWBG materials, and has garnered significant attention [3,4].
Various crystal growth techniques have been used to fabricate bulk crystals and thin films,
and their basic properties have been investigated in detail. Conductivity has been con-
trolled by impurity doping, and it has been found that groups 14 and 7 elements can be
shallow donors [5,6]. On the other hand, it is generally agreed that substitutional acceptor
impurities (groups 2, 5, and 12) all have deep levels, and thus will not lead to significant
p-type conductivity [6-8].

In addition to GayO3 bulk crystals and thin films, various types of Ga,O3z nanostruc-
tures have also been studied and applied for catalysts and gas sensors [9-11]. To fabricate
the nanostructure Ga; O3, GaOOH nanostructures were first fabricated via wet chemical
processes in most cases, and then converted into Ga,Os3 via thermal annealing; GaOOH is
converted to GapOs at temperatures above 450 °C. Several comprehensive review papers
have been published on syntheses of Ga,Oj3 via calcining GaOOH nanomaterials obtained
using wet chemical approaches [9-11]. Thus, so far, GaOOH has been utilized as a precursor
material for Ga,Os3.

GaOOH itself, having a bandgap of 4.7-4.9 eV [12,13], is also a UWBG material; in
fact, there are a few papers in which GaOOH is applied in a photocatalyst and in gas
sensors as a semiconductor [12-15]. GaOOH can be synthesized easily using various
wet chemical processes at low temperatures, and is well stable at room temperature. Its
conversion to GapO3 begins at temperatures above 450 °C, as mentioned above. Thus,
GaOOH may potentially be useful for transparent electronics applications wherein wide-
bandgap semiconductor films need to be fabricated on transparent substrates such as glass
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or plastic sheets. Recently, band structures of 2D GaOOH have been studied theoretically
for optoelectron application [16]. However, no study has attempted to apply bulk GaOOH
for electronic devices such as diodes and transistors.

For electronics applications, conductivity control via impurity doping is essential.
In this work, the possibility of conductivity control using impurity doping in GaOOH
is analyzed based on a first-principles density-functional theory (DFT) calculation. DFT
calculations have been extensively used to study both the bulk and surface properties of
a wide range of materials [17-20]. As an initial survey of possible donor and acceptor
impurities, the density of states (DOS) of doped GaOOH is calculated. The DOS of doped
Gay 03 is also calculated and compared with that of doped GaOOH. The results indicate
that some impurities will have shallow donor or acceptor levels in GaOOH.

2. Calculation

GaOOH has an orthorhombic structure («-GaOOH) with lattice constants a = 0.992 nm,
b = 0.302 nm, ¢ = 0.457 nm [21]. Each Ga atom is bonded to four O atoms, and each O
atom is bonded to two Ga atoms, and an H atom is bonded to half of the O atoms. To
simulate a doped material, a1 x 3 x 2 super cell (96 atoms) was considered; the super cell
is rectangular, with a dimension of about 1 nm in each direction. One atom in the super cell
was replaced with an impurity atom. For comparison, the calculation was also carried out
for undoped and doped 3-GaO3, which is known to be the most stable crystal structure
of GapO3. A1 x 2 x 1 super cell (40 atoms) was considered, as in a previous similar DFT
study by Tang et al. [22]. Crystal structure figures of x-GaOOH and 3-GaO3, generated
using the software CrystalMaker, are shown in Figure 1. The local densities of states (LDOS)
are also calculated using a limited number of k-points (3 x 2 X 2) of the supercell.

(a) (b)

Figure 1. Crystal structures of (a) x-GaOOH and (b) 3-GaOj3. The unit cell is indicated by the blue
dashed line, and the atoms located outside of the unit cell are shown with weaker color. The unit cell
of GaOOH contains four Ga atoms, eight O atoms, and four H atoms. The cell of Ga,O3 contains
eight Ga atoms and twelve O atoms.

The software PHASE (ver.11.0, University of Tokyo, Tokyo, Japan) was used for
the DFT calculations based on the pseudopotential method with generalized gradient
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approximation (GGA) [23]. Norm-conserving pseudopotential was used for H, Mg and Si,
and ultrasoft pseudopotential was used for the other elements. The kinetic energy cutoff of
the basis was 272 eV (20 Rydberg). It was confirmed for some cases that variation in the
cut-off energy did not significantly affect the conclusions of the calculations. Values from
the literature were used for the lattice constants, and the atom positions in the supercell
were optimized with the force convergence criterion of 8 x 102 eV /A. For the preliminary
screening of impurity levels, DOS was calculated for the neutral cell. The lattice relaxation
accompanying ionization was not considered.

According to a common doping strategy in semiconductor technology, elements with
one more or one less valence electron than the matrix element are designated impurities.
However, heavy elements, which are not usually used for semiconductor technology,
were not considered. In addition, the transition elements used for doping in Ga,O3; were
also considered.

3. Results

Figure 2 shows calculated DOS for undoped GaOOH and Ga,0Os. The origin of the
energy (horizontal scale) is the energy of the uppermost filled states, i.e., the Fermi level.
For GaOOH, the lowest-energy peak is due to the O atom (2s orbital) bonded to H (hydroxyl
group), and the next peak due to the O atom not bonded to H. The peak around —12 eV
is attributed to the Ga3d states. For both GaOOH and Ga;0O3, the bandgap appears to be
about 3.0 eV, while the literature values of their bandgap are 4.7-4.9 eV. Thus, the calculated
bandgaps are significantly smaller than the literature values. This is due to the insufficient
correction of exchange—correlation energy in the GGA-DFT calculation. In addition, in
DFT calculation, the ground-state energy and single-particle density are obtained, and the
bandgap energy is not necessarily accurate, even if an exact exchange—correlation potential
is used. Considering the underestimation of the bandgap, it can be expected that the depth
of the impurity levels will also tend to be underestimated.

a3d —GaOOH
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Figure 2. DOS for undoped GaOOH and Ga,Os.

Group 14 elements may be expected to act as a donor when they replace Ga. Among
the three group 14 elements (Si, Ge, Sn), only Si is expected to act as a shallow donor
in GaOOH; the Fermi level is located above the conduction band edge E., as shown in
Figure 3a. The LDOS of the Si-doped GaOOH near the bandgap are shown in Figure 3b.
Since The LDOS were calculated using a limited number of k-points; smooth curves of
LDOS could not be obtained. The approximate range of the bandgap is also shown in the
figures. As can be seen from the figure, no localized gap states are formed. Thus, the wave
function of an extra electron introduced by Si is not localized, i.e., Si acts as a shallow donor.
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The valence band top is mostly contributed by the O 2p orbital, while the conduction band
bottom is contributed by the Ga 4s orbital with the additional contribution of O. On the
other hand, Ge and Sn introduce half-filled states about 0.7 eV-below E., and thus will be
a deep donor, unable to contribute to n-type conduction. The results for Sn are shown in
Figure 4, and those for Ge are similar. According to the LDOS of Sn-doped GaOOH shown
in Figure 4b, the gap states localized around the Sn atom are introduced, as shown by the
bold black line. In the figures, “O (-Sn)” means the O atom bonded to Sn. The LDOS of the
gap states are also significant at the neighboring O atoms, and thus the wave functions of
the gap states are extended to the neighboring O atoms.

| Si
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Figure 3. (a) DOS and (b) LDOS of Si-doped GaOOH. “O (-5i)” means an O atom bonded to Si.
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Figure 4. (a) DOS and (b) LDOS of Sn-doped GaOOH. “O (-Sn)” means an O atom bonded to Sn.

For Ga,0;3, it has been shown theoretically and experimentally that both Si and Sn are
a shallow donor. Actually, according to our calculations, both Si and Sn are expected to
be a shallow donor. Our results for Si and Sn-doped Ga, O3 agree with previous similar
calculations [22]. Sn introduces a shallow level in Ga;O3 and a deep level in GaOOH, i.e.,
the energy level of Sn is deeper in GaOOH than in Ga,Os3.

As group 17 elements, F and Cl were considered. According to the present calculation,
a Cl atom replacing an O atom (not bonded to H) will act as a shallow donor, whereas F at
the O site will be a deep donor, having a half-filled level 0.5 eV-below E.. This is in contrast
to the results for Ga,Og3; for GayO;3, it is shown theoretically and experimentally that both F
and Cl are shallow donors.

Group 17 element atoms may replace a hydroxyl group OH in GaOOH. Both F and Cl
atoms replacing OH introduce filled states in the lower half of the bandgap, and thus will
not act as a donor or acceptor. The relative stability of those two sites (O site and OH site)
cannot be examined using the present calculation. Since the control of the site occupation is
not established for F and Cl, they will not be readily used as a donor.
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Groups 2 and 12 element atoms at the Ga site may be potential acceptors, considering
their valence electron number. According to the present calculation, group 2 elements Mg
and Ca will be shallow acceptors in GaOOH, while group 12 elements Zn and Cd are rather
deep acceptors, with levels 0.2-0.3 eV apart from the valence band edge E.. The results for
Mg are shown in Figure 5. The Fermi level is located just below Ey, and there is a hole in
the valence band, i.e., Mg acts as a shallow acceptor. The LDOS of the Mg-doped GaOOH
are shown in Figure 5b. As in the case with Si doping, no localized states are found. The
results for Zn are shown in Figure 6. The gap states are found about 0.2 eV away from Ey.
According to Figure 6b, LDOS of the gap states are comparable for both Zn and neighboring
O atoms, i.e., the wave function is localized within the cluster of the Zn and surrounding O
atoms. The large peak around —4.5 eV, shown by the bold black line, corresponds to states
due to the 3d orbital of Zn. On the other hand, for Ga;O3, both Mg and Zn are expected
to be a shallow accepter according to the present calculation and the previous DFT-GGA
study [22]. However, the energy levels of Mg and Zn obtained using more elaborated
hybrid functional calculation are much deeper, and it was also found experimentally that
they are in fact a deep acceptor, being unable to result in sufficient p-type conduction [6-8].
Considering the underestimated energy in the present GGA calculation, Zn and Cd will in
fact be an acceptor too deep to be employed, since their energy levels are even deeper in
GaOOH than in Ga;O3. Mg in GaOOH is a shallow acceptor in our calculation, but this
needs to be confirmed experimentally, and also via a hybrid functional calculation.

The group 15 element N at the O site may be another candidate of acceptor. In the
present calculation, it is shown that the depth of the acceptor level of N in GaOOH is
comparable to that of the group 12 elements (for both the O sites). Thus, N will not
be a shallow acceptor in GaOOH either. For Ga;03, it is found both theoretically and
experimentally that N introduces deep acceptor levels and cannot lead to significant p-type
conduction [6,7].

Several transition metal elements are also considered (Fe, Co, Ni, Cu). Among them,
Cu is known to be an acceptor in some wide-bandgap oxides and hydroxides [24,25]. The
calculation results show that all of the transition elements considered here do not introduce
any shallow donor or acceptor levels. The Cu acceptor levels are more than 1 eV apart from
Ey. Fe, Ni, and Cu have partially filled gap states, and could even remove carriers (increase
resistivity) in both n and p-type GaOOH. Those transition metals also introduce gap states
and thus will remove carriers in Ga,Os; the results for Ga,O3 are consistent with those in
the previous DFT-GGA study [22].
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Figure 5. Cont.
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Figure 5. (a) DOS and (b) LDOS of Mg-doped GaOOH.

The energy levels obtained are summarized in Table 1. The energy levels calculated
in this work for Ga;Oj3 agree fairly well with those of the previous DFT study based on
GGA [22]. As noted above, the depth of gap states will be underestimated in the present
calculation. The purpose of the present work is an initial screening of impurities for doping;
one can exclude impurities with deep levels in the present calculation. For n-type doping,
only Si will be a candidate. Cl at the O site may be shallow, but CI can also replace OH,
being inactive. For p-type doping, group 2 elements Mg and Ca can be used according
to the present results. Hydroxides of those two elements can be easily synthesized using
chemical techniques, and thus they may be doped into GaOOH in chemical syntheses.
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Figure 6. Cont.
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Figure 6. (a) DOS and (b) LDOS of Zn-doped GaOOH.

Table 1. Gap states introduced by impurities in GaOOH. (M/N) is the occupation of the impu-
rity levels; N is the number of the states, and M the number of occupying electrons. “Shallow
donor/acceptor” means that a free carrier is introduced, i.e., the Fermi level is located in the band. For
comparison, the levels in 3-GayOj3 calculated in the present study based on GGA and those obtained
on the basis of the hybrid functional [5,7,8] are also given. (In GayO3, there are two inequivalent Ga
sites and three inequivalent O sites. The levels were calculated for those different atom sites, and in
the table, the shallowest level is listed for each impurity).

GaOOH

G3203

GGA

Hybrid [5,7,8]

Si shallow donor shallow donor shallow donor
group 14 Ge E. —0.75(1/2)
Sn E.—0.7(1/2) shallow donor shallow donor
F (O) E.—05(1/2) shallow donor shallow donor
F (OH) Ey +0.35 (2/2)
group 17
Cl1(0) shallow donor shallow donor shallow donor
Cl (OH) Ey +0.6 (2/2)
Mg shallow acceptor shallow acceptor E, +1.05
group 2 Ca shallow acceptor shallow acceptor
group 12 Zn E, +02(1/2) shallow acceptor E, +1.22
Cd E, +0.3 (3/4) shallow acceptor
N E +0.2 (3/4) E, +0.1
group 15
N-H E, +0.35(1/2)
Fe E. —1.0(5/6)
Co E, +1.3(6/6) E, +1~15
triifﬁatﬁn Ni EC:O_})'?O(};)Z)' E, + 1.0
Cu E, +09(2/2),+1.2 E, +0.15

0/2)
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The supercell considered corresponds to a very high doping level of the order of
10?! em~3. In addition, periodicity is assumed in the arrangement of impurity atoms.
Those are inherent problems in supercell calculation, and their effects on the results are
difficult to predict and discuss.

If the conductivity of GaOOH can be controlled using impurity doping, GaOOH thin
films could be used for diodes and transistors in transparent electronics applications. For
transparent electronics applications, devices need to be fabricated on plastic or glass sheets,
and thus semiconductor thin films should be deposited at low temperatures. GaOOH can
be deposited via various chemical techniques at low temperatures, and thus would be well
suited for transparent electronics applications.

4. Conclusions

Energy levels introduced by impurities in GaOOH have been investigated based
on first-principles DFT calculation. The density of states of a supercell including an
impurity atom have been calculated. According to the results, Si is expected to introduce a
shallow donor level, whereas Ge and Sn introduce a localized state about 0.7 eV below the
conduction band edge, and thus cannot act as donors. While Mg and Ca can introduce a
free hole and act as a shallow acceptor, Zn and Cd introduce acceptor levels away from
the valence band. The transition metal elements (Fe, Co, Ni, Cu) are expected to introduce
deep levels within the bandgap. Thus, the carrier concentration can be controlled if Si is
used for n-type doping, and Mg and Ca for p-type doping.
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