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ABSTRACT

a-Ga2O3 has the corundum structure analogous to that of a-Al2O3. The bandgap energy of a-Ga2O3 is 5.3 eV and is greater than that of
b-Ga2O3, making the a-phase attractive for devices that benefit from its wider bandgap. The O–H and O–D centers produced by the implan-
tation of Hþ and Dþ into a-Ga2O3 have been studied by infrared spectroscopy and complementary theory. An O–H line at 3269 cm�1 is
assigned to H complexed with a Ga vacancy (VGa), similar to the case of H trapped by an Al vacancy (VAl) in a-Al2O3. The isolated VGa and
VAl defects in a-Ga2O3 and a-Al2O3 are found by theory to have a “shifted” vacancy-interstitial-vacancy equilibrium configuration, similar to
VGa in b-Ga2O3, which also has shifted structures. However, the addition of H causes the complex with H trapped at an unshifted vacancy to
have the lowest energy in both a-Ga2O3 and a-Al2O3.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0094707

b-Ga2O3 is an ultrawide (ffi 4.8 eV) bandgap semiconductor that
has been attracting much attention for high-power, deep-UV, and
extreme environment applications.1–4 While the b-phase is the most
thermally stable5–9 of Ga2O3, other metastable phases can be grown
that are sufficiently stable to be used to fabricate devices.7,9,10 Of
particular interest here is the a-Ga2O3 phase that has a bandgap energy
of 5.3 eV,3,7 exceeding that of the b-phase.

a-Ga2O3 has the corundum crystal structure5,6,11 analogous to a-
Al2O3,

12 which makes sapphire a suitable substrate for the epitaxial
growth of a-Ga2O3. Despite a lattice mismatch between a-Ga2O3 and
a-Al2O3 of 4.6% (a-axis) and 3.9% (c-axis), a-Ga2O3 has been grown
on (0001) sapphire substrates by several epitaxial growth methods.7 Of
these, halide vapor phase epitaxy (HVPE) is advantageous for the
growth of thick device layers because of its rapid growth rate.1,3,7,9

The hydrogen impurity impacts the conductivity of semiconduct-
ing oxides, where it can act as a shallow donor or can passivate defects
and impurities.13–15 In the present work, OH and OD centers are
investigated in the a-phase of Ga2O3 by infrared (IR) spectroscopy
and complementary theory.

Because a-Ga2O3 and a-Al2O3 have analogous crystal structures,
the IR spectrum and structure of the isolated OH center in sapphire

are also considered in this Letter. In the corundum structure12 of
a-Al2O3, each Al atom is bonded to six oxygen atoms, where there are
three equivalent O atoms having long Al–O bonds and three equiva-
lent O atoms that have short Al–O bonds.

A recent paper by Balan contains references for OH centers in
both natural and synthetic a-Al2O3 and a discussion of models for
these centers.16 Of particular interest to us are OH and OD centers
complexed with native defects that do not involve additional
impurities.

Experiments by Engstrom et al.,17 Moon and Phillips,18 and
Ramiriez et al.19 have examined the polarization properties of the OH
vibrational lines in a-Al2O3 to provide structure sensitive information
about the defects. OH centers of interest to us have vibrational fre-
quencies near 3200 cm�1 and transition moment directions in or near
the basal plane of the corundum structure. The corresponding OD
modes have frequencies near 2400 cm�1.17

Recent theory performed by Thienprasert et al. identified a stable
defect structure in a-Al2O3 consisting of an OH complexed with an Al
vacancy (VAl) with a vibrational frequency and a transition moment
direction consistent with experiment.20 Additional defects containing
two or three H atoms complexed with VAl were also studied.

20 In spite
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of long-standing interest, defect structures for specific OH vibrational
lines in Al2O3 remain controversial with there being uncertainty about
whether additional transition metal impurities are present.16

The a-Ga2O3 samples for our experiments were 1200nm-thick,
undoped epitaxial layers grown on (0001) sapphire substrates by the
halide-vapor-phase-epitaxy (HVPE) method at the Korean Institute of
Ceramic Engineering and Technology. Samples were implanted with
multiple energies and doses of Hþ and/or Dþ to produce hydroge-
nated and deuterated layers approximately 1200 nm thick with H and
D concentrations of 1020 cm�3. The Stopping and Range of Ions in
Matter (SRIM) profiles of the H and D concentrations vs depth are
shown in Fig. 1.

IR absorption spectra21,22 were measured with a Nicolet iS50
Fourier transform IR spectrometer equipped with a CaF2 beam splitter
and a liquid N2-cooled InSb detector. Samples were cooled for our
measurements with liquid N2 in a Helitran continuous flow cryostat.
(Cooling to 5K did not cause the observed IR lines in implanted

samples to narrow further.) Annealing treatments were performed in a
tube furnace in a flowing Ar ambient.

Figure 2 shows IR spectra for a 1200nm thick epilayer of
a-Ga2O3 implanted with Hþ and Dþ with multiple energies and doses
to give the SRIM profiles that are shown in Fig. 1. Figure 2(a) also
shows a sample prepared by implanting Dþ into its reverse side, i.e.,
into its sapphire substrate. The implantation of Dþ into the Al2O3 sub-
strate produced an IR line at 2440 cm�1 (77K) that has been attributed
previously to an OD stretching mode [Fig. 2(a)] with its transition
moment in the basal plane of the corundum crystal structure of
Al2O3.

17,19

Theory has suggested that ODmodes in a-Al2O3 near 2400 cm
�1

are due to complexes of OD with VAl.
20 However, as noted above, sev-

eral such modes have been observed in bulk a-Al2O3, and it has also
been suggested that additional impurities may also be involved in these
defects.16 Our results for Hþ and Dþ implanted into a-Al2O3 with
concentrations of approximately 1020 cm�3 are consistent with the

FIG. 1. Ion depth profiles calculated with SRIM for a-Ga2O3 samples implanted with (a) D
þ and (b) Hþ with multiple energies and doses to give ion concentrations of approxi-

mately 1020 cm�3 with a depth compatible with the 1200 nm epilayer thickness.

FIG. 2. IR spectra (77 K, resolution 1 cm�1) for a-Ga2O3 epitaxial layers implanted with (a) D
þ and (b) Hþ. Spectra labeled 0� were for IR spectra measured with the light at

normal incidence. Spectra labeled 45� were for IR spectra measured with the sample rotated 45� from the normal direction. The spectrum in panel (a) labeled a-Al2O3:D was
measured for a sample that had Dþ implanted into the sapphire substrate rather than the epilayer. (Spectra have been displaced vertically for clarity.)
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line at 2440 cm�1 being due to an isolated OD-VAl center because the
implant profile used here should greatly exceed the concentrations of
unintentional transition-metal impurities in undoped transparent sap-
phire substrates. (The IR line intensities are also consistent with the
nominal Dþ implantation dose and a reasonable value for the effective
charge for the oscillating defect.21)

The spectrum for Dþ implanted into the a-Ga2O3 epilayer shows
3 IR lines. There are two new lines at 2431 and 2472 cm�1. The line at
2440 cm�1 that is also observed is consistent with OD in Al2O3, show-
ing that the Dþ implant extends into the substrate of the sample, con-
sistent with the SRIM profile for D (i.e., 2H) shown in Fig. 1(a).

The spectrum for Hþ implanted into a-Ga2O3 shows two IR lines
at 3269 and 3331 cm�1 that correspond to the two new OD lines seen
in Fig. 2(a). In this case, the implanted Hþ does not reach the sapphire
substrate and a line due to OH in Al2O3 does not appear. The ratios of
the frequencies of the corresponding lines shown in Figs. 2(a) and 2(b)
are xH/xD ffi 1.345, consistent with their assignments to the vibra-
tional modes of H and D bonded to an atom with light mass like O.21

The new OH (OD) lines that we have discovered for Hþ (Dþ)
implanted a-Ga2O3 lie approximately 180 (120) cm�1 lower in
frequency than the OH (OD) lines observed recently for H and D in
b-Ga2O3.

23,24

The spectra shown in Fig. 2 labeled (0�) were measured with the
incident light at normal incidence to the (0001) plane of the sample.
Spectra were also measured for samples rotated 45� from normal inci-
dence to investigate whether any IR lines were produced with transi-
tion moments with a dominant component along the c-axis. No such
lines were observed in our experiments.

Samples were also prepared by the co-implantation of both Hþ

and Dþ into an a-Ga2O3 layer. In this case, the OH and OD lines seen
in Figs. 2(a) and 2(b) were all produced in this sample. No additional
lines that might arise from defects that contain both H and D were
resolved, perhaps due to the large line widths of the lines.

The a-Ga2O3 sample implanted with Dþ whose multi-line spectrum
is shown in Fig. 2(a) was subjected to a series of sequential 30min anneals
at temperatures beginning at 100 �C and increasing in 50 �C increments
(Fig. 3). The IR line at 2472cm�1 was annealed away at 200 �C. The line
at 2431cm�1 was eliminated at an annealing temperature of 350 �C.

The line at 2440cm�1 due to the OD-VAl complex in the sapphire sub-
strate was eliminated at 450 �C. These results show that the 2431, 2440,
and 2472cm�1 lines arise from different OD centers. The temperatures
for which the defects are eliminated also show that the corresponding
OH centers with similar chemical properties, if unintentionally present in
device materials, can be eliminated by annealing at temperatures where
the a-Ga2O3 host remains thermally stable.7

In order to investigate the expected properties of OH defects in
the alpha phases of Al2O3 and Ga2O3, we have carried out theoretical
calculations on 120 atom supercells using the CRYSTAL17 code25

with B3LYP hybrid exchange26 and default relaxation criteria.
Gaussian basis functions were of the type 311p(1) for H (Ref. 27),
8411 for O (Ref. 28), 864111d41 for Ga (Ref. 29), and 8511G� for Al
(Ref. 30). This approach has proven successful for defect studies in a
number of oxides,31–33 most recently b-Ga2O3.

23,24,34

For both of the present alpha-phase systems, we calculate equilib-
rium coordinates for the perfect crystal and use these throughout in
defining unit cell parameters for defect calculations. These calculated
coordinates agree with the experimental values to within �1%.1,3,11,12
Perhaps fortuitously, computed bandgaps agree with experiment to
within 0.2 eV.3,7,35

Figure 4 shows a portion of the corundum structure viewed per-
pendicular to the c axis. This structure has threefold rotational symme-
try about the c axis, and the oxygens (to which H will attach) form
equilateral triangles centered on the c axis. The two types of triangles
are denoted in Fig. 4 by red (larger) and yellow (smaller), whose oxy-
gen separations differ by �0.4 Å. Figure 4(a) represents the perfect
structure, Fig. 4(b) illustrates a plain, unrelaxed cation vacancy, and
Fig. 4(c) represents a vacancy-interstitial-vacancy complex that has
been generally labeled as a transition state configuration.

We include the structure of Fig. 4(c) because the accumulation of
theoretical and experimental work23,24,34,38–43 on the Ga(1) vacancy in b-
Ga2O3 provides convincing evidence that such shifted configurations rep-
resent the dominant framework for understanding both the “pure” Ga(1)
vacancy and the vacancy that has trapped one or more H. In the b-
Ga2O3 structure, there are in fact two distinct vacancy-interstitial-vacancy
configurations,38,39 one preferred for the pure defect in the �3 charge
state, the other preferred after trapping a hole42,43 or one or more H.23,24

Indeed, our present calculations on both a-Al2O3 and a-Ga2O3

predict, for the �3 charge state, that the configuration of Fig. 4(c),
namely, the shifted vacancy-interstitial-vacancy complex, is lower in
energy than the simple vacancy [Fig. 4(b)], by 0.7 eV for Al2O3 and by
0.6 eV for Ga2O3. These magnitudes are similar to results obtained by
us23,24 and by others38,39 for the shifted structures in b-Ga2O3.

Studies of cation-vacancy diffusion in corundum oxides44–46

have noted the importance of the vacancy-interstitial-vacancy configu-
ration as part of the process, some noting its closeness in energy to the
unrelaxed vacancy, and in fact (although the implications of this point
are not followed through), the non-hybrid density functional theory
(DFT) calculation of Lei and Wang45 indicates that what they call the
transition state is lower than the unshifted state for all charges, by as
much as 0.8 eV for the �3 charge state, a result consistent with our
computed value of 0.7 eV.

Indeed, we suggest, based on the knowledge obtained for
b-Ga2O3, that the “cation vacancy” in both Al2O3 and Ga2O3, and
perhaps in other corundum-structured oxides, is in fact the vacancy-
interstitial-vacancy complex in the �3 charge state—that is, the

FIG. 3. Panel (a) shows IR absorption spectra (77 K, resolution 1 cm�1) for an a-
Ga2O3 epitaxial layer implanted with D

þ at room temperature. The top spectrum is
for the as-implanted sample. Panel (b) shows the integrated absorbances for the IR
lines with the given frequencies vs annealing temperature. Lines are drawn to guide
the eye.
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“transition state” is actually the equilibrium configuration of the cation
vacancy. This means that a number of vacancy properties that had
been assigned to the plain vacancy configuration will need to be
revisited.

But what of the trapped H defect? Here, we find that when the
vacancy includes a trapped H, the plain, or unshifted, vacancy configu-
ration is favored, by 0.5 eV for Al2O3 and by 0.34 eV for Ga2O3.
Thus, in treating H-related defects, we consider only the plain vacancy
[Fig. 4(b)].

A large amount of experimental and theoretical work has been
carried out by others16–20,47–51 on H in a-Al2O3, and to the extent that
they overlap, our calculations generally support the consensus of these
results. We agree that a trapped interstitial H is not a tenable model
for the primary �3282 (2440) cm�1 OH (OD) line, as that model pre-
dicts an angle between the c axis and the O–H transition moment of
60� or less and an elongated O–H bond associated with a low vibra-
tional frequency. We also agree that a H trapped at an unshifted Al
vacancy will prefer to attach to an O on the larger triangle (red) rather
than an O on the smaller triangle (yellow). Furthermore, on the larger
triangle, we find the O–H transition moment to make an angle of 82�

with the c axis, while on the smaller triangle, the corresponding angle
is 38�. These structures are shown in Fig. 5.

Because there are six candidate O sites on which H or D may be
trapped, there may be many combinations of 2 or 3 H or D defects, as
noted in Ref. 20. These will lead to additional vibrational lines, some
of which will be oriented nearly perpendicular to the c axis and others
making a small angle with respect to c. For example, if both sites in
Fig. 5 are occupied, one O–H axis will be 85� with respect to c, the
other 35�—essentially the superposition of Figs. 5(a) and 5(b). In gen-
eral, the calculated anharmonic vibrational frequency associated with
D trapped on the smaller triangle (yellow) will be of order 200 cm�1

less than that for D on the (more favored) larger triangle (red).
Regarding a-Ga2O3, our results are found to be very similar to

those described above for a-Al2O3, suggesting that the corundum
structure largely governs the physics that we are exploring. Most

pertinent to the experimental results for the 2431 and 3269 cm�1 lines
discussed above, a single H or D is predicted to be trapped at a Ga
vacancy by an O on a larger triangle (red) with an O–H axis 83� from
the c axis, with trapping by an O on a smaller (yellow) triangle less
favored energetically and with an O–H angle 38� with respect to c.
The computed vibrational frequency (2460 cm�1) for D trapped on a
larger triangle, which should correspond to the observed result, is
lower than values obtained for b-Ga2O3

23,24 by �100 to 150 cm�1, a
result consistent with experiment.23,24

Similar to D in a-Al2O3,
20 defects that contain two or three D are

possible in Ga2O3 and may explain the weak OD line observed at
2472 cm�1. A configuration with two D on a larger triangle and an

FIG. 4. Portions of the 120-atom supercell used in the present work. Cations (Al or Ga) are shown in purple or blue; the blue cations indicate the c axis direction at the center
of the threefold structure. Red and yellow represent oxygens; in each equilateral triangle, the red oxygens are about 0.4 Å farther apart than the yellow oxygens. (a) represents
the perfect structure, (b) an unrelaxed cation vacancy, and (c) a cation vacancy with a neighboring cation shifted to an interstitial site with two neighboring vacancies. These fig-
ures were constructed using MOLDRAW36 and POV-Ray.37

FIG. 5. Possible locations of H or D trapped at an unrelaxed Al or Ga vacancy [see
Fig. 4(b)]. Color coding as in Fig. 4. (a) represents the energetically favored struc-
ture, with H trapped at an O in a larger triangle, and as shown with the O–H axis
nearly perpendicular to the c axis. (b) represents the less favored structure with H
trapped at an O in a smaller triangle; the O–H axis makes an angle �38� with
respect to the c axis. These figures were constructed using MOLDRAW36 and
POV-Ray.37
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alternative configuration with one D on a larger triangle and a second
on a smaller triangle have energies that differ by less than 0.1 eV and
essentially degenerate. The former configuration is predicted to have
two OD modes at higher frequencies than the single OD center (2507
and 2564 cm�1). The latter is predicted to have one OD mode at
higher frequency and a second at lower frequency than the single OD
center (2501 and 2233 cm�1). The OD line at 2472 cm�1 seen by
experiment is weak in the thin implanted layers studied here, and
additional lines have not been observed, so both configurations sug-
gested by theory remain as possibilities.

We finally note that for both materials, a H trapped at the
vacancy-interstitial-vacancy complex will attach to an O on a smaller
(yellow) triangle and will have an O–H angle of order 35� with respect
to the c axis, clearly not observed (and not favored energetically).

In summary, an O–H (O–D) center with an IR line at 3269
(2431) cm�1 produced by the implantation of Hþ (Dþ) into a-Ga2O3

has been discovered by IR spectroscopy. Theory assigns the O–H line
at 3269 cm�1 to H complexed with VGa, similar to the case of H com-
plexed with VAl in a-Al2O3. Theory also finds that the isolated VGa

and VAl defects in a-Ga2O3 and a-Al2O3, respectively, have a shifted
vacancy-interstitial-vacancy configuration, similar to VGa in b-Ga2O3,
which also has shifted structures. However, the addition of H causes a
complex with H trapped at an unshifted vacancy, that is metastable in
the absence of H, to have lowest energy in both a-Ga2O3 and a-Al2O3.
Defects that may contain more than one H or D atom have also been
investigated.
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