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Red luminescence in H-doped B-Ga,0;
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The effects of hydrogen incorporation into S-Ga,O; thin films have been investigated by chemical, electrical,
and optical characterization techniques. Hydrogen incorporation was achieved by remote plasma doping without
any structural alterations of the film; however, x-ray photoemission reveals major changes in the oxygen chemical
environment. Depth-resolved cathodoluminescence (CL) reveals that the near-surface region of the H-doped
Ga,0; film exhibits a distinct red luminescence (RL) band at 1.9 eV. The emergence of the H-related RL band is
accompanied by an enhancement in the electrical conductivity of the film by an order of magnitude. Temperature-
resolved CL points to the formation of abundant H-related donors with a binding energy of 28 = 4 meV. The RL
emission is attributed to shallow donor-deep acceptor pair recombination, where the acceptor is a Vg,-H complex
and the shallow donor is interstitial H. The binding energy of the Vi,-H complex, based on our experimental
considerations, is consistent with the computational results by Varley et al., [J. Phys.: Condens. Matter 23,

334212 (2011)].
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I. INTRODUCTION

Ga, 03 has attracted great interest in recent years due to its
prospects for use in next generation high-power electronics,
deep-ultraviolet optoelectronics, radiation detection, and gas
sensing devices [1,2]. The most stable B phase of Ga,O3 pos-
sesses a high electrical breakdown field (~8 MV /cm), which
is greater than that for either GaN or SiC currently being
used in state-of-the-art high power electronic devices [1,2].
B-Ga, 03 typically exhibits n-type conductivity; however, the
question remains as to whether this unintentional conductivity
is due to impurities and/or native defects. Density functional
theory calculations predict that both interstitial hydrogen (H;)
and hydrogen trapped at oxygen vacancies (Hp) act as shallow
donors [3,4]. This behavior is unexpected and different from
the behaviour of hydrogen in III nitrides, in which it acts
only as a compensating center and always counteracts the
prevailing conductivity [5]. Ga,O; is typically doped with
hydrogen by ion implantation, annealing in molecular H,
gas or direct plasma exposure at temperatures above 350 °C.
Pearton’s group demonstrated that hydrogen incorporation
in B-Ga,03 produced an IR absorption peak at 3437 cm™!,
assigned to the Vi,-2H defect complex [6,7]. Investigations
using x-ray photoemission showed that hydrogen termination
causes downward band bending and an associated surface
accumulation of electrons in 8-Ga,Os crystals [8], which is
in agreement with observed increases in the electrical conduc-
tivity of Ga, O3 films after hydrogen absorption in gas sensing
devices [9]. However, this result does not corroborate the
data from current transient spectroscopy, which reveals that
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hydrogen profoundly reduces the concentration of shallow
donors responsible for n-type conduction [10]. Unlike the
electronic properties, which have been extensively explored,
there is a distinct lack of information on optical signatures of
hydrogen in Ga,0s.

Luminescence in the ultraviolet-visible spectral range from
1.8 to 3.8 eV has been reported for B-Ga,Os; bulk and
nanostructures; however, the observed emission bands are
highly dependent on the sample growth conditions and sample
morphology. [5,11-13] Computational and electron paramag-
netic resonance (EPR) studies demonstrated that self-trapped
holes are thermally stable in B-Ga;0O3, [14-16] and hence
serve as a precursor for the formation of self-trapped excitons
(STEs), which have been proposed as responsible for the
strong UV emission in bulk 8-Ga,O [15,17]. Zhou et al. [13]
reported a red luminescence (RL) band 1.78 eV with a short
recombination time (<50ns) in nanowirelike structures and
attributed this emission to an amorphous B-Ga,0O3 shell on
the nanowires. On the other hand, the RL centered at ~2.0eV
in Ga,0O3 nanosheets has been assigned to donor-acceptor-
pair (DAP) recombination involving nitrogen acceptors [18].
However, in spite of reports of RL in 8-Ga;03, these results
are equivocal because of interference from unintentional im-
purities and the polycrystalline nature of the samples. Here,
we report the characteristics of the RL in H-doped 8-Ga,0;
films. Based on the combination of chemical, electrical, and
optical studies, the results present unambiguous evidence for
the origin of the RL in 8-Ga,0s3.

II. EXPERIMENTAL DETAILS

Nominally undoped Ga,;Os; thin films (350 nm thick) were
grown on c-sapphire substrates by pulsed laser deposition
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(PLD) using a Coherent LPX KrF (A = 248nm) laser as
described elsewhere [19]. Elemental analysis by glow dis-
charge optical emission spectroscopy revealed the presence
of only Ga and O, and no evidence of the common donor
impurities Si and Sn incorporated in the film [19]. Hydrogen
was incorporated into the film by remote plasma treatment
using an rf plasma generator (100 W power, 0.5 torr hydrogen
pressure). The plasma treatment was performed for 40 min
at 200°C; the sample was kept in H, gas during heating
and cooling cycles in order to suppress the inadvertent out-
diffusion of plasma-induced impurities. The films were ana-
lyzed by x-ray diffraction (XRD) using a Bruker D8 Discover
diffractometer and Atomic Force Microscopy (AFM) with a
Park XE7 operating in noncontact mode. Electrical measure-
ments were conducted using a van der Pauw configuration in
a custom-built high-impedance analysis system (all samples
were 0.5 x 0.5cm? in size). Due to strong inhomogeneities
with depth for the H-doped film, only sheet resistance values
are meaningful and reported in this work. X-ray photoelectron
spectroscopy (XPS) data were collected at a photon energy of
1486 eV on the soft x-ray spectroscopy beamline at the Aus-
tralian Synchrotron. Raman spectroscopy was conducted in
backscattering geometry using a Horiba Jobin Yvon LabRAM
HR800 spectrometer with a 458-nm laser excitation line.
The optical properties of the films were characterized by
cathodoluminescence (CL) spectroscopy using an FEI Quanta
200 scanning electron microscope (SEM) equipped with a
parabolic mirror collector and an Ocean Optics QE65000
spectrometer. For temperature-dependent CL spectroscopy,
the sample was mounted on the cryostat cold stage, which
enables CL measurements at both low and elevated tempera-
tures. The beam current was varied by changing the condenser
lens setting of the SEM and measured by a Faraday cup on
the sample holder. All CL spectra were corrected for the total
system response of the light collection system. To confirm the
reproducibility of film properties, the plasma treatment and
CL measurements were repeated twice on different samples.

III. RESULTS AND DISCUSSION

The XRD 26 /w pattern for the film shows three diffraction
peaks at 260 = 18.73°, 38.22°, and 58.87°, which are indexed
as the (—201), (—402), and (—603) reflections of mono-
clinic 8-Ga, 03 (Fig. 1). These XRD peak positions and their
relative intensities are well matched with bulk crystals and
consistent with (—201) oriented §-Ga, O3 bulk crystals [20].
A typical w rocking curve is shown in the inset, revealing a full
width at half maximum (FWHM) of 0.21°, comparable with
values reported elsewhere for PLD grown (—201) 8-Ga,0s3
films on a c-sapphire substrate [21]. A Tauc plot analysis
of optical-absorption data for direct allowed transitions [22]
yields an optical band gap of 4.79 eV, also consistent with
B-Ga03 films grown on a c-plane sapphire substrate [23]
(see Supplemental Material Fig. S1 [24]). Raman spectra for
the undoped and H-doped 8-Ga,O; films, shown in Fig. S2,
exhibit five peaks, as expected for the dominant vibrational
modes of 8-Ga, 03 [23,25]. The peaks are sharp and narrow
indicating a high crystalline quality of the film. No Raman
peaks belonging to other Ga,O3; polymorphs and no changes
to the Raman modes as a result of the plasma treatment were
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FIG. 1. XRD 26 /w pattern for the Ga, O3 film grown on a c-plane
sapphire substrate, showing three diffraction peaks corresponding
to the (—201), (—402), and (—603) reflections of (—201) oriented
B-Ga,0;. Inset: w rocking curve for the (—201) XRD peak with a
FWHM of 0.21°.

detected. This result is consistent with single phase 8-Ga; 03
in both the undoped and H-doped Ga,0j films.

AFM images for the as-grown and H-doped 8-Ga,0Oj3 films
in Fig. 2(a) show a granular surface structure, similar to those
reported by other authors [26]. The as-grown film has an rms
roughness of 6.4 £ 0.4nm and an average grain size below
100 nm. The H-doped film exhibits a similar morphology
with a 6.9 £ 0.4nm rms roughness, indicating that the film
morphology was little affected by the plasma treatment. Pre-
vious secondary ion mass spectroscopy (SIMS) analysis of
B-Ga, 05 single crystals doped with deuterium under similar
plasma conditions revealed that deuterium is incorporated to
a depth of ~200 — 400nm [27]. Due to the semi-insulating
nature of these films, electrical measurements were performed
at room and elevated temperatures; however, the samples were
kept below 450 K to eliminate the possibility of hydrogen
out-diffusion [27]. The incorporation of hydrogen into the
B-Ga,O3 film leads to a decrease in sheet resistance by
~10 times, as shown in Fig. 2(b). The sheet resistance at
300 K was observed to drop from 10'° ©/sq to 4 x 108 Q/sq
after the H incorporation. This conductivity increase is consis-
tent with surface electron accumulation observed in 8-Ga, O3
crystals [8].

In order to investigate changes in the surface electronic
structure due to H incorporation, the oxygen bonding in
the films was analyzed via core-level XPS analysis using
synchrotron x-rays. All survey spectra reveal the presence of
Ga, O and adventitious C, without any other discernible peaks.
The O 1s spectra prior to and after H doping are displayed in
Fig. 2(c). The O 1s level exhibits a dramatic shift to a higher
binding energy as well as changes in spectral shape from an
asymmetrical broad peak to a narrow peak after H doping. The
spectra can be deconvoluted into two Voigt functions with a
linear background. The main component at 532.3 eV, labeled
“O-Ga” in Fig. 2(c), is associated with O atoms bonded to
Ga in the Ga,Os; lattice. The second component, which is
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FIG. 2. (a) AFM images of the 8-Ga,0; film before and after the
H doping. The rms roughnesses are 6.4 and 6.9 nm for the as-grown
and H-doped films, respectively. (b) Sheet resistance vs temperature
for the as-grown (undoped) and H-doped Ga,0O; films, showing an
increase of the electrical conductivity by ~10 times due to the H
doping. (c) O 1s XPS spectra for the undoped and H-doped Ga, 03
films, showing a shift of the peak position from 532.3 to 533.4 eV
resulting from the capture of H by O atoms in the near-surface region.
The spectra can be fitted with two Voigt functions denoted as O-Ga
and —OH; the dashed curves are the theoretical fits.

located at 1.1 eV higher in binding energy and denoted as
“~OH,” can be assigned to O-H bonds [8,28]. The remote
H plasma doping turns the film surface into a higher valency
oxide of Ga with the —OH component completely dominant
in the H-doped spectrum. This suggests that plasma-induced
H radicals are absorbed into B-Ga,O3; with high efficiency
and form strong bonds with O atoms, which are responsible
for the dramatic increase in the film conductivity shown in
Fig. 2(b). These results are consistent with the theoretical
prediction that lone pairs of the threefold coordinated O atoms

in B-Ga, 03 can efficiently capture H; without influencing the
Ga, 03 lattice [4].

Figure 3(a) shows the temperature-resolved CL spectra for
the H-doped 8-Ga,0Oj film, acquired at 1.5 kV (corresponding
to a sampling depth of ~30nm), which reveal a distinct RL
band at 1.9 eV originating from the near-surface region where
H dopants are most abundant. The CL emission properties
are uniform across the film surface. The overall UV peak of
the H-doped film is slightly redshifted from 3.29 eV at 80 K
to 3.12 eV at 360 K, probably arising from the overlap with
the enhanced defect-related blue emission due to the plasma
treatment [11]. Compared with the spectra for the undoped
B-Ga,03 film (Fig. S3 of the Supplemental Material [24]),
the thermal behavior of the UV emission band, originating
from STEs in Ga, 05 [15], is almost identical, while the RL is
completely absent in the undoped B-Ga,Os3. This observation
is in agreement with the bonding configuration predicted for
hydrogen in B-Ga,Os3, where the capture of H; by O lone
pairs has little effect on the crystal lattice [4], which, in turn,
would not impact the behavior of STEs. For comparison,
CL spectra were also acquired at acceleration voltage W, =
4 and 7 kV (Fig. S4 of the Supplemental Material [24]),
corresponding to a sampling depth of ~150 and 390 nm,
respectively, where the H doping concentration is at least one
order of magnitude lower than in the near-surface region [27].
It is clear from Fig. S4 that while the energy of the STE
emission in the H-doped film remains invariant at 3.24 eV
with increasing sampling depth, the RL is present only in the
heavily H-doped near-surface layer. The broadening of the
3.4 eV emission at 1.5 kV could arise from plasma-induced
potential fluctuations in the near-surface region. The origin
of the RL was investigated further by examining the films
treated in Ar and N, plasmas under identical remote plasma
conditions (Fig. S5 of the Supplemental Material [24]). It is
clear that the RL is nonexistent in the Ar or N, plasma-treated
films, ruling out the notion that this emission might arise from
the near-surface amorphous layer or recombination involving
N-related acceptor states in 8-Ga,O3 [13,18]. The RL was
found to quench quickly with increasing temperature and
completely disappear at temperatures above 340 K. Arrhenius
analysis of the UV and RL bands yields activation energies of
E.(UV) =94 + 7meV and E,(RL) = 28 4+ 4 meV for the H-
doped B-Ga, 03, and E,(UV) = 66 = 4 meV for the as-grown
B-Ga03. The increase in the activation energy for the STE
emission after the H doping could be due to a slight shift
in the position of the O atom that capture H;, as predicted
by theoretical calculations [8]. This leads to alteration in
the potential well that localizes the hole in the STE. The
activation energy of 28 meV for the RL is within the binding
energy range of 17-30 meV that has been measured for Si
and Ge shallow donors in 8-Ga, 03 [29,30]. Combined with
the electrical results shown in Fig. 2, this suggests that the
activation of the RL and the high conductivity of the H-doped
film are both related to the ionization energy of a H-related
shallow donor, which is formed by the capture of interstitial
H by O atoms [3]. At low temperatures (and below ~320K,
as revealed by the temperature-resolved CL), the electron
remains bound to the H-related donor and, as described below,
participates in DAP recombination with a deep acceptor,
giving rise to the RL emission. At higher temperatures, the
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FIG. 3. (a) Temperature-resolved CL spectra for H-doped
B-Ga, 05 showing two emission bands: a UV one at ~3.3eV and
aRL one at ~1.9eV. The RL is completely quenched at 7 > 340 K.
(b) Arrhenius analysis of the UV and RL integrated intensities
yielding activation energies: E,(UV) = 94 & 7meV and E,(RL) =
28 &+ 4meV for the H-doped B-Ga,0s;, and E,(UV) = 66 & 4 meV
for the undoped $-Ga,0s3. (c) Dependence of UV and RL intensities
on excitation beam current with V;, = 1.5kV and T = 80K. A
power-law (Ic;. o< Ig¥) fit reveals a linear dependence of the UV band
and sublinear dependence of the RL band with k(RL) = 0.6 = 0.2.

electron becomes delocalized, resulting in the rapid decrease
in the DAP intensity, as shown in Fig. 3. While hydrogen has
been shown to be an effective n-type dopant in 8-Ga,0O; to
achieve high-conductivity films for use in hydrogen sensing,
the binding energies of hydrogen-related dopants have not
yet been experimentally determined. Our results are, however,
qualitatively supported by experimental investigations which
found that muonium (an exotic atom with similar electronic
levels to hydrogen in semiconductors) is a shallow donor in
B-Ga,O3 with a binding energy between 15 and 30 meV [31].

To investigate the luminescence bands in more detail,
excitation power-dependent CL measurements for the H-
doped Ga,O; films was conducted by varying the e-beam
current (/z) while the acceleration voltage, and hence the
sampling depth, was kept constant. The integrated intensities
are presented as a function of /g in Fig. 3(c). Varying Ig in
this range did not introduce any noticeable changes in peak
shape or position of the RL band. This does not rule out
a possible DAP recombination mechanism being responsi-
ble for the RL, however, as most donors and acceptors are
expected to already exist in small-distance pairs due to the
high H doping concentration. Fitting the data to a power
law (I o Ig*) reveals a linear dependence of the UV band
with the excitation density, having an exponent k(UV) ~ 1
within the experimental error of the measurement, for both the
undoped and H-doped B-Ga,0s3. This value is consistent with
the fast decay dynamics of the STE emission, with a decay
time of ~65ns, in -Ga,O3 [32]. On the other hand, the RL
exhibits a sublinear dependence with k(RL) = 0.6 = 0.2. The
sublinear dependence of the RL indicates CL saturation with
increasing excitation density, which is generally observed due
to saturation of a deep-level defect involved in the radiative
recombination [33]. While we cannot unequivocally identify
the specific acceptor defect responsible for the RL DAP
transition, the logical candidate for the deep acceptor is a
Vea-H complex, which has a lower formation energy than
isolated Vi, [3]. This Vig,-H complex is highly stable with the
activation energy for H dissociation predicted to be 3.4 eV [3].
The DAP emission energy is given by [34,35]

2

ho(DAP) = E, — (E + Ep) + ——, )

dmer

where E5 and Ep, are the donor and acceptor binding energies,
respectively. The last term accounts for the Coulombic inter-
action between the ionized donor and ionized acceptor with
r being their separation. The distance r can be estimated as

3
47TND

Np =~ 107 cm™3 for B-Ga,03; doped with hydrogen under
similar plasma conditions [10] and Ep = 28 meV for the mea-
sured donor binding energy, Eq. (1) yields E4 ~ 2.88 eV. This
value is in excellent agreement with the predicted Vg,-H' and
Vga-H! complexes (for two inequivalent Ga sites) with energy
levels of 3.02 and 2.82 eV above the VBM, respectively [3].
Accordingly, we attribute the RL to DAP recombination, in
which the deep acceptor is a Vg,-H complex and the donor
is interstitial H. The passivation of compensating Vg, by H
atoms is expected to contribute to the observed increase in the
film conductivity as shown in Fig. 2(b).

r=.J with Np being the donor concentration [35]. Using
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IV. CONCLUSIONS

The optical properties of hydrogen plasma doped 8-Ga, 03
films were investigated and interpreted with regard to the
corresponding chemical, structural, and electrical character-
istics. A RL band at 1.9 eV was identified and ascribed
to the highly H-doped near-surface region of the film. The
emergence of the RL was accompanied by an increase in the
film electrical conductivity by an order of magnitude. Both
temperature-dependent electrical conductivity and CL results
indicated the presence of an H-related shallow donor with an
ionization energy of 28 + 4 meV. In view of the theoretically
predicted behavior of hydrogen in 8-Ga; O3, the RL emission

is attributed to radiative recombination involving the H-related
shallow donor and Vg,-H vacancy complexes.
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