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V impurities were intentionally introduced into p-Ga,0s3 crystals as n-type dopants to improve the n-type
conductivity of single-crystal substrates. A high-quality 0.20 mol% V-doped p-Ga,03 single crystal was
fabricated, and the effects of air annealing on the structure and the electrical and optical performances of V-
doped B-Ga,03 single crystals were systematically studied. The V-doped p-Ga,03 crystal exhibited a high
crystal quality, smooth surface, and high carrier concentration. In comparison, the crystalline quality of p-
Ga,03 was improved, and it showed a flat surface after the annealing treatment. Compared with that before
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ﬁ—éaz% annealing, the carrier concentration decreased from 5.90 x 108 to 9.51 x 10 cm™3, the optical transmit-
V-doped tance increased in the near-infrared region, and the peak intensity of the A$), mid-frequency A®, A?), and
Annealing A(gm) phonons were changed, which were attributed to the electron traps of the gallium vacancy (Vs,) and

Electrical properties

; . the two cation vacancies paired with one cation interstitial atom (2V%,-Ga;) complex. After annealing, the
Optical properties

oxygen vacancy (Vo) was compensated, and the Ga*" content decreased, which were related to the decrease
in the free electron concentration. The variations in the Vo and Vg, concentrations resulted in a decrease in
the blue luminescence peak area ratio and the formation of a green luminescence peak, respectively. These
results can facilitate a better comprehension of the structural and property changes in V-doped p-Ga,03
crystals owing to air annealing.

© 2022 Elsevier B.V. All rights reserved.

1. Introduction used for the preparation of high-quality intrinsic or doped p-Ga,03
single crystals owing to its low cost, short growth cycle.

Semiconductor materials have important applications in house- An important method to improve the performance of crystal

hold appliances, telecommunications, industrial manufacturing,
aerospace, and other fields [1-8]. As an emerging semiconductor
material, beta-gallium oxide (p-Ga,03) has attracted significant at-
tention owing to its wide band gap (E; ~ 4.9 eV) and high estimated
critical electric field (E. ~ 8 MV/cm) [9,10]. It has broad application
prospects in high-power electronics and solar-blind photodetectors
[11-14]. Large bulk p-Ga,0s3 single crystals can be produced using
various growth methods, including Czochralski (CZ), vertical
Bridgman (VB), edge-defined film-fed (EFG), and floating-zone (FZ)
growth techniques [15-19]. Among them, the FZ method is widely
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optical, electronic, and optoelectronic devices is the tuning of the
band gap and carrier concentration of p-Ga,0s crystals by doping
with different elements such as Si, Sn, Ta, Nb, and Fe [20-25]. Among
them, doping with Si and Sn (4+) are the most common. Theoreti-
cally, doping elements with more valence electrons than Si and Sn
can produce more free electrons and further improve the con-
ductivity of the p-Ga,0s. The ionic radius of V (0.059 nm) with five
valence electrons is closer to that of Ga** than those of Si and Sn;
thus, V is an appropriate dopant. Li et al. [26] calculated the p-Ga,03
doped by transition metals (TM) (Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, and
Zn) and found that some bandgaps varied regularly with the atomic
number, and TM doping makes p-Ga,03 red-shift. V-doped p-Ga,03
films were first prepared by Huang et al. [27]. Nevertheless, at pre-
sent, there are no reports on the growth of bulk V-doped p-Ga,03
single crystals.

In addition, annealing has a significant effect on the structural
and properties of oxide semiconductor materials [28-30]. N.T.Son
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Fig. 1. (a) OFZ apparatus for the growth of p-Ga,03 bulk single crystal. (b) Schematic of the tubular furnace for -Ga,05 single crystal annealing.

reported that the free carriers of p-Ga,03 can be activated annealing
at 1100° for 20 min in nitrogen [31]. A. Luchechko reported the
processes of point defects and their associates in p-Ga,0Os single
crystals (UID, Cr3*, and Cr-Mg) annealed at 1300° for 100 h in oxygen
or argon [32-34]. The post-annealing changes in the microstructure
(such as point defects) of crystals, contributing to the changes in
macroscopic physical properties, have remained an important field
of research [29-35]. Therefore, it is necessary to study V-doped p-
Gay03 crystals and the effect of the annealing process on their
properties.

In this study, a convenient optical floating zone (OFZ) technique
was employed to grow V-doped B-Ga,0s3 single crystals. Then, an air-
annealed V-doped p-Ga,03 crystal was obtained by annealing in a
tubular furnace. The structure, surface morphology, preferred V>*
ion sites, Ga/O atomic ratio, and electronic and optical properties of
the V-doped p-Ga,0s crystals before and after annealing were sys-
tematically investigated using high-resolution X-ray diffraction (HR-
XRD), atomic force microscopy (AFM), Raman spectroscopy, X-ray
photoelectron spectroscopy (XPS), and Hall, optical transmission,
and photoluminescence techniques. The experimental results ob-
tained in this study demonstrate that the crystal properties change
owing to the generation of gallium vacancy (Vg,) and complexes of
Vca and the compensation of oxygen vacancy (Vo). These results can
promote a better understanding of the structure and the electrical
and optical properties of V-doped p-Ga,03 crystals modified by air
annealing.

2. Experimental
2.1. Preparation of single crystals

Undoped and 0.20 mol% V-doped B-Ga,Os3 bulk single crystals
were grown by the OFZ method, as shown in Fig. 1(a). High-purity
powders of Gap03 (99.9999%) and V,0s5 (99.99%) were used as
starting materials. Powder mixtures were weighed precisely in
stoichiometric proportions, and the Ga,03 (99.9999%) powder was
pressed into rods and sintered in air at 1450 °C for 20 h. Single
crystals with [010]-orientation were used as seeds, and dry air was
used as the growth atmosphere. The p-Ga,Os single crystals were
grown at a pull-down rate of 5 mm/h using the reverse rotation of
the rods and seeds. The crystal dimensions were 6 mm x 6 mm with
the (100) plane. Some of grown crystals were then annealed in a
tubular furnace at 1000 °C for 20 h in air atmosphere, as shown in
Fig. 1(b). Two crystal forms were used in this study: as-grown and
annealed samples.

2.2. Characterization

HR-XRD patterns (in the range of 20-110°) and XRD rocking
curves were obtained using a diffractometer (D8 ADVANCE, Bruker
Corporation, USA) with an operating voltage of 40kV and a current
of 40 mA (Cu Ka line, A=1.5406 A). The surface morphologies and
roughness of the as-prepared samples were characterized using AFM
(CSPM 5500, Karaltay (Beijing) Instruments Co., Ltd., China). Raman
scattering spectroscopy was performed at room temperature using a
spectrometer (iHR550, HORIBA, Ltd., Japan) with a 633 nm laser
beam as the excitation source. For the XPS characterization, an
ESCALAB 250Xi system (Thermo Fisher Scientific Inc., USA) was used.
Hall tests were performed using the Van der Pauw method at room
temperature (8404 Hall effect measurement system, Lake Shore
Cryotronics, Inc., USA). The in-line optical transmittance spectra of
the single crystals were obtained using an ultraviolet/visible/near
infrared (UV/VIS/NIR) spectrometer (Lambda 1050+, PerkinElmer
Inc., USA) in the scanning range of 200-2000 nm. The room-tem-
perature photoluminescence (RT-PL) spectra were collected using a
fluorescence spectrometer (FLS1000, Edinburgh Instruments Ltd.,
UK) equipped with a continuous wave Xe lamp (266 nm) as the
excitation source.

3. Results and discussion
3.1. Structural characterization

The entire body of the 0.20 mol% V-doped p-Ga,0s single crystal
was emerald green (as shown in the inset of Fig. 2), suggesting that
the overall doping amount of V was relatively uniform. The overall
length of the transparent p-Ga,Os crystal without cracks was ap-
proximately 45 mm, and its diameter was approximately 6 mm.

Fig. 2 shows the measured HR-XRD patterns for the undoped and
0.20mol% V-doped p-Ga,O; crystals. Compared with the
JCPDF#41-1103 standard card of p-Ga,0s3, all the sharp diffraction
peaks can be indexed to the p phase with the C2/m space group of
the monoclinic system. No further impurity phases were detected,
indicating the successful synthesis of the undoped and 0.20 mol% V-
doped B-Ga,0s single crystals. Each crystal had four strong and sharp
diffraction peaks corresponding to the (400), (600), (800), and (12
00) planes. After the annealing treatment, the intensity of the dif-
fraction peaks in the measured XRD pattern was noticeably en-
hanced, indicating a significant improvement in the crystal
crystallization quality.

All diffraction peaks shifted slightly to higher Bragg angles after
doping with V, suggesting that the interplanar spacing decreased;
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Fig. 2. HR-XRD patterns of the undoped and 0.20 mol% V-doped p-Ga 05 as-grown
and air-annealed single crystals. The inset shows an image the 0.20 mol% V-doped -
Ga, 03 single crystal.

Table 1
Unit cell parameters of the undoped and V-doped $-Ga,03 as-grown and air-annealed
single crystals.

Unit cell parameters a(A) b (A) c(A) B(°)

Undoped 12.27763 3.05207 5.82802 103.8188
As-grown 12.27216 3.05054 5.82809 103.8186
Air-annealed 12.26851 3.05004 5.82771 103.8172

thus, the lattice constants and unit cell volume decreased. The unit
cell parameters of the p-Ga,0s single crystals are listed in Table 1.
This can be attributed to the partial replacement of Ga** (0.062 nm)
by V>* (0.059 nm), which has a smaller ionic radius. After air an-
nealing at 1000 °C for 20 h, the diffraction peaks of the 0.20 mol% V-
doped B-Ga,0s single crystal were further shifted to the higher Bragg
angle values, which might be due to the generation of partial Vg, in
the crystal, resulting in unit cell shrinkage and narrower lattice
plane distance.

3.2. Crystal quality

It is generally accepted that the symmetry of the XRD rocking
curve peak is directly related to the structural uniformity of the
crystal. The symmetry of the peak pattern indicates that the com-
position and structure of the crystal are relatively uniform in the
diffraction area, and there is no sub grain boundary. To intuitively
understand the changes in the quality of the 0.20 mol% V-doped p-
Ga,05 crystal before and after annealing, XRD rocking curves were
obtained on the (400) diffraction planes, as shown in Fig. 3. The
symmetrical and sharp rocking curve diffraction peaks demon-
strated that the V-doped p-Ga,03 single crystals had high crystal-
lization quality and the V elements were relatively evenly
distributed in the crystals before and after annealing. In addition, the
rocking curve of the air-annealed p-Ga,0s3 single crystal had a higher
intensity and a lower full-width at half-maximum (FWHM) value of
64.8", indicating a better crystal quality, which was attributed to the
annealing, which reduced the dislocation density and released the
residual stress within the crystal.

The two- (2D) and three-dimensional (3D) AFM images of the as-
grown and air-annealed V-doped B-Ga,Os crystals are shown in
Fig. 4; the size of the photographs is 5umx5um. The surface
morphologies of the polished crystals can clearly be observed. The
surface of the annealed crystal (Fig. 4(c) and 4(d)) was smoother
than that of the grown crystal (Fig. 4(a) and (b)), and the root-mean-

Journal of Alloys and Compounds 908 (2022) 164590

5000 -

as-grown
air-annealed

(400) plane

4000 -

3000
FWHM=64.8 arcsec

2000

Intensity (arb. units)

1000

) T
14.4 14.6 14.8 15.0 15.2
(%)

Fig. 3. Rocking curves of the (400)-faced as-grown and air-annealed 0.20 mol% V-
doped B-Ga,0s crystals.

square (RMS) roughness was 0.278 nm for the as-grown crystal and
0.138 nm for the air-annealed crystal, indicating that the air-an-
nealed V-doped g-Ga,0s5 single crystal had an ultra-smooth surface.
This characterization result confirms that the crystals have an ap-
propriate quality and smooth surface, which are crucial for high-
performance devices.

3.3. Hall characterization

The electrical properties of the as-grown and air-annealed V-
doped B-Ga,0s3 crystals are presented in Table 2. An Ohmic contact
was obtained by sputtering 10 nm Ti/ 100 nm Al layers on the four
corner surfaces of the samples. The carrier concentration of the
undoped sample was 4.84 x 10'® cm™, with value similar to previous
reports [21,36], owing to the presence of shallow-level donors such
as Si in the raw material. After doping, the carrier concentration
increased to 5.90 x 10'® cm™, confirming that V provided electrons
in the B-Ga,03 crystal and improved the concentration of the ef-
fective free carriers. Nevertheless, after annealing, the carrier con-
centration decreased to 9.51 x 10'” cm™ compared with that of the
as-grown V-doped B-Ga,0s3, demonstrating that the contribution
from the effective free electrons partially disappeared. Furthermore,
the mobility and resistivity exhibited an upward trend after an-
nealing in air.

The decrease in the free electron concentration for the annealed
sample can be attributed to the increase in the concentration of Vg,
and the complexes related to V¢, (2V%,-Ga;) during annealing in air,
because Vg, and complexes of Vg, have low formation energies
under oxygen-rich conditions [37,38]. As deep acceptor, Vg, and
complexes of V¢, could compensate for the shallow donor. Conse-
quently, the increase in the concentration of Vg, and complexes of
Vga resulted in the decrease in the free carrier concentration. Al-
though the carrier concentration of the air-annealed crystal was
significantly lower than that of the as-grown crystal, the carrier
mobility increased owing to the decrease in the base number of free
electrons. This resulted in a decrease in their collision probability
and thus increased the mobility and drift velocity [21,39].

3.4. Raman spectroscopy

The room-temperature Raman scattering spectra of the single-
crystal p-Ga,0s3 is shown in Fig. 5. In the C2/m monoclinic p-Ga,03
structure, 30 phonon modes are generated, of which 27 are optical
modes. Among the 27 phonon modes at the I-point, 15 phonon
modes are Raman active [40]. In the range of 100-1000 cm™' in the
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Fig. 4. 2D and 3D AFM surface morphologies of 0.20 mol% V-doped p-Ga,0s3 single crystals: (a) and (b) as-grown; and (c) and (d) air-annealed.

confocal Raman spectra, 10 Raman phonon peaks were observed,
belonging to BY) (144cm™), AP (169cm™), AP (199cm™), AY)
(319cm™), AP (346cm™), AP (416cm™), AY)(476cm™),
A®(629 cm™), APY(658 cm™), and AY'?(766 cm™), which is in ex-
cellent agreement with the reported data [41,42].

These phonon peaks can be divided into three parts, depending
on the type of vibration modes: [40,43] (I) the low-frequency
phonon modes (below 250 cm™, B, A, and AP)) are attributed to
the oscillations and translation motions of tetrahedron-octahedron
chains; (I) the mid-frequency modes (250-500cm™’,
AP, AD), AD), and AY) are related to the deformation of the [Ga;Og]
octahedra; and (Ill) the high-frequency phonon modes (above
500cm™, AP, AP, and A{?) originate from the stretching and
bending of the [Ga,04] tetrahedra.

The intensity of the mid-frequency phonon peak decreased after
the addition of V, indicating that the Ga sites in the octahedron
(inside the blue rectangle in Fig. 5) were mostly occupied by V ions.
The strengths of the A, AD), AP and AY) phonon peaks changed

Table 2

noticeably after annealing, which was attributed to the formation of
V2, due to the volatilization of partial V from the octahedron (inside
the red rectangle in Fig. 5). As shown by density functional theory
(DFT) calculations, cationic vacancies have a low formation energy in
an oxygen-rich environment, and tetrahedral V%, is the most favor-
able [44-46]. Consequently, the concentration of V%, increased
during annealing in air atmosphere. The Ga atom in the adjacent
tetrahedron shifts in position, effectively producing a 2Vi,-Ga;
complex as a deep acceptor with an energy lower than that of the
isolated vacancy [38]. The A(g“’)phonon peak was significantly sup-
pressed, and the A phonon peak was clearly enhanced, which was
related to the 2V},-Ga; complex. This is consistent with the Hall data
in Section 3.3.

More accurate information on the positions of the Raman peaks
was obtained by employing a Lorentz fit equation, as listed in
Table 3. The partial replacement of the large Ga>* by V>* with a small
ionic radius resulted in a shorter bond length. The bond length is
inversely proportional to the Raman phonon frequency [29]. Thus,

Room-temperature Hall data of the undoped and V-doped -Ga,03 as-grown and air-annealed single crystals.

Type Resistivity (Q-cm) Mobility (cm?/ (V-s)) Carrier concentration (cm™)
Undoped N 0.773 166.7 4.84x 1016
As-grown N 0.014 75.0 5.90x10'®
Air-annealed N 0.077 85.3 9.51x 10"
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Fig. 5. Raman spectra of the undoped and 0.20 mol% V-doped p-Ga,03 as-grown and
air-annealed single crystals.

Table 3
Raman scattering spectra of undoped and V-doped p-Ga,05 single crystals.

Raman mode Raman shift (cm™)

Undoped p-Ga,03 0.20 mol% V-doped p-Ga,03

As-grown Air-annealed
B2) ¢ 143.852 144.134 145.419
Ay g 169.124 169.151 170.647
Aayg 199.683 199.733 200.854
Aw g 318.842 319.575 320.843
As) g 346.200 346.244 347.897
Ae) g 416.116 416.122 417.396
A7)y g 476.398 476.635 477.395
As) g 629.430 629.590 631.706
Aw) g 658.049 658.280 657.857
Aoy g 766.156 766.272 767.677

the phonon peaks of the 0.20 mol% V-doped single crystal shifted to
a higher frequency than that of undoped B-Ga0Os. Due to the de-
crease in material stress, the corresponding Raman peak moves to-
ward a high frequency [47]. The phonon peaks of the air-annealed p-
Ga,05 single crystal were further redshifted, suggesting a decrease
in the stress and an improvement in the crystal quality. These results
are in good agreement with the HR-XRD, rocking curves and AFM
results.

Journal of Alloys and Compounds 908 (2022) 164590
3.5. Optical transmission spectroscopy

The transmission spectrum is widely used as a characterization
method for analyzing the optical band gap and transmittance of a
sample. Fig. 6 shows the in-line optical transmission and Tauc plots
of the mirror-polished undoped and 0.20 mol% V-doped p-Ga,0s3 as-
grown and air-annealed single crystals. The highest transparency of
all crystals was approximately 75%, as shown in Fig. 6(a). The
transmittance of crystals in the near-infrared region is closely re-
lated to the free carrier concentration. As an n-type dopant, V can
provide more free electrons, contributing to the low transmittance of
the V-doped p-Ga,Os single crystals in the near-infrared region. Vg,
and complexes of Vg, were generated in the V-doped p-Ga, 05 crystal
during annealing in air [37,38,48], which acted as compensation
acceptors, and then captured electrons [38,49], resulting in a de-
crease in the number of free carriers in the crystal and an increase in
the transmittance in the near-infrared region. This is in agreement
with the results of Hall characterization.

It should be noted that all V-doped p-Ga,0O3 as-grown and air-
annealed single crystals exhibited two extra absorption peaks
around 400 and 615 nm, respectively. These peaks were not ob-
served for the undoped B-Ga,0s. Both the crystal color and the two
absorption peaks were similar to Cr-doped f-Ga,0Os single crystal.
Green coloration indicates that there are transitions in the 3d2
configuration [50]. In other words, part of V in V-doped p-Ga,03 may
entered the crystal as +3 valence. Huang et al. [27] confirmed the
existence of V#* and V°* ions in V-doped Ga,0; films, and V°* ions
accounted for a relatively high proportion. Therefore, it is most likely
that a large part of V element existed in the form of V°* ions, and V*
and V#* occupied a minimal fraction in the V-doped p-Ga,05 single
crystal. These two broad absorption peaks (400 and 615 nm) can be
related to the crystal field splitting electronic transition of V3* and
V4" in the p-Ga,05 [51]. Furthermore, the two additional absorption
peaks were not significantly affected by air annealing. Due to the low
proportion of V4" and V?*, the influence on the above the shift of
XRD diffraction peaks and Raman phonon peaks were still domi-
nated by the relatively high V> ions.

Fig. 6(b) shows the optical band gaps of the undoped and
0.20 mol% V-doped p-Ga,03 as-grown and air-annealed single crys-
tals. The band gap of p-Ga,03 decreased from 4.769 to 4.678 eV after
V doping, which might be due to the shift of the conduction band to
the Fermi level and the significant increase in the state density, re-
sulting in a narrowing of the optical band gap, similar to that of V-
doped ZnO [21,52]. After annealing in air, the band gap increased to
4.710 eV, which can be attributed to the absence of V, which main-
tains the conduction band far from the Fermi level and the reduces
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Fig. 6. (a) Optical transmission spectra and (b) absorption edges of the undoped, as-grown, and air-annealed 0.20 mol% V-doped p-Ga,0j3 crystals.
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O 1s.

the density of states. These results further demonstrate that air an-
nealing partially removes V from the p-Ga,03 crystals.

3.6. XPS analysis

To analyze the constituent elements and relative contents of the
samples, XPS was used. To eliminate the experimental error due to
the sample surface contamination as much as possible, an Ar ion
beam was used to clean the sample surface before the XPS test.
Fig. 7(a) and 7(d) show the XPS survey spectra of the as-grown and
air-annealed 0.20 mol% V-doped p-Ga,03 samples with Ga, O, and C
peaks. Nevertheless, the peak of V could not be observed because the
concentration of V was too low to reach the detection limit of the
XPS equipment. Fig. 7(b) and 7(c), 7(e) and 7(f) show the high-re-
solution XPS spectra of the as-grown Ga 3d-O 2s and O 1s and the
air-annealed Ga 3d-0 2s and O 1s, respectively. All binding energies
were calibrated using the C 1s peak at 284.8 eV.

For the sample before annealing treatment, the Ga 3d and O 1s
peaks centered at 19.92 (Ga®*) and 530.51 eV (Fig. 7(b)), respectively,
belonged to the Ga-O bond of Ga,0s. In contrast, the Ga 3d and O 1s
peaks shifted to 20.18 (Ga®*) and 530.78 eV (Fig. 7(e)), respectively,
after annealing in air. The difference in the binding energy of O 1s
and Ga 3d before and after annealing is equal to 510.59 and
510.60 eV, respectively. The similarity of these values indicates that
the Ga-O bonding before and after annealing is the same [28]. The
peaks at 22.51 (Fig. 7(b)) and 22.73 eV (Fig. 7(e)) partially over-
lapping Ga 3d belonged to O 2s [40,53]. The small peak located at
18.70 eV was defined as Ga'* (Fig. 7(b)) [28,29]. Nevertheless, after
air annealing, the intensity of the small peak with a binding energy
of 18.70 eV increased and shifted to 19.39 eV. As the 19.39 eV peak is
between the binding energies of Ga'* and Ga*", it is considered to be
corresponding to Ga** [28,40]. The weakening of the Ga>* peak in-
tensity and the enhancement of the Ga?* peak strength (Fig. 7(e))
suggest that part of Ga>* ions act as electron traps to recapture an
electron and obtain Ga%* [28]. This also explains the decrease in the
free carrier concentration after annealing.

The main peaks at 530.51 (Fig. 7(c)) and 530.78 eV (Fig. 7(f)) were
attributed to Ga,0s, which indicates Ga,05 formation [29]. The other
peaks located at 531.03 (Fig. 7(c)) and 531.11 eV (Fig. 7(f)) were as-
signed to the O-Ga bands [28]. The ratio of area of 0-Ga after an-
nealing was higher than that before annealing, indicating that the O-
Ga bond increased after annealing, which further confirmed the
formation of Ga%*. The Ga/O ratio of the as-grown and air-annealed
V-doped p-Ga,03 was calculated according to the areas of the Ga 3d-
0 2s and O 1s XPS core-level peaks and the corresponding sensitivity
factors, as shown in Table 4. The Ga/O ratio decreased after an-
nealing, indicating that the O in air entered the lattice and filled part
of the Vg [29,44], confirming the repair effect of air annealing on Vo.

3.7. Photoluminescence properties

The room-temperature photoluminescence (RT-PL) spectra of the
as-grown and air-annealed 0.20 mol% V-doped p-Ga,03 single crys-
tals were measured, as shown in Fig. 8. Two ultraviolet bands
(UV'~3.61eV and UV=~3.31eV) and one blue band (BB~2.90eV)
were obtained in both PL spectra of the as-growth and air-annealed
crystals by Gaussian fitting. In addition, there was an extra broad
green band (GB~2.50eV) in the PL spectrum of the air annealing,
which was compared with that of the as-grown V-doped p-Ga,03
single crystal. The ultraviolet emission (UV' and UV) is an inherent
property of p-Ga,Os crystals, independent of impurities, and it is
attributed to the intrinsic recombination of free electrons with self-
trapped holes (STHs) localized on the O, and Oy sites [54,55]|. The

Table 4
XPS measurements of the effective areas and Ga/O atomic ratios of the Ga 3d-0O 2s, 0
1s peaks as-grown and air-annealed 0.20 mol% V-doped $-Ga,0j3 single crystals.

Ga 3d O 1sandO 2s Ga/oO
Area/SF
As-grown 69,807 78,511 2:2.25
Air-annealed 55,974 65,245 2:2.33
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Fig. 8. RT-PL spectra of (a) as-grown, and (b) air-annealed 0.20 mol% V-doped p-Ga,03 single crystals.
Table 5
RT-PL data of 0.20 mol% V-doped B-Ga,03 as-grown and air-annealed single crystals.
uv' (eV) Area ratio (%) UV (eV) Area ratio (%) Blue (eV) Area ratio (%) Green (eV) Area ratio (%)
As-grown 3.60eV 17 3.28eV 47 2.85eV 36 — —
Air-annealed 3.62eV 18 3.34eV 49 2.94eV 19 2.50eV 14

blue luminescence band is associated with the transition between
donor-acceptor pair (DAP) involving deep level donor and acceptor
[56]. Possible donors include Vg (ionization energy > 1eV) and in-
terstitial Ga (Ga;) [56], while possible acceptors are the Vg, and Vg,-
Vo complex [56]. According to the combination of experimental and
theoretical calculations, the origin of the ~2.5 eV GB is related to the
tetrahedral and octahedral Vg, in crystals [49,57].

The positions and area ratios of the fitted luminescence peaks are
listed in Table 5. The total proportion of ultraviolet luminescence
bands (UV' and UV) in the spectrum of the air-annealed crystal
showed no noticeable change compared to that before annealing.
The area ratio of the BB decreased from 36% to 19%, i.e., a decrease by
nearly half. The significant change in the BB area ratio is related to
the decrease in the Vg, concentration by annealing in air atmosphere.
Vo was compensated for, and its concentration decreased after an-
nealing, which destroyed the complex structure of the deep accep-
tors (Vga and Vga-Vo complex) and Vg, contributing to a significant
attenuation in the proportion of the BB. However, the proportion of
GB grew from zero to 14%. This is because the destroyed complex
increased the Vg, concentration and resulted in the emergence of
the GB. This result is in good agreement with the XPS measurements.

4. Conclusions

In summary, 0.20mol% V-doped p-Ga,0s single crystals were
grown by the OFZ technique. The results pertaining to the XRD rocking
curve, Hall effect, Raman spectroscopy, optical transmission, XPS, and
PL properties were characterized before and after annealing. The
FWHM value of 64.8” confirmed the superior crystalline quality of the
crystal after annealing compared to that before annealing. The decrease
in the carrier concentration, the increase in transmittance in the near-
infrared region, and the change in Raman peak intensity after annealing
can be interpreted as the generation of Vg, and the 2V},-Ga; complex
as the deep acceptor. Similarly, Ga** captured electrons and was con-
verted to Ga?*, which also resulted in a decrease in the carrier con-
centration after annealing. The slight increase in the optical band gap
after annealing was related to the partial evaporation of V.
Furthermore, the proportion of the blue luminescence peak decreased

and an initial green emission peak appeared after annealing in air at-
mosphere, as measured by RT-PL spectra, which was explained by the
decrease in Vo concentration and the increase in Vg, concentration.
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