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The introduction of different elements into semiconductors to achieve conductivity control of n-type
doping has considerable scientific significance and practical application prospects, which can further
promote their extensive application in the field of electronic devices. Herein, a series of V-doped beta-
gallium oxide (B-Ga,Os) single crystals with different concentrations were cultivated using the optical
floating zone method. The influence of V doping on the structural, electrical, and optical properties of
B-Ga,Os single crystals was systematically investigated. The characterization results revealed that V-doped
B-Ga,Os single crystals exhibited superior crystalline quality; moreover, the free carrier concentration
increased from 6.9 x 10'® cm™ to 6.4 x 10*® cm™ and then decreased to 3.1 x 10'® cm™ with an increase
in the V concentration. The optical transmission of the crystals initially decreased in the infrared region and
then increased, which is related to the change in the conductive electrons. The intensities of the two
absorption peaks located at approximately 400 nm and 610 nm increased with increasing V doping
concentration. From the Raman scattering spectra, the inhibition of V on the [GaO¢l octahedral peak
intensity became evident with increasing V content. These valuable findings may contribute to the research
on B-Ga,Os-based electronic and optical devices.
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Czochralski (CZ),"*"” vertical Bridgman (VB),'® edge-defined film-

1. Introduction
fed growth (EFG),"”'® and floating-zone (FZ) methods,'>* The
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The continuous development of materials, has enabled the
application of semiconductors in photodetectors,"” solar
cells,>* light-emitting diodes,”® and various other fields.””
Beta-gallium oxide (B-Ga,0;) crystals, as an outstanding
representative of the emerging semiconductors, have been
increasingly applied in semiconductor fields such as high-
power electronic devices,'® ultraviolet detectors,"”” and gas
sensors'> largely owing to their excellent material properties.
B-Ga,03, with an ultra-wide bandgap of 4.8-4.9 eV at room
temperature, belongs to a class of materials called
transparent semiconducting oxides. It has a high theoretical
critical electric field of 8 MV cm™ and a Baliga's figure-of-
merit of 3444, which is more than 10 times that of SiC.'?
Compared to other broad-bandgap materials such as SiC,
GaN, and diamond, B-Ga,0; has a large size and enables the
production of high-quality single-crystal substrates, which
can be fabricated utilizing melt growth methods including
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B-Ga,O; crystal with the largest volume has been grown using
the CZ method by far."*"?* 2 inch diameter (100) -Ga,0; and 1
inch B-Ga,0; crystals with different orientations were grown by
VB.**** The largest p-Ga,0; bulk crystal (6 inch) was obtained
using the EFG method.” In the FZ method, crystals growing in
different directions and 1 inch crystal have been demonstrated."
Among these growth methods, the FZ process with cost effective,
convenient operation and short growth period can be used to
prepare high-quality intrinsic or doped -Ga,O; single crystals.

(b)

Ellipsoidal mirror Halogen lamp

Quartz tube

Meclt

B-Ga:0s singlc crystal

Seed crystal

Fig. 1 (a) B-Ga,Os crystal structure. (b) Schematic of the OFZ
experimental device for the growth of 3-Ga,O5 single crystals.
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A schematic of the unit cell of B-Ga,0O; is illustrated in
Fig. 1(a). B-Ga,0; has a monoclinic structure (space group
C2/m), and the cell parameters are a = 12.214 A, b =3.0371A,
¢ =5.7981 A, and = 103.83°.%° The gallium ions are located
at [Ga;0,] tetrahedral and [Ga;O4] octahedral sites. Therefore,
the gallium atoms in the crystal have tetra- and hexa-
coordination. The double chains composed of the [GayOg]
octahedrons in the crystal are arranged along the b-axis, and
the two adjacent chains are connected by the [GajO,]
tetrahedrons.”® In addition, there are two easy cleavage
planes in B-Ga,O; crystal, which are the (100) and (001)
planes.

As with other semiconductors, dopants are typically used
in B-Ga,0; crystals to alter their material properties.
Electrical conductivity is one of the most important
properties of B-Ga,O; in device applications. Several studies
have reported an increase in the carrier concentration of
B-Ga,O;3 through the introduction of high-valence elements
(Si, Sn, Nb, Ta, W, etc.) for effective n-type doping.>’ ' V is
typically doped into TiO, for photocatalytic research.’*?
Considering the ionic radius, the radius of V*' (0.059 nm)
is nearly the same as that of Ga®" (0.062 nm), and V
slightly changes the lattice size of B-Ga,O; single crystals. V
with five valence electrons can produce more free carriers.
Therefore, V is a suitable dopant. In addition, the
regulation of V on the electrical properties of -Ga,O; single
crystals has not been reported. Consequently, it is of great
significance to comprehend the electrical and optical
properties of V-doped B-Ga,O; crystals.

In this paper, a convenient optical floating zone (OFZ)
approach was introduced for the growth of B-Ga,0; single
crystals doped with different V concentrations. The
microstructure, surface morphology, conductivity, chemical
states, optical bandgap, and V*' ion substitution position
of V-doped f-Ga,0; were investigated through high-
resolution X-ray diffraction, atomic force microscopy, laser
confocal microscope system, Hall, X-ray photoelectron
spectroscopy, optical transmission, and Raman scattering
techniques. Interesting discoveries such as the initial
increase  and subsequent  reduction in  carrier
concentration with an increase in the V doping
concentration, as well as the two absorption peaks in the
transmission spectra, are expected to further broaden the
application prospects of B-Ga,O; in electronic and optical
devices.

2. Materials and methods
2.1 Preparation of single crystals

An OFZ growth chamber with two halogen lamps and
ellipsoidal mirrors was employed to grow a series of single-
crystalline V-doped p-Ga,0; samples with different V
concentrations (undoped, 0.05 mol%, 0.10 mol%, 0.20
mol%, 0.50 mol%, 1.00 mol%), as shown in Fig. 1(b). The
two halogen lamps were located at the respective focal
points of the ellipsoids on both sides. Prior to the OFZ
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growth, raw rods were prepared from Ga,O; powder
(99.9999%) and V,05; powder (99.99%), and pressed into
cylinders using a cold isostatic press. Subsequently, the
rods were annealed under air at 1450 °C for 20 h, and the
[010]-oriented B-Ga,0; single crystals were used as the
seeds. Then, the raw rod and seed crystals were fixed on
the upper and lower rotating rods, respectively. Under the
reflection of the ellipsoid mirrors, the light was focused on
the contact position between the lower end of the raw rod
and the upper portion of the seed crystal. After reaching a
certain temperature, the raw rod and seed crystal started to
melt, and the melted part formed a stable melting zone
through docking. Finally, with the slow descent of the
upper and lower rotating rods, V-doped B-Ga,O; single
crystals were gradually formed on the seeds at a rate of 5
mm h™ and cooled naturally to room temperature under
dry air flow. The crystals were grown in the direction
([010]) of the seed crystal. Wafers parallel to the (100) plane
were processed for subsequent testing.

2.2 Characterization methods

In order to minimize or even eliminate the influence of the
inhomogeneity of the V element in the crystal growth
direction, the top crystal (at the same position) of each
sample was selected for processing and testing. The crystal
structure and quality of the as-synthesized samples were
determined by X-ray diffraction (XRD, Bruker D§ ADVANCE,
Cu Ko line, operated at 40 kV and 40 mA). The X-ray powder
diffraction patterns and X-ray diffraction rocking curves were
obtained, respectively. The morphologies of the single-crystal
substrates were investigated by atomic force microscopy
(AFM, CSPM 5500) and a laser confocal microscope system
(LCM, ZEISS LSM900). The electrical properties
measurements were carried out utilized the Van der Pauw
method (Lake Shore 8404 Hall system) at room temperature.
The optical transmittance (OT) spectra were measured using
a PerkinElmer Lambda 1050+ UV/VIS/NIR spectrometer. The
chemical states of the samples were characterized by X-ray
photoelectron spectroscopy (XPS, ESCALAB 250Xi). The room-
temperature Raman spectra were collected using a Horiba
iHR550 spectrometer with a laser beam under excitation
sources of 633 nm.

3. Results and discussion
3.1 Structure characterization

Fig. 2(a) shows the as-grown Ga,O; crystals. The transparent
Ga,0; crystals without cracks had lengths of approximately
35-45 mm and diameters ranging from 4 mm to 5 mm. The
color of the Ga,0O; considerably varied among the undoped
and V-doped crystals. The undoped Ga,O; crystal showed
pale blue, whereas the V-doped Ga,O; crystals appeared
emerald green. As the concentration of V increased, the green
color gradually became more prominent.

XRD was utilized to identify the structures of the as-
synthesized Ga,O; crystals. The powder XRD patterns of the

CrystEngComm, 2022, 24, 5588-5596 | 5589
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Fig. 2 (a) Undoped and V-doped B-Ga,Os single crystals. (b) XRD
patterns of undoped and V-doped B-Ga,Os single crystals. The standard
JCPDF card (No. 41-1103) is located at the bottom for comparison.

as-prepared crystals are shown in Fig. 2(b). The positions of
all the sharp diffraction peaks were indexed to the standard
B-Ga,O; crystal JCPDF card (No. 41-1103), and no diffraction
peaks of other impurities were observed in any of the
products. It is clear that the dopant did not alter the crystal
structure, and the V-doped B-Ga,O; crystals maintained the
monoclinic structure. These diffraction peaks with strong
intensity shifted to larger 2-theta angle with the increase of V
concentration (as shown in Fig. S2f), indicating that the
doping of V with small ion radius decreased the lattice
parameters.

The actual percentage of V content in the samples were
assessed by ICP analysis, as shown in Table 1. Obviously, the
actual content in the raw material was less than the nominal
content due to impurity segregation throughout the growth
process.

3.2 Crystal quality

The crystalline quality of the V-doped B-Ga,O; crystal was
evaluated wusing high-resolution X-ray diffraction. The
illustration in Fig. 3(a) shows the polished 0.20 mol%
V-doped B-Ga,0; single-crystal substrate, which had a size of
approximately 5 mm x 7 mm. The B-Ga,O; single crystal
substrates with undoped and other V-doped concentrations
are shown in Fig. S1f Fig. 3(a) shows the corresponding
rocking curve of the 0.20 mol% V-doped B-Ga,O; crystal (400)
plane. Rocking curves of the other V-doped (-Ga,O; single
crystals are shown in Fig. S35 With the increase of V
concentration, the full-width at half-maximum (FWHM) of
crystals increased and the diffraction peaks shifted to larger
diffraction angle based on Bragg equation. This is consistent
with the results of the powder XRD, which can be attributed
to the partial replacement of Ga** (0.062 nm) by V°* (0.059

Table 1 ICP data of the B-Ga,Os single crystals with different doping
concentrations

Sam. 1 Sam. 2 Sam. 3 Sam. 4 Sam. 5
Doping (mol%)  0.05 0.10 0.20 0.50 1.00
ICP (mol%) 0.025 0.046 0.099 0.119 0.177
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nm) with a smaller ionic radius. The FWHM values of the
sharp and symmetrical diffraction peaks were all less than
152 arcsec. Limited by the heating mode, the OFZ-grown
B-Ga,O; crystals have larger FWHM values than those of the
EFG and Czochralski methods. However, among the -Ga,0;
crystals grown by OFZ technique, the V-doped p-Ga,O; single
crystals in our work have a high crystallization quality
without sub-grain boundaries.

The LCM and AFM images of 0.20 mol% V-doped B-Ga,0;
single crystals are shown in Fig. 3(b-d). Similarly, the LCM
and AFM images of the B-Ga,0; single-crystal samples with
other V concentrations are shown in Fig. S4 and S5.f From
the two-dimensional (2D, Fig. 3(b) and S4(a-e)f) and three-
dimensional (3D, insets of Fig. 3(b) and S4(f-j)i) LCM
images, it can be seen that the undoped and V-doped
B-Ga,O; single crystals have smooth surfaces. AFM
measurements were performed in tapping mode on a sample
surface area of 5 x 5 um? (Fig. 3(c and d) and S5(a-j)f). The
results indicate that the surface topography morphologies of
the single-crystal substrates were clear and the root-mean-
square (RMS) values of surface roughness were all less than
0.5 nm, implying that the prepared undoped and V-doped
B-Ga,O3 have quite flat surfaces. Such ultra-smooth surface
indicated that processing technology of the crystal was
excellent, which provides a guarantee for the subsequent
testing and preparation of high-performance devices.

3.3 Basic electrical properties

Electrical properties are key factors for evaluating the
suitability of oxide materials in the field of electronic devices,
for instance Schottky barrier diodes and field-effect
transistors. All the obtained B-Ga,0O; bulk single crystals
exhibited n-type semiconductors or electro-insulating states.
Fig. 4(a-c) show the variation in the carrier concentration,
mobility, and electrical resistivity of the V-doped B-Ga,O;
single crystal with different V doping concentrations,
respectively, and the specific values are listed in Table 2. A 20
nm Ti/100 nm Al layer was evaporated on the four corner
surfaces of the samples. This was followed by rapid
annealing at 500 °C in the N, environment for ohmic contact.
All the samples exhibited n-type conduction. The carrier
concentration of the undoped B-Ga,0; single crystal was 6.90

Table 2 Hall data at room temperature of the f-Ga,Osz single crystals
with different V doping concentrations

Carrier
V content concentration Mobility Resistivity
(mol%) Type  (em™) (em®*(V's™)  (Qecm)
0.00 N 6.90 x 10*° 150.0 0.597
0.05 N 2.10 x 10'® 91.0 0.0322
0.10 N 2.80 x 10*® 81.0 0.02763
0.20 N 6.40 x 10'® 70.0 0.0139
0.50 N 3.97 x 108 67.9 0.02318
1.00 N 3.10 x 10™° 7.2 28

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 (a) XRD rocking curve, (b) 2D LCM, (c) 2D AFM, and (d) 3D AFM surface morphologies of 0.20 mol% V-doped B-Ga,Os single crystal. Inset
of panel in (a) shows the polished V-doped B-Ga,Oz (100) single-crystal substrate (5 mm x 7 mm). Inset in panel (b) displays a 3D LCM image of

the 0.20 mol% V-doped B-Ga,Os3 crystal.

x 10"® em™, owing to the existence of impurities such as Si
and other shallow-level donors.

It is interesting to note that the carrier concentration in
the B-Ga,0; crystal increased from 6.9 x 10'® cm™ to 6.4 x
10'® ecm™, and then decreased to 3.1 x 10'® em™ with an
increase in the V concentration (as shown in Fig. 4(a)). The
electron mobility continuously decreased with increasing V
doping concentration (Fig. 4(b)). The mobility in B-Ga,0;
changed by nearly two orders of magnitude, from 1.5 x 10
em® V' s to 7.2 x 10° em® V' s7'. It was found that the
electrical resistivity initially decreased gradually from 0.597 Q
cm to 0.0139 Q cm and then significantly increased to 28 Q
cm with an increase in the V doping concentration, which is
exactly the opposite of the change tendency of the carrier
concentration (Fig. 4(c)).

When incorporated with a small amount of V (0-0.20
mol%), the number of V atoms effectively replacing Ga in the
lattice increased gradually, which significantly contributed to
the carriers of the crystal. Consequently, the electron

concentration increased with the incorporation of V, and the
resistivity gradually reduced. The scattering of electron by
doped V was enhanced, resulting in the decrease of carrier
mobility. By further increasing the amount of V doping
(>0.20 mol%), the solid solubility of V in B-Ga,O; was near
the limit, and the excess V atoms could not replace Ga in the
lattice, and then segregated in local regions and formed non-
conductive V,O, clusters, which no longer provided electrons,
similar to Al or Nb doped ZnO,**** in turn leading to an
increase in the degree of crystal disorder, acting as an
electron trap. This undoubtedly obstructed the effective free
electron conduction. Accordingly, the carrier concentration
decreased with a further increase in the V content, and the
resistivity of [-Ga,O; also seemed to increase. This
phenomenon was reported in V-doped ZnO.*® The dopant
concentration in -Ga,O; crystal is not “more is better.” The
maximum doping is achieved at the supersaturated dopant
concentration above the solubility limit, that is, when
thermodynamically favored for the exsolution of the
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Fig. 4 (a) Carrier concentration, (b) mobility and (c) electrical resistivity of the undoped and V-doped B-Ga,Os single crystals. The V content as

measured by the ICP was used as the X-axis.
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dopant.®’” However, excessive doping levels would
unnecessarily advance the nucleation of secondary phase
(e.g., V4O,). The mobility further decreased with an increase
in V content, which was mainly caused by the gradual
enhancement of ionized impurity scattering within the
crystal.

The activation ratios of Si and Sn atoms used as donors in
B-Ga,O;3 bulk crystals grown by OFZ method were 25-50%
and 26%, respectively.’®*° The activation ratio of V element
in the nominal 0.05-0.20 mol% V-doped B-Ga,O; (i.e., the
ratio of carrier concentration to V concentration measured by
ICP) varied between approximately 16% and 22% by
calculation. When the doping concentration of V exceeds
0.20 mol%, many electron traps existed in the crystal,
resulting in a significant reduction in the activation ratio of V
in the B-Ga,0O; crystal to about 0-9%. The activation ratio of
V element is lower than that of Si and Sn elements. The
reason for this discrepancy should be further investigated.

3.4 XPS analysis

The chemical composition of the samples and the chemical
valence states of the elements in the materials were obtained
through XPS characterization. To study whether the valence
state of V changed in V-doped B-Ga,O; single crystal, XPS
tests and analyses were performed. Considering the detection
limit of XPS equipment, we chose to use 1.00 mol% V-doped
B-Ga,O; single crystal for testing. The results were fitted by
Gaussian-Lorentzian deconvolution, as shown in Fig. 5. The
typical XPS survey spectrum of the 1.00 mol% V-doped
B-Ga,0; sample revealed the Ga XPS peaks, O XPS peak, Ga
Auger peaks (Ga LMM), O Auger peak (O KLL), V XPS peak,
and C peak in the energy range from 0 to 1300 eV, as shown

View Article Online
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in Fig. 5(a). Fig. 5(b)-(d) show the high-resolution XPS spectra
of Ga 3d and O 2s, O 1s, Ga LMM, and V 2p, respectively. The
binding energy was calibrated utilizing the 284.8 eV carbon
peak (C 1s).

Fig. 5(b) shows the XPS scan of the Ga 3d and O 2s
regions of the 1.00 mol% V-doped B-Ga,O; single crystal. The
photoemission of Ga 3d were located at 19.38 eV and 20.70
eV and overlapped with the binding energy peak of O 2s
centered at 23.51 eV. The peak at 19.38 eV was attributed to
Ga*, and the 20.70 eV (Ga®*) main peak was ascribed to the
Ga-O bond in the Ga,O; crystals.**" The energy difference
between the two peaks of Ga®* and Ga' is 1.32 eV, which
corresponds to the previous research results.*"** The detailed
O 1s XPS spectrum with two fitted peaks is depicted in
Fig. 5(c). The peak with a binding energy centered at 531.44
eV was identified as O bonded to Ga in Ga,05.">** Whereas
the other peak located at 532.63 eV was determined as C-O,
indicating that C has been adsorbed as an impurity on the
sample surface or into the lattice during the growth
process.***

Fig. 5(d) shows the high-resolution XPS spectra of Ga
LMM and V 2p. XPS scan of Ga LMM-V 2p operated in CAE
mode with a passing energy of 30 eV and a step size of 0.10
eV. The peak of Ga LMM overlapped with that of V 2p. The
two peaks located at 519.42 and 518.52 eV correspond to Ga
LMM and V°" 2p;,, respectively.’®*” Moreover, the valence
state of the V element in the 1.00 mol% V-doped B-Ga,O;
single crystal remained unchanged and still maintained a +5
valence. It is reported that V-doped B-Ga,Oj; films contain V°*
and V** ions, and V°* ions accounted for a high proportion.
The XPS peak of V*' ion is not shown in Fig. 5(d), which may
be due to the low content of V*' exceeding the lower
detection limit of XPS equipment. Both V** and V°" ions

20.70 eV Ga 3d-
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Fig. 5
Ga LMM and V 2p.
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(a) XPS survey spectrum of 1.00 mol% V-doped B-Ga,Os3 single crystal. High-resolution XPS spectra of (b) Ga 3d and O 2s, (c) O 1s and (d)
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provided free electrons for -Ga,0j; single crystals. Hence, the
results further indicate that more carriers were trapped owing
to the increase in the degree of crystal disorder, which led to
an abnormal carrier concentration of the B-Ga,O; single
crystal doped with a high V concentration.

3.5 Basic optical properties

The optical properties of the V-doped B-Ga,0O; single crystals
strongly depended on the carrier concentration in the
crystals. Consequently, the V content largely determined the
optical properties of the B-Ga,O; single crystals. Fig. 6(a) and
S671 exhibit the optical transmission spectra of undoped and
V-doped B-Ga,0; single crystals grown by OFZ. The highest
transmittance was observed at approximately 80% in the
visible wavelength region. Compared with undoped B-Ga,0;
crystal, V-doped B-Ga,O; crystals introduced two wide
absorption bands located near 400 and 610 nm, respectively
(Fig. 6(a) and S57), whose transmission intensity decreased
with an increase in the concentration of V in the crystals,
similar to that as in the Cr-doped PB-Ga,0;.**** V-doped
B-Ga,0O; appeared green, indicating that part of V entered the
crystal in the valence state of +3.*° These two absorption
peaks may be caused by the crystal field splitting electron
transitions of V** and V*' in B-Ga,0,.>° Since V°* has no 3d
electrons (3d0 configuration), it does not contribute to the
central absorption of two broadband forms in the visible
region.

The change curve of transmittance in the infrared (IR)
region (4 = 2000 nm) with the increase in the V component is
shown in Fig. 6(b). In the range of 0-0.20 mol%, the
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indicating that the effective carrier concentration in the
B-Ga,O; single crystals increased with V doping. What is
more noteworthy is that the transmittance in the IR region
increased when the amount of V exceeded 0.20 mol%. The
transmittance of the 1.00 mol% V-doped B-Ga,O; crystal in
the IR region was comparable to that of the undoped
B-Ga,O3;, indicating that the effective free -carrier
concentration in the p-Ga,O; crystals decreased (V content >
0.2 mol%). This is in accordance with the results of the
carrier concentration data (Fig. 4(a)).

Fig. 6(c) shows the curves of (ahv)” changing with the
photon energy (hv) according to the tested absorption
coefficient (), which is expressed as a function of the
incident light wavelength (1). Considering the functional
relationship between a and the band gap, we extracted the
estimated values of the band gap of V-doped B-Ga,0O; varying
with V content, as shown in Fig. 6(d). The optical band-gap
gradually decreased with the increasing V composition, which
may be due to an increase in the density of the localized state
in the conduction band.*® As expressed by the following
equation:

__3¢> [¢?N
87 16me V ekT

(1)

where N is the density of the localized state, ¢ is the dielectric
constant, g is the electronic charge (C), & is the Boltzmann's
constant (J K''), and T is the temperature (K).

Fig. 7 shows the room-temperature Raman spectra of the
undoped and V-doped B-Ga,O; single crystals between 100
and 1000 cm™. Nine phonon mode peaks were detected,
derived from the undoped and V-doped (-Ga,O; crystals,
which coincided with the data in the literature.*®*' These
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(a) Room-temperature optical transmission spectra for the undoped and V-doped B-Ga,Os single crystals. (b) The points reveal the
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Fig. 7 Raman spectra of undoped and V-doped B-Ga,Os single
crystals.

peaks were located in B?: 144 em™, AP): 169 cm™, A 199
em™, AY: 320 em™, AP 345 em™!) A): 416 em ™!, A): 629
em™, AP 658 em™, and A{”: 766 cm™', and could be
divided into three groups:>"** the primary-frequency phonon
modes (BY, A?) and A{)) are related to vibrations and
translations of the [Ga;0,] tetrahedral chains; the secondary-
frequency phonon modes (A%Y, A®) and A)) are attributed to
the deformation of the [Gaj0,] tetrahedron and [GapOg]
octahedron; and the third-frequency phonon modes (Afgs), Afgg)
and Ago)) are assigned to the stretching and bending of the
[Ga;0,] tetrahedron. The addition of V atoms significantly
inhibited A, AQ) and A{ (as shown in Fig. 7), indicating
that V ions mainly substituted Ga®*" at the center of the
octahedron.

More accurate shifting information of the Raman peaks
measured in the experiment was obtained through the
Lorentz fit equation, as listed in Table 3. Most phonon mode
peaks exhibited a slight positive shift after the addition of V.
This is ascribed to the partial replacement of the Ga*' ion
(0.062 nm) with a larger ion radius by the smaller V' ion
(0.059 nm), resulting in lattice contraction and reduction of
the bond length (/). The relationship between the bond
length and phonon frequency (w) is inversely proportional

Table 3 Raman scattering spectra of undoped and V-doped $-Ga,Os
single crystals

Peak position (cm™)
V-doped B-Ga,0; (mol%)

Undoped

p-Ga,0,  0.05 0.10 0.20 0.50 1.00
BY)  143.732  144.244 143.768 144.180 144.127 144.389
AP 169122 169.140 169.128 169.208 169.167 169.163
AP 199.660  199.743 199.705 199.860 199.742  199.863
A 318.834  — — — — —
AY) 346192 346.232 346.313 346.375 346.297 346.375
AP 416129 416141 416.141 415.963 416.150 415.826
AP 629.607  629.616 629.571 629.900 629.594 629.772
AD)  658.072  658.398 658.291 657.968 658.427 658.536
Al? 766160  766.276 766.290 766.277 766.350 766.335
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and can be expressed as o ~[ V2% Consequently, a
decrease in the bond length corresponds to an increase in
the phonon frequency.

4. Conclusions

In conclusion, we proposed a strategy for using V as a dopant
to realize the tunability of the electrical resistivity and carrier
concentration of p-Ga,0;. Doped B-Ga,O; crystals with
different V contents were successfully prepared using the
optical float zone method. The powder and high-resolution
XRD results demonstrated that the as-synthesized V-doped
B-Ga,0; samples with different concentrations consisted of
monoclinic (C2/m) single crystals with high crystalline
quality. As the V concentration increased, the carrier
concentration of V-doped B-Ga,0; crystals increased from 6.9
x 10 ecm™ to 6.4 x 10'® em ™3, and then reduced to 3.1 x 10'°
em; and the resistivity gradually decreased from 0.597 Q
cm to 0.0139 Q cm, and then increased sharply to 28 Q cm.
This is attributed to the formation of electron traps in the
crystal when the V content exceeds a certain value, resulting
in an abnormality in the carrier concentration and resistivity.
In the transmission spectra, with the incorporation of V, two
absorption peaks appeared at about 400 and 610 nm, and the
intensity of the absorption peaks enhanced with increasing V
content. Raman scattering revealed that the V ion mainly
substituted the Ga®" ion at the center of the octahedron. This
is expected to promote extensive applications of B-Ga,O; in
electronic and optoelectronic devices.
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