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Altering the n-type conductivity and optical properties of ultra-wide bandgap p-Ga03 by impurity doping has
been a topic of research interest in the semiconductor field. Simultaneously, p-Ga;O3 with a monoclinic structure
has exhibited interesting anisotropy. In this study, (100) and (001) V-doped p-GazO3 crystals were synthesized by
the edge-defined film-fed growth (EFG) method, and their structural, electrical and optical properties, and de-
fects were systematically investigated. V-doped p-GasOs crystals with a (100) plane have a better crystalline
quality and flatter surface than those with a (001) plane. Compared with undoped crystals (~1016 cm’3), the
carrier concentration of the (100) and (001) V-doped B-Gaz0s3 substrates only increased to 4.30 x 10" em~2 and
1.92 x 107 em™3, respectively, which was related to the VxOy clusters formed by excess V as trapping traps and
the carbon DX center as an electron capture trap formed by the relaxation of C atoms in the direction opposite to
that of the C-O bond. The generation of absorption peaks and flat regions in the transmittance spectra was
attributed to the introduction of V doping. The etch pit morphology and Raman peak intensity on the surfaces of
the (100) and (001) V-doped p-Gaz03 substrates were different owing to the anisotropy of the monoclinic lattice
structure. These results contribute to the understanding of the influence of V and anisotropy on p-GagOs3 crystals
and expand their applications in electrical and optical fields.

1. Introduction

Semiconductors have driven advances in communications, military
systems, transportation, healthcare, and countless other applications
[1-7]. Monoclinic beta-gallium oxide ($-GagOs3), as a promising
ultra-wide bandgap semiconductor material, has attracted extensive
attention in recent years owing to its large band-gap (~4.9 eV), high
critical breakdown field (~8 MV/cm), and substantially higher Baliga’s
figure of merit (BFOM, ~3400) compared to SiC and GaN [8]. Addi-
tionally, it has a shorter optical absorption edge near 260 nm, located
directly in the solar-blind region (<280 nm) [9]. Therefore, f-GayO3 has
excellent characteristics and good potential for use in high-power elec-
tronic devices and solar-blind ultraviolet (UV) photodetectors [3,10,11].

One of the significant advantages of f-GapOs when compared to
other wide-bandgap semiconductors is that it can grow large and high-
quality native substrates from the melt at low cost and high efficiency.

* Corresponding author.

At present, growth techniques for bulk $-GayOg single crystals include
the floating zone (FZ) [12,13], Czochralski (CZ) [14,15], vertical
Bridgman (VB) [16,17], and edge-defined film-fed growth (EFG)
methods [18,19]. Villora et al. successfully grew p-GayO3 single crystals
with diameters of 1 inch in different directions (<100>, <010>,
<001>) using FZ and analyzed their stable growth conditions [20].
Galazka et al. reported the growth of 2-inch-diameter p-GapO3 single
crystals with a weight of 1 kg by CZ and explored in depth the rela-
tionship between large levels of crystal volume (diameter and cylinder
length) and oxygen concentration in the growth atmosphere [14].
Hoshikawa et al. prepared p-GapOj3 single crystals in ambient air using
the VB method for the first time [16] and studied the defects [21]. A
B-Gay03 wafer up to 6 inches in diameter was obtained by EFG [22]. Tao
et al. obtained columnar p-GazO3 single crystals using the EFG method
by introducing a cylindrical Ir die [19,23]. Hence, the EFG technique is
an efficient crystal growth method that can grow large and
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special-shaped crystals. It was therefore selected as the growth tech-
nology in this study. f-Gay0s single crystals in the (100), (001), and (2
01) directions can be grown by EFG [19,22]. However, the monoclinic
crystal structure of p-GapOs with low symmetry results in physical,
electrical, and optical anisotropies. Although the basic physical and
optical properties and defects of p-GazOs crystals in different directions
have been characterized and analyzed [17,24-29], research on the
electrical and optical properties and defects in different directions is still
insufficient owing to the difficulties in growing and processing samples.

The conductivity of p-GazOs can be regulated by doping with
different elements. Effective n-type doping of bulk p-GayOs has been
realized by using shallow donor dopants, including Si, Sn, Cr, Nb, and
Ta, and the free electron concentration was in the range of 101 — 10%°
em 3 [12,30-33]. The upper limit of the electron density for Sn-doped
B-GayO3 is approximately 2 x 10'° em™3, probably because of the
high vapor pressure of SnO3 [30]. Nb and Ta with a valence of +5
provided p-GapO3 with more free electrons, bringing their carrier con-
centrations to 1.8 x 10'® and 3.0 x 10'° cm’?’, respectively [12,31].
Furthermore, V belongs to group VB of the periodic table, similar to Nb
and Ta. However, there are only a few studies on V-doped p-GagOs.
Huang et al. reported on V-doped GayOs films, and the authors of this
paper previously reported on the effect of air annealing on the properties
of V-doped B-GayOs single crystals [34,35]. Therefore, it is essential to
study the electrical and optical properties and defects of different
V-doped p-Gag03 bulk crystals with different crystal planes.

In this study, the (100) and (001) V-doped p-GapO3 crystals were
grown using the EFG approach. The crystallization quality and electrical
and optical properties of the (100) and (001) V-doped B-GayOs3 crystals
and the etch pits introduced by defects are studied and compared. The
phenomenon in which the carrier concentration of the p-GayOs crystals
doped with V increased only slightly is explained. The Raman peak in-
tensity and etch pit morphology of the V-doped $-GayOs crystals with
(100) and (001) planes are altered owing to the anisotropy of the
monocline structure. The doping of V caused p-GayOs crystals to be
introduced into the absorption peaks and flat regions. These results
contribute to a better understanding of the effects of the anisotropy of
B-Gay0s crystals and the incorporation of V on their structural, electrical
and optical properties, and defects.

2. Experimental
2.1. Preparation of crystals

2-inch (100) and (001) $-GayOs slab crystals doped with 0.20 mol%
V were grown by the EFG method. Fig. 1 show the schematic of the EFG
experimental setup. GapO3 powder (6 N) and V505 powder (4 N) were
used as the raw material and dopant, respectively. The mixed source
materials (GapOs and V,0s5) were put into an Ir crucible. A dynamic
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Die
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mixture of 50% Ar and 50% CO, was utilized as the growth atmosphere.
The Ir crucible was heated via multiple coils to a temperature slightly
higher than p-Ga;O3 melting point. After all the source materials were
melted, the melt moved upward from the crucible to the upper surface of
the Ir die via a slit through capillary action. The B-GayO3 seed crystal
then contacted with the melt on the upper surface of the die and initiated
crystal growth. The pulling direction of crystal was [010]. The pulling
up rate of the crystals was controlled in the range of 5-10 mm h™!, and
cooled to room temperature at the rate of 20-30 °C h L V-doped
B-GayOs crystals with two growth planes were successfully grown on the
upper surface of the die by controlling the orientation of the crystal
using the seed crystal.

2.2. Characterization

The crystal structures and qualities of the samples were determined
through X-ray diffraction (XRD) using a Bruker D8 ADVANCE X-ray
diffractometer (Bruker Corporation, Cu-Ka; radiation; operated at 40 kV
and 40 mA; A = 1.5406 A). The surface morphologies of the samples
were investigated using a CSPM 5500 atomic force microscope (AFM;
China, Karaltay (Beijing) Instruments Co., Ltd.) and a ZEISS LSM900
laser confocal microscope (LCM; Germany, Carl Zeiss AG, Germany).
Hall tests were performed at room temperature using an 8404 Hall
measurement system (USA, Lake Shore Cryotronics, Inc.). The optical
transmittance spectra of the crystals in the wavelength range of
200-2000 nm at room temperature were recorded by a Lambda 1050+
UV/VIS/NIR spectrometer (PerkinElmer Inc., USA). Room-temperature
Raman spectra were obtained via an iHR550 spectrometer (Japan,
HORIBA, Ltd.) with a 633 nm excitation laser source. The samples were
characterized via X-ray photoelectron spectroscopy (XPS) using an
ESCALAB 250Xi system (USA, Thermo Fisher Scientific Inc.).

3. Results and discussion
3.1. Crystal structure

The XRD patterns of (100) and (001) V-doped p-GayOs crystals are
shown in Fig. 2. The highest intensity peaks correspond to the (400) and
(002) planes (JCPDF#41-1103), respectively. Higher-order diffraction
peaks of the (600), (800), (12 00), and (004) planes were also observed.
No impurity peaks were produced by the other orientations. The XRD
analysis revealed that the V-doped GapOs crystals have a monoclinic
structure. The crystal with blue peaks belongs to (100)-oriented
B-Gay0s, and the -Gay03 crystal with red peaks has a (001) orientation.
The diffraction peaks of the (100) and (001) V-doped B-GayOs crystals
shifted slightly toward higher Bragg angles, owing to the small ionic
radius of the V ion.

[010]

X
Growth Direction
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Ir Crucible Ga,0,+V,0; powders
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=)
. ) (001) Ga,0,:V

Fig. 1. Schematic diagram of the EFG experimental setup for the growth of $-Ga;Oj3 crystals.
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Fig. 2. High-resolution XRD patterns of V-doped f-Ga,O3 crystals.

3.2. Crystal quality

The illustrations in Fig. 3 show the (100) and (001) p-GayOs single-
crystal substrates with dimensions of approximately 10 mm x 10 mm
(blue and red rectangles), respectively. The crystalline quality of (100)
and (001) V-doped p-GagOs3 crystals was evaluated using the full-width
at half-maximum (FWHM) of X-ray diffraction rocking curve. For the
(100) and (001) crystals, the diffraction planes corresponded to the
(400) and (002) crystal facets, respectively. The characterization results
are shown in Fig. 3. The FWHM values of (100) and (001) V-doped
B-Ga0Os3 substrates were 43.2 and 158.4 arcsec, respectively. It is chal-
lenging for us to obtain high quality (001) V-doped p-GasOs3 crystal due
to the growth techniques. The FWHM of the rocking curve of the (001)
crystal is nearly four times that of the (100) crystal, indicating that the
(100) B-GayOs crystal has beneficial crystalline quality. In contrast, the
poor quality of the (001) crystal is related to internal defects (e.g., dis-
locations) and stress [36].

Two- (2D) and three-dimensional (3D) surface images of the polished
(100) and (001) V-doped p-GazOs crystals were obtained using AFM, as
shown in Fig. 4. The size of the scanning area was 5 pm x 5 pm. The root-
mean-square (RMS) roughness values of the (100) (Fig. 4(a) and (b)) and
(001) crystals (Fig. 4(c) and (d)) were 0.185 and 0.282 nm, respectively.
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Fig. 3. X-ray rocking curves of the (100) and (001)-oriented V-doped
B-GayOs3 crystals.

Materials Science in Semiconductor Processing 153 (2023) 107159

Such an ultra-smooth surface indicates that the processing technology
for the crystal slab was excellent, which provides a basis for the subse-
quent preparation of high-performance devices.

3.3. Hall characterization

Ti/Al layers with a thickness of 20/100 nm were uniformly sputtered
at the four corners on one side of the (100) and (001) V-doped p-GayO3
substrates, as shown in Fig. 5(a). Better ohmic contact of the electrode
with the sample surface is a prerequisite for Hall measurement. To
improve the ohmic contact behavior, the electrodes (numbered 1, 2, 3,
and 4) were annealed at 500 °C for 30 s in an N3 atmosphere. The quality
of the ohmic contact can be verified by the current—voltage (I-V)
characteristics. Fig. 5(c) and (d) show the electrode ohmic contact I-V
characteristic curves of the (100) and (001) V-doped p-GasO3 substrates,
respectively. The current variations between 1 and 2, 2-3, 3-4, and 4-1
were almost linear (R2 > 0.9999) with the applied voltage, indicating
that both substrates had ohmic electrodes with excellent contact.
However, the I-V curves of the four pairs of electrodes (Fig. 5(c) and (d))
show a slight divergence. The divergence may be caused by three fac-
tors: (1) electrode quality, (2) sample doping uniformity, and (3)
anisotropy of the crystals. As shown from Fig. 5(c) and (d), the quality of
the electrodes is satisfactory. Curves 1-2 and 3-4 (as well as curves 2-3
and 4-1) have no anisotropic differences, so that the discretization re-
sults from uneven doping. The divergence of 1-2 and 2-3 (3-4 and 4-1)
-V behaviors was related to the latter two factors.

The electrical properties of (100) and (001) V-doped p-GayO3 crys-
tals at room temperature are listed in Table 1. The carrier concentrations
of (100) and (001) substrates were 4.30 x 10'7 em ™ and 1.92 x 10"
cm 3, respectively. The carrier concentration was one order of magni-
tude higher than that of undoped p-GapOj3 crystals (~10° cm™3) grown
by the EFG technique under the same growth conditions [36], which
demonstrated that V acted as a shallow donor to provide free electrons
to the p-GapO3 substrates. Nevertheless, compared with -GayOs crystals
with the same V doping concentration (0.20 mol%, ~10'® cm~3) grown
by the previously reported FZ method [35], the carrier concentration
was an order of magnitude lower. In the V-doped p-GapOs crystals with
different concentrations grown by the OFZ method reported previously
[37], the carrier concentration (10%-10'"® ¢m™3) increased with the
nominal content of V at 0-0.20 mol%. When the nominal composition of
V was between 0.20 and 1.0 mol%, the carrier concentration (10'8-10'°
cm ) decreased with the increase of V concentration. The samples were
tested by ICP, as shown in Table 2. It was found that the actual com-
ponents of V in 0.2 mol% and 1.0 mol% V-doped $-Ga03 grown by OFZ
method were 0.132 and 0.215 mol%, respectively. And the actual con-
tents of V in the (100) and (001) V-doped $-GayOs samples grown by
EFG were 0.177 and 0.185 mol%, respectively, which just fell within the
0.132-0.215 mol% range, so that the carrier concentration was ~10%7
cm 3. This is due to the fact that when the actual content of incorporated
V was too high, the excess V formed non-conductive VyOy clusters,
which acted as traps for capturing electrons [37]. Furthermore, part of C
from the growth atmosphere (50% CO,) entering the crystal lattice
during crystal growth [38], forming the so-called DX centers that act as
compensation acceptors [39]. As shown by theoretical calculations, C
prefers to occupy the Ga site in the tetrahedra (Gay, the -GaOs unit cell
is shown in Fig. 5(b)), producing a DX center-like behavior in which
impurities expected to be shallow donors [40,41] exhibit large lattice
relaxation and become negatively charged by trapping electrons,
effectively acting as deep acceptors [39]. In addition, we grew (100)
V-doped p-GagOs, with residual V in the furnace cavity and the Ir cru-
cible, and then grew (001) V-doped p-GayOs crystal, so the amount of V
in (001) B-GayO3 was higher than (100). The free electron concentration
of the (001) crystal was less than that of the (100) crystal, which was
caused by more V,Oy clusters and many defects that acted as traps in the
(001) crystal.
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Fig. 4. 2D and 3D AFM images of the (100) and (001) V-doped p-Ga,O3 crystals after polishing.
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Fig. 5. (a) Schematic diagram of Hall effect measurement. (b) Monoclinic structure of the p-Ga,O3 unit cell. (c and d) I-V characteristics of (100) and (001) V-doped

B-Gay03 substrates at room temperature.
3.4. XPS analysis

The constituent elements of the (100) and (001) V-doped p-GasO3
crystals were analyzed using XPS. The Ar ion beam was utilized to

bombard and clean the crystal surface before the XPS test to minimize
the impact of sample surface contamination. Fig. 6(a—c) and (d—f)
represent the deconvoluted XPS spectra of C 1s, Ga 3 d-O 2s, and O 1s of
the (100) and (001) V-doped samples, respectively. The V characteristic
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Table 1
Electrical parameters of the (100) and (001) V-doped B-Ga,O3 single-crystal
substrates.

Type  Resistivity Mobility (cm?/ Carrier concentration
(Q-cm) Vs) (cm’3)
(100) n 0.2719 54.0 4.30 x 10"
001) n 0.5786 56.0 1.92 x 10"
Table 2
ICP results of the V-doped p-GazOs3 substrates.
Sam.1 (OFZ) Sam.2 (EFG) Sam.3 (EFG) Sam.4 (OFZ)
Doping (mol%) 0.20 0.20 0.20 1.0
ICP (mol%) 0.132 0.177 0.185 0.215

peak could not be captured because the content of V was below the
lower limit of the detection equipment. The binding energy scale (284.8
eV) of the C 1s peak was used to calibrate the data.

Fig. 6(a) and (d) show the core level spectra of C1s in (100) and (001)
V-doped p-Gag0j3 crystals. The two primary peaks at 284.79 (Fig. 6(a))
and 284.77 eV (Fig. 6(d)) correspond to C-C bonds [42,43]. The
shoulder peaks near 285.61 and 287.60 eV were assigned to C-O and
C=0O, respectively [42,44], indicating that C in the growth atmosphere
entered into B-GayOs as an impurity and produced C-O and C=0 bonds
with O, thus being firmly bound within the lattice by O. The relaxation
of the C atom towards the interstitial site in the direction opposite to the
C-O bond forms a carbon DX center [45]. The lattice relaxation
encouraged C to capture free electrons in the -GayOj3 crystals and take
negative charges, acting as electron traps [39]. This corresponds to the
Hall characterization results.

For the (100) and (001) V-doped samples, the Ga 3 d peaks centered
at 20.07 (Ga®*, Fig. 6(b)) and 19.90 eV (Ga®", Fig. 6(e)), respectively,
are attributed to the Ga bonded to O in GayO3 [46]. The small peaks
located at 18.93 (Fig. 6(b)) and 18.84 eV (Fig. 6(e)) are defined as Galt
[43,46]. The weak and broad peaks located at 22.65 and 22.57 eV are
determined to be O 2s [35]. The strong peaks with binding energies
centered at 530.76 (Fig. 6(c)) and 530.59 eV (Fig. 6(f)) correspond to

Materials Science in Semiconductor Processing 153 (2023) 107159

O—Ga chemical bonds in GayOs crystals [47]. The other XPS peaks
located at 532.41 (Fig. 6(c)) and 532.22 eV (Fig. 6(f)) are attributed to
the O-C bands [43,44], further demonstrating that C enters the lattice of
the p-GapOs crystal to bond with O. The C 1s, Ga 3 d, and O 1s binding
energies of the (100) and (001) V-doped p-GasOs crystals exhibit
negligible differences.

3.5. Optical properties

The optical transmission spectra of (100) and (001) undoped and V-
doped p-GagOs3 crystals are shown in Fig. 7. The highest transmittance of
the double-sided polished undoped and V-doped B-GayOs substrates in
the visible region was approximately 80% (Fig. 7(a)). However, the
introduction of V reduced the transparency in the NIR region. This
demonstrates that V provides free electrons to B-GapOs, which is
consistent with the Hall characterization results. Interestingly,
compared to undoped B-GayOs, the introduction of V results in two
additional absorption peaks located at around 400 nm ((100) plane) and
610 nm ((100) and (001) planes). We have previously reported the
reason for these two absorption peaks [35]. A small portion of V un-
dergoes a valence state change (V4" and V3") in p-GayO3 [35]. The
appearance of the absorption peak was attributed to the crystal
field-splitting electron transitions of V4 and V3 [35,48]. Furthermore,
it has been reported that there were inherent point defects in p-Gay0s,
such as self-trapped holes, which acted as deep level acceptors and also
leaded to the generation of sub-bandgap absorption peaks at about 400
nm and 610 nm [49]. The absorption peak at approximately 400 nm was
not present for the (001) V-doped $-GayOs substrate, probably because
of the anisotropy of the crystal.

Fig. 7(b) shows the transmission spectra of all samples in the range of
200 — 700 nm. The undoped (100) p-GayOs substrate has one more
shoulder than the (001) substrate, which is similar to previous reports
[50,51]. Tao et al. [52] characterized the polarized optical trans-
mittance of (100) undoped p-GapOs crystals. It was found that the
transmittances of E//c and E//b were different, contributing to a
shoulder corresponding to the transmission of the unpolarized (100)
plane [52]. It is worth noting that V doping not only introduced ab-
sorption peaks, but also produced a flat region for both the (100) and
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Fig. 7. Optical transmittance spectra of the (100) and (001) undoped and V-doped p-Ga,Os substrates with the scanning range of (a) 200-2000 nm and (b)

200-700 nm.

(001) substrates. The flat region on the (100) V-doped $-GaOs substrate
partially overlapped with the absorption peak at approximately 400 nm.
The ultraviolet cut-off edges of the V-doped (100) and (001) planes
showed a red shift compared with that of the undoped sample. This
confirms that the optical band gap of the p-Gap0j3 crystal with V doping
also decreased correspondingly, which was due to the defect energy
caused by the V,Oy clusters expanded with increasing of V doping
concentration, leading to red shift of the cut-off edge [44]. The cut-off
edge of the (001) V-doped B-GayOs substrate was larger than that of
the (100) V-doped B-GayOs substrate, which was related to the presence
of more excess V and defects in the (001) V-doped $-GazOs crystal.

The Raman spectra of $-GayO3 samples with (100) and (001) planes
grown by EFG were recorded at room temperature, as shown in Fig. 8.
Ten Raman phonon peaks were observed for each of the (100) and (001)
B-GayOs crystals, which is consistent with the results reported in the
literature [27,35]. These Raman peaks are divided into three regions
according to the type of vibration modes [53,54]: (I) the low-frequency
(less than 250 cm’l) modes are related to the oscillation and trans-
lational motion of tetrahedral-octahedral chains, (II) the
medium-frequency (300—500 cm ™) modes originate from the defor-
mation of octahedra, and (III) the high-frequency (above 500 cm_l)
modes are ascribed to the stretching and bending of tetrahedra. After the
introduction of V into the (100) and (001) B-Gay0Os3 crystals, the intensity
of the Raman peaks in 300-500 cm ™! was significantly weakened (Fig. 8
(a) and (b)), illustrating that V replaced some of the Ga sites in the oc-
tahedron (as shown in the insets in Fig. 8 (a) and (b)).

Phonon peaks near 320 cm ™! in (II) medium-frequency modes (Fig. 8
(a)) and at approximately 766 em~in (IID) high-frequency modes (Fig. 8
(b)) were not observed. Moreover, the intensities of the Raman peaks of
the two different crystal planes were also different. These discrepancies

may be due to the different Ga-O bond interactions in p-GayOs [27].
Further research is needed to clarify this phenomenon.

3.6. Etching and defects observation

Defects on the substrate surface have higher deformation energy, and
the areas with higher energy near the surface of the substrate are pref-
erably corroded to form etch pits, whereas a smooth and flat surface
remains in the region without defects. To avoid complex corrosion
caused by scratches or damage, the p-Gao0j3 single crystals with different
crystal planes were ground and polished under the same processing
conditions.

To investigate the defects in the (100) and (001) V-doped p-Gaz03
crystals in macroscopic form, the polished substrates were etched
simultaneously in phosphoric acid (H3PO4) at 130 °C for 2 h. The typical
etch pits observed for the (100) and (001) V-doped p-GapOs3 substrates
are shown in Fig. 9. Two types of etch pits were identified: (1) oval-
shaped etch pits on the (100) surface, and (2) triangle-shaped etch
pits on the (001) surface. Fig. 9(a-c) and (e-g) display the optical mi-
croscopy images and 2D and 3D LCM images of the two types of etch
pits, respectively. Although these etch pits are randomly distributed,
they have a certain directionality. The etch pits with oval shape were
similar to those reported by Ohba et al. and Qi et al. [17,36]. The
triangular etch pits were analogous to those reported by Kasu et al. and
Tao et al. [23,28].

The cross-sectional profiles of the two types of etch pits are shown in
Fig. 9(d) and (h). The widths of the etch pits on the (100) and (001)
surfaces are approximately 14.0 pm and 19.0 pm, respectively. The
depths are approximately 330 nm and 1.2 pm, respectively. These dif-
ferences are determined to the anisotropy of f-GagOs crystals belonging

@¢ (100) (-Ga,0, b} (001) p-Ga,0,
20 () () i
~ k () () (m)
E . s [
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Fig. 8. Raman spectra of the (100) (a) and (001) (b) undoped and V-doped f-Ga,O3 substrates.
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Fig. 9. 2D optical micrographs ((a) and (e)) and LCM images ((b) and (f)), 3D LCM images ((c) and (g)) and cross-section curves of the defect pits ((d) and (h)) of the
V-doped B-Ga,O3 substrates on (100) (blue rectangle) and (001) (red rectangle) after chemical etching.

to the monoclinic structure with space group C2/m. When etching to a
certain extent, other facets will also be corroded, and the different
corrosion rates of each crystal facet will lead to differences in etch pits.
The size of the etch pits formed by dislocations can be altered via
extending the etching time, while the shape remains unchanged [17,55].
An increase in the etching time altered the morphology of the etch pits.
This implies that the etch pits were caused by void defects [55]. The
morphologies of the two types of etch pits (Fig. 9(b) and (f)) did not
change after prolonging the etching time, and the size of etch pits at the
same positions increased, demonstrating that there were dislocations in
the depth direction of these pits. The etch pit densities of the (100) and
(001) V-doped p-Gay0j3 substrates were estimated to be 9.02 x 10% cm ™2
and 1.06 x 10° cm™2, respectively. This further proves that there are
many dislocation defects in the (001) crystal, which is in well agreement
with the results of rocking curves and Hall characterization.

4. Conclusions

In conclusion, 0.20 mol% V-doped B-GayOs3 crystals with (100) and
(001) planes were grown by the EFG technique. The structure, electrical
and optical properties, and defects of (100) and (001) V-doped p-Gaz03
crystals were comprehensively studied through XRD rocking curves,
Hall effects, XPS, optical transmission, Raman spectroscopy, and
chemical etching techniques. The (100) V-doped crystal with a small
FWHM (43.2 arcsec) and low defect density (9.02 x 10° cm’z)
confirmed the extremely high crystal quality compared to the (001) V-
doped crystal. The slight increase in the carrier concentration of the V-
doped samples can be interpreted as the formation of V,Oy clusters as
electron trapping traps and the formation of carbon DX centers as
compensation acceptors. The flat region in the transmission spectra is
related to V doping. Moreover, owing to the anisotropy of the mono-
clinic structure, the Raman phonon peak strengths of the (100) and
(001) V-doped p-GayOs crystals were different, and the morphologies of
the etch pits exhibited oval and triangle shapes, respectively.
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