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Anisotropic Raman spectroscopy of a single 3-Ga,0O3; nanobelt
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The polarization dependence of the Raman spectra of a single ultra-wide 3-Ga,0; nanobelt was studied. The spectra were found
to strongly depend on the relative angle between the polarization of the incident light and the axis of the 3-Ga,O; nanobelt. Such
behavior was ascribed to the large length to width ratio of the nanostructure and its small dielectric constant. The ultra-wide
B-Ga,0O3 nanobelt was fabricated using catalyst-free thermal chemical vapor deposition.
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Monoclinic gallium oxide (3-Ga,O;) is a promising wide-
band-gap semiconductor (E,=4.9 eV at 300 K) having good
chemical and thermal stability. It can be used in a wide
range of applications, such as semiconducting lasers, as a
transparent conducting oxide, and in switching memories
and high temperature gas sensors [1-5]. In the past few
years, attention has been paid to synthesizing nanoscale
-Ga,0O; because of its potential in device applications [3].
Various fabrication methods have been developed such as
laser ablation [6], carbothermal reduction [7,8], arc dis-
charge [9], thermal evaporation [10], and chemical vapor
deposition [11,12]. Among the nanoscale structures of [-
Ga,0; nanosheets, nanobelts are important for the unique
optical and electrical properties, which result from their
quasi-two-dimensional (quasi-2-D) structure. Besides the
possible quantum confinement effects on the electrical states,
optical anisotropies due to the structural anisotropies are
expected.

Although Raman spectroscopy has been used by several
research groups to study B-Ga,O; [13,14], little attention
has been paid to the polarization dependence of the Raman
scattering of a single -Ga,O; nanobelt, although it may
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reveal the anisotropic properties of the crystalline structures.
Indeed, when the B-Ga,O; transforms from the bulk to a
2-D nanobelt, the effective electric field inside the sample
changes its orientation and thus induces polarization de-
pendence of the Raman spectra of the sample.

In this work, we report a catalyst-free and large-scale syn-
thesis of ultra-wide 3-Ga,O; nanobelts by thermal chemical
vapor deposition using pure bulk Ga (99.99999%). Raman
scattering measurements were carried out on a single ultra-
long B-Ga,O; nanobelt. We find that the Raman spectra
depend strongly on the relative angle between the polariza-
tion of the incident light and the long axis of the B-Ga,O3
nanobelt. This behavior is ascribed to the large ratio of
length to width and the small dielectric constant of the
[-Ga,03 nanobelt.

Ultra-long B-Ga,0O; nanobelts were synthesized by ther-
mal chemical vapor deposition without using a catalyst
[15,16]. The typical process is as follows: a clean silicon
wafer substrate was dried in a drying cabinet for 15 min.
Gallium metal (99.99999%) was cut into small pieces and
loaded onto a quartz boat while the Si was placed at the
downstream end of the boat, 10 mm away from the Ga
source. The quartz boat was placed in the center of a long
ceramic tube and the boat and tube were inserted into a hor-
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izontal furnace. Then the furnace was heated to 950°C, and
maintained at this temperature for 2 h in a flow of N, (flow
rate 2 sscm). Then the furnace was cooled naturally. After
cooling down to room temperature, we obtained a white
wool-like product. The morphology and microstructure of the
samples were characterized using X-ray diffraction (XRD,
Bruker D8 ADVANCE and DAVINCILDESIGN), field
emission scanning electron microscopy (SEM, Hitachi
S-4800) and transmission electron microscopy (TEM, JEOL
JEM-2100F). Raman scattering measurements were carried
out with a confocal micro-Raman spectrometer (HORIBA-
Jobin Yvon LabRam HR 800UV). We selected a single
[-Ga,0O; nanobelt with its long axis (the axis parallel to the
long side of the rectangular sample) for the Raman meas-
urement. All the Raman spectra were measured in backscat-
tering geometry using a He-Ne laser (632.8 nm) as the exci-
tation source.

Figure 1(a) illustrates the XRD of the as synthesized
B-Ga,0; nanobelts. The nanobelts and the bulk polycrystal-
line B-Ga,O; have the same diffraction peaks, which are
indexed as the monoclinic structure (a=12.23 A, b=3.04 A,
c=5.8 A). The lattice constants of the crystal are in good
agreement with previous observations [1,2,7,17]. It should
be noted that the strongest peak of the XRD signal is (400)
instead of (111). This is common in nano-sized structures
and can be explained by the size-effect and disorder arising
in the nanostructures [15]. Figure 1(b) shows the SEM im-
age of the as synthesized -Ga,O; nanobelts. The sheets are
several micrometers wide, while the length of the nanobelt
is hundreds of micrometers. The thickness of the sheets, in
contrast to the width and the length, is only dozens of na-
nometers. One can see from Figure 1(c) that the nanobelts
are intact slices peeled from the Ga ingot and the shape of
the belts is rectangular. Figure 2(a) shows the low magnifi-
cation TEM image of the B-Ga,O; nanobelts. The waving
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Figure 1 (a) XRD pattern obtained from the 3-Ga,O; nanobelts. (b), (c)
SEM images of the as-synthesized -Ga,0O; nanobelts formed from pure Ga
powder at 950°C.
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Figure 2 (a) Low magnification TEM image of the $-Ga,O; nanobelts
(the inset is the corresponding electron diffraction pattern); (b) high resolu-
tion TEM image of the area in the square in (a).

shapes can be seen clearly. The contrast observed on the
nanobelts results from bending of the nanobelts as they in-
teract with the electron beam. This is a typical electron dif-
fraction phenomenon that can be observed in metal foils
because of bending or deformation [18]. Figure 2(b) shows
the high resolution TEM image of a single nanobelt. It can
be concluded from the image that the sample we fabricated
is a single-crystal structure with negligible defects. The in-
set in Figure 2(a) is the selected area electron diffraction
(SAED) pattern.

It is known that B-Ga,0O; is a monoclinic structure with
space group symmetry Cy, [13]. Group theory analysis pre-
dicts the following acoustical and optical center modes:
[o=A+2B, and I',(;=10A+4A,+5B+8B, [14] (The opti-
cal modes A, and B, are Raman active, and the other two
optical modes A, and B, are infrared active). Figure 3
shows the Raman spectra of bulk Ga,O3; and our nanobelt
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Figure 3 (a) Unpolarized Raman spectrum of bulk Ga,0s. (b) Unpolarized Raman spectrum of a single $-Ga,0O; nanobelt which is set on the Si wafer. The
A, mode cannot be resolved because of the strong intensity of the Si peak. (c) Unpolarized Raman spectrum of a single $-Ga,0O; nanobelt which is set on
glass. The A, mode appears again, while the Si (2TA) mode disappears. The inset diagram shows the geometry of the Raman measurement.

sample, excited by a 632.8 nm He-Ne laser. It can be seen
from the figure that not all the optical modes can be detect-
ed, which is in good agreement with the results that have
been reported by Dohy et al. [19]. It is possible that the
“missing” Raman modes are suppressed by the stronger
adjacent Si peaks or the other Raman peaks. Therefore, the
[-Ga,0O; nanobelts were set on glass and measured again.
We found that the A, mode, which cannot be resolved in
Figure 3(b), appears in Figure 3(c) because the strong inten-
sity of the Si peak has gone. All the Raman spectra were
measured under the backscattering geometry. The modes Bg
and Az of 3-Ga,0; nanobelts in Figure 3(b) are broader than
those from the bulk sample and they shifted a little with
respect to those of the commercial bulk Ga,O;. However,
the modes Bg and Az of B-Ga,O; nanobelts in Figure 3(c)
are similar to the same modes in Figure 3(a). It is obvious
that some spectral features in the Raman spectrum of the
B-Ga,05 nanobelt sample are related to the Si wafer, such as
the peaks at 300, 435, 620 and 670 cm”!, which result from
the two-phonon 2TA(L), 2TA(X) scattering, and a combina-
tion of optical and acoustic phonons in the X direction, re-

spectively [20].

In our experiment, the angle between the short axis along
the short side of the rectangular sample and the polarization
direction of the incident light is tuned from 0° to 360° using
a half-wave plate as shown in the inset diagram of Figure 3.
Seven peaks (106, 168, 200, 347, 416, 658 and 767 cm_l)
are detected. They correspond to the A, modes of the
B-Ga,0O5 nanobelt [14]. One can see that all the observed A,
modes show polarization dependence, demonstrating an
obvious oscillation of intensity as a function of the angle.
However, in contrast, the B, modes do not show this type of
behavior.

We fitted the intensity of all the A, modes with

1((9):1(00)-[1—1_’%1112 ej, (1)
1+p

where @is the angle between the polarization of the incident

light and the short axis of our sample and p is the depolari-

zation ratio of the Raman band [21], as shown in Figure 4.

The intensity of the Raman peaks oscillates with a period of

180°. Most interestingly, all the intensities of A, modes are
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Figure 4 The relative intensity of the 7 Raman modes as a function of the
angle 6, between the short axis of a single 3-Ga,O; nanobelt and the polar-
ization direction of the incident laser. The solid spheres are experimental
data, and the solid curves are fitted by using eq. (1). Note that all the
strongest intensity peaks are at 6=0°, 180°, 360°, while the weakest inten-
sity peaks are at £=90°, 270°.

strongest when the polarization direction of the incident
light is perpendicular to the long axis of our sample (6=0°,
180°, or 360°) and the weakest when they are parallel
(6=90° and 270°). This can be explained by the classical
theory of electric fields in dielectrics. The electric field of
the incident laser polarized perpendicular to the long axis of
the nanobelts is modulated because of the width scale com-
pared to the wavelength. This can be described as

2¢,

E =

P = E 2
E+¢,

e

where E; is the electric field in the nanobelts, E, is the exci-
tation field, £(&) is the dielectric constant of gallium oxide
(vacuum) [22]. On the other hand, the polarized electric
field parallel to the long axis of the nanobelts could be con-
sidered to be the same as that in the bulk and can be de-
scribed as

E-L1g. 3)

Since &q,0,=1.8—1.9 [14], this indicates that the intensity
perpendicular to the long axis is relatively larger than that
along the long axis and the peak intensity reveals sin®6 de-
pendence. The result we obtain from the thoery agrees quite
well with our experimental data. The large ratio of length to
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width is responsible for the novel intensity oscillation.

In summary, single B-Ga,O; nanobelts were synthesized
by a simple chemical vapor deposition method. XRD and
TEM analysis revealed that our samples are pure p-Ga,Os
and have good crystallinity. Furthermore, the polarized
Raman scattering spectra were measured for a single [-
Ga,0; nanobelt. The intensity is polarization dependent,
with an oscillation period of n. We fitted it with equations
from classical electric field theory and found the analysis
agrees well with our experimental results. The polarization
dependence of the Raman modes can be attributed to the
modulation of the electric field inside the nanobelt, which is
due to the large ratio of length to width.
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