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ABSTRACT: f-Crystalline phase gallium oxide (#-Ga,05) is an
ultrawide bandgap material with prospective applications in
electronics and deep ultraviolet (DUV) optoelectronics and optics.
The monoclinic crystal structure of f-Ga,O; results in optical
anisotropy to incident light with different polarization states. This
attribute can lead to different optical applications in the DUV. In
this article, we investigated the optical properties of $-Ga,O; thin
films grown by pulsed laser deposition technique on sapphire
substrates with different crystallographic orientations. Marked in-
plane polarization anisotropy, determined by reflectance and
Raman spectroscopy, was observed for f-Ga,0; films deposited on an r-cut sapphire substrate. In contrast, isotropic optical
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properties were observed in f-Ga,O; films deposited on a c-cut sapphire substrate.

1. INTRODUCTION

Gallium oxide (Ga,O;) has gained increased attention in the
past few years due to its potential application in high-power
electronics, optoelectronics, and radiofrequency (RF).'™*
Ga,0; is an ultrawide bandgap material with high thermal
stability, excellent chemical and mechanical properties, and
breakdown field strength as large as 8 MV/ cm,’ making this
material suitable for high-voltage and high-temperature
applications.® Additionally, Ga,0; can be realized in several
crystalline phases, including corundum (a), defective spinel
(y), cube (8), orthorhombic (&), and monoclinic (8) Ga,0,,
each with its own unique properties for a broad range of
applications.” 8-Ga, O, which is typically achieved under high
growth temperatures (>700 °C), is the most studied crystalline
phase and has unique optical properties that makes it attractive
for various optoelectronic applications. #-Ga,O; has a bandgap
of ~4.8 eV, making it also an excellent candidate for deep UV
(DUV) photodetectors.

Monoclinic -Ga,0; has lattice constants a = 12.214 A, b =
3.0371 A, ¢ = 5.7981 A, and 8 = 103.83°,>’ and this results in
anisotropic optical polarization near the DUV bandgap energy.
Bulk and thin films -Ga,0; have been grown using different
methods'’™"* and deposition techniques.'”™>’ However, the
optical anisotropy of -Ga,0; has been only investigated in
bulk single-crystal $-Ga,05.”**° The DUV optical anisotropy
of f-Ga,O; thin films remains largely unexplored.

In the present study, we report DUV-polarized reflectance
and -polarized Raman spectroscopy measurements of -Ga,0O;
thin films deposited on (1012) r-cut sapphire substrates (r-cut
for short) and (0001) c-cut sapphire substrates (c-cut for
short). Markedly in-plane DUV optical anisotropy was
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observed for #-Ga,O; films grown on r-cut sapphire substrates
by using both optical techniques. Measured DUV-polarized
reflectance spectra of -Ga,Oj thin films deposited on r-cut are
in good agreement with simulations using the rigorous coupled
wave analysis (RCWA) technique.

2. EXPERIMENTS

B-Ga,0; films (~275 nm thick) were simultaneously deposited
on ¢- and r-cut sapphire substrates by using the pulsed laser
deposition (PLD) technique. Before the deposition, the
substrates were sonicated in acetone, isopropyl alcohol,
deionized water, and then breezed with nitrogen gas. The
samples were deposited at 750 °C growth temperature with an
initial growth chamber pressure <107 Torr. During the
deposition, an O, flow rate of 2 sccm and 25 mTorr chamber
pressure were kept constant. A sintered $-Ga,0; target was
ablated using the 249 nm wavelength of the KrF excimer laser
with a fluency and repetition rate of 2.4 J/cm® and 10 Hz,
respectively.

All fabricated samples were characterized by polarized
Raman spectroscopy, high-resolution X-ray diffraction
(HRXRD), scanning electron microscopy (SEM), and
polarized DUV reflectance and ellipsometry spectroscopy.
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Figure 1. HRXRD 260—0 scans of the (a) f-Ga,0;/c-cut and (b) f-Ga,0;/r-cut. The insets show a zoom-in of the peaks at (402) (a) and (402)

(b).

Figure 2. SEM images of the (a) -Ga,0;/c-cut and (b) f-Ga,05/r-cut.

DUV-polarized reflectance and ellipsometry were performed
using the polarized light from a xenon lamp source illuminating
the samples at fixed incident angle & = 70° (using a Horiba
Jobin Yvon UVISEL Ellipsometer) with an elliptical spot at the
sample surface with major and minor axis lengths of ~3 and
~1 mm, respectively. Reflectance and Raman measurements
were carried out by rotating the samples’ azimuth angle ¢ from
0° to 360°. The polarized reflectance spectra results were
compared with the simulated RCWA ones.

Angle-resolved Raman measurements were carried out at
room temperature using a linearly polarized 532 nm excitation
laser in backscattering geometry. A 100X objective lens was
used, and the laser light was focused to a spot size of ~1 pm.
The laser power was kept at ~10 mW. The scattered light was
dispersed by a Horiba LabRAM HR800 Confocal Raman
Microscope system and detected by a thermoelectrically
cooled CCD (charge-coupled device) camera. The $-Ga,0,
r-cut and c-cut samples were mounted on a rotatable stage and
measured at every 10° angle.

3. RESULTS AND DISCUSSION

Figure la,b shows the HRXRD diffraction patterns of the f-
Ga,0;/c-cut and $-Ga,05/r-cut thin films, respectively. The
peaks centered at 18.8°, 38.3° and 59.0° in Figure la
correspond to, respectively, the (201), (402), (603)
diffractions of a f-Ga,O, crystalline phase.””"' The peak
centered at 41.5° corresponds to the diffraction of the c-cut
sapphire substrate. In Figure 1b, the peaks centered at 25.6°
and 52.5° correspond to the r-cut sapphire substrate. The
relatively low intensity peaks centered at 24.5° and 49.9°
correspond to the (201) and (402) diffractions, respectively, of
the p-Ga,O; film. We determined the full width at half-
maximum (fwhm) of the $-Ga,O; diffraction peaks at (402)
and (402) as 0.206° and 0.884°, respectively, for the c-cut and
r-cut samples. The wider diffraction pattern peaks of the f-
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Ga,0;/r-cut suggests the crystalline grains were arranged with
a higher mosaicity, when compared to the c-cut, or the (402)
direction of the #-Ga,Oj; crystal orientation does not align with
the r-cut plane.””™*

Figure 2a,b shows representative top view SEM images of
the B-Ga,O;/c-cut and p-Ga,O;/r-cut, respectively. The
images revealed a granular morphology with no apparent
voids between adjacent grains on both samples.***”** We
determined average lateral grain sizes of ~193 and ~400 nm
for the f$-Ga,0; films deposited on c-cut and r-cut sapphire
substrates, respectively.

The optical reflectance anisotropy of the f-Ga,O; samples
was investigated using the polarized measurement setup
schematically illustrated in Figure 3. p-Polarized or s-polarized

y-axis

Figure 3. Polarized reflectance spectroscopy measurement.

light illuminates the samples at a fixed angle of & = 70°.
Reflectance measurements (R, or R,) were performed by
rotating the samples in the x—y plane (azimuth angle 0 < ¢ <
360°). The same configuration was also used in the
spectroscopic ellipsometry measurements.

Measured DUV R, and R spectra of f-Ga,O;/r-cut at ¢ =
0° are shown, respectively, in Figure 4a,b. Below the Ga,0;
bandgap energy (4.8 eV or 253 nm), the spectra show periodic
oscillations due to the constructive/destructive interference
between the film and the substrate. The peak/valley position
wavelengths of the oscillations shown in Figure 4 are in good
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Figure 5. p- and s-polarized reflectance spectra and R,/R; ratio polar plots (at 1 =210 nm or E ~ 5.9 eV). -Ga,0,/c-cut: (a) ¢ = 0°, (b) ¢ = 90°
and (c) R,/R; polar plots; f-Ga,0,/r-cut: (d) ¢ =0° (e) @ =90° and (f) R,/R; polar plots. The solid lines in (c) and (f) are guides for the eyes.

correspondence with those calculated using the Fresnel
Equations with an incident angle of & = 70° (see Figure 3).
In addition, the notable difference in reflectance between R,
(Figure 4a) and R, (Figure 4b) is attributed to the large
incident angle (6 = 70°), which is close to the film’s Brewster
angle. We verified small changes in the DUV R, and R; spectra
of -Ga,0; (for both r- and c-cut) due to thickness and
roughness variations across the sample. However, the ratio RP/
R, remained nearly uniform.

Complementary spectroscopic ellipsometry (SE) measure-
ments (not shown here) were performed to determine the
wavelength-dependent complex refractive index of the Ga,0;
samples at different azimuthal angles. The obtained refractive
indices determined from the SE experiments were used in the
simulation of R, and R, by using the RCWA method. A
multilayer model consisting of the sapphire substrate, the f-
Ga,0; film, and a thin top layer mimicking the sample surface
roughness (a 50%/50% mix of air/Ga,0;) was used in those
simulations. The simulated R and R, spectra for a f-Ga,0;/r-
cut sample for ¢ = 0° are also shown in Figure 4a)b,
respectively. A good agreement between simulated and
measured R; and R, is clearly visible in Figure 4, indicating
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that the RCWA method can be effectively used to model the
optical anisotropy of $-Ga,O; films in the DUV.

To verify the optical anisotropy of the $-Ga,O; samples, we
measured the R and R, spectra in the DUV at ¢ = 0° and ¢ =
90° as shown in Figure 5a,b and d,e. The reflectance spectra
for the f-Ga,0;/c-cut sample at ¢ = 0° (Figure Sa) and ¢ =
90° (Figure Sb) are nearly identical. In contrast, the reflectance
spectra of the $-Ga,O;/r-cut sample are very different for ¢ =
0° (Figure 5d) and for ¢ = 90° (Figure Se). The results shown
in Figure S reveal a marked optical anisotropy for the fS-
Ga,0;/r-cut sample. To further confirm the DUV optical
anisotropy of the f-Ga,O;/r-cut sample, we show in Figure
Sc/f, respectively, the polar plots (0 < ¢ < 360°) of the ratio
R,/R; (at A =210 nm or E = 5.9 eV) for the -Ga,0;/c-cut and
P-Ga,O;/r-cut samples. The ratio R,/R was used to minimize
possible fluctuations in the DUV reflectivity amplitude during
the measurements.*"** The R,/R; polar plot for the $-Ga,0,/
c-cut sample showed a nearly circular dependence with the
azimuthal angle ¢ (Figure 5c). Conversely, the R /R, polar
plot for the f-Ga,O;/r-cut sample exhibited a two-lobed
symmetry, confirming the optical anisotropy for this sample in
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Figure 6. (a) Linearly polarized Raman spectra from the -Ga,0;/r-cut sample. XX and XY refer to the linearly parallel and crossed polarization
configuration, respectively, in the laboratory coordinate system, not the sample coordinate system. Spectra from the substrates are included for
comparison, and the modes from the substrate are shaded with gray stripes. (b) Same as (a) for the -Ga,05/c-cut sample. (c—f) Rotational angle
dependence of area intensities of Béz), Ag), Ag), and Ag) modes from both $-Ga,0;/r-cut and f-Ga,O5/c-cut samples in the XX polarization
configuration. The solid lines in panels c—f are guides to the eye. All Raman data were taken at room temperature by using 532 nm laser light.

which distinct R,/R; values can be clearly verified for ¢ = 90°
(and @ = 270°) and ¢ = 0° (and ¢ = 180°).

The optical anisotropy of the -Ga,0;/r-cut sample was also
revealed in angle-resolved Raman spectroscopy measurement.
Figure 6a,b show the Raman spectra taken in linearly parallel
(XX) and linearly crossed (XY) channels from f-Ga,0,/r-cut
and $-Ga,05/c-cut samples, respectively. Spectra from the
respective substrates are also included for comparison, and the
modes from the substrate are shaded in gray stripes. f-Ga,0;
has 15 Raman-active modes, including 10 A, symmetry modes
and § B, symmetry modes.”” Raman lines below 120 cm™
(Aél) and Bgl)) were obscured by signals from the air, and thus,
we focus on modes with frequencies higher than 120 cm™. In
the spectra from both f-Ga,0;/r-cut and f-Ga,0;/c-cut
samg)les shown in Figure 6a,b, nine A; modes (from Aéz) to
Aém ) are observed in the linearly parallel channel. However,
the Aés), Aés), Aég), and Ago) modes from the f-Ga,O,/r-cut
sample and Ag’) and Aém) modes from $-Ga,0;/c-cut overlap
or are spectrally very close to the Raman lines from the
substrate. The A, modes overall are very weak and barely
observed in the linearly crossed channel. Because our laser
light polarization and the direction of laser propagation are not
aligned with the principal axes of the samples, B, modes could
also be observed in principle. A well-defined Béz) mode was
seen in both linearly parallel and crossed channels. Higher-
frequency B, modes, BS), Bg”, and Bés), are not observed
possibly because their intensities are relatively weak, and they
are spectrally close to A, modes. We performed angle-resolved
Raman measurements in which we fixed the polarizations of
incident and selected scattered light and rotated the sample in
the x—y plane, and then we plotted intensities of selected well-
defined Raman modes as a function of the rotational angle ¢.
Figure 6¢c—f show the parallel (XX) channel angle dependence
of Raman intensities of Béz), AS), Aés), and Ag7) modes from
both -Ga,0;/r-cut and $-Ga,O;/c-cut samples. It is seen that
the f-Ga,O;/r-cut sample shows anisotropy, whereas the f-
Ga,03/c-cut sample is isotropic, which agrees well with the
results found in reflectance measurements as shown in Figure

S.

The origin of the DUV polarization anisotropy of the fS-
Ga,03/r-cut can be associated with the crystalline arrangement
in the film. The XRD observations in Figure 1 support the
hypothesis that the A-Ga,O;/r-cut sample has a larger
mosaicity degree and the crystalline orientation of the grains
are not aligned with the surface of the r-cut sapphire substrate.
Instead, the (201) plane of #-Ga,Oj are aligned with the (113)
or (213) plane of the r-cut sapphire substrate.”*™>" This
corresponds to a 3-fold symmetry arrangement of the $-Ga,0O;
(201) plane rotated at every 120° angle on two of the (113) or
(213) planes of the sapphire substrate, which are inclined by
+27° from the r-cut plane.34 DUV reflectance and Raman
mode anisotropy of the -Ga,O;/r-cut shown in Figures S and
6 are due to the (201) $-Ga,Oj crystal tilted arrangement with
the (113) or (213) sapphire substrate orientations.”**> On the
other hand, the #-Ga,O;/c-cut crystalline orientation is aligned
with the sapphire c-cut plane resulting in an isotropic DUV
reflectance and Raman mode.

4. CONCLUSIONS

We investigated the optical anisotropy of }-Ga,O; films
deposited by the PLD technique on different sapphire
substrates. Polarized Raman and DUV reflectance spectrosco-
py revealed pronounced in-plane optical anisotropy for the f-
Ga,0O;/r-cut films. In contrast, f-Ga,05/c-cut films showed an
isotropic optical response due to the alignment of the grains
with the c-cut plane. The crystallographic orientation of the
grains in the f-Ga,0;/r-cut films, which is tilted away from the
r-cut plane, is the underlying origin for the observed optical
anisotropy in these samples. The results obtained here can be
prospectively important in the development of polarization-
dependent optical and optoelectronic devices operating in the
DUV.
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