ARTICLES

Journal of Semiconductors
(2019) 40, 122801
doi: 10.1088/1674-4926/40/12/122801

JOS

Growth properties of gallium oxide on sapphire substrate by
plasma-assisted pulsed laser deposition

Congyu Hu, Katsuhiko Saito, Tooru Tanaka, and Qixin Guo*

Department of Electrical and Electronic Engineering, Synchrotron Light Application Center, Saga University, Saga 840-8502, Japan

Abstract: Gallium oxide was deposited on a c-plane sapphire substrate by oxygen plasma-assisted pulsed laser deposition
(PLD). An oxygen radical was generated by an inductive coupled plasma source and the effect of radio frequency (RF) power
on growth rate was investigated. A film grown with plasma assistance showed 2.7 times faster growth rate. X-ray diffraction
and Raman spectroscopy analysis showed -Ga,0; films grown with plasma assistance at 500 °C. The roughness of the films de-
creased when the RF power of plasma treatment increased. Transmittance of these films was at least 80% and showed sharp ab-
sorption edge at 250 nm which was consistent with data previously reported.
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1. Introduction

Gallium oxide (Ga,03) has recently attracted attention
from the science community due to its interesting properties
such as good thermal stability, high dielectric constant, and
wide bandgap!. Ga,0; has five polymorphs: a, B, y, 6, and
&2, Of its many forms, 3-Ga,Ojs receives the most attention
from researchers because it is the most stable form of Ga,0s.
B-Ga,03 has been reported for making devices such as light-
emitting diodes!], ultraviolet (UV) detectors™ 3, transparent
electrode for deep-UV devices!® 7], metal-oxide-semiconduct-
or field-effect transistors (FET)[8], and high dielectric oxide ma-
terials for FET devices!® 19, Various growth techniques, such
as molecular beam epitaxy (MBE)'" 12, pulsed laser depos-
ition (PLD)® 10. 131 sputtering!'# '3, chemical vapor depos-
itionl®, sol-gel method™, and hydride vapor phase
epitaxy'”l have been explored to obtain B-Ga,O; films.
Among these methods, PLD shows several advantages due to
completely compositional consistency from a target to the de-
posited film and it is suitable for low temperature growth of
thin films.

We have systematically investigated the substrate tem-
perature effect on the structural and optical properties of the
B-Ga,0;3 films on a (0001) sapphire substrate grown by PLD
and revealed that (201) oriented 8-Ga,0Os can be obtained at a
substrate temperature of 500 °Cl'3. We have also investig-
ated the carrier density of Si doped -Ga,0O; films on the sap-
phire substrate by PLD using the targets with different Si con-
tents and found that the carried density of the films can be var-
ied between 10'> and 102° cm~=3 by changing Si contents in
the target!'8l. While PLD is advantageous for depositing mono-
clinic 3-Ga,0s film, the growth rate of the 3-Ga,0; film using
PLD on a non-reactive O, background is quite slow. Using a re-
active oxygen ambient in the PLD $-Ga,0; film growth pro-
cess could be a promising solution to increase the growth
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rate because PLD growth of some oxide films have shown an
increased growth rate or favorable properties changes by
switching from non-reactive background to reactive back-
ground('9-24, Matsubara et all'! reported a room-temperat-
ure deposited Al-doped ZnO film by PLD in oxygen radical
background and found growth rate and crystal quality
changes related to RF power. Kakehi et al[20l found that Li con-
centration of an epitaxial LiNbO; film fabricated by PLD meth-
od is largely influenced by oxygen radical. Another report
showed significant increase of crystal quality, surface morpho-
logy, and density of Ga-doped ZnO films grown at a low tem-
perature by plasma-assisted PLD method[?'l, He et all22! com-
pared tantalum oxide deposited on quartz glass substrates us-
ing PLD in non-reactive O, background and ionized plasma-as-
sisted PLD. Film with favorable refractive index and optical
band gap was obtained when ionized oxygen plasma is at op-
timal condition. Madi et ali23] reported growth of chromium
oxide (Cr,03) by remote plasma-assisted PLD on Si substrate.
Predominance of higher oxidation state of chromium was ob-
served in Cr,0; film deposited by PLD with remote plasma.
Wakabayashi et ali24 showed that homoepitaxial growth rate
of 3-Ga,0; increases in reactive oxygen background at 800 °C
and RF power of 300 W compared to nonreactive oxygen back-
ground. However, the effect of RF power change on heteroep-
itaxial growth rate of $-Ga,O3 on sapphire substrate was not
discussed. Sapphire substrate is a popular choice for 5-Ga,03
film deposition and in this study, heteroepitaxial growth of -
Ga,0; film in reactive oxygen background was investigated. Ef-
fect of RF power of plasma source on film growth rate was sys-
tematically studied at a substrate temperature of 500 °C and
by changing RF power of plasma source from 0 to 300 W. It
was shown that $-Ga,0; film growth increased 2.7 times in re-
active oxygen compared to a nonreactive oxygen back-
ground and the surface of film is smoother when RF power in-
creases.

2, Experiment

Gallium oxide films were grown on a (0001) sapphire sub-
strate with a homemade oxygen plasma-assisted PLD system
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Fig. 1. Dependence of growth rate of film on plasma RF power ranged
from 0 to 300 W at substrate temperature of 500 °C.

which has a growth chamber, an oxygen plasma source and
a KrF excimer laser (A = 248 nm) with a frequency of 2 Hz and
energy of 225 mJ/cm?2. The oxygen plasma cell was surroun-
ded by a helical RF (13.56 MHz) coil. The sapphire substrate
was ultrasonically cleaned in methanol for 20 min and again
in acetone for 20 min. Then, the substrate was etched in a
hot acidic solution H3PO,4 : H,SO, (1 : 3) for 5 min to remove re-
sidual oxides on the surface. Finally, it was rinsed with deion-
ized water and followed by N, blow drying before the sub-
strate was introduced into the growth chamber. Facing the
substrate, a 99.99% pure Ga,0; ceramic disk was set as the
target. Prior to deposition, the growth chamber was evacu-
ated to pressure below 5 x 10-¢ Pa with a turbo molecular
pump. High purity oxygen gas (99.999%) was then intro-
duced into the oxygen plasma cell through a mass flow con-
troller. The oxygen pressure used in this work was kept at
0.01 Pa and substrate temperature was kept at 500 °C while
applied RF power was varied from 0 to 300 W. The growth
time was 180 min for all samples.

After growth, the thickness of the films were determined
by a step profile analyzer. The structural properties of the
films were characterized by X-ray diffraction (XRD) (Cu anode,
Ka line, A = 1.54 A). Raman measurements were performed
on a Horiba Jobin Yvon LabRAM HR 800 system with an Ar
laser operating at a wavelength of 488 nm as the excitation
source at room temperature. Optical transmittance spectra
were measured by a UV-vis spectrophotometer. Surface mor-
phology and roughness of the films were determined by an
atomic force microscope (AFM).

3. Results and discussion

Fig. 1 shows the dependence of film growth rate for (-
Ga,0; on RF power at 500 °C. Film grown in plasma gener-
ated oxygen radical background shows significant increase in
growth rate compared to film grown in non-reactive O, ambi-
ent. The growth rate of film in oxygen radical background
was 2.7 times faster than film grown in non-reactive oxygen
ambient (at 0.01 Pa). The 100 and 200 W samples had similar
growth rate of 105 and 104 nm/h, respectively and the 300 W
sample grew only slightly faster at 113 nm/h. In other words,
increasing RF power of the plasma source made a small in-
crease to film growth rate.

XRD patterns of 6-260 scan for the samples fabricated
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Fig. 2. XRD 26/6 scan for films fabricated at 500 °C and RF power
ranged from 0 to 300 W.
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Fig. 3. Raman scattering spectra of samples prepared at substrate tem-
perature of 500 °C and power ranged from 0 to 300 W.

with different RF power are shown in Fig. 2. All samples
showed diffraction peaks at 18.9°, 38.2°, 58.9°, and 82.0° and
by comparing these peaks to data in the International Cen-
ter for Diffraction Data catalog, these peaks correspond to
(201), (402), (603), and (804) planes of monoclinic 3-Ga,0s, re-
spectively.

Raman spectra, shown in Fig. 3, are obtained at room tem-
perature for 3-Ga,0; films fabricated at different RF power to
confirm the crystal structure. Raman spectroscopy identifies vi-
brational mode in a crystal structure. Raman shift peaks were
identified for all samples ranging from 100 to 1000 cm~'. For
the 100 W sample, peaks were observed at 144, 167, 198.5,
350.4, 470, 652.6, and 767.8 cm~' and assigned to phonon
mode of By, Ay, Ag®), AJO/By3), AJD/By¥, AJO/By), and
A419, respectively by comparing these peaks to the data of
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Table 1. Phonon modes for different samples compared with bulk -
Ga203.

Peak location (cm~1)

Phonon mode

OW  100W 200W 300W Bulk
- 144 1434 1421 147 B,?
- 167 167 166.4 169 Ay
198.5 1985 1985 1985 199 A
- 3483 3452 3446 346/353 A ®/ByB)
- 4707 - - 475/475 Ag7)/By™
6526 6526 6526 6526 651/657 By ®)/Ag®)
- 767.8 7684 763 763 A1
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Fig. 4. (Color online) Transmittance of films fabricated at fixed sub-
strate temperature of 500 °C but RF power ranged from 0 to 300 W.

bulk monoclinic 8-Ga,05!2°. Similarly, peaks of all samples and
their respective phonon modes are summarized in Table 1.
The results in Table 1 were consistent with the XRD analysis
that all samples discussed above were monoclinic 3-Ga,0s. It
is noted that several peaks are not observed in the 0 W
sample. This is probably because the intensity of peak ob-
served for 0 W sample was much weaker than intensity of oth-
er samples and weak peaks cannot differentiate itself from
the noise. This could be a result of insufficient thickness or de-
terioration in crystal quality.

The transmittances of the films, shown in Fig. 4, were
above 80% in the visible and UV regions and sharp absorp-
tion edges were observed around wavelength of 250 nm for
all the films grown in ambient oxygen radical. In addition, ab-
sorption edge of the samples with plasma treatment are steep-
er than the adsorption edge of the sample without plasma
treatment but this is because the thickness of the films are
not the same.

Fig. 5 shows morphology of samples by AFM. The sur-
face morphology of sample without plasma treatment
showed column shaped crystallites. This is a sign of typical is-
land growth. Samples with plasma treatment also showed
column shaped crystallites. The columns in AFM image of
samples with plasma treatment are finer, denser, and tren-
ches in between columns are shallower as applied RF power in-
creases. it is also shown in Fig. 6 that the root mean squared
(RMS) roughness of samples with higher RF power treatment
is much lower than the samples with lower RF power plasma
treatment or no treatment. In addition, the RMS roughness
for samples with plasma treatment appears to decrease lin-
early with respect to the RF power applied.
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Fig. 5. (Color online) Surface morphology of Ga,0O; film at 0.01 Pa and
at (a) 500 °C, 0 W; (b) 500 °C, 100 W; (c) 500 °C, 200 W; (d) 500 °C, 300 W
ona10x 10 um? area.

As shown from the above results, plasma treated sam-
ples show a significant increase of heteroepitaxial growth
without losing crystallinity compared to a film without plas-
ma treatment. One possible explanation is that crystalliza-
tion growth of 3-Ga,0; follows the metal-insulator transition
mechanism as proposed by Nagarajan et all2%, During crystal-
lization, nucleation site starts to form. As the nucleation site ex-
pands, it uses more oxygen and leaves gallium atoms in high-
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Fig. 6. Dependence of root-mean-squared surface roughness of Ga,0;
film on RF power ranged from 0 to 300 W at fixed substrate temperat-
ure of 500 °C.

er concentration in the amorphous region. In other word, the
process of (3-Ga,0; crystallization “pushes” the gallium atom
concentration higher in the amorphous region.

When plasma treatment was not applied, the deficiency
of oxygen atom near the surface makes it much more likely
to form the gaseous, volatile gallium suboxide, such as Ga,O.
This process was repeatedly reported in several studies of
Ga,0; growth in MBE processi?’- 281, When plasma treatment
was applied, oxygen radicals migrated deep into the film and
mitigated the formation of gallium concentration near the
film surface. Zhen et all?9! used an oxygen isotopic tracer to
show that the concentration of background monoatomic oxy-
gen in SnO, film deposited by plasma-assisted PLD method
was at least 50%, whereas concentration of background diat-
omic oxygen in SnO, film deposited in non-reactive back-
ground was only 1%-4%. Ambient oxygen atom migrated
much deeper into the film in reactive case than it was in non-
reactive case. The same group found similar result for ZnO us-
ing PLDBY. In addition, it is speculated that the growth rate
of the plasma treated film did not increase as the applied RF
power increased because the oxygen partial pressure and the
amount of available monatomic oxygen remains the same as
RF power increases. Since the plasma source cannot main-
tain capacitive discharge at 0.01 Pa if RF power dropped be-
low 100 W, therefore is impossible to see if growth rate will
gradually increase as RF power increase from 0 to 100 W.

The AFM images in Fig. 5 and roughness of surface rela-
tionship with applied RF power in Fig. 6 showed some in-
sight of the effect of increased RF power. It is speculated that
higher RF power results in more nucleation sites. As shown in
Fig. 5, the crystallites are tall and big in the film grown
without plasma treatment because the nucleation sites are
scattered sparsely. Therefore, there is enough space for the
crystallites to grow large and tall. However, as the RF power
increase, the density of crystallites columns increases. This in-
dicates that as RF power increases, more nucleation sites are
available. The same amount of arriving species had to be
shared by more nucleation sites. As a result, each crystallite is
small and short and the roughness of sample at higher RF
power showed smaller surface roughness.

4, Conclusion

Monoclinic 3-Ga,0s; films were fabricated by oxygen plas-

ma-assisted PLD method. A film grown in oxygen radical ambi-
ent is 2.7 times thicker than films grown in non-reactive O,
background. Increasing strength of RF power showed small in-
crease on growth rate of monoclinic $-Ga,0Os; film. XRD and Ra-
man spectroscopy verified that $-Ga,0O; films grown in oxy-
gen radical ambient at 500 °C. The film also showed typical is-
land growth and film grown at higher RF power showed a
smoother surface than film grown at lower RF power or no
plasma. Transmittance of these films is at least 80% and
shows sharp absorption edge at 250 nm. It is speculated that
a higher film growth rate in the reactive case is because
monoatomic oxygen can migrate deep into the as-deposited
film to support Ga,0; formation and ease the excess concen-
tration of Ga atom near the surface so that Ga,O formation is
mitigated. Further research by manipulating oxygen pres-
sure and laser pulse setting should change the crystalline qual-
ity and growth rate. In addition, using an oxygen isotopic
tracer to study the concentration of background oxygen
atom in Ga,03; would help to reveal the the mechanisms of
Ga,0; heteroepitaxial growth.
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