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In this study, gallium oxide (Ga,O5) thin films were deposited on sapphire and n-Si substrates using Ga,05 target
by radio frequency magnetron sputtering (RFMS) at substrate temperature of 300 °C at variable RF power and
deposition pressure. The effects of deposition pressure and growth power on crystalline structure, morphology,
transmittance, refractive index and band gap energy were investigated in detail. X-ray diffraction results showed
that amorphous phase was observed in all the as-deposited thin films except for the thin films grown at low
growth pressure. All the films showed conversion to poly-crystal f-Ga,03 phase after annealing process. When
the deposition pressure increased from 7.5 mTo11 to 12.20 mTo1t, change in the 2D growth mode to 3D columnar
growth mode was observed from the SEM images. Annealing clearly showed formation of larger grains for all the
thin films. Lower transmission values were observed as the growth pressure increases. Annealing caused to
obtain similar transmittance values for the thin films grown at different pressures. It was found that a red shift
observed in the absorption edges and the energy band gap values decrease with increasing growth pressure. For
as-deposited and annealing films, increasing sputtering power resulted in the increase refractive index.

1. Introduction competitive materials such as GaN, AIN, SiC and etc. [1]. Beyond high

power devices, its high potentials on optoelectronic devices, on trans-

The outstanding properties of metal oxide materials allow them to be
used in many different application areas. Group Ill-oxide materials such
as gallium oxide (GasOs3), aluminum oxide (Al;O3) and indium oxide
(In,03) have received considerable attention recently due to their
important material properties such as high chemical and thermal sta-
bility, wide bandgap and high dielectric constant. These properties make
them very appropriate materials for many device applications especially
for high power and solar blind photo-detector devices [1]. Particularly,
GapO3 has shown industrially attractive level of high power device
performances due to the large breakdown field compared to its

parent conductive oxide materials, on sensors, make Ga;Os; important
semiconductor [2] and the number of studies has increased significantly
day by day.

Gay03 is a wide bandgap semiconductor, E; = 4.7-4.9 eV, possessing
five different phases which are commonly referred to as a, B, v, & and &.
Among these, a and p phases are the most stable phases and even more
the f phase is thermally and chemically more stable than all other phase.
Therefore, studies on gallium oxide have focused on the p phase [3-6].
Many deposition techniques have been used to produce GaOs films such
as plasma enhanced atomic layer deposition (ALD) [7], Low pressure
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chemical vapor deposition (LPCVD) [8], vacuum thermal evaporation
technique [9], radio frequency magnetron sputtering (RFMS) [10-141],
metal organic chemical vapor deposition (MOCVD) technique [15],
molecular beam epitaxy [16, 17], electron beam evaporation [18, 19],
spray pyrolysis [20, 21], sol-gel [22]. Existence of these variety growth
techniques is due to the easiness to obtain GayO3; compared to the ni-
trides and carbides.

Among these growth methods RFMS is one of the mostly used
methods. This is mainly due to its easiness and being cost efficient
compared to that of MOCVD, ALD, e-beam evaporation and MBE, having
a faster growth rate compared to that of LPCVD, ALD, MOCVD and MBE,
relatively smooth surface morphology and relatively reliable compared
that of spray pyrolysis sol-gel and thermal evaporation methods. On the
other hand, material grown by RFMS is amorphous phase. Therefore,
most of the time heat treatment above 500 °C is generally applied,
usually between 900 and 1050 °C [10, 11, 21]. This two steps growth
method improves the crystal quality by reordering the randomly ar-
ranged atoms. By this method, disadvantages of the RFMS growth
method is compensated.

In this study, two step growth of Ga;05 were carried out by RFMS by
changing growth power and growth pressure. Detailed analysis of
structural, morphological and optical analysis were conducted to indi-
cate the effects of the growth power and pressure.

2. Experimental details

Ga,03 thin films were deposited by RF- magnetron sputtering via
99.99% purity GagOs ceramic target with diameter of 2 inch and
thickness of 0.125 inch that was purchased from Plasmaterials Inc. All
films deposited at base pressure of approximately 5 x 10~ Torr. Two
sets of thin films were prepared and the details of growth parameters are
summarized in Table 1. As given in Table 1, first set of sample were
grown by changing the sputtering power, while the other parameters
kept constant, such as substrate temperature at 300 °C and target to
substrate distance to 7 cm. For the second set of samples, the growth
pressure and thus Ar rate was changed. After Ga;05 growth, possible
amorphization may take place due to fast deposition rate and non-
crystaline phases. Post-deposition annealing was performed in air
ambient at 900 °C for 1 h to transform the crystal structures into { phase
Ga0s.

In order to investigate the crystalline properties, thin films were
examined by 0-20 X-ray diffraction (XRD) measurements. For XRD
studies, a Rigaku Miniflex II Desktop X-ray Diffractometer system was
used with Cu K, radiation (1 = 1.54059 A) set at 30 kV and 15 mA.
Diffraction was obtained in the range of 20 = 20-80°. Scanning electron
microscopy (SEM) analysis was performed using TESCAN® MIRA3 XMU
at an accelerating voltage of 10 kV. Optical characterization of the
samples was carried out using a double-beam UV-Vis-NIR spectropho-
tometer (Cary 5000). Optical transmission and absorbance spectra were
taken in the wavelength range of 200-800 nm using solid sample holder
accessory. Reflectance of the samples are probed by OPT-S9000 Spec-
troscopic Ellipsometry. The measurements were made in the wavelength
range of 350-750 nm with a step size of 2 nm and at angles of incidence
of 65°, 70° and 75°.

Table 1
The experimental deposition parameters of thin film coatings with changes in
deposition pressure.

Growth Pressure Ar Temperature RF power
(mTorr) (scem) (°C) (Watt)

G3 7.5 15 300 100

G4 7.5 15 300 80

G6 7.5 15 300 120

G7 9.2 45 300 120

G8 10.4 75 300 120

G9 12.2 105 300 120
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3. Results and discussion
3.1. Structural properties

Thin films deposited at various deposition power and pressures were
analyzed with XRD measurements before and after annealing process.
XRD patterns of films produced on sapphire substrate are shown in
Fig. 1. Sapphire peak was observed at around 41.0° in all the thin films.
As seen in the figure, no crystal peaks appeared except for the thin film
G6. All the other samples showed amorphous like feature. This basically
depends on the difference in the growth conditions in which the Gé6
sample is the one grown at highest RF power and the lowest growth
pressure. Perhaps, it is due to larger energy of the Ga,;Os particles
ejected from the target which give rise to larger adatom mobility on
substrate and improves the crystal quality compared to that of other
samples. In addition, lower pressure increases the growth rate which
also has effect on the structural quality of grown material, G6 sample. It
seems that growth pressure and the RF power does not have any influ-
ence on these as-deposited thin films. Even for this G6 sample, the in-
tensity of the XRD peaks observed at 29.2, 36.8, and 56.8° are very small
and broad. But after annealing, XRD peaks belong to Ga;Os plane are
appearing for all the thin films as shown in Fig. 1(b). The nature of the
peak belong to the (004) is broad and shifts larger 2 theta degree
especially for the G9 sample as shown in Fig. 1(b). Since there are many
Gaz05 XRD peaks belong to (004), (400), (002), (—202), (—401) in that
29.0-32.0° regions given in the literature [23,24], there might a few
peaks close to each other to form a broad nature of the XRD peaks
observed. On the other hand, the diffraction peak at 37.6° is very sharp
confirming good polyerystal quality compared to that of ather thin films.
Two very close diffraction peaks are also observed between 55 and 60°.

The grain size of the crystals in the films was calculated from the X-
ray diffraction data by using the well-known Scherrer’s equation.
Table 2 summarizes the XRD findings and calculated grain sizes. Tt is
clear from the table that after annealing, peaks belong to the GayO3
appears confirming the polycrystalline nature of the grown thin films.
Maximum grain size is observed for the G6 thin film as 18.7 nm.
Apparently, lower growth pressure at high RF power is a good condition
for the structural quality of the grown Ga,;O5 thin films.

3.2. Surface morphology

Fig. 2 (a, b, ¢, g, h, i) shows SEM images for all the as-deposited
GazOs thin films grown on sapphire substrate depending on the
growth power and pressure. SEM images after annealing can be seen
under each SEM images of as-deposited samples as seen in Fig. 2. The
growth condition of the sample G6 is a variable for both sets of the
samples, i.e. for growth pressure and the power. When as-deposited
samples grown at different pressures are considered, samples G6 (7.5
mTorr), G7 (9.4 mTorr), G8 (10.4 mTorr), G9 (12.2 mTorr), it is clear
that there are grains formed on the surface especially as the growth
pressures increases. However, after annealing, it can be seen that grain
sizes get bigger. This might be indication of the crystallization of the
Gay0s5 thin films after annealing.

There is one thing very noticeable in SEM images as mentioned
above which increasing growth pressure results in columnar growth
with larger feature sizes, as the growth pressure increases. This means 3
dimensional (3D) growth phase is possible at high growth pressures. On
the other hand, 2D growth is seen especially for the lowest grown
pressure sample G6. 2D growth mode is actually called as layer by layer
or Frank-van der Merwe growth mode. In this growth mode, first whole
substrate surface covered by material to be grown and then second layer
grows on the first layer. On the other hand, in 3D growth mode (Volmer-
Weber mode), the grown material agglomerates at some certain places
and forms an island like structures on the surface. As the growth time
gets longer, growth continues on those islands and the structures seen at
higher pressures forms on the surface. It is possible to obtain growth
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Fig. 1. XRD patterns of Ga,0; thin films, as-deposited and annealed for 1 h at various deposition pressures and RF powers on sapphire substrate.

Table 2
XRD parameters of as-deposited and annealed Ga,Oj3 films at various deposition
pressure and RF power on sapphire substrate.

Sample Name 26 (deg) FWHM Assignments Grain size
(deg) (nm)
G3 As-deposited amorphous
Annealed 37.2 0.87 (-113) 9.7
41.1 0.23 sapphire -
58.0 2.64 (-313) 3.3
G4  As- amorphous
deposited
Annealed 29.2 - (004) -
37.2 - (-113) -
41.1 0.29 sapphire -
57.0 1.70 (-313) 5.0
G6  As- 29.2 _ (004) _
deposited 36.8 - (104) -
41.7 - sapphire -
56.8 - (-313) -
Annealed 29.5 0.75 (004) 11.2
37.6 0.45 (-113) 18.7
41.6 0.70 sapphire -
56.9 0.85 (-313) 10.1
58.5 1.08 (311) 7.9
G7  As- amorphous
deposited
Annealed 29.8 0.98 (004) 8.5
41.0 0.098 sapphire
58.4 1.08 (311) 7.9
G8 As- amorphous
deposited
Annealed 29.8 1.20 (004) 7.0
41.0 0.13 sapphire
58.3 0.86 (311) 9.7
G9  As- amorphous
deposited
Annealed 30.1 0.98 (004) 8.5
31.7 0.72 (-202) 11.6
42.1 0.77 sapphire -

mode changes by pressure from 2D to 3D [25]. Dislocations are formed
clearly seen on the surface of the sample G6 (see larger figure size in
Fig. §1). In addition, Fig. 2 (a) shows deposition at growth pressure of
9.20 mTorr and no clear grains observed similar to sample grown at 7.5
mTorr, G6. Fig. 2 (b) shows sputtered thin film at growth pressure of
10.40 mTorr and the average grain sizes are about 20-50 nm. After
annealing, regular nano-sized grains were formed with almost no cracks
and agglomerated particles were seen on the surface. The average par-
ticle size was measured about 40-70 nm without any agglomeration.
Fig. 2(c) shows SEM image for the sample grown at pressure of 12.20
mTorr. The agglomerated particles prefer a certain orientation with the
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highest pressure. Annealing indicates formation of the grains on the
surface of Gay03 and the grain sizes are about 100 nm.

As for the Gas03 thin films grown at same pressures of 7.5 mTorr and
different RF power, namely G6, G3 and G4, Fig. 2 (g, h, i) show as-
deposited sputtered sample, while lowest row (j,k,1) shows the
annealed sputtered samples on sapphire substrates. As seen clearly, the
as-deposited thin films show very smooth surface with apparent dislo-
cations. After annealing grains are appearing on the surface and the sizes
increases as the growth power decreases. There seems a difference be-
tween the lowest power grown thin films, G4, and the other two thin
films. The G4 sample seems that columnar growth case is the growth
mode. This growth mode might be possible, as the number of disloca-
tions increases with decreasing growth power. This increased number of
dislocations might cause the columnar growth.

3.3. Optical properties

In order to determine the optical properties of GasOj3 films grown at
various deposition pressures and RF power, transmittance (T %) of the
films was measured wavelength range of 200-800 nm at room temper-
ature. In order to ensure that the optical transmittance values of the
films independent from the substrate absorption, transmittance mea-
surements were done reference to the sapphire substrate. The trans-
mittance of Ga;Os5 thin films obtained at different pressures is given in
Fig. 3 (a) and (b) for as-deposited and annealed samples, respectively.
While the transmittance values for G6 and G7 samples are above 80% in
the visible region, the transmittance decreases for sample G8 and G9 to
around 70% in visible range. It is noteworthy that the transmittance of
Gaz0s films decreases significantly as the growth pressure increases.
Color change was observed from transparent to grayish with the
increasing sputtering pressure of Gay0j; thin films confirming the
decrease in transmittance. It might be speculated that it is due to in-
crease in the amount of Ga in the film with increasing pressure [26].
Therefore, the transmittance values of the films decrease significantly.
Annealing process supplies an extra amount of oxygen which causes the
oxidation of the Ga;0s thin films. As a result of this, transmittance of the
thin films increase. (Please see the supplementary information Fig. §2
and S3 for EDS measurements of the samples). As a result, the higher
growth pressure give rise to non-stoichiometric growth condition. On
the other hand, lower RF power condition results in the
non-stoichiometric growth condition, too, as observed for G3 and G4
samples. Therefore, the samples having a lower transmittance values
have non-stoichiometry in terms of Ga and O content.

The regions where the transmittance values of the Ga;Os films given
in Fig. 3 (a) and (b) are sharply decreased, as the spectra go from long
wavelengths to short in the transmittance which are the band-edges of
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Fig. 2. SEM images of Ga,Os thin films as-deposited and annealed for 1 h by RF magnetron sputtering at various sputtering pressures and power on sapphire
substrate (a,b,c) as-deposited G7, G8, G9, (d,e,f) annealed G7, G8, G9 (g,h,i) as-deposited G6, G3, G4 (j,k,1) annealed G6, G3, G4.

the semiconductor Ga;0s. It is seen that the absorption edge of film G6 is
quite sharp, but the absorption edges become flatter for the samples
grown at higher pressures. This indicates the higher optical quality of
the grown GasOs thin film at the lowest pressure, namely G6. Further-
more, as shown in the transmittance spectra, as the pressure increases,
the absorption edges of the films show a significant shift towards longer
wavelengths as shown in Fig. 3 (a). This is an indication that increasing
pressure give rise to a decrease in energy band gap values. On the other
hand, the samples grown at different RF power together with G6 sample
are considered, it is also seen that the absorption band-edges are very
sharp similar to that of G6. This data also indicates that Ga;05 thin films
grown at relatively lower pressures show higher optical quality. It is also
noticeable that after annealing of all the thin films show very sharp
absorption band-edges and similar transmittance values except for the
samples G3 and G4 grown at lower RF power.

1724

Further investigation about the energy band gap values were made
taking into consideration the absorption measurement. Absorption data
are converted into the absorption coefficient by well-known Beer-
Lambert laws as given below [27].

a=-In(T)

1
d

where T is the transmittance of the thin film and d is the thickness of the
film. Thicknesses of the samples were measured by elipsometry mea-
surements. The relation between the absorption coefficient and the
incident photon energy and the bandgap of the material is given by [14]

(ahv)=B (hv — E,)"

where B is a constant, kv photon energy, and n is a constant equal to V-
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Fig. 3. Transmittance spectra of Ga,Os thin films for as-deposited and annealed samples deposited at various sputtering pressures and RF power on sapphire

substrate (a) as-deposited and (b) annealed films.

for semiconductors with a direct band gap transition. The energy band

gap of the films was found by plotting (a]w)2 — hv where the slope of this
graph intersects the hraxis indicating the band gap energy of the film.
Fig. 4 (a) and (b) show the (aht/)2 — hv plots for as-deposited and
annealed thin films. As seen from the figure, there is a clear shift of the
band-edge absorption for the as-deposited samples. Samples grown at
the lowest pressure G6 and G3 has shown the largest bandgap, as the as-
deposited samples are considered. However, annealing causes the shift
of absorption band-edge to higher energy for all the samples. The
bandgap values and the measured thickness for the samples are tabu-
lated in Table 3. As seen from Table 3, band gap energy values are be-
tween 4.30 and 4.90 eV, however, it changes between 4.80 and 5.00 eV
after annealing.

Further detailed optical analysis was made by the spectroscopic
ellipsometry technique. It provides information about the optical system
that changes the polarization state of the polarized light coming onto the
material. This technique is an important thin film measurement tech-
nology for its nondestructive and sensitive advantages. The change in
the polarization state of the electromagnetic wave is determined by the
ratio of the complex reflection coefficient and, depending on the ¥ and A
values known as ellipsometric parameters,

P :& —tan'¥ &°
§

Here, p shows the ratio of the complex reflection coefficient, which is

polarized parallel to the incidence plane R,, and the complex reflection

Table 3

Bandgap energy and measured thickness values for Ga.Os thin films grown at
different pressures and RF powers on sapphire substrate before and after
annealing.

Thickness (nm) Band Gap Energy (eV)

G3 As-deposited 282.3 4.83
Annealing 266.9 4.95
G4 As-deposited 265.9 4.90
Annealing 260.9 4.97
G6 As-deposited 424.6 4.82
Annealing 408.8 5.00
G7 As-deposited 529.3 4.58
Annealing 522.0 5.00
G8 As-deposited 599.0 4.57
Annealing 543.3 4.97
G9 As-deposited 606.5 4.30
Annealing 558.8 4.80

coefficient which is polarized perpendicular to the incidence plane R;.
[14]. The ratio of R, to Ry, i.e. the ratio of amplitudes, gives the
expression of the ellipsometric ¥ parameter.

R
tan ¥ =L
R,

The phase difference between R, and R; gives another ellipsometric
parameter A.

3x10" T T T T T T T T
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Fig. 4. At various sputtering pressures and RF powers (ahv)? vs. hv plots for (a) as-deposited and (b) annealed films.
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A=4, — A,

Here, A, and A, are the phases of R, and Ry, respectively.

The Cauchy equation is an optical model that is widely used in
ellipsometric data analysis, yielding good results in the region where the
material is transparent. Cauchy equation expressing the wavelength
dependence of refractive index [27],

A B
AT

Here A and B are Cauchy parameters. Cauchy model should be used
in areas where the extinction coefficient is zero. The model used to
analyze raw ellipsometry data in this article is stacked model of Si/Si0O5/
Gay0s/Surface Roughness.

In this study, Cauchy model was selected as the model for Ga;O3 thin
film. Therefore, considering the absorption and transmittance spectra of
Gay0s films, the appropriate wavelength range for each film was
determined as 350-750 nm as shown in the transmittance spectra given
in Fig. 3. Since the intensity of the light on the film surface affects the
intensity and phase of the light reaching the analyzer, ¥ spectra were
taken by sending polarized light at different incidence angles (65°, 70°
and 75°) to the surface of GasO3 films. Fitting was performed to ensure
the agreement between the experimentally obtained ¥ values and
theoretically determined ¥ values using the Cauchy model. Fig. 5 shows
representative measurement of spectroscopic ¥ and A for sample G6
before and after annealing. The refractive indices of Ga,05 films were
determined by using the ¥ spectra where the correlation between the
theoretical model and experimental data was fit the best.

The variation of refractive index of the as-deposited and annealed
films grown under different sputtering pressure is shown in Fig. 6 (a) and
Fig. 6 (b) on the silicon substrate. In addition, when Fig. 6 is examined, it
is noteworthy that the refractive index values of Ga;Os5 films are almost

Ceramics International 47 (2021) 1721-1727

constant between the wavelength 450-750 nm for both as-deposited and
the annealed samples. However, it increases a bit at lower wavelengths.
It is also noticeable that increasing growth pressure results in increase in
the refractive index of the GayOs5 thin films. When the as-deposited and
annealed thin films are compared, the values of the refractive index
decreases for samples grown at higher pressures. It is believed that the
change before and after annealing is due to the observed differences
between the band gap energy values observed in the thin films as seen in
Fig. 4. On the other hand, observed change in the transmittance might
have effect on the observed difference. On the other hand, the variation
is very small for the thin films grown lower pressures. This might be
related similar to the observed transmittance change in the thin films
after annealing. In order for clarity, samples grown at different powers
were not included into the spectra given below. G3 and G4 samples show
similar behavior as the G6 sample. The spectroscopic refractive index
values are a bit lower, as the power decreases (Supplementary infor-
mation Fig. §4).

4. Conclusions

RF-magnetron sputtering method was successfully used to grow
GazOs thin films at different growth pressures and sputtering powers on
c-plane sapphire substrate. The grown thin films were annealed at
900 °C in air ambient and the effect of the annealing on the optical and
structural properties of the films was investigated. All the as-deposited
Gay0s5 thin films have shown amorphous behavior except for the sam-
ple grown at the lowest growth pressure, 7.5 mTorr. Annealing has
caused to convert all the thin films from amorphous phase to poly-
crystal behavior. Morphological analysis has indicated that the 3D
growth occurs, as the growth pressure increases. On the other hand, 2D
growth with dislocations has been observed. The band gap (Eg) for
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Fig. 5. The spectral dependence of ¥ and A for G6 film. The experimental data obtained and modeling curves are shown.
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Gay0s5 thin films has determined from the absorption measurements. It
has been found that there is a red shift in the absorption edges and the
energy band gap values decrease with increasing growth pressure. The
band gap of GayOs; has shown decreasing trend with increasing sput-
tering power. The refractive indices of GayOs5 films were determined by
using the ¥ spectra measured and the fit made taking into consideration
of the Cauchy model. For the as-deposited and annealed films, the
refractive index has increased with increasing deposition pressure. The
refractive index has shown also increase with increasing sputtering
power.
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