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Gallium oxide thin films were grown by ion beam sputter deposition (IBSD) at room
temperature on Si substrates in dependence on various process parameters: primary
ion energy, primary ion species (O3 and Ar"), sputtering geometry (ion incidence
angle «, polar emission angle /3), and Oy background pressure. No substrate heating
was applied, because the goal of these experiments was to investigate the impact of
the energetic film-forming species on thin film properties. The films were character-
ized with regard to the film thickness, growth rate, crystallinity, surface roughness,
mass density, elemental composition and its depth profiles, and optical properties.
All films were found to be amorphous with a surface roughness of less than 1 nm. The
stoichiometry of the films improved with an increase in the energy of film-forming
species. The mass density and the optical properties, including the index of refrac-
tion, are correlated and show a dependency on the kinetic energy of the film-forming
species. The ranges of IBSD parameters, which are most promising for further im-

provement of the film quality, are discussed.
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I. INTRODUCTION

Gallium oxide (GagO3) is an ultrawide-bandgap semiconductor, which is gaining increas-
ing attention in recent years due to its promising material properties, such as large band
gap energy and high breakdown field strength'2. In particular, the most stable phase, mon-
oclinic 3—Gay03, has a band gap energy of about 4.9 eV, Ref.? and a breakdown field
strength of up to 8 MV /cm, Ref.? These parameters enable the use of GayOj3 in solar-blind
UV detectors and gas sensors, as well as in ultra-high power electronics. The latter is crucial
for the development of modern applications like photovoltaic inverters for wind power plants
or high-power drives for transportation systems®. Amorphous gallium oxide thin films also

have shown promising results as a transport layer in solar cells®™.

Typically, high-quality epitaxial GayO3 thin films are deposited by metal organic vapor-
phase epitaxy (MOVPE)!%!2 plasma-assisted molecular beam epitaxy (PA-MBE)!*19 or

32021 Amorphous and polycrystalline films have been also

pulsed laser deposition (PLD)
deposited using electron beam evaporation (EBE)?*?*| plasma-enhanced chemical vapor
deposition (PECVD)?*!, atomic layer deposition (ALD)?*>?% and radio frequency magnetron

sputtering (RF-MS)?*2732,

Ion beam sputter deposition (ISBD) is a physical vapor deposition (PVD) technique
known for superior opportunities for control over the properties of film-forming particles
and, therefore, over the properties of the growing films**. IBSD involves the generation of
energetic film-forming species with energies up to several hundred eV. Particle energies can
be selectively adapted to provide intrinsic heating to the growing film, enhancing surface
and bulk diffusion, while trying to minimize the formation of defects. On top of that,
locations of primary ion generation, sputtering and thin film growth are separated in space,
and the sputter geometry, ion energy, and ion species can be varied independently. Also,
the substrate can be placed at different emission angles, which gives another degree of
freedom. The spatial separation eliminates interaction between the ion source, the target,
and the substrate, and it minimizes the number of undesired processes, such as arcing or
arrival of particulates or droplets to the surface. Recently, IBSD with an Ar* ion beam was
successfully used to deposit GayOs films of high crystalline quality at substrate temperatures
up to 650 °C?**. It was shown, that the crystallinity of the films can be varied by selecting

the substrate material, growth temperature, and oxygen partial pressure.



The present work is focused on the systematic investigation of properties of gallium
oxide thin films, grown by IBSD, in dependence on various process parameters: sputtering
geometry (ion incidence angle «, polar emission angle ), primary ion energies and ion
species, as well as O, partial pressure. In the previous work, the properties of the film-
forming species were studied for the same parameter sets through the measurements of
energy distribution functions of secondary ions®>. The main aim of the work is to correlate
the properties of film-forming particles with the properties of deposited films by analyzing
the energetic impact of those particles. For this reason, the films are deposited at room
temperature, to separate the effects of substrate heating and intrinsic ion heating. In turn,
it should help to identify the process parameter space, in which these energetic effects are
beneficial for the film quality, and build a basis for the further optimization of the IBSD
process for the growth of highly crystalline GayOj3 films.

II. EXPERIMENT
A. Film deposition

The IBSD setup for film deposition is schematically shown in Figure 1. The setup consists
of a broad-beam ion source, a target holder, and a substrate holder. The ion beam source
and the target holder are placed on rotary tables with axes of rotation aligned with the
center of the target surface. By rotating the ion source and the target, the ion incidence
angle a can be set. The distances from the source to target and target to substrates are

about 15 cm.

The in-house developed broad-beam ion source is based on inductively coupled radio-
frequency (RF) plasma and is equipped with a three-grid multi-aperture extraction system
with a diameter of 16 mm?°. To minimize the grid erosion, Ti was selected as a grid material.
O, or Ar were used as the process gases with volumetric flow rates of 7 sccm or 2.5 scem,
respectively. The ion source was operated with an RF-power of 130 W, and ion energies of
FEion = 500 eV, 1000 eV, or 1500 eV. Depending on the process parameters, the total ion
beam current was between 7 mA and 14 mA. A current density profile had a Gaussian shape,
with the divergence angle of about 3° — 5° for primary ions with energies of 1 keV - 1.5 keV,

and up to 10° for ions with energies of 500 eV for 95% of the beam current3”3°. The full
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FIG. 1. Sketch of the experimental setup for ion beam sputter deposition.

widths at half maximum (FWHM) of the ion beam current profiles were about 50 mm for
Fion < 1000 eV, and around 30 mm for Ej,, = 1000 ¢V*°. The background process pressure
was varied by introducing O, into the vacuum chamber. This additional oxygen flow was
set to 5 sccm, 10 scem, or 20 scem. Combined with the flow through the ion source in case
of OF ion beam, it resulted in 4 values of O, partial pressure being studied: 8.5 x 1073 Pa,
1.7 x 1072 Pa, 2.3 x 1072 Pa, and 3.4 x 1072 Pa. In case of Ar™ ion beam, the O, partial
pressures were 8 X 1072 Pa, 1.5 x 1072 Pa, and 2.7 x 1072 Pa. The case of sputtering with
Ar™ ions without extra O, was also studied.

The substrate holder has a semi-circular shape with a possibility to place multiple sub-
strates at polar emission angles in steps of 10°. Due to the size of the ion beam source, the
minimum polar emission angle is given by f = 20° — a. The maximum polar emission angle
is f = 80°. It allowed us to mount up to 13 substrates for a single deposition (for o = 60°).
The sets of process parameters are summarized in Table 1.

The thin films were grown on Si[100] (20 x 20) mm? substrates (CrysTec). The GayO3
target was ceramic, 4 inches in diameter, 6 mm thick, with purity of 99.99%, produced by
powder sintering (Testbourne Ltd.). To prevent the accumulation of the positive charge
on the target surface, a tungsten filament cathode neutralizer*! was placed in front of the

ion beam source. The total electron emission current was obtained by ruling out the effect
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TABLE I. List of process parameter sets: Ejo, is the primary ion energy, o and 3 are the angle of
incidence and polar emission angle, respectively, ¢ is the deposition time, and dpax is the maximum

film thickness in the set.

Ion species  FEioy (V)  «a (°) B (°)? O3 pressure (Pa) t (min)  dpax (nm)
0, 500 30 -10 to 80 (10) 8.5-1073 420 76
0, 1500 30 -10 to 80 (10) 8.5-1073 300 123
0, 1000 30, 60  -40 to 80 (10) 8.5-1073 300 98, 151
8.5-1073, 1.7- 1072, 98, 105,
0, 1000 30 -10 to 80 (10) 300
2.3.1072,3.4-1072 101, 100
no Oy, 8.0-1073, 96, 96,
Ar 1000 30 -10 to 80 (10) 105
1.5-1072,2.7-1072 88, 83

& Minimum to maximum (increment).

of the charge accumulation on the energy distributions of sputtered ions*. Without beam
neutralization, the distributions were significantly affected by the charge, accumulated on
the target surface. The emission current was increased until the energy distributions stopped
changing. The final current was fixed at 120 mA, slightly above the threshold value. Since
only a portion of the emitted electrons is attracted by the space charge of the ion beam, a

higher current value is necessary to compensate the charge on the target completely.

B. Film characterization

The gallium oxide films were characterized for the film thickness, growth rates, crys-
tallinity, surface roughness, mass density, chemical composition, and optical properties.

Film thickness d and optical properties were determined using spectroscopic ellipsometry.
The growth rate was obtained by dividing the thickness d by deposition time . The spectra of
ellipsometric parameters were recorded in a wavelength range from A = 193 nm to A = 1700
nm (corresponding to the photon energies from E, ~ 6.4 ¢V to E, ~ 0.7 ¢V) at four angles
of incidence (60°, 65°, 70°, 75°) using a dual-rotating-compensator type ellipsometer RC2-DI
(J. A. Woollam Co., Inc.).



The ellipsometric data were analyzed under the assumption of a 3-layer optical model: Si
substrate - native SiO, layer - deposited gallium oxide layer. For the optical parameters of
the Si substrate and the native SiO, layer, the tabulated values from literature were used*2.
For modeling of the optical properties of the gallium oxide layer, the following complex
model dielectric function (MDF, dependent on the photon energy E,) was used for fitting

the measured data:
g(Ep) = 8I(Ep) +- 82(Ep) = €00 T+ gTL(Ep) (1>

Here £, is a high-frequency dielectric constant, which accounts for all electronic contribu-
tions outside the experimental photon energy range, and erp,(E,) is a Tauc-Lorentz (TL)

term. TL model is widely used for modeling the optical properties of amorphous or poly-

crystalline semiconductors or dielectrics in the spectral region of interband transitions**

0325,26,46,47 48,49.

and, in particular, for Gag or its alloys
The Tauc-Lorentz term is a combination of a classical Lorentz oscillator with a Tauc
joint density of states. In this work, one TL term was used. The imaginary part of the term

dependent on the photon energy £, reads

ATLBTLEO,TL(Ep - Eg,TL)2 1
(B2 — B2 ) + B2, E2 B, Ep > L,
62,TL(Ep) — p 0,TL TLp P (2)

0, E, < E,,

where Ay, Brp, and Eyp, are amplitude, broadening term, and peak transition energy,
respectively. E,rr, is the Tauc band gap energy. The real part of the term, €; 11, can be

43,44

obtained via Kramers-Kronig transformation*>**. The dielectric function is related to the

complex index of refraction n as follows:
E(Bp) = oo + E1L(Ey) = [n(Ep) +ik(B,)]" = 7%(Bp). (3)

Here n(E,) and k(E,) are the real index of refraction and the absorption coefficient, respec-
tively.

Model parameters were thickness d, TL parameters Ary,, By, Eorr, and Egrp, and
high-frequency dielectric constant e.,.

To minimize unwanted parameter correlations, a multi-sample analysis (MSA) was per-
formed, i.e. multiple datasets from a set of samples were analyzed simultaneously. Some

parameters were assumed to be the same for all samples (coupled parameters). The other
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parameters were varied independently for each sample (uncoupled parameters). In total,

the datasets of 113 samples were analyzed using one MSA.

The impact of each model parameter was evaluated with it being uncoupled. The param-
eters, which made the most impact on the fit quality and showed systematically reasonable
variations, were chosen to fit independently. In the end, the uncoupled parameters were the

thickness d and the TL parameter Arr, while all other parameters were coupled.

Grazing incidence X-Ray diffraction (GI-XRD, referred as XRD in text) and X-ray reflec-
tivity (XRR) measurements were performed using Cu radiation source at 40 kV and 40 mA
in a parallel beam geometry by a Rigaku Ultima IV diffractometer (Tokyo, Japan). Grazing
incidence X-ray diffraction measurements are performed at 1° incidence angle, from 10° to
90° with a step size of 0.02° and a scan speed of 1°/min. The XRR patterns were obtained
with a step size of 0.002° and a scan speed of 0.25°/min. XRR data analysis was conducted
with the Globalfit software®.

The surface topography was measured by atomic force microscopy (AFM) with a large
sample scanning force microscope Bruker Dimension ICON. The device was operated in Tap-
ping Mode™ and in xy-closed loop configuration. An area of (2 x 2) ym? was scanned with
a resolution of 1024 x 1024 pixels. The root mean square (RMS) roughness was calculated

from the images.

The composition of selected gallium oxide films was determined by Rutherford backscat-
tering spectrometry (RBS) measurements using singly charged He ions with an energy of 1.9
MeV. The RBS spectra were analyzed with regard to film composition and thickness using

XRUMP®!.

Time-of-flight secondary ion mass spectrometry (ToF-SIMS; system ”TOF.SIMS 57 by
IONTOF) was used for depth profiling of the thin film sample composition. The analysis
was done by a 15 keV Ga™ ion beam, while the analysis scan field of (50 x 50) um? is centered
within the (300 x 300) ym? sputter crater. Film composition including trace element profiling
is performed in positive mode with a mass resolution of 8500. For sputtering a 1 keV Ar™ ion
beam is used. The depth calibrations are provided by white light interferometry analysis of
the sputter crater depths. For quantitative evaluation of the gallium oxide film composition,

the relative sensitivity factor for oxygen is determined from RBS measurements.
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III. RESULTS

A. Film thickness and growth rates

Measured values of maximum film thicknesses d,,.x per parameter set are given in Table I.
To compare the results of different sample sets, the maximum thickness in a set was targeted
to be similar by adjusting the deposition times. Hence, it is more practical to compare the
growth rates between the sets of samples, which are obtained by dividing the thickness by

deposition time.

Figure 2 shows the polar plots of growth rates as a function of the polar emission angle
B. All angular distributions have an over-cosine, forward-tilted shape with a maximum at
angles between [ = 10° and [ = 40°. Similar tilted angular distributions were observed
33,40

previously for other materials An over-cosine shape and tilt of the distribution are

792,53 caused by an incomplete evolution of the

attributed to so-called ”anisotropy effects
collision cascades inside the target when the primary ions hit the target at a non-normal
incidence or with low energy. In these cases, energy is deposited closer to the surface and
the collision cascades become shorter because the recoil particles may leave the target after

only a few collisions.

The growth rate increases with increasing ion incidence angle v [Figure 2(a)] and increas-
ing ion energy Ei,, [Figure 2(b)], showing the impact of those parameters on the sputtering
yield Y. The growth rate as the function of the O, partial pressure does not significantly
change in case of an O ion beam [Figure 2(c)] and decreases with increasing pressure in
case of Ar™ bombardment [Figure 2(d)]. The latter is related to the oxidation of the tar-
get. As shown earlier5®| the near-surface region of an oxygen-containing target becomes
oxygen-deficient due to preferential sputtering when noble gas ions are used as primary
species and no background oxygen is supplied. If there is a supply of background O,, the
surface is reoxidized. The degree of oxidization increases with the background pressure and
the sputter yield from a more-oxidized target is usually lower than from a less-oxidized®®,

hence the growth rate of the film decreases.
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FIG. 2. Growth rates of gallium oxide thin films grown by IBSD using O; ion beam (a,b,c) or Ar™
ion beam (d) as functions of polar emission angle 5 in dependence on different process parameters:
ion incidence angle (a), incident ion energy (b), and Og background pressure (c,d). The scale in

panel (d) is twice the scale in panels (a,b,c).

B. Crystallinity and roughness

XRD patterns of selected gallium oxide films, measured in grazing incidence configuration,
are presented in Figure 3. There is no sign of the crystalline phases in the diffraction patterns
and the films can be described as amorphous. There has been no significant change observed
in diffraction patterns regarding different sets of deposition parameters. However, it is

possible to recognize a pronounced hump in the patterns (for example, OF ion beam case in
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FIG. 3. GI-XRD patterns of selected gallium oxide thin films grown by IBSD on Si substrates
at room temperature using OF ion beam (a,b) or Ar™ ion beam (b) for different combinations of
ion incidence and polar emission angles (a), primary ion beam species in presence of background

oxygen (b).

Figure 3b). Although it is not trivial to distinguish between a nanocrystalline and amorphous
structure in XRD measurements, the position of the amorphous hump coincides with the
two main peaks of the crystalline 3-GayO5 phase®*, which means that some crystallization
may take place in the amorphous matrix. The small differences in the pattern shapes can
be influenced by thickness differences and the impact of the secondary Ar particles in case
of Art ion beam and are therefore inconclusive.

As determined by AFM and confirmed by XRR measurements, the roughness of the
samples yields RMS values below 1 nm without clear correlations to variations of process

parameters.

C. Mass density

Figure 4 summarizes the mass density of selected gallium oxide samples, obtained from
XRR measurements. The data show no clear systematic correlations with ion energy, in-
cidence angle, ion species, or background oxygen pressure. Nevertheless, a slight decrease
in the mass density with increasing emission angle can be noticed. It was shown earlier,
that increasing emission angle leads to the increase in the average energy of film-forming

particles®®. There are competing processes, in particular, film densification and defect for-
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FIG. 4. Mass density measured by XRR for selected gallium oxide thin films grown by IBSD using
O3 ion beam (a,b) or Ar" ion beam (b) with different process parameter sets as a function of polar
emission angle § for different incident ion energies or angles of incidence (a) and O2 background

pressure for different primary ion species (b).

mation. With the increase of particle energy, first, the film density increases due to the
enhancement of surface and bulk mobility. If the energy exceeds a certain threshold value,
defect formation becomes dominating. This leads to a decrease of mass density?*>7 5%

The averaging over all measured data gives a mean mass density value of (5.2+0.2) g/cm?.
Areal atomic density data from RBS measurements combined with film thickness data yields
similar mass density values about 5% lower.The measured density values are similar to those
previously reported for amorphous gallium oxide thin films?!32:60.61

90% of the bulk density of 3-GayO3 (5.95 g/cm?,%?).

, generally not exceeding

D. Composition

RBS measurements of selected thin films showed oxygen concentrations of about 59 at.%
- 63 at.%. In the films, deposited by sputtering with Ar* ion beam, small traces (0.5 at.%
- 0.6 at.%) of implanted Ar are observed. Also, the films contained traces of W (< 1 at.%)
from the hot filament of the ion beam neutralizer. Figure 5 summarizes the data on the
O/Ga ratios versus scattering angle v (a), energy of incident ions (b), and background O,
pressure for different primary ion species (c¢). The O/Ga ratio tends to slightly decrease with

increasing emission angle 3 or increasing ion energy Ejq,, from O/Ga ratio & 1.7 towards the
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FIG. 5. O/Ga atomic fraction ratios measured by RBS for selected gallium oxide thin films grown
by IBSD using OF ion beam (a,b,c) or Ar" ion beam (c) with different process parameter sets
as functions of polar emission angle 8 (a), incident ion energy (b), or O background pressure for

different primary ion species (c).

stoichiometric O/Ga ratio ~ 1.5 for GasO3. This improvement of stoichiometry correlates
with the increase of the average energy of film-forming ions at higher 3 or higher Ej,,*.
Faster secondary particles provide more intrinsic heating to the growing film, promoting the
rearrangement of atoms in the lattice. The opposite effect is observed with the increasing
background O, pressure: O/Ga ratio increases.

The overstoichiometric O/Ga ratio of about 1.6 was also previously reported for films

grown by magnetron sputtering at room temperature®. With an increase of the substrate
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FIG. 6. Depth profile of oxygen concentration measured by SIMS for selected gallium oxide thin
films grown by IBSD using OF ion beam (a,b,c) or Art ion beam (c) with different process param-
eter sets: variation of the polar emission angle 5 (a), incident ion energy (b), or Oy background

pressure and primary ion species (c).

temperature, stoichiometry had improved. Present observations are in agreement with that
change in stoichiometry, with the difference that the current effect is due to the impact of

film-forming energetic particles instead of substrate heating.

Figure 6 shows SIMS depth profiles for the relative oxygen concentration for selected
samples. The oxygen concentration is determined from the intensity ratio of the GaO™
signal to the ™ Gay signal. A relative sensitivity factor of 320 4 15 is applied as obtained
from the RBS results. There are small changes of the oxygen concentration with depth, but

no systematic correlations to process parameters are observed.
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E. Optical properties

The best-fit MDF parameters from the multisample ellipsometric data analysis are listed
in Table II. Figure 7 shows the uncoupled Tauc-Lorentz (TL) parameter Ay, versus emission
angle £ in dependence on different process parameters. Overall, a decrease of Aty with in-
creasing (3 is observed for all sets involving primary O3 ions [Figures 7(a,b,c)]. Also, the Ay,
are slightly increasing with increasing angle of incidence « [Figure 7(a)] or increasing back-
ground Oq pressure [Figure 7(c)]. Aty does not show a clear dependence on the ion energy
[Figure 7(b)], except for the slight change in the shape of angular distribution. Parameter
sets with primary Ar" ions [Figure 7(d)] show somewhat different angular distributions.
When background oxygen is present, App, monotonously decreases, and the decrease is more
prominent than with primary oxygen ions. If no background oxygen is present, the angular
distribution has a distinct shape (black line): at first, the value increases and then drops

after 5 = 40°.

These effects can be associated with the impact of film-forming particles through cor-
relation with index of refraction and mass density. Figure 8 shows spectra of the index of
refraction n for selected samples. In Figure 9 the index of refraction n at a wavelength of
A = 633 nm is plotted as a function of the mass density. It shows that the index of refraction
and mass density are correlated, which was also previously observed for IBSD of TiO, and
Si0,%3. The index of refraction and Ay, are generally decreasing with increasing energy of
film-forming species, and, therefore, kinetic impact on the growing film. The general change
in shapes of Aty () distributions in the case of primary Ar™ ions may be partially explained
by the presence of fast Ar particles, scattered from the target®*, which bring additional
energy to the surface and, hence, the faster decrease at higher 5. When no background
oxygen is supplied to the system (Figure 8(d), black data points), the Arp(5) distribution
appears noticeably different even to other cases involving Art ions. Although there is no full
understanding behind this difference in shape, the sputtering with and without a surround-
ing oxygen atmosphere is distinctly different. If no additional oxygen is present, the target
surface faces an oxygen deficiency due to preferential sputtering. Therefore, the amount of
sputtered oxygen particles is limited to those already present in the target. By adding oxy-
gen background gas, the target surface gets reoxidized and more oxygen can be sputtered.

Previous studies of the properties of secondary particles confirmed this*. It was shown that
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TABLE II. Best-fit Tauc-Lorentz model parameters of the multisample ellipsometric data analysis

of gallium oxide thin films grown by IBSD. Numbers in parenthesis represent the 90% confidence

limits.
Parameter Value
Number of samples 113
Eco 1.83 (< £0.01)
Arp® 124-160 (+0.6)
Eq 1, (eV) 4.25 (< £0.01)
Ey 1, (eV) 5.62 (< £0.01)
Bry (eV) 5.40 (£0.01)

& Parameter is varied independently for each sample (uncoupled).

the energy distributions of secondary oxygen ions (atomic and molecular) gain considerable
intensity upon switching on the oxygen background gas, while the further increase of oxygen
background pressure almost does not affect the energy distributions. The energy distribu-
tions of sputtered Ga ions and scattered Ar ions show only small changes. Furthermore,
an understoichiometric composition can be expected in this case, which may be related to
the uncertainty in RBS data [Figure 5c|. This understoichiometry would affect the elec-
tronic structure of the material and, hence, the dielectric function and the Tauc-Lorentz

parameters. However, it should be studied further to gain a deeper understanding.

The values of the optical band gap F, and index of refraction n at a wavelength of A\ = 633
nm, obtained for amorphous gallium oxide thin films from ellipsometric analysis in this work

23,25,26.29 " are presented in Table IT1. The index of refraction n (A = 633 nm)

and in literature
yields same values around 1.8-1.9. The ellipsometric study of the epitaxial f—GayO3 films

and single crystals reported values of 1.9-2.0%7.

The optical band gap E, in the present work is a coupled parameter in the multisample

25,26 which reported

analysis. The resulting value of 4.25 eV is slightly lower than in Refs.
4.51 eV and (4.63 £+ 0.05) eV, respectively. The optical band gap energies of epitaxial

B—Gay03 films were reported to be in the range of (4.4 — 5) eV, Ref.%".
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TABLE III. Band gap energy E, and index of refraction n of amorphous gallium oxide thin films,

obtained from the ellipsometric analysis. Data were taken from this work and Refs.?325:26:29,
This work Ref.? Ref.26 Ref.?? Ref.?
Deposition technique IBSD ALD PEALD RF-MS RF-MS, EBE
MDF model Tauc-Lorentz  Tauc-Lorentz Tauc-Lorentz Cauchy Cauchy
E; (eV) 4.25 (< £0.01) 4.51 4.63 (£0.05) - -
n (A~ 633 nm) 1.83 - 1.88 1.91 1.85 (£0.01) 1.8 1.89

2 Value taken for the samples grown at room temperature, Figure 8 from Ref.??

IV. CONCLUSIONS

Gallium oxide thin films were grown by IBSD from a ceramic GayO3 target with system-
atically varied process parameters, such as sputtering geometry (ion incidence angle o and
polar emission angle /3), incident ion energy, ion species, and background oxygen pressure.
The films were grown on Si substrates at room temperature to focus on the influence of
film-forming species on the film properties, such as kinetic impact and intrinsic heating.
The following film properties were investigated: film thicknesses, growth rates, crystallinity,
surface roughness, mass density, elemental composition and its depth profiles, and optical

properties.

All deposited films were smooth (RMS roughness < 1 nm) and amorphous regardless
of the process parameters. The angular distributions of the growth rates have over-cosine
shapes with maximum values between [ = 10° and 8 = 40°. Higher incidence angle o and
higher energy of primary ions increase the growth rate. The increase of the background
oxygen pressure has no significant effect on the growth rate in the case of the OF ion beam,
but leads to its reduction in the case of the Ar™ ion beam due to the oxidation of the
target. Sputtering with Ar™ ions has 2-3 times higher sputter yield than with OF ions,
which is expected but brings up another topic: the elemental composition of the film. The
use of Ar" ions leads to implantation of fast scattered Ar particles into the film, yielding
a relative amount of 0.5 at.% - 0.6 at.%. Whether this can be tolerated depends on the
particular application for the deposited gallium oxide films. Additionally, traces of W (< 1

at.%) were found, which originate from the hot-filament beam neutralizer. The use of a
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FIG. 7. Best-fit model parameter Ay, as a function of emission angle 8 of the multisample analysis
of the ellipsometric data of gallium oxide thin films grown by reactive IBSD using O; ion beam
(a,b,c) or Ar™ ion beam (d). Data are shown in dependence on ion incidence angle «a (a), ion

energy Eion (b), O2 background pressure (c,d).

shield between the primary ion beam and the substrate holder, or an RF plasma bridge
neutralizer® can be used to avoid the contamination. The analysis of the O/Ga ratio shows
that the stoichiometry close to the desired value of 1.5 is achieved at higher ion energies
and polar emission angles, and lower background oxygen pressures. This effect is correlated
with the increase of the average energy of film-forming species. Next, the depth profiles
of the oxygen concentration show no systematic dependencies on the process parameters.
Finally, the mass density and the optical properties, such as the index of refraction n, show
a noticeable correlation and confirm the expected dependency on the kinetic impact of the

film-forming ions. However, unlike the O/Ga ratio, they tend to decrease with increasing f,
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which can be related to the formation of defects due to excessively high energies of secondary
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particles that impact the growing film.

To sum up the analysis: The energetic impact of film-forming species is not sufficient for
the growth of crystalline gallium oxide films at room temperature, and substrate heating
is still necessary. However, the effects of energetic impact on the growth rate, film stoi-
chiometry, mass density, and optical properties are present. By taking the values of these
parameters reported for epitaxial -GayOg films by others as reference, the following IBSD
configuration can be chosen within the parameter ranges of the present work: O ions as
primary species, Ej,, = 1000 eV or higher, a = 60°, 10° < [ < 40°, and Oy background
pressure < 1072 Pa. In these conditions, the O/Ga ratio tends to be closer to 1.5, and mass
density, optical quality and the growth rate tend to be higher. The current study can help
to tailor the IBSD process for the growth of GayOg3 films of higher quality in future experi-
ments (e.g., involving substrate heating and other substrate materials, such as sapphire or

p-GayO3) by utilizing moderately energetic film-forming species.
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