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Progress in Sputter Growth of f-Ga,O; by Applying

Pulsed-Mode Operation

Philipp Schurig, Fabian Michel, Andreas Beyer, Kerstin Volz, Martin Becker,*

Angelika Polity, and Peter J. Klar

p-Ga,0; thin films are deposited by pulsed radio-frequency (RF) magnetron
sputtering on c-sapphire substrates, using a stoichiometric Ga,O; target and a
constant gas flux of an argon—oxygen mixture. Pulsed sputtering offers a way to
overcome the restrictions of conventional sputtering. The parameters RF power
and pulse duty cycle (PDC) are varied systematically to optimize the synthesis of
Ga,03 thin films. Subsequently, the resulting as-deposited (AD) Ga,O; layers are
analyzed in terms of structural and optical properties and the results are com-
pared with those on the samples treated by postdeposition rapid thermal
annealing. Based on this analysis, the process parameters are evaluated in terms
of f-Ga,0; formation. Postdeposition temperature treatments are found to yield
a better crystal quality. However, a strong interdiffusion with the Al,O3 substrate
is observed. The optical bandgap of the sputtered thin films is found to be quite
independent of the RF sputtering power but to depend strongly on the PDC used,
whereas the layer thickness rather strongly increases with both of those growth
parameters. These evolutions are assigned to changes in the energy and ionic species
of the plasma. Traces of GaO,-related phases in addition to -Ga,Os are found in
the interphase between the growing thin films and the underlying substrate.

energy and overcome the limitations of
resource criticality is to use semiconduct-
ing materials, which consist of chemical
elements of high abundance. The different
oxide phases of copper belong to this class
of materials being sustainable and non-
toxic. In particular, p-type cuprous oxide
is of great interest, among others, as
absorber materials in heterojunction
solar cell devices in contact with n-type
semiconductor window layers.*®! The
term “window material” results from the
fact that the radiation initially passes
through this material virtually without
interaction and is absorbed subsequently
from the absorber layer. In addition to
wide-band-gap nitride semiconductors
such as GaN (3.4eV)” and Al Ga;_,N
(34 —3.75eV)"™ or oxides such as ZnO
(3.3eV),”) a material, very well suited for
such devices as a window layer, might be

1. Introduction

The quest for solar cell devices significantly contributing to sat-
isfying the world’s energy demand is on."~*! However, the only
way to enable photovoltaics to fulfill the requirements of green
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gallium sesquioxide, Ga,0s3. This material
exhibits five different confirmed phases
(a, B, 7, 6, and ¢). Its polymorphism was
first reported by Roy et al. as early as 1952.1"") Nowadays, research
on this binary oxide is still very active, as there are a wide range of
possible applications, especially for the thermodynamically most
stable phase -Ga,0;. In addition to the aforementioned hetero-
junction solar cell devices, the main reasearch topics include
optoelectronic devices like light emitting diodes!*? and UV photo-
detectors,[*!¥ electronic devices like field-effect transistors!'* and
Schottky barrier diodes,!"*™® or devices for sensing gases!'**” and
radiation.*? The prerequisite for the reliability and good perfor-
mance of such devices is a reproducible material quality assured
by standardized preparation procedures. For example, the electron
concentration has to be controlled by defined synthesis conditions
and postdeposition thermal annealing or doping. Native point
defects in p-Ga,0s are gallium vacancies, both on tetrahedral
and octahedral lattice sites, and three different types of oxygen
vacancies. However, residual impurities are needed to explain
the electrical properties observed.”? Doping with elements like
Si, Ge, and Sn on Ga sites or F on oxygen sites is feasible to estab-
lish n-type conduction.?***! Due to the intensive research partic-
ularly in the context of power devices, several review articles have
emerged on gallium oxides and their properties.l?’—>
Synthesis of bulk Ga,0j; is well established. By far the largest
number of publications deal with $-Ga,0; and certain aspects
of its versatility. Crystals of a high structural quality are available.
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They can be produced by gas phase and flux growth techniques,
as well as melt growth methods, which present a main techno-
logical advantage compared with other wide-bandgap materials
of industrial importance, i.e., gallium nitride and silicon
carbide. Although different kinds of bulk growth techniques
in different environments exist, nowadays, melt growth techni-
ques dominate due to the industrial applicability on large
scale.*™*? Demonstrably, the Czochralski method,**** edge-
defined film-fed growth (EFG),**! and vertical Bridgman (VB)
methods®® are capable of fulfilling the need of upscaling.
For example, EFG can be used to produce even 4 inch-diameter
single-crystal wafers.’”) Thin films can be realized by a variety of
techniques, chemical vapor deposition (CVD),***! metal-
organic chemical vapor deposition (MOCVD),*?l molecular
beam epitaxy (MBE),!**™*® pulsed laser deposition (PLD),>**"
and sol-gel synthesis,>*% among others. A topical review with
focus on the progress in the synthesis of bulk as well as thin films
of Ga,0; was recently given by Galazka.l*”

As growth conditions or postgrowth annealing parameters
influence layer properties like degree of crystallinity, composition,
or morphology, among others, each deposition method has its
own right to exist depending on the application sought for. The
main objective, however, is to bring in line the material properties
with economic and financial efficiency. Therefore, an increase in
the growth rate is often required to ensure use on an industrial
scale. In those cases, sputtering techniques seem to be viable
candidates for achieving this goal.’**”) Atoms ejected from the
target’s surface by energetic ion impingement are neutral unless
they are ionized, inter alia, by application of very high power to the
discharge.® The target power density, however, is limited owing
to target heating. Hence, obtaining thin layers of an insulating
material with low defect densities and high compactness is very
challenging. The process is mainly hampered by the occurrence
of arc events at the target, however, pulsing the magnetron dis-
charge has been found to stabilize the reactive sputtering process.
In pulsed DC deposition systems glow discharges with a target
power density of up to 900 W cm™2 have been obtained.” Thus,
switching from standard to the pulsed mode at constant target
power is promising to overcome the main challenge in obtaining
crystalline -Ga,0;, namely acquiring the secondary particle
energy necessary for growth along a preferential crystal orienta-
tion. However, literature concerning the influence of the addi-
tional sputter parameters, e.g. pulse duty cycle (PDC) or pulse
repetition frequency (PRF), on metal oxide growth is still scarce.

In this work, we discuss the sputter deposition of Ga,0;
thin films on c-sapphire substrates using radio-frequency (RF)
magnetron sputtering in the pulsed mode and compare the
layers obtained with thin films deposited by conventional RF
magnetron sputtering. Sputtering power as well as PDC was var-
ied. Additionally, the influence of a postdeposition thermal
annealing step is investigated. Subsequently, the Ga,05 films
were analyzed to identify a suitable growth window for -Ga,0;.

2. Experimental Section

Ga,0; thin films were grown on c-plane sapphire substrates by
conventional RF magnetron sputtering at 13.56 MHz. The sub-
strates were cleaned with acetone and methanol in an ultrasonic
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bath, dried with nitrogen, and mounted in the sputter chamber
(base pressure of 5 x 1077 mbar) subsequently. In the growth
process, a plasma of the process gas was generated between
the target and the substrate. Ions of the process gas, in our
case, a mixture of inert argon and reactive molecular oxygen
(ratio 4:1), impinged onto a target, here, a Ga,0; ceramic target
and sputter-off target atoms. These atoms along with the reactive
species of the process gas formed an oxide film on the substrate.
The RF power coupled into the plasma was generated by a
“Dressler CESAR 1312” system equipped with a “Dressler
VM 1500 AW” matching network. Additionally, the regular sput-
tering mode of the very same RF power generator was superim-
posed by a selected frequency scheme. Utilizing this mode of
operation additional parameters may be varied. Most impor-
tantly, the PDC, the on-to-off ratio of sputter time, was changed
between 10% and 70%.

The growth temperature was kept constant at 650 K based on
measuring the temperature with a thermocouple. The tempera-
ture, the actual growth temperature (surface temperature), was
expected to be considerably higher, depending on the RF power
coupled into the plasma, the target-substrate geometry, and the
target’s thermal conductivity. The temperature range was chosen
in accordance with the findings of Akazawa and Zhang et al., who
observed the threshold temperature of crystalline Ga,0; at 500
and 300 °C, respectively.">°" Details on the distinct temperature
characteristics of the setup can be found elsewhere.”

Here, we discuss two series of samples. Throughout each
series a specific process parameter was varied systematically,
whereas all the other process parameters were kept constant,
cf. Table 1. The variables chosen were RF sputter power in
series I and PDC in series II. Thus, series I resembled conven-
tional RF sputter deposition at fixed PRF and PDC values,
whereas series II illustrated the impact of using the pulsed mode
in the sputter deposition of $-Ga,03. The results of the series
were compared with measurements conducted on samples
which were conventionally sputtered using the same setup and
reported previously.””! All samples were unintentionally doped
and, thus, did not show significant electrical conductivity, which
was most likely driven by the pronounced grain structure intrin-
sic for sputtered thin films.

After all as-deposited (AD) samples were measured, and a
rapid thermal annealing process was conducted on all speci-
mens. The samples were treated at 1000 °C for 1h in ambient
atmosphere. All as-grown Ga,0; films as well as all annealed
specimens were analyzed by X-ray diffraction (Siemens D
5000) in a Bragg—Brentano ®—20 geometry. Optical transmit-
tance at normal incidence (f=0°) and relative specular reflec-
tance close to normal incidence (f = 6°) were recorded using a
“PerkinElmer Lambda 900” spectrometer. The influence of the
substrate was eliminated by measuring a substrate baseline prior
to thin-film deposition. The morphology of the sample surfaces

Table 1. Parameters used in the pulsed sputter processes for depositing
sample series | and Il.

Series RF power [W] PDC [%] PRF [kHz] Plasma on-time [min]
I 600-1000 10 1 6
I 800 10-70 1 6
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was studied by scanning electron microscopy (SEM) and atomic
force microscopy (AFM), using a Zeiss MERLIN scanning elec-
tron microscope equipped with an In-Lens detector and an AIST-
NT SmartSPM operating in the noncontact mode. Raman
spectra with a spectral resolution of 1.5 cm ™" were acquired with
a Renishaw inVia Raman microscope system using 514 nm laser
excitation. Electron-transparent samples were prepared using a
JEOL JIB-4601F dual beam system operating at 3—30kV.
Thin protective layers of carbon and tungsten were deposited
by the electron beam-assisted deposition on the surface of the
thin film. This was followed by 2 pm thick carbon and tungsten
layer deposition using the Ga ion beam. This procedure was cho-
sen to not damage the surface with impinging Ga ions during
initial growth. A cross-sectional sample was produced by thin-
ning down the sample from the substrate side to 500 nm with
a 30kV ion beam and then to 300 and 200 nm using a 15 and
10kV ion beam, respectively. Finally, the material was thinned
to about 100 nm with 5kV ions and polishing was done with a
3kV ion beam to remove the damaged layer. Transmission elec-
tron microscopy (TEM) characterization, i.e. the acquisition of
high-resolution images as well as selected-area electron diffrac-
tion (SAED) patterns, was conducted in a JEOL JEM 3010 oper-
ating at 300 kV.

3. Results and Discussion

First, we will recap tendencies observed in the conventional RF
sputter deposition of Ga,03.°”! The optical bandgap strongly
depends on the deposition parameters oxygen flux, heating power,
and RF power. Polycrystalline $-Ga,O; with an optical bandgap
and a refractive index close to the values of bulk material was
obtained under oxygen excess at a low RF power and relatively
moderate growth temperatures of about 600 °C. The general trend
of the optical bandgaps depending on RF sputtering power is
explained as follows. Less kinetic energy of the process gas ions
impinging on the target results from a lower RF power coupled
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into the plasma. Excess oxygen is required to compensate the
excess of Ga due to preferential sputtering in the particle flux
toward the substrate.®! In summary, at the fixed gas flux ratio,
increasing the RF power was found to influence the optical param-
eters the most. An increase in growth temperature resulted in an
enhanced crystal quality and a composition tending toward stoi-
chiometry. Unfortunately, the conventional RF magnetron sputter
setup is limited in further increasing heating power and lowering
RF power and, thus, achieving higher crystallinity.

A common way to overcome this drawback is to perform post-
deposition temperature treatment. Crystallinity might be enhanced
by heating the films, as atoms on the lattice may rearrange and
oxygen vacancies or interstitials may be removed, depending on
the surrounding atmosphere. However, we found that in the case
of heterostructures of Ga,03 and Al,O; (sapphire), strong interdif-
fusion occurs at the high annealing temperatures of about 1000 °C.
We found by secondary-ion mass spectrometry measurements
that after annealing for 1h, the Al content in the Ga,O; films is
increased by almost two orders of magnitude, corresponding to
atomic fractions in the order of percent, cf. Supporting Information.

Thus, an alternative way has to be sought for improving the
layer quality. To circumvent the restrictions of the conventional
continuous sputtering process, we switch to a pulsed operation.
In doing so, the sputtering power might be further enhanced to
effectively yield higher growth temperatures. Similar to conven-
tional RF sputtering the increase in applied RF power should
enhance the primary particle energy and, thus, the particles’ abil-
ity to sputter target atoms. Consequently, it is assumed that the
grown oxide layers are thicker and of enhanced crystallinity.

Figure 1 shows the results for series I, in which the RF sput-
tering power was varied for fixed PRF and PDC values of 1 kHz
and 10%, respectively. The layer thicknesses linearly increase
with the RF sputtering power from 300 to 700 nm, cf. Figure 1a.
However, they do not change much after annealing. The error
margins shown originate from the uncertainty of the refractive
index value used in thickness determination.*’ The layer
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Figure 1. a) Layer thickness and b) optical bandgap of AD and rapid thermal annealed (RTA) Ga,Oj; layers deposited on ¢-plane sapphire by varying the
pulsed RF sputtering power. Error margins given in (a) arise due to the uncertainty of the refractive index used in the analysis.*! While the layer thickness
is not affected significantly by the thermal annealing procedure, the optical bandgaps exceed in this sputter series, most likely due to the Al interdiffusion.
c) X-ray diffractograms for selected samples, deposited at 600, 800 and 1000 W, respectively. Although there is no significant influence of the RF power for
AD samples, slight changes in the reflection ratios might be detected for the annealed samples.

Phys. Status Solidi A 2020, 217, 1901009 1901009 (3 of 7)

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.advancedsciencenews.com
http://www.pss-a.com

ADVANCED
SCIENCE NEWS

physica
status
solidi
[J))

www.advancedsciencenews.com

thicknesses obtained translate to growth rates of around
50-120 nm min ' plasma on-time. Compared with the growth
rate of approximately 4-5nmmin~"' found for conventionally
sputtered layers,”) this is a significant improvement.

The optical bandgaps of the samples of series I are shown in
Figure 1b. The samples grown at the highest RF power exhibit
optical bandgaps closest to values reported for stoichiometric
$-Ga,05.1°%% At first glance, this seems contradictory to what
was obtained for conventionally sputtered samples, where the
lowest RF power yielded optical bandgaps closest to the theoreti-
cal value for stoichiometric f-Ga,05.”1 However, the general
trend of the optial bandgap values of Ga,O; with increasing
RF sputtering power is the same, as they significantly decrease
in a linear fashion from 5.1 to 4.9 eV. Thus, we tentatively assign
the cause of the findings in Figure 1b to be a superposition of two
effects: first, the effect of RF sputter power on the preferential
sputtering being the same, as shown for conventional sputtering,
and the overall shift of this tendency to higher bandgaps trig-
gered by the pulsed operation. Thus, a careful tuning of RF sput-
tering power and oxygen flux being intertwined is necessary to
yield bulk material’s optical bandgap.

After rapid thermal annealing the optical bandgaps obtained
for the Ga,0; layers increased compared with those of the
AD samples. We ascribe this enhancement to the diffusion of
Al from the sapphire substrate into the Ga,0s3 layer. Thus, meta-
stable phases like (Ga,Al)O; might be present in the polycrystal-
line structure. Additionally, there seems to be a saturation at
optical bandgaps of around 5.0 eV for the annealed samples.
As Al and Ga are chemically similar, it is possible to substitute
either easily by the other.*>) However, with increasing sput-
tering power, which translates to a larger layer thickness, this
effect slowly becomes less important as the layer thickness
exceeds the maximum diffusion length of Al in Ga,0; at
1000 °C reached after 1h.

Figure 1c shows X-ray diffractograms for selected samples,
deposited at 600, 800, and 1000 W, respectively, in the AD
state (bold) as well as after postdeposition thermal treatment
(transparent). The AD layers exhibit broad peaks of low intensi-
ties at about 30°, 38°, and 58.5°, which may be assigned to the
reflections (400), (—313), and (—603) p-Ga,0s3, although being
shifted compared with the literature values of bulk material.
However, a trustworthy assignment is rather difficult, as reflec-
tions of other gallium oxide phases like y-Ga,0; or even meta-
stable phases like (Ga,Al)O; might be superimposed.

In principle, a-phase Ga,0; shows a better lattice match with
c-plane sapphire than its f-phase. However, f-phase Ga,0s; is
more commonly observed when growth occurs on this kind of
substrate, presumably due to its lower chemical potential 5%
Furthermore, surface roughness and defect density on the
substrate surface affect the growth conditions and, thus, the
crystallization of different phases.*®*®®! For example, a shift
from f-phase to y-phase was observed when growing in an envi-
ronment containing water vapor, detrimental for the formation
of high-temperature phases.”® Thus, we expect the diffracto-
gram to change significantly after carrying out postgrowth ther-
mal treatment. Indeed, after annealing the reflections shift
significantly or even vanish completely. While the untreated
layers are mainly amorphous, at least what can be deduced
from X-ray diffraction, with exception of broad peaks not to
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be assigned to a distinct plane or phase, annealed samples show
different out-of-plane orientations of the f-phase and may be
considered polycrystalline. In particular, the (—401) and (—313)
reflections of -Ga, 03 appear, whereas reflections of the {—h01}
family of planes shift toward the value of bulk material. This is in
line with the findings of Roy et al. that gallium oxide transforms
into the p-phase at elevated temperatures, no matter which
phase had been present beforehand.!'") Another hint can be
found when comparing the samples grown in the pulsed mode
with those sputtered in the non-pulsed fashion. While the for-
mer shows reflections presumably corresponding to a superpo-
sition of various phases, the latter clearly exhibits $-Ga,0s,
although slightly strained.?”!

Thus, we suspect pulsed-mode sputtering to support the
synthesis of mixed-phase samples which then vanish under
postgrowth thermal treatment. Especially the rather strong
contributions of reflections, tentatively assigned to y-Ga,0;,
disappear. Similar to the a-phase the thermodynamic stability of
the y-phase is only metastable and changes into the pf-phase
above 650 °C."!

Series Il was deposited at different PDCs, cf. Table 1, to clarify
its impact on the thin-film growth. A PDC of 100% corresponds
to conventional RF sputter deposition. Thus, increasing the PDC
leads to prolonged sputter pulses and thus to higher plasma on-
times. To detach an influence of the PDC itself from an influence
of increased plasma on-times, the total plasma on-time was kept
constant by reducing the overall sputter time.

Figure 2a shows the dependence of layer thickness as a func-
tion of the PDC. The values obtained increase nonlinearly
between 0.5 and 2.6 pm with the highest slope in the intermedi-
ate range between 40% and 50% PDC. We tentatively assign this
evolution to changes in the energy and species of the plasma
ions. Keeping the RF sputtering power constant, the increase
in PDC is synonymous with the increase in on-time in which
the ions are accelerated. As a consequence, changing the PDC
value will affect the energy distribution, species, and cross sec-
tions of dominant primary ions and, as a consequence, the prop-
erties of the secondary target particles can be manipulated.'®”!
Thus, inter alia, the timescale for ordering at the substrate sur-
face is modified. Sputtered species may have gained enough
energy to statistically evaporate after arriving at the substrate sur-
face, resulting in a saturation behavior of the remaining layer
thickness. Additionally, it is known that pulsed-mode sputtering
increases the rate of negatively charged oxygen atoms, which may
impinge on the surface of the growing layer and induce surface
etching, resulting in reduced layer thickness. Analysis of the
distribution of plasma species and their impact on the overall
process is ongoing.

The corresponding optical bandgaps versus PDC are shown in
Figure 2b. With increasing PDC value the optical bandgaps
decrease until they reach values around 4.65 eV. Below the opti-
cal bandgap of bulk -Ga,0; the decrease might be explained by
an increased defect density caused by less time for the atomic
species to a suitable order on the substrate surface at high
PDC. Accordingly, for a given frequency, the PDC value has
to be optimized for a given sputtering power.

It should be noted that the annealing process has very limited
influence on both the layer thickness and the optical bandgaps.
If any, there is a deviation of the optical bandgaps of layers
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Figure 2. a) Layer thickness and b) optical bandgap of the AD and RTA Ga,Os layers deposited on c-plane sapphire by varying the PDC. Error margins
given in (a) arise due to the uncertainty of the refractive index used in the analysis.!**] c) X-ray diffractograms for selected samples, deposited at 20%, 30%,

and 40% PDC, respectively.

grown at low PDCs. Here, the higher bandgaps of annealed
samples might again well be attributed to Al diffusion into
the Ga,0s, as this effect is known to be more significant
for thinner samples. One might even think of alloying in the
vicinity of the substrate, resulting in the GaAlOs spinel.
More insight into this is given by the structural analysis. In this
context, Figure 2c shows the diffractogram of the layers depos-
ited at 20%, 30%, and 40% PDC, respectively. The AD layers
are shown in bold colors and the thermally treated samples
in transparent colors. Comparing the data with the diffracto-
grams shown in Figure 1c, no significant changes can be
observed. So the general trend of pulsed-mode sputtering to
support the synthesis of mixed-phase samples which then
vanish under postgrowth thermal treatment still holds. Thus,
the broad reflections at 38° and 58.5° most likely represent
the (222) and (333) reflection of y-Ga,0s3. Due to the overall
low crystalline quality, however, one has to assume rather small
7-Ga,03 domains in an amorphous matrix. After thermal
annealing the y-Ga,0; peaks vanish due to phase transforma-
tion to the f-phase, taking place above 650 °C. Thus, all reflec-
tions observed in the annealed layers may be interpreted as
p-Ga, 03, confirming better crystalline quality. However, there
also exist minor differences compared with the results shown in
Figure 1c. One such difference is the appearance of additional
or at least more pronounced reflections for the annealed sam-
ples around 30°, 44°, and 60.5°. All these reflections belong to
the {—h01} family of planes and increase in relative intensity
when the PDC is increased. It seems that the {—h01} family
of planes exhibits a comparatively high formation energy, which
is delivered only at higher duty cycles.

To further evaluate the actual crystallinity of a representative
pulsed sputtered Ga,0s thin film, we will now focus on the sam-
ple grown at 800 W RF sputter power and 30% PDC. Figure 3
shows a) the corresponding Raman spectra of the annealed layer
in comparison with those of an untreated layer and a sapphire
substrate as references, as well as the surface morphology of the
annealed and as-grown Ga, 03 samples measured by b) SEM and
c) AFM. Although it is beyond this article to evaluate the data in
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detail, both Raman spectra and the surface morphology investi-
gated via SEM and AFM, respectively, confirm a more
pronounced crystallinity after annealing.!®® Especially Raman
spectroscopy is known to very sensitively differentiate material
phases*®¢7% or locate defect structures.”" Thus, the presump-
tion of the conversion of amorphous material into f-Ga,03
throughout the discussion is further underlined.

Additionally, TEM measurements were carried out, cf.
Figure 3d-{, especially to investigate the interface region between
the Ga,03 layer and the Al,O; substrate. Figure 3d shows the
SAED pattern obtained from a thin slice of a thin film deposited
at 30% PDC. The circles in the pattern indicate polycrystalline
material.”? Therefore, the SAED pattern underlines the findings
of the XRD measurement in that polycrystalline domains in an
amorphous matrix are present. A cross-sectional TEM view,
cf. Figure 3e, enables a distinction between the polycrystalline
and amorphous domains and even differently oriented domains.
However, the most striking feature is the possibility to investi-
gate the interface region, cf. Figure 3f. It should be noted that
the interface appears to be smeared out, indicating slight
interdiffusion. As the measurements shown represent an
as-grown sample, this is most likely an effect of the impingment
of negatively charged oxygen ions.”*! Nevertheless, the structure
of the substrate continues for some nm in the Ga,0j; layer,
replacing Al atoms by Ga atoms (a brighter impression).
Thus, we tentatively assign this pseudomorphous grown region
as y-Ga,0s.

It should be noted that a-Ga,03 might also be observed at the
interface with sapphire.”*”*! Phase stabilization of a-Ga,03 was
observed on r-plane a-Al,O3 in plasma-assisted MBE up to a
film thickness of around 200 nm.”® Thus, initially the resulting
strain energy due to lattice mismatch shifts the thermodynamic
equilibrium from the stable $-Ga,O; toward the metastable
a-modification.””! However, for increasing growth times, nucle-
ation of f-phase was found on the c-plane facets of a-Ga,0s.
Here, we do not see any indication of the a-phase being present
in the interface, although we cannot rule out entirely the pres-
ence of some domains.

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. (a) Raman spectra of a representative pulsed-sputtered Ga,0O;
thin film, grown at 800 W RF sputter power and 30% PDC. The theoretical
mode positions displayed earlier were taken from Kranert et al.”® b) SEM
and c¢) AFM measurements of annealed samples in comparison with an
as-deposited layer. An increase in temperature is accompanied by an
increased amount of crystalline phase. d) SAED pattern, ) cross-sectional
TEM, and f) HRTEM measurement of the interface region between the
Ga,0; layer and the Al,O; substrate for the AD sample grown at
800 W RF sputter power and 30% PDC.

4. Conclusions

Thin films of f-Ga,03 were deposited by pulsed RF magnetron
sputtering on c-sapphire substrates. The growth rates were sig-
nificantly increased compared with those measured for conven-
tionally sputtered f-Ga,0; layers. The optical bandgap of the
sputtered thin films was found to be quite independent of the
RF sputtering power but to depend strongly on the PDC, whereas
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the layer thickness rather strongly increased with both of those
growth parameters. We tentatively assign these evolution to
changes in the energy and species of the plasma ions.
However, the overall crystal quality of f-Ga,0; is still in need
of improvement, which we assign to the presence of other
GaO,-related phases at the interphase between f-Ga,O; and
the underlying substrate.
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