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Abstract

Transparent conducting wide band gap oxides can be used in a variety of promising
applications, e. g., thin film solar cells or transparent optoelectronic devices. Exem-
plary, a Cu2O-based solar cell will represent a sustainable and non-toxic technology
with the potential for affordable costs, if the chosen window layer materials also are
sustainable and abundant. One suitable window layer material is Ga2O3 due to the
favorable conduction band position relative to that of Cu2O even though the growth
of high quality material still is considered as rather difficult. However, by variation
of deposition parameters, e. g. gas flows, sputtering power or substrate temperature,
it is possible to specifically tailor the quality and properties of a deposited layer. Of
major interest for commercialization of any technology is the capability for mass
production. Thus, the conventional as well as pulsed-mode rf sputter deposition are
favorable methods as they allow for industrial upscaling due to high deposition rates,
excellent layer uniformity on large-area substrates and ease of automation. However,
the latter is a new methodology whose parameter correlations and impacts have
to be further investigated and explored. Preliminary studies have already shown
the potential of this technology for reducing the allocated thermal energy during
deposition while maintaining the same layer quality. In two consecutive publications,
the feasibility of rf sputter deposition has been investigated, in conventional design
as well as in pulsed-mode operation, in order to obtain Ga2O3 thin films of high
quality.

In the first publication, the results of conventional rf sputter deposition of Ga2O3 by
variation of the rf and heating power were discussed. A set of parameters yielding an
optimized layer were found, though the quality was not sufficient for the utilization
as a window layer material. Still, the thorough analysis of the results revealed a
correlation which is very suitable for a fast determination whether the layer is grown
stoichiometrically or not. The discrepancy between the refractive index dispersion
of a layer and the respective bulk material can give a first impression about the
compound’s composition.

The second publication highlights the utilization of pulsed-mode rf sputter deposition
for growing Ga2O3 layers. Slight improvements of layer quality were achieved but,
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unfortunately, not yet good enough for targeting an application as functional layer in
optoelectronic devices. Only a first impression of the complex relationship between
conventional and new deposition parameters and their impact on the layer quality
was obtained in these experiments. With increasing rf power and pulse duty cycle
value, particle energies were accomplished which cannot be reached in conventional
sputtering processes. Besides minor improvements in crystalline structure, another
feature was identified which is tentatively assigned to growth of metastable 𝛾-Ga2O3
at the interface between sapphire and Ga2O3 layer. An additional effect is suggested.
The presence of negatively charged oxygen ions in the process leads to etching of the
surface or penetrating into the layer inducing an increase of the optical band gap.

In conclusion, the results have revealed a new relationship for investigating layer
stoichiometry only requiring optical measurement data. Furthermore, the experiment
performed underlined the potential of the new growth methodology. The prospective
exploration and understanding of the intertwined parameter spaces of conventional
and pulsed rf sputtering bears great potential to overcome current obstacles in
material research.
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CHAPTER 1

Introduction

Today, climate change is one of the world’s pressing challenges and the quest to
succeed with the energy transition towards renewable sources is ongoing. One small
part of a possible solution is related to transparent conductive oxides (TCOs). These
are of major interest for optoelectronic, high-power, sensor or energy-related devices
[Gal18; Hig18; Hig16a; Hig16b; Ori00; Zin04]. They are already an indispensable
component of many present technologies, e. g. mobile phones, (electric) vehicles or
photovoltaic cells. This material class combines low electric resistivity with high
optical transmittance in the visible part of the electromagnetic spectrum. Especially
of high interest are wide band gap materials which exceed a band gap size of 3 eV, i. e.
are really transparent to visible light. Within a photovoltaic cell, the higher the band
gap of the window layer, the larger is the fraction of the electromagnetic spectrum
which reaches the absorber layer unhindered, and, thus, increases the conversion
efficiency. Moreover, this topic is increasingly in the focus of research because of
the depletion of fossil fuel resources, e. g. oil by 2044 [Sha09]. Therefore, the need
for renewable energy sources as a substitute technology is even higher. According
to the United Nations, the ratio of available solar energy to the worldwide energy
consumption in the year 2050 (2100) is between 1.5–2.7 (0.8–1.8) up to 47–84 (26–57)
[Age11; Nat01]. However, not to run the risk of material shortages one has to pay
attention to the abundance as well as the criticality of materials used in corresponding
devices such as solar cells. A list of critical materials and methodologies to identify and
deal with these are provided by the European Union [Com17; Com20]. A promising
compound as an absorber layer in solar cells seems to be the p-type cuprous oxide,
Cu2O. Although the predicted efficiency of 20 %, according to the Shockley-Queisser
limit [Sho61], does not come off best, the abundance, sustainability as well as non-
toxicity of the material and low-cost production, e. g. sputter deposition, compensate
for this deficiency [Mey12]. The optimum window layer in a Cu2O-based solar cell
should possess an aligned conduction band or a small positive offset with respect
to the absorber layer conduction band [Fon10]. One promising candidate is the
thermodynamically most stable polymorph of the gallium sesquioxide, 𝛽-Ga2O3,
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2 Chapter 1 Introduction

which exhibits already an almost ideal, slightly positively shifted, conduction band
alignment with Cu2O [Bra14; Min13b].
According to the EU list, and also the findings of A. Diederen in 2009, gallium must
be considered critical whereas Cu is not [Die09]. The criticality of Ga mostly arises
due to being only a by-product of the aluminum, copper or zinc production, which
are all non-critical materials. However, the results of such criticality studies vary
due to different methodologies weighing parameters such as geopolitical aspects,
forecasted material reserves and so forth, differently.
Nevertheless, not only the availability of a material is important, but also the effort
required to achieve material of high quality. In this context, the obstacles for Ga2O3
are rather high. State of the art material is obtained by crystal growth methods
or molecular beam epitaxy [Pea18; Ste16]. As a consequence, thin films of high
quality are predominantly available with small lateral sizes. Therefore, a reproducible
large-scale deposition of Ga2O3 thin films by rf sputtering is of great technological
interest for realizing Cu2O-Ga2O3 solar cells. However, major obstacles are very
high substrate temperatures or high condensing ion energies, both are needed to
deposit single crystalline Ga2O3 material. A promising technique being able to reduce
the growth temperature while maintaining high crystal quality is given by the DC
sputtering technique of high-power pulsed magnetron sputtering (HPPMS) [Kel09;
Sar10].

In this work, the methodology of a pulsed sputtering mode is combined with conven-
tional radio frequency sputtering. However, the influence of the additional parameters,
e. g. pulse duty cycle or pulse repetition frequency, on the basic parameters such as
rf power, chamber pressure and gas fluxes were unknown. Thus, the interplay of
these parameters, starting with the pulse duty cycle, was thoroughly investigated.
With HPPMS it is possible to lower the substrate temperature and at the same time
to increase the sputtering power while maintaining the layer quality. This allows a
direct deposition of Ga2O3 onto the temperature sensitive absorber layer Cu2O. The
surface temperature needed for obtaining high quality crystalline Ga2O3 is shown to
be much lower than that in a conventional sputtering (> 500 °C) [Kum13; Ram14].



CHAPTER 2

Application

Manifold approaches for providing clean energy in the future exist with water, wind
and solar energy harvesting technologies. Amongst the solar approaches are solar
collectors and photovoltaic cells. Each technology has its own set of sub-technologies,
e.g. photovoltaic cells can be divided into Si-based solar cells, die-sensitized or
perovskite solar cells, thin film solar cells, and many more [Bag15]. However,
especially within the group of thin film solar cells, many candidates contain rare or
toxic materials, e. g., CdTe- or GaAs-based photovoltaic cells. Several worldwide
conducted surveys and studies have identified various global megatrends which
will rise in importance and impact in the future [Ber18a; Ber18b; Del17; KPM14].
Sustainability and energy efficiency are only two of them fostering the research of
materials based on more abundant elements like Cu, Zn, or Mg.
First, to better analyze which combination of materials can satisfy the requirements
for efficient photovoltaic cells the basic principle of the chosen technology will
shortly be introduced. The key mechanism of solar cells relies on different types of
semiconducting materials forming the required p-n junction. The depletion region
of the pn-junction initially separates the charges generated by incident light via
the present internal electrical field. Originating from the different functions in a
photovoltaic cell the n- and p-type semiconductors go by the name of window and
absorber layer, respectively. To avoid recombination of the separated charges both
layers have to exhibit high electrical conductances for the respective minority charge
carriers. At the same time their band gaps and band offsets have to be chosen
correctly to fulfill their tasks as window or absorber layer to highest degree possible.
Namely, a large band gap to allow as many photons as possible to pass unhindered
through the window layer to reach the depletion region of the junction. There
they will be absorbed by the absorber material generating free charge carriers, i.e.
electrons and holes. One major obstacle in the search for suitable window layer
candidates is due to the fact that wide band gap materials are often insulating.
Furthermore, not only the individual properties of absorber and window layer are
important for the performance of the solar cell, but also their energetic alignment at
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4 Chapter 2 Application

the junction. For example, the conduction band offset between both layers strongly
influences the major performance parameters of a solar cell, i.e. efficiency, fill factor,
short circuit current as well as open circuit voltage, c. f. Fig. 2.1(b).

(a) Band energies (in flat-band condition) of n-type
materials with respect to Cu2O and their respective
error bars. All energies are referenced to the valence
band of Cu2O [Bra14]. Copyright © 2014 AIP Pub-
lishing LLC.

(b) Solar cell figures of
merit vs. deltaEc [Fon10].

Figure 2.1: Possible Cu2O window layer candidates and figures of merit.

Consequently, possible combinations of layer materials have to be investigated in
order to reveal whether their respective properties match each other. The focus of this
work lies on the identification of a suitable window layer material in combination with
the absorber material Cu2O. Dicopper Oxide was chosen because it has long been a
research focus for solar cells based on sustainable materials [Kra12; Mey12]. Brandt et
al. [Bra14] have identified different n-type materials fulfilling, to varying degrees, the
premise of a "small" conduction band offset, see Figure 2.1(a), of which CdS is not
further addressed due to the toxicity of cadmium. The very well studied material
ZnO and some related alloys are also part of the list. For example, T. Minami has
shown that Al-doped ZnO is a promising material to replace tin-doped indium oxide
(ITO), whose exponentially rising demand can no longer be satisfied at a reasonable
price, and, thus triggers the quest for alternative TCO materials avoiding the element
indium which is scarce and expensive. With regard to the critical material list of
the EU, the elements Zn and Al are indeed seen as abundantly available [Com17;
Com20]. Other very interesting elements for doping of ZnO, besides aluminum, are
sulfur or magnesium as these enable extensive band gap engineering, 3.3 eV to 3.91 eV
(ZnS, hexagonal) or 7.7 eV (MgO, cubic), respectively [Kro13; Roe67]. This allows for
band gap engineering in semiconductor heterojunctions improving device efficiencies.
For example ZnO𝑥S𝑦 could be tuned to perfectly fit the conduction band offset.
However, Tolstova et al. [Tol17] have shown that the interaction with the absorber
material may result in the formation of an undesired interface material like the wide
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band gap insulator ZnSO4, representing the actual thermodynamically favorable
compound formed of these elements. An increase in growth temperature leads to a
reduction but not elimination of the presence of this parasitic zinc sulfate layer. This
implies that the absorber layer stays intact. However, some additional challenges
may arise, such as structural phase transformations above certain compositions, need
of non-equilibrium growth methods to exceed the solubility limit, a strong reduction
of electrical conductivity as well as criticality in case of Mg among others [Cho02;
Com17; Min00; Oht98; Par01; Sar59; Seg65; Sun02]. Furthermore, from a technical
point of view also preferential sputtering effects are another important factor to
consider when choosing quaternary alloys for a sputter deposition process [Com17;
Kel78]. The former was witnessed in preliminary studies (Appendix A) conducted
by the author underlining that if intended for industrial utilization a co-sputtering
approach of two distinct targets has to be chosen. It also should be noted that
the rather rare Mg is used in many competing technologies, e. g. in the field of
transportation or Al-alloy fabrication, thus, the supply risk is rather high.
Another candidate is TiO2 with similar values for economic importance, supply risk
[Com20] and conduction band offset. Unfortunately, the magnitude of the latter is
similar as in case of ZnO and, thus yields comparable limitations with respect to
efficiency [Kra12]. Therefore, the remaining and most promising n-type material for
a window layer in Cu2O-based photovoltaic cells seems to be gallium sesquioxide
[Bra14; Min13a; Min13b], cf. Fig. 2.1. In this case, another beneficial influence on the
solar cell performance should arise due to the positive conduction band offset between
the absorber and window layer, i. e., with the conduction band of the latter being at
a higher energy than that of the former [Fon10]. Ga2O3 is a binary material system
and the problem of different sputtering yields, i.e. preferential sputtering, is not of
utmost importance [Kel78] in sputter deposition processes as the incorporated oxygen
can be replenished from the gas phase. Already in 2016, gallium was considered
critical from the European Commission [Com20], since it cannot be mined directly
and is a by-product and mainly recovered during Al or Zn processing. The forecast
of supply and demand is only reliable until 2022 due to missing information from
market or industry experts. Its natural abundance is much less than that of Zn and
Al. Nevertheless, the supply risk of Ga is more governed by the industrial extraction
capacity than by scarcity.





CHAPTER 3

Transparent conducting oxide: Gallium sesquioxide

For the first time the polymorphism and the five different phases 𝛼, 𝛽, 𝛿, 𝛾, and 𝜀
of the gallium oxide were mentioned and confirmed by Roy et al. [Roy52] in 1952,
cf. Fig. 3.1. Still, more than 60 years later, many questions remain open. The
aforementioned renewed interest in the material system is leading to great research
efforts because of the broad spectrum of possible applications, especially for the most
thermodynamic stable form 𝛽-Ga2O3 [Gal18; Pea18; Ste16; Wen17]. Therefore, only
the 𝛽-phase of the gallium sesquioxide will be discussed in depth in what follows.

Bulk crystals of Ga2O3 can be either grown by melt or flux growth techniques
[Åhm96; Gal10; Irm11]. Edge-defined film-fed growth for example is capable to
produce single-crystal wafers with sizes from 2-inches up to 6-inches [Aid08; Kru18].
Thin films or nanostructures can be prepared by a variety of techniques: chemical
vapor deposition (CVD) [Bat96], molecular-beam epitaxy (MBE) [Oku14; Reb02;
Vil06; Vog16], pulsed laser deposition (PLD) [Mat06; Min13b], sol-gel synthesis
[Min03; Moo11], sputtering [Mar12; Min03; Reb02], etc. The drawback of most
of these techniques, e. g. MBE or PLD, is a low growth rate of only 0.09 [Osh07]
or 0.22 µmh−1 [Zha14], respectively. As a consequence, the growth rate of Ga2O3
thin films has to be increased in order for this kind of process to be of interest for
industrial fabrication of devices. Almost all sputter-based techniques are suitable
candidates for growing Ga2O3 thin films as their products are transferable to an
industrial scale with only minor additional efforts. Post-deposition temperature
treatments are also capable of increasing the layer quality after deposition [Aid14;
Don16; Fen16]. Nevertheless, such temperature treatments should be avoided from
an industrial point of view as the energy costs are huge. However, by reaching an
annealing temperature of at least 870 °C under dry conditions, all other gallium oxide
phases, if present, are transformed into the 𝛽-phase.

Crystallographic non-equivalent positions are one of many consequences of the
monoclinic crystal structure of 𝛽-Ga2O3 , cf. Fig. 3.2 and Table 3.1. In detail,
Ga atoms are either tetrahedrally coordinated Ga(1) or octahedrally coordinated
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Figure 3.1: Temperature dependent transformation relations of Ga2O3 (after Roy et
al. [Roy52])

Ga(2), whereas two of three oxygen atoms (O(1), O(2)) are trigonally coordinated
and the remaining O(3) is tetrahedrally coordinated. The oxygen arrangement
resembles a distorted cubic close-packed array [Ste16]. As a consequence of the
low crystal symmetry Ga2O3 exhibits anisotropic properties, for example different
thermal conductivities along different crystal directions, e. g. 29 W/mK along the
[010] direction vs. 10.9 W/mK along the [100] direction [Guo15]. Furthermore, the
electrical properties change from a conductivity of 38 Ω−1 cm−1 and a mobility of
46 cm2 V−1 s−1along the b axis to 2.2 Ω−1 cm−1 and 2.6 cm2 V−1 s−1for the c direction
[Ued97]. Additionally, the optical properties strongly depend on the polarization of
the impinging electromagnetic wave. The obtained Raman spectra depend heavily
on the polarization direction and the investigated crystallographic plane [Kra16].
Similarly the absorption edge position differs for light with E ||b (4.79 eV) and
with E ||c (4.52 eV) polarization [Ued97]. However, the electronic structure was
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well investigated either by theoretical studies with density-functional theory (DFT)
[Yam04; Yos07] or hybrid DFT [Pee15; Var10]. The latter achieves more accurate
results concerning the band gap.

Fig. 3.2: Ga2O3 unit cell and inequivalent
Ga/O atom positions [Wen17]. Copyright
©2017, John Wiley and Sons.

Peelaers et al. [Pee15] deduced that
the fundamental band gap is indirect
with a magnitude of 4.84 eV though
the direct band gap is only 0.04 eV
larger. The same result was ob-
tained by Varley et al. [Var10] in ad-
dition to an analysis of the dipole
matrix elements. As a result the
authors state that the indirect tran-
sition is about an order of magni-
tude weaker than the direct transition,
making 𝛽-Ga2O3 effectively a direct-
gap material. Janowitz et al. [Jan11]
published their findings from angle-
resolved photoemission spectroscopy
(ARPES) measurements and deduced
that 𝛽-Ga2O3 has an indirect band gap with the value of 4.85±0.1 eV.

Besides the nature of the band gap, its size should make Ga2O3 an intrinsic insulator.
However, if not grown stoichiometric a considerable n-type conductivity is observed.
Its origin is either ascribed to oxygen vacancies [Ued97] or Si impurities [Ste16] in
the host material. However, Varley and co-workers [Var10] calculated that oxygen
vacancies act as deep donors with activation energies around 1 eV and, thus, are
not expected to contribute to the conductivity. Apart from that, Ga2O3 can be
either intentionally doped with Sn, Ge, Si, F, Cl [Ori00; Raf17; Var10] to achieve
n-type conductivity or with Mg to compensate the free carriers in order to obtain
insulating behavior [Gal10; Onu13]. Theoretical results by S. Lany [Lan18] conclude
that Si is the only real shallow donor from the group 14 elements. Ge and Sn donor
levels are situated close to the conduction band minimum in contrast to that of
C which acts like a deep DX -like center. However, the possibility to successfully
dope 𝛽-Ga2O3 p-type is still controversially discussed. Theoretical calculations from
Varley et al. [Var12] conclude that it is impossible due to strong self-localization
of holes. Kyrtsos and co-workers [Kyr18] reviewed cation dopants from groups 1,
2 and 12 by DFT and hybrid DFT calculations. As a result of their findings all
dopants form deep acceptor levels, at least 1 eV deep, thus do not contribute to
p-type conductivity at room temperature.
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Table 3.1: Properties of 𝛽-Ga2O3

Property Value Reference
Crystal structure (Group symmetry) Monoclinic (C2/m) [Åhm96]
Lattice Parameters
a 12.214 Å [Åhm96]
b 3.037 Å [Åhm96]
c 5.798 Å [Åhm96]
𝛽 103.832 ° [Åhm96]
Density 5.95 g/cm3

Melting Point 1795 °C, 1795 ± 15 °C [Vil08], [Sch63]
Dielectric constant 9.9–10.2 [Pas95]
Band gap (direct) 4.9 ± 0.1 eV, 4.87 eV [Jan11],[Var10]
Band gap (indirect) 4.85 ± 0.1 eV, 4.83 eV [Jan11],[Var10]



CHAPTER 4

Deposition of thin films

A plethora of thin film growth techniques exist today suitable for depositing TCOs.
Those can be divided into two main branches, namely chemical and physical methods.
The most common chemical deposition techniques are atomic layer deposition (ALD),
CVD and chemical solution deposition (CSD), whereas some of the physical meth-
ods are consolidated under the term physical vapor deposition (PVD) techniques.
Characteristics of these are that all require vacuum conditions and physical effects
are used for evaporation of the target material. More complex approaches are PLD,
MBE, or the sputtering methods.

Both, the PLD and MBE, are more suitable for scientific research as upscaling for
industrialization is not feasible on large substrates needed for photovoltaic thin-film
applications. Furthermore, MBE needs base pressures in the ultra high vacuum
range (10−10 mbar) resulting in extraordinary high efforts and costs to achieve and
maintain an industrial production line.

Hence, for commercial utilization and upscaling the sputtering methods remain the
most suitable techniques. During the last decades, conventional radio-frequency (rf)
magnetron-assisted sputter deposition was thoroughly described and understood.
Cathode sputtering methods all share on property – they need high energy ions in
the plasma of the working gas in order to sputter off target ions of sufficient energy.
A certain energy has to be passed by the ions to be mobile on the substrate or
deposited film and to form a dense film of high quality. Another way of increasing
the mobility of the adatoms provided by the target on the surface is heating of
the substrate. Two obstacles occur. On the one hand, substrate heating may lead
to interdiffusion in case of multilayer thin-films or damage of the material in case
of temperature sensitive substrates e. g. polymer materials. On the other hand,
transferring more energy to the target atom by the ions of the plasma is limited by
the damage threshold of the target and its destruction.
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A maximum power density of 300 W cm−2 on the metal target was published by
Posadowski for DC magnetron sputtering [Pos95]. In comparison, a pulsed DC glow
discharge yields a maximum target power density of about 900 W cm−2 [Gru91].
These limitations in power density can be overcome by an emerging new technique in
DC sputtering. Here, an additional pulse sequence on-off is applied allowing one to
increase the sputtering power during on-times to even higher values, e. g. 2.5 kW cm−2

[Čap13]. This method is referred to as high-power pulsed magnetron sputtering
(HPPMS) [Kel09; Sar10]. Employing HPPMS in the growth of InGaN allows one to
lower the deposition temperature by 200 °C while maintaining high crystal quality
[Nak14; Sho14]. This reduction of substrate temperature is also desirable when
conducting depositions on temperature sensitive substrates and in terms of costs.
This makes the sputter deposition in pulsed mode a promising technique for achieving
high kinetic energies of the adatoms from the target on the substrate at low substrate
temperatures, and thus denser films of better quality.

Figure 4.1: Structure zone diagram applicable to energetic depositions. Copied from
A. Anders [And10]. Copyright ©2009 Elsevier B.V. Published by Elsevier B.V. All
rights reserved.

The explanation for this behavior was first given by J. Thornton and D. Hoffman
[Hof94; Tho89, and references therein]. It was further expanded to include high-power
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impulse magnetron sputtering (HiPIMS), or also called HPPMS, and ion etching
by A. Anders in 2010 [And10]. To have a more universal structure zone model the
original process axes parameters chosen by Thornton and Hoffman were changed
from substrate temperature relative to the melting point and argon pressure to a
generalized temperature 𝑇 *, generalized energy 𝐸* and layer thickness on the z-axis.
The difference to the previously chosen parameters is that the expanded model also
covers particle energies. In particular, the influence of the potential energy transfer
between working gas ions and target atoms on the growth temperature, is included
in 𝑇 * and the kinetic energy influence on the mobility of adatoms as well as induced
heating is summarized in 𝐸*. Figure 4.1 shows different growth zones and how
they depend on the parameters mentioned, e. g. decreasing temperature can be
compensated by increasing the energy in order to maintain the same growth zone.
With this relationship the challenge of a limited heating power can be overcome by
increasing the kinetic energy of the target atoms impinging on the substrate (𝐸*).

The same effect can be accomplished in the available setup at the Institute of
Experimental Physics I by a combination of the conventional rf sputtering and the
pulsed deposition. Here, a periodic superimposed rectangular voltage pulse repeated
with the so called pulse repetition frequency (PRF), switches the rf signal periodically
on and off. Voltage pulse duration with respect to cycle duration defines the pulse
duty cycle (PDC). Varying the PDC the average power density per cycle can be kept
constant (responsible for target damage) whilst achieving much higher power densities
during on-times (determining the kinetic energy of the adatoms on the substrate).
The characteristic quantities depend on each other. Exemplary, the minimum value
of the PDC is dependent on the PRF and on the radio-frequency generator (RFG)
used. This method is not straightforward and has not been reported in literature
before. However, it offers manifold possibilities for improving thin-film growth. Some
of the most striking results and investigations performed in the framework of this
PhD project are described in the next chapter.





CHAPTER 5

Growth of 𝛽-Ga2O3 layers

Continuous-mode rf magnetron sputtering

Manifold factors can influence the quality of a deposited layer in a sputter deposition
process, e. g. the gas composition, growth temperature, rf power or choice of
substrate. These parameters not only influence the final layer quality but also
correctly adjusted trigger counter measures avoiding preferential sputtering or limited
heating capabilities of the setup. The former, preferential sputtering, is always present
as soon as more than one element is provided by a PVD target [Kel78]. For example, in
a sputter deposition from a ceramic binary target, like Ga2O3, preferential sputtering
of the metallic species, i.e. excess of Ga, can be compensated by increasing the
O2:Ar ratio within the sputtering gas. Nevertheless, due to the polymorphism of
Ga2O3, cf. Fig. 3.1, the growth temperature still plays an important role in achieving
phase-pure material. In such a process, different thermal conductivities of the
underlying substrates need to be taken into account. While for quartz glass thermal
conductivity rises with increasing temperature, sapphire substrates exhibit a thermal
conductivity maximum at about 50 K and a decrease at higher temperatures [Sal06].
The change of particle energy induced by rising sputtering powers can also influence
the condensation of phase pure material positively. However, if the energy is too
high, it may also foster re-evaporation of condensed particles or particle implantation
into the deposited layer disturbing the crystal lattice. For the sake of completeness,
an indirect influence of varying the rf power has to be considered, showing up in
form of substrate heating. Even with the substrate heater switched off, substrate
temperatures of 200 °C are not unusual due to the interaction with the plasma.
The impact on the layer quality of this complex system of interdependencies between
the various parameters was investigated in this work. Different methods like XRD,
optical transmission and reflectance spectroscopy measurements, SEM or XPS were
used to characterize the deposited layers. A well-known correlation between increasing
sputtering power or substrate temperature and layer quality was verified by XRD.
However, the crystallinity did not improve significantly in the parameter space
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accessible. Utilizing the results of the optical measurements it was possible to
calculate the layer thicknesses of the layers by applying the dispersion relation of the
refractive index determined by Rebien et al. [Reb02] to the interference oscillations
visible in the reflection and transmission spectra. A linear increase in rf power
resulted in a linear gain of layer thickness, but also triggered a slight crystal lattice
deterioration. However, the difference in substrate temperature behavior of sapphire
mentioned above was reflected by decreasing layer thicknesses when the maximum
heating power was approached. For a validation of the calculated layer thicknesses,
SEM measurements of the cleaved edge of some samples were performed and revealed
discrepancies between calculation and measurement. Furthermore, the discrepancy
can depend on the parameters varied. In particular, one direct correlation was
affirmed by XPS measurements. The discrepancy between actual layer thickness
determined from the cleaved edge and the calculated value based on the published
refractive index dispersion was larger for non-stoichiometric Ga2O3 where the ratio of
O:Ga deviated from 1.5. With variation of the Ar:O2 ratio in the sputtering process
the Ga2O3 stoichiometry can be adjusted. It was concluded, that the dispersion
relation of the refractive index depends on the stoichiometry of the layer. The
refractive index dispersion was derived for non-stoichiometric Ga2O3 and it was
suggested that it may offer an easy approach to investigate Ga2O3 stoichiometry by
an optical measurement.

In my work, the quality of the deposited layers was considerably improved, but
unfortunately was still too low for utilization as a functional layer in devices. One
way to improve the layer quality further is given by post-deposition temperature
treatments. Another alternative is changing, or adapting, the approach used to
deposit the layers to better fulfill the requirements needed. Presumably, one major
cause for the insufficient layer quality is the low energy of particles condensing on
the layer or substrate surface, increasing this energy should improve crystallization.
Accordingly, either the substrate temperature has to be further increased or the
arriving target atoms have to possess more kinetic energy to foster ideal condensation
conditions. Due to plant-specifics the former is not possible and the latter, by
increasing sputtering power, exhibits a high probability of target destruction due to
too high continuous power application, e.g., due to arc events at the target.

Pulsed-mode rf magnetron sputtering

A promising way to prevent target destruction in the sputter deposition process from
happening while still drastically increasing the energy of the particles arriving on
substrate or layer surface is to utilize a pulsed-mode operation, known from pulsed
DC sputtering. Doing so, missing heating capabilities can be counterbalanced by
increased secondary particle energy to facilitate crystal growth along preferential
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orientations. By utilizing a pulsed plasma mode and, therefore, non-continuous
sputtering, the applied rf power to the ceramic targets was drastically increased,
i.e. to values between 600 and 1000 W. The power densities achieved here, 13.2 to
21.9 W cm−2, seem to be low compared to the values mentioned above for sputtering
metal targets but are high compared to other ceramic materials like Al2O3 with up
to 9.9 W cm−2 [Gar16]. Similar to conventional rf sputtering the rise in applied rf
power is supposed to increase the particle energy of primary and secondary species.
Consequently, an increase of the evaporation rate results in thicker layers and,
due to higher secondary particle energies, better crystal properties are achieved.
However, it may also happen that the layer grows too fast for well-ordered adatom
positioning and layer arrangement. In this case, the crystallinity will be lower than
expected. This is anticipated at very high sputtering powers. Thus, the challenge
remains to find the right power setting where optimum crystallinity is achieved.
Additional parameters such as pulse repetition frequency and pulse duty cycle, have
to be investigated in more detail as current literature is scarce. While the former
parameter was kept constant at 1 kHz, the pulse duty cycle, describing the ratio
of plasma on-time and period, was increased in steps of 10% up to 70% during a
second growth series. With the pulsed rf sputtering mode an extra parameter, the
plasma on-time, was introduced to account for the product of pulse duty cycle and
total sputtering time. In this work, the plasma on-time was kept constant at 6 min.
The variation of sputtering power and pulse duty cycle yielded two series, which
were analyzed thoroughly by different methods in their as-deposited (AD) and rapid
thermal annealed (RTA) states.
Analogous to conventional sputtering the linear variation of the rf power led to
an increase of the layer thickness; only slight differences were identified between
measurements of AD or RTA layers. Comparing the values of the optical band gap
of conventional and pulsed-mode sputtered layers revealed a significant difference.
The determined optical band gaps of the layers deposited by pulsed-mode approach
the literature value of 𝛽-Ga2O3 from above and agree only for highest rf powers.
In conventional rf magnetron sputtering this was the case for the lowest applied rf
powers. This difference was tentatively assigned to two superimposed effects: First,
to the relation between rf power and preferential sputtering effect, and second to a
shift of the observed tendency to higher band gaps by pulsed-mode operation. The
relationship between the process parameters of pulsed-mode and continuous-mode
operation in a deposition processes is unknown. For example, the relationship between
oxygen flux and connected primary particle energy has to be refined. Nevertheless,
there is no clear explanation for the larger band gaps, though different, possibly
superimposed, effects might be mentioned. The rf power in pulsed-mode is three
to five times higher than the maximum power used in the conventional sputtering
mode. As a consequence, the secondary particle energies are significantly increased
permitting the direct formation of bonds on nucleation. Possibly, crystallites may



18 Chapter 5 Growth of 𝛽-Ga2O3 layers

contain a sesquioxide or spinel-type layer structure and may be strained as well,
i.e. no clear statement about band gaps can be made. The optical band gap of an
amorphous phase would be expected at about 4 eV and is thus no valid explanation
[Zha18]. Furthermore, the negatively charged oxygen species are also influenced
by the higher applied power enabling them to penetrate deep into the Ga2O3 layer.
Kumar et al. [Kum13] ascribed slightly higher band gaps to excess oxygen within
the layer. After rapid thermal annealing of the deposited layers the optical band
gaps increased and seemed to saturate at about 5.0 eV. This enhancement might
be ascribed to Al diffusion from the substrate into the deposited layer creating
meta-stable phases like (Ga,Al)O3. Furthermore, due to the chemical similarity, it is
possible to substitute Ga and Al in their respective lattices easily. A more detailed
discussion of the interdiffusion phenomena can be found in Appendix B.

In spite of the good agreement of the determined layer thicknesses and optical band
gaps between Ga2O3 samples grown in the two modes, the opposite is true for the
results obtained from XRD measurements. The determined state of crystallinity is
predominantly amorphous although some broad peaks were identified as the (400),
(-313) and (-603) peak series reflections of 𝛽-Ga2O3 which may be superimposed
by (300) and (018) peaks of 𝛼-Ga2O3, the (111) peak series of 𝛾-Ga2O3 or the
meta-stable (Ga,Al)O3. The results illustrate well that a certain particle energy
has to be reached to form the necessary bonds or to disturb the substrate surface
sufficiently to generate the meta-stable materials. After rapid thermal annealing,
only those peaks in the XRD traces remain which are related to the 𝛽-phase as the
other phases already vanish at temperatures way below the treatment temperature.
With increasing sputtering power the positions of the (-201) peak series shift towards
the value of bulk 𝛽-Ga2O3 material while maintaining the correct intensity ratio
[Nak12; Ori02; Osh07].

Considerable improvements in layer quality were observed, which can be mainly
attributed to the increase of applied rf power. As the next step, the pulse duty
cycle was varied and thus the power load transferred to the target. Accordingly, the
sputter ion energy increases with increasing duty cycle as the successive acceleration
time is enlarged and the time without an electric field present is decreased. To
achieve comparability with the preceding series the parameter "plasma on-time" was
maintained constant, i.e. the total sputtering time was decreased with increasing
duty cycle value.
In contrast to the straightforward relationship between rf sputtering power and layer
thickness, the situation is much more complicated for that between pulse duty cycle
and layer thickness. The on-time of the plasma, i.e. the acceleration time of ionized
atoms, is prolonged when the PDC value is increased. This not only influences the
particles energy dispersion but also the distribution of species and the interaction cross
sections of primary ions with the target material, and consequently, the properties
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of secondary ions as well. A first implication was identified as a non-linear layer
thickness evolution tentatively assigned to the changed energy distribution. Re-
evaporation of condensed particles or increased presence of negatively charged oxygen
ions etching the deposited layer are the most likely consequences. Another possible
result of the increasing PDC, underlining the necessity to optimize the parameter
space for each PDC, is given by the strongly decreasing optical band gap. Values
below the literature value correspond to high PDC values and might be explained by
an increased defect density caused by insufficient time for the arrangement of the
target atoms arriving on the surface of substrate or deposited layer. Post-deposition
temperature treatments nearly have no influence besides the Al diffusion described
above for thin layers, i.e. low PDC values. Another implication is the disappearance
of reflections of low XRD intensity, observed already previously and tentatively
assigned to 𝛾-Ga2O3 or meta-stable (Al,Ga)O3, although differences exist compared
to previous results. A set of reflections belonging to the {-h01} family of planes
is found in RTA layers and is more pronounced compared to as-deposited layers
suggesting the supposition that higher formation energies are required which are
only available at elevated duty cycle values.

One distinct parameter set, 800 W and 30% PDC, was chosen for in-depth analysis
of the crystallinity and existence of assumed interface related phases. All applied
methods, SEM, AFM and Raman measurements confirmed an increase in crystallinity
after annealing while especially Raman spectroscopy is known to very sensitively
differentiate between the different material phases present in case of the Ga2O3
system. However, to investigate the real physical interface region TEM measurements
had to be performed to utilize the unmatched atomic resolution of this technique.
Polycrystalline material was confirmed by measured SAED patterns underlining the
previous hypothesis of crystalline domains in an amorphous matrix. Even more
details were obtained, e.g. differentiation between different domain orientations, by
cross-sectional TEM. A continuation of the substrate structure for some nm with
higher signal strength, i.e. Al atoms were replaced by Ga atoms, was observed.
Furthermore, the interface region was not sharp indicating interdiffusion most likely
caused by impingement of negatively charged oxygen. The gathered results underline,
that the investigated pseudomorphous grown interface layer can be assigned to
𝛾-Ga2O3. Nevertheless, it should be noted that literature states 𝛼-Ga2O3 can also be
observed at the sapphire interface. Although this was not the case in the experiments
performed here, presence of this additional polymorph cannot be completely excluded.





CHAPTER 6

Summary and Outlook

In the framework of this dissertation, layers of the transparent conducting oxide
Ga2O3 were deposited by rf sputter technology in continuous-mode and pulsed-mode
operation. Afterwards, the grown thin films were thoroughly analyzed by various
methods in their as-deposited state as well as after post-deposition thermal treatment.
The intended application for the grown layers was the utilization as window layer in
Cu2O-based thin film solar cells.
Whilst the conventional sputtering was not suitable to achieve highly crystalline
material still valuable insights were gained. Amongst them was the possibility
to identify non-stoichiometry of material systems by determining the wavelength-
dependent refractive index and comparing it to the literature value of the respective
bulk material. Furthermore, both possible ways taken to improve layer quality, namely
increasing rf power and/or heating power, indeed enhanced the available kinetic
energy of secondary particles, however, not sufficiently to grow high grade material
yet. Moreover, post-deposition temperature treatments showed the capability for
slight improvements, but triggered stronger interdiffusion between deposited layer
and underlying substrate.
The major driver for the development of this novel pulsed-mode methodology of
sputter deposition was to resolve plant-specific limitations which could not be
overcome without risking target damage or machine failure. Due to these constraints,
technically speaking the limited heating capabilities as well as the applicable power
density to the target, the effort to further improve layer quality was at its limit. Now,
the correlation of the conventional sputtering parameters, e. g., gas composition or rf
power, with the additional pulse-mode specific ones, e. g., pulse duty cycle or pulse
repetition frequency, opened a novel field of research which will have to be explored in-
depth in the future. This exploration was started with the systematic variation of the
PDC value at a given set of PRF and rf power values. Unambiguously, the influence
on plasma kinetics, e.g. the ion species and energies, was witnessed as thinner layers
exhibited much larger optical band gaps compared to conventionally deposited layers
with equal thickness. Besides, the layer thickness evolution also showed non-linear
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behavior which was explained preliminarily by an increased presence of negatively
charged oxygen ions and modified plasma properties. However, more experiments
need to be performed to confirm this assumption. X-ray diffraction measurements
underlined the difference between the novel layers obtained in pulsed-mode over
conventionally sputtered layers. Peaks were identified in the XRD traces which are
either assignable to the metastable 𝛾-phase of the gallium sesquioxide or to an alloy of
Ga2O3 and Al2O3, i.e. the c-plane sapphire substrate. This assumption was further
verified by repetition of the XRD measurements after thermal treatment at 1000 °C
yielding a disappearance of some peaks which can be explained by transformation
of the layer into the thermodynamically most stable form of Ga2O3, the 𝛽-phase.
A detailed examination of the interface region between the two adjacent materials
was made possible by TEM measurements. Continuation of the crystal structure of
the sapphire substrate was observed in the Ga2O3 layer though with brighter signal
intensity, explainable by Al replacement by Ga. These findings lead to the tentative
assignment of the pseudomorphous grown region to 𝛾-Ga2O3.
Accordingly, pulsed rf sputtering succeeded in improving the layer quality slightly
but with the drawback of mixed phase creation. However, reconsidering the intended
application another hindrance arises due to the limited temperature stability of
the absorber material Cu2O. Hence, the elevated temperatures needed for the
deposition of crystalline Ga2O3 will without doubt cause serious degradation or
even deterioration of the absorber layer. This may be avoided modifying the cell
design – i.e. to deposit the temperature sensitive layer on top of the window
layer. Given the success of this design modification another obstacle would prohibit a
commercialization as costly substrates are needed for deposition at high temperatures.
The choice of substrate either limits the size of the final solar cell or raises the costs of
fabrication. Nevertheless, with ongoing exploration of the complex parameter space
it is very likely that a set of parameters exists and will be found yielding high-quality
Ga2O3 layers. Above all, the results shown here for this new methodology will
without doubt help to overcome similar problems in other material combinations
with less thermal energy requirements.

During the final stage of this dissertation parallel investigations into the deposition
of Ga2O3 by ion-beam sputtering were performed. This methodology provides very
precise control of the primary ion energies extracted from the ignited plasma by the
extraction grid. The optimization of the parameters growth temperature and oxygen
partial pressure yielded in dependence on the sapphire substrate used out-of-plane
orientation phase-pure Ga2O3 polymorphs of exceptional, almost epitaxial, quality
[Bec20]. Consequently, heterostructures made of Cu2O and Ga2O3, either 𝛼- or
𝛽-phase, were grown and examined via X-ray photoelectron spectroscopy (XPS)
[Ben].
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Optimizing the Stoichiometry of Ga2O3 Grown by
RF-Magnetron Sputter Deposition by Correlating Optical
Properties and Growth Parameters

Philipp Schurig, Marcel Couturier, Martin Becker,* Angelika Polity, and Peter Jens Klar

β-Ga2O3 thin films are deposited by radiofrequency (RF)-magnetron sputtering
on quartz and c-sapphire substrates using a ceramic stoichiometric Ga2O3 target
and a constant flux of argon process gas. Oxygen flux, heater power, and
sputtering power are varied in the synthesis of the layers. The resulting Ga2O3

layers are analyzed in terms of their structural and optical properties. Based on
this analysis, the process parameters leading to the formation of an optimized
β-Ga2O3 layer are identified. The main challenge in obtaining the stoichiometric
β-Ga2O3 thin films by sputter deposition is to overcome the influence of a strong
preferential sputtering of Ga from the ceramic target. This can be achieved
by adding a suitable fraction of oxygen to the argon process gas used in the
deposition process. Furthermore, it is demonstrated that the refractive index
dispersion of β-Ga2O3 depends strongly on its composition. Thus, a combined
analysis of refractive index dispersion and optical bandgap position may serve as
a valuable preliminary probe of the thin film’s composition.

1. Introduction

The generation of energy from renewable energy sources, for
example, conversion of solar energy into electric energy by solar
cells, is still a major research area. The driving force is to reduce
fossil fuel consumption and, thus, to stop, or at least postpone,
global warming. It requires a mass production of solar cells as
well as an efficient use of all available areas for installing such
devices for photovoltaics to yield a viable contribution to the
world’s energy supply.

Transparent conducting oxides (TCOs), which exhibit almost
metal-like conductivities in addition to a large bandgap (>3 eV),
play an important role in thin-film photovoltaics concepts.[1,2]

These serve as transparent top contacts forming the p–n junction
to a smaller bandgap absorber in thin-film photovoltaics.
The quest for absorber materials based on abundant chemical
elements is on and necessary to realize corresponding thin-film
solar cells on mass production levels. Thin-film photovoltaics on

glass substrates and based on abundant
semiconductor materials may offer a cheap
alternative to the established technologies.
Another interesting possibility for further
integration of photovoltaics into modern
life is to develop transparent solar cells,
for example, windows that may also act
as solar cells and contribute to the energy
supply.[3] As this approach requires materi-
als that are conductive and transparent at
the same time, TCOs are likely candidate
materials for this purpose.[4]

The p–n junction is the central building
block of a thin-film photovoltaic cell as it
generates the built-in electric field to
separate charge carriers generated by
absorption of light. Recently, cuprous
oxide, Cu2O, with its bandgap of 2.1 eV
is discussed as a suitable and promising
p-type absorber material[5–7] based on abun-

dant chemical elements. To tap the full potential of Cu2O as
absorber material in thin-film solar cells, it needs to be combined
with a suitable n-type semiconductor. “Suitable” means that the
band alignment at the junction does not exhibit high-band off-
sets, in particular, in the conduction band. β-Ga2O3 is discussed
as a promising candidate, because of its low-electron affinity
close to that of Cu2O, it exhibits a very low discontinuity in
the conduction band.[8,9] Furthermore, Ga2O3 has a large
bandgap close to 5 eV[10–12] and thus forms an ideal top contact
on Cu2O, when doped n-type. In case of a transparent solar
cell, both constituents on either side of the junction, p- and
n-type semiconductors, have to be transparent. Nowadays n-type
semiconducting transparent materials are state of the art, but
suitable p-type conductors still need to be identified.

For the reasons outlined earlier, there is a considerable inter-
est in Ga2O3 in the context of photovoltaics. The material and its
processing offer various degrees of freedom for optimizing its
structure for a specific application. Five different crystalline
phases of Ga2O3, denoted as α, β, γ, δ, and ε phase, are known
to date.[13] The β-phase has the highest thermal and chemical
stability among those five phases.[14,15] Moreover, the crystal
structure, conductivity, as well as optical bandgap of Ga2O3

can be influenced by the changes in process parameters or by
post-thermal treatment.[16,17] Thus, a controlled manufacturing
process for β-Ga2O3 is a hot topic of applied research in
photovoltaics.

Ga2O3 thin films may be prepared by various methods, includ-
ing molecular beam epitaxy (MBE),[18–20] metal-organic chemical
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vapor deposition (MOCVD),[21] pulsed laser deposition
(PLD),[11,22] sol gel,[23,24] chemical vapor deposition (CVD),[25–27]

and sputtering techniques.[15,17,28–31] The reported growth rates
of stoichiometric Ga2O3 thin films are comparatively low.
Typical growth rates of Ga2O3 thin films grown by MBE and
PLD are 0.04[20] to 0.09[32] and 0.22 μmh�1,[33] respectively.
An increase in the growth rate of Ga2O3 films is desirable in terms
of mass production of devices and can be obtained by means
of RF-magnetron sputtering with deposition rates >1 μmh�1.[17]

In this study, we discuss the deposition of Ga2O3 thin films on
quartz and c-sapphire substrates using RF-magnetron sputter-
ing. Heating power, sputtering power, as well as oxygen flow
were varied. Subsequently, β-Ga2O3 films were investigated to
optimize the deposition conditions according to β-Ga2O3 growth.
Refractive index dispersion was determined for stoichiometric
and nonstoichiometric Ga2O3 thin films and compared with
the limited data in literature available on sputtered Ga2O3

samples.[30,34]

2. Experimental Section

We deposited Ga2O3 thin films on quartz and c-sapphire sub-
strates by RF-magnetron sputtering. In sputtering, ions of the
process gas—in our case, a gas mixture of inert Ar and reactive
O2—impinge onto a target, here a Ga2O3 ceramic target and
sputter off target atoms. The target atoms react with the reactive
species of the process gas and form a film, here a Ga2O3 film, on
the substrate, which is located opposite the target surface. Prior
to each deposition, the substrates were cleaned with acetone and
methanol in an ultrasonic bath for 3–5min and then dried with
nitrogen. Subsequently, the substrates were mounted in a cylin-
drical sputter chamber (base pressure of 5 � 10�7 mbar) at a dis-
tance of 5 cm below the target to assure lateral homogeneity.

Here, we discuss three series of samples. Throughout each
series a specific process parameter was varied systematically,
while all the other process parameters were kept constant
(Table 1). The variables chosen were Ar:O2 ratio in series I,
substrate temperature in series II, and RF power in series III.
In case of series II, the substrate temperature was varied by
adjusting the heating power of the temperature controller (model
Eurotherm 2408). The interval of 465–1440W nonlinearly trans-
lates to a temperature window between 385 and 581 �C on the
substrate surface in vacuum, without a plasma being present.
A distinct characteristic is given by an interplay of the substrate’s
thermal conductivity and its effectiveness in emitting energy as
thermal radiation. The actual growth temperatures (surface
temperatures) may be considerably higher depending on the
RF power coupled into the plasma of the process gas and the
distinct thermal directional characteristic. This enhancement

of the surface temperature by the presence of the plasma is
estimated to be up to 200 �C at the highest RF power used.
The RF power was generated by a Dressler CESAR 1312 system
equipped with a Dressler VM 1500 AW matching network and
was varied between 50 and 200W. It should be noted that the
surface temperatures in vacuum for quartz substrates are
50 �C lower than those for sapphire substrates at the highest
heating power. This finding is related to the lower thermal con-
ductivity of quartz in the temperature range relevant in the
growth process.

The films were analyzed by X-ray diffraction (XRD, Siemens
D 5000) in aΘ–2Θ geometry. Optical transmittance at normal inci-
dence (β ¼ 0�) and relative specular reflectance close to normal
incidence (β ¼ 6�) were recorded using a PerkinElmer Lambda
900 spectrometer. The influence of the substrate was eliminated
by measuring the substrate baseline prior to thin film deposition.
Most thin films discussed possess layer a thicknesses >1 μm.

3. Results and Discussion

Figure 1a–c illustrates the X-ray diffractograms of Ga2O3 layers
of series I, II, and III grown on quartz substrates. The findings
are very similar in case of the series on sapphire substrates, but
the corresponding XRD traces are dominated by strong and
sharp sapphire reflections and are, thus, not shown here.

In series I, no significant change arises as a function of oxygen
flux, that is, variation of the Ar:O2 fraction of the process gas used
in deposition (Figure 1a). However, this is somewhat expected
because when using a stoichiometric target, a slight variation
of the O:Ga ratio in gallium sesquioxide seems more likely than
the formation of suboxide phases. Heating power was at the low-
est setting of 465W, and RF power coupled into the process
plasma was 200W. All diffractograms reveal rather broad signals
at about 30�, 35�, 45�, 57�, and 64�. Characteristic reflections
of β-Ga2O3 are given on top of the figure and are indicated by
green vertical lines. A comparison with reflections reveals the
polycrystalline character of deposited layers. This is in contrast
to the findings of Kang, who found Bragg reflections only for the
{–201} β-Ga2O3 family of planes on c-sapphire substrates and
concluded that this is the preferred orientation in surface-normal
direction.[29] It should be noted that in the findings of Kang
thin films were deposited at 645 �C, whereas our samples
(Figure 1a) were grown at temperatures <600 �C. Thus, we
believe a minimum growth temperature, among others, is a
mandatory condition for obtaining β-Ga2O3 thin films on
c-sapphire substrates with a preferential orientation. A similar
behavior was found for β-Ga2O3 sputter grown on silicon
substrates where the as-deposited samples exhibited an amor-
phous XRD pattern, and annealing temperatures ≥900 �C were
necessary for obtaining polycrystalline material.[15,17]

Figure 1b shows the results of series II where heater power
and, thus, surface temperatures of the substrate were varied.
Ar and O2 flux were set to 45 and 12.5 sccm, respectively, and
the RF power coupled into the process plasma was again
200W. Crystallinity improved on increasing the heater power
from 465 to 900W, indicated by the sharpening of the reflections.
However, no further improvement was observable >900W. A
heating power of 1135W; and Ar and O2 flux set to 45 and

Table 1. Parameters used in sputter processes for depositing sample
series I–III.

Series Ar flux [sccm] O2 flux [sccm] RF power [W] Heating power [W]

I 45 8–15 200 465

II 45 12.5 200 465–1440

III 45 12.5 50–200 1135
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12.5 sccm, respectively, were kept constant in series III, whereas
the RF power and consequently also the kinetic energy of the ion
species of the process gas were varied between 50 and 200W. The
diffractograms of the corresponding samples (Figure 1c) show
first a slight increase in intensity and number of peaks toward
a higher RF power up to 150W. A further increase in the RF
power to 200W resulted in no additional improvement of crys-
tallinity. However, increasing the RF power is accompanied with
a significant gain in the growth rate.[35,36] Thus, we believe that
increasing the layer thickness by increasing the RF power while
maintaining the deposition temperature counteracts a possible
improvement in crystallinity due to more disordered growth.

Figure 2a depicts the optical transmittance spectra of Ga2O3

layers of series I on quartz and c-sapphire substrates in the wave-
length range of 260–400 nm. Above a wavelength of 360 nm,
transmittance of all thin films was about 80–100%, presenting
interference oscillations between light transmitted directly and
light reflected at the back and front interfaces prior to being
transmitted. Using the dispersion relation of refractive index
given by Rebien et al. for RF-magnetron-sputtered samples,[34]

whose composition was monitored by Rutherford backscattering,
layer thickness d may be derived from the interference pattern.

The corresponding values are shown in Figure 2c together with
thickness values deduced from scanning electron microscopy
(SEM) images of the edge of cleaved samples. The comparison
indicates that—as expected from the variation of growth param-
eters, in particular, oxygen flux—the assumption of a stoichio-
metric sample is not valid in all cases. Indeed, preliminary
measurements by X-ray photoelectron spectroscopy (XPS) show
that samples of the oxygen flux series deviated from O:Ga¼ 1.5.
We evaluated core-level O 1s, Ga 2p, and Ga 3d and found Ga
concentrations up to 44% for low oxygen flux, whereas values close
to 40% were found for highest oxygen fluxes used in series I.

Therefore, we decided to use the values of layer thickness
obtained by SEM analysis of cleaved edges in conjunction with
interference oscillations observed to derive refractive index dis-
persions of selected Ga2O3 samples grown. This allowed us to
assess the magnitude of refractive index variation introduced
by nonstoichiometry. Results for selected samples of all three
series are shown in Figure 3. The corresponding growth param-
eters are given in the legend of the figure; the error bars repre-
sent uncertainties in layer thicknesses and the extremas’
wavelengths in optical transmittance spectra. For clarity, only
one error bar is shown per sample. The curvature of extracted
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bandgap and c) layer thickness is the same for Ga2O3 thin films deposited on quartz and c-plane sapphire, respectively. Asterisks in (c) denote the
thicknesses determined by SEM analysis. Error margins given in (b) and (c) arise due to error in the refractive index used.[34]
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Figure 1. a) X-ray diffractograms of Ga2O3 grown on quartz. Changing the Ar:O2ratio in sputter atmosphere does not alter crystallinity significantly,
whereas several orientations are observed. This polycrystallinity is also verified for b) series II (substrate temperature) and c) series III (RF power).
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dispersion relations is comparable with that of dispersion relation
derived by Rebien et al.[34] independent of composition. However,
the absolute values of nonstoichiometric samples are consider-
ably higher. This can be best seen in the long-wavelength regime
where stoichiometric, crystalline β-Ga2O3 possesses a refractive
index of about 1.9 in accordance with previously reported
results,[30,34] and nonstoichiometric materials exhibit values
almost up to 2.1. The analysis of the growth parameters yields
that only the refractive index dispersion of samples prepared at
a high heater power (i.e., high surface temperatures) and rather
low RF power (i.e., low kinetic energy of ionic species of the
plasma) match the dashed line representing the refractive index
dispersion of stoichiometric β-Ga2O3. The error margins to the
data points in Figure 2 and 4 represents the uncertainty due to
an unknown degree of nonstoichiometry of the samples and

corresponding uncertainties in the layer thicknesses. This uncer-
tainty will not alter the trends and interpretations given in
what follows. Furthermore, these findings will be important for
future investigations of nonstoichiometric β-Ga2O3 or even
Ga2O3-based alloys.

In the spectral range >400 nm, reflectance and transmission
approximately add up to 100%, whereas <360 nm, measured
transmittance drops due to absorption in the thin β-Ga2O3 films.
At wavelengths λ where absorption dominates, the absorption
coefficient α may be extracted using:

TðλÞ ¼ ½1� RðλÞ� ⋅ expð�αðλÞdÞ (1)

where α denotes the absorption coefficient, d the layer thickness,
T the transmittance, and R the reflectance. The optical bandgap
of Ga2O3 film can be estimated using Tauc’s approach,[37]

assuming a direct transition at the bandgap. Plotting α2 versus
h̄ω; and extrapolating the linear part of the curve to the abscissa
yields the energy of the optical bandgap of the material studied,
independent of its layer thickness.

For the samples of series I, on quartz as well as on sapphire, a
shift in this onset of optical absorption toward lower wavelengths
was found with increasing oxygen flux (Figure 2a). The optical
bandgap of β-Ga2O3 layers increases with increasing oxygen
flux (Figure 2b) and approaches the value reported for the
bandgap of stoichiometric β-Ga2O3 of 4.87 eV from below.
In agreement with the refractive index analysis, this behavior
indicates that these samples are not stoichiometric and probably
still oxygen-deficient.[14] The bandgap increases as the density of
defects induced by oxygen deficiency is reduced with increasing
oxygen flux. As the target consists of stoichiometric Ga2O3 and
additional oxygen was used in the gas mixture, it may be antici-
pated, at first sight, that excess oxygen is present in the plasma
and deposited layer. However, this consideration is in contrast
with the optical data. Therefore, we believe that strong preferen-
tial sputtering occurs on the target, that is, gallium exhibits a
much higher sputter yield than oxygen from Ga2O3 surfaces.
Furthermore, in the same series of samples, we found that
the growth rate was reduced with increasing oxygen flux as
reflected by the layer thicknesses plotted versus oxygen flow
in Figure 2c. The reason is that, as described earlier, the density
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of the process gas increased when the oxygen flow increased.
As a consequence, the mean free path of the species in the
plasma reduced and the rate of collisions of ions (which possess
sufficient kinetic energy to sputter atoms off the target) with the
target also reduced.[38] Moreover, the likelihood of the formation
of negatively charged oxygen species in the plasma increased.
Negatively charged ions accelerated toward the sample holder,
which act as the anode. These oxygen species may etch the
thin-film surface, further reducing the growth rate.[39]

Series II was deposited at different heating powers (Table 1) to
see its impact on the thin-film growth. Figure 4b clearly reveals
that the amount of heating power also affects the growth rate
in addition to the degree of crystallinity. Furthermore, the trends
observed for layers on quartz glass and sapphire substrates differ.
The growth rate of the former increased steadily, whereas that of
the latter exhibited a maximum in the intermediate heater power
range. This behavior can be understood as follows. The diffusion
rate of gallium and oxygen atoms on the substrate surface
increased with increasing substrate temperature. It is the temper-
ature that determines decisively how efficiently the atoms can
arrange themselves on the surface. In general, a higher mobility
of the species on the surface enables comparatively faster layer
growth and higher crystallinity. However, the temperature can also
be too high in the sense that the thermal energy is large enough to
enable desorption of atomic species from the surface. Here the
properties of the substrate come into play as the energy transfer
from the heater arrangement to the substrate surface is deter-
mined, among others, by the substrate’s thermal conductivity.
The results in Figure 4b reveal clearly this influence on the
substrate as quartz glass possesses lower thermal conductivity
compared with sapphire.[40] The surface temperature of sapphire
is about 50 �C higher than that of quartz glass at high heater
powers. Note that this temperature difference was measured for
substrates without plasma impact. Thus, the actual temperature
difference might be even higher. In any case, the temperature cor-
responding to the onset of atomic desorption will be reached at a
lower heater power in growth on sapphire surfaces, already at
about 1000W, than in growth on quartz glass, where it probably
lies outside the accessible heater power range of the sputter system.

Figure 4a shows the behavior of optical bandgaps of Ga2O3

layers grown on the two types of substrates depending on
substrate temperature. The bandgaps were again determined
following Tauc’s approach.[37] The observed trends were very
similar, and even at the highest temperatures (heating powers),
the value of 4.87 eV reported for the optical gap of stoichiometric
bulk β-Ga2O3 could not be reached. However, the bandgap values
were higher than those found for series I, somewhat indicating
that growth at higher temperatures yielded a Ga2O3 material
of better crystallinity, but probably not stoichiometric yet.
For example, Sampath Kumar et al. showed that increasing
the substrate temperature led to a reduction of the O:Ga ratio
in their deposited Ga2O3 layers.[14] At room temperature, they
observed an O:Ga ratio of 1.6, whereas at a process temperature
of 600 �C, a stoichiometric ratio of about 1.5 was evaluated.
Already at 300 �C, a clear trend toward an O:Ga ratio of 1.5
was shown.[14] Ramana et al. observed the same trend in their
XPS analysis.[30] Thus, in any case, heating power plays an impor-
tant role; however, an interplay of various factors such as crystal
quality, defect structure, surface morphology, grain size, and

composition might also affect the optical properties, rendering
exact one-to-one transfer of conclusions difficult.

The results of Ga2O3 samples of series III grown at a high sub-
strate temperature with different RF powers coupled to the
plasma of the process gas are shown in Figure 4c,d. Clear trends
were observed, which were similar for layers on both types of sub-
strates. First, it should be noted (Figure 4c) that the samples of
series III grown at the lowest RF power exhibited optical band-
gaps closest to the theoretical value of stoichiometric β-Ga2O3.
With increasing RF power, however, the optical bandgap values
of Ga2O3 significantly decreased in a linear fashion. The growth
rate (Figure 4d) showed the opposite trend and increased linearly
with increasing RF power coupled into the plasma of the process
gas. The results can be explained as follows. The lower the RF
power coupled into the plasma, the less the kinetic energy of
the process gas ions impinging on the target. The discussion
of series I already showed that preferential sputtering is a major
issue when using a Ga2O3 ceramic target in the growth process as
the sputter yields of Ga andOwere very different for this material.
At the lowest RF power, the effect of preferential sputtering can be
compensated by the excess oxygen in the process gas. Thus, the
particle flux toward the substrate corresponds to the right stoichi-
ometry. Furthermore, due to the low sputter rates at 50W RF
power, the atoms deposited on the substrate had more time to
reach their positions and to form a film of better crystalline quality.
We believe that weak X-ray diffractograms in Figure 1c obtained
for the layers of series III grown at low RF power were rather due
to small thicknesses of those films than due to lower crystalline
quality, although a contribution of enhanced amorphization
cannot be ruled out entirely.

4. Conclusions

Ga2O3 thin films were deposited by RF-magnetron sputtering
from a ceramic Ga2O3 target onto quartz and c-sapphire sub-
strates. Oxygen flux, heating power, and RF power coupled into
the plasma of the process gas were varied systematically.
Stoichiometric β-Ga2O3 polycrystalline thin films were obtained
at moderate growth temperatures of about 600 �C, when a low RF
power was used and the process gas contained excess oxygen.
Excess oxygen is required to compensate the excess Ga in the
particle flux toward the substrate arising from a strong preferen-
tial sputtering of Ga species from the target. The growth rate
found for the best β-Ga2O3 thin-film material was rather low;
however, the layer thickness determined still translates to a
growth rate of 0.25 μmh�1, a value comparable to the largest
rates given in literature for other growth methods. Moreover,
our results suggest that a low growth rate is not an intrinsic prob-
lem andmay even be enhanced by coupling higher RF power into
the plasma and simultaneously increasing the fraction of oxygen
in the process gas. Refractive index dispersions and optical
bandgaps extracted from UV/Vis optical transmittance and
reflection spectra were successfully used to identify stoichiomet-
ric β-Ga2O3. In particular, we demonstrated that the refractive
index dispersion of nonstoichiometric β-Ga2O3 strongly deviates
from that of a stoichiometric material, an aspect that may play a
role in optimizing the antireflection behavior of Ga2O3 transpar-
ent contacts on thin-film solar cells.
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Progress in Sputter Growth of β-Ga2O3 by Applying
Pulsed-Mode Operation

Philipp Schurig, Fabian Michel, Andreas Beyer, Kerstin Volz, Martin Becker,*
Angelika Polity, and Peter J. Klar

1. Introduction

The quest for solar cell devices significantly contributing to sat-
isfying the world’s energy demand is on.[1–3] However, the only
way to enable photovoltaics to fulfill the requirements of green

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.[4–8] 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 (3.4 eV)[9] and AlxGa1�xN
(3.4� 3.75 eV)[10] or oxides such as ZnO
(3.3 eV),[9] a material, very well suited for
such devices as a window layer, might be
gallium sesquioxide, Ga2O3. This material
exhibits five different confirmed phases
(α, β, γ, δ, and ε). Its polymorphism was

first reported by Roy et al. as early as 1952.[11] 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 β-Ga2O3. In addition to the aforementioned hetero-
junction solar cell devices, the main reasearch topics include
optoelectronic devices like light emitting diodes[12] and UV photo-
detectors,[13,14] electronic devices like field-effect transistors[15] and
Schottky barrier diodes,[16–18] or devices for sensing gases[19,20] and
radiation.[21,22] 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 β-Ga2O3 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.[23] Doping with elements like
Si, Ge, and Sn on Ga sites or F on oxygen sites is feasible to estab-
lish n-type conduction.[24–26] Due to the intensive research partic-
ularly in the context of power devices, several review articles have
emerged on gallium oxides and their properties.[27–32]

Synthesis of bulk Ga2O3 is well established. By far the largest
number of publications deal with β-Ga2O3 and certain aspects
of its versatility. Crystals of a high structural quality are available.
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β-Ga2O3 thin films are deposited by pulsed radio-frequency (RF) magnetron
sputtering on c-sapphire substrates, using a stoichiometric Ga2O3 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
Ga2O3 thin films. Subsequently, the resulting as-deposited (AD) Ga2O3 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 β-Ga2O3 formation. Postdeposition temperature treatments are found to yield
a better crystal quality. However, a strong interdiffusion with the Al2O3 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 GaOx-related phases in addition to β-Ga2O3 are found in
the interphase between the growing thin films and the underlying substrate.
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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.[31,32] Demonstrably, the Czochralski method,[33,34] edge-
defined film-fed growth (EFG),[35] and vertical Bridgman (VB)
methods[36] are capable of fulfilling the need of upscaling.
For example, EFG can be used to produce even 4 inch-diameter
single-crystal wafers.[37] Thin films can be realized by a variety of
techniques, chemical vapor deposition (CVD),[38–41] metal-
organic chemical vapor deposition (MOCVD),[42] molecular
beam epitaxy (MBE),[43–48] pulsed laser deposition (PLD),[5,49–51]

and sol–gel synthesis,[52–55] among others. A topical review with
focus on the progress in the synthesis of bulk as well as thin films
of Ga2O3 was recently given by Galazka.[32]

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.[56,57] 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.[58] 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 900W cm�2 have been obtained.[59] Thus,
switching from standard to the pulsed mode at constant target
power is promising to overcome the main challenge in obtaining
crystalline β-Ga2O3, 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 Ga2O3

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 Ga2O3 films
were analyzed to identify a suitable growth window for β-Ga2O3.

2. Experimental Section

Ga2O3 thin films were grown on c-plane sapphire substrates by
conventional RF magnetron sputtering at 13.56MHz. The sub-
strates were cleaned with acetone and methanol in an ultrasonic

bath, dried with nitrogen, and mounted in the sputter chamber
(base pressure of 5� 10�7 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 Ga2O3 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 Ga2O3 at 500
and 300 �C, respectively.[56,60] Details on the distinct temperature
characteristics of the setup can be found elsewhere.[57]

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 β-Ga2O3. The results of the series
were compared with measurements conducted on samples
which were conventionally sputtered using the same setup and
reported previously.[57] 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 1 h in ambient
atmosphere. All as-grown Ga2O3 films as well as all annealed
specimens were analyzed by X-ray diffraction (Siemens D
5000) in a Bragg–Brentano Θ�2Θ geometry. Optical transmit-
tance at normal incidence (β¼ 0�) and relative specular reflec-
tance close to normal incidence (β¼ 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 I and II.

Series RF power [W] PDC [%] PRF [kHz] Plasma on-time [min]

I 600–1000 10 1 6

II 800 10–70 1 6

www.advancedsciencenews.com www.pss-a.com

Phys. Status Solidi A 2020, 1901009 1901009 (2 of 7) © 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

32



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�1 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�30 kV.
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 μm 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 30 kV ion beam and then to 300 and 200 nm using a 15 and
10 kV ion beam, respectively. Finally, the material was thinned
to about 100 nm with 5 kV ions and polishing was done with a
3 kV 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 Ga2O3.

[57] The optical bandgap strongly
depends on the deposition parameters oxygen flux, heating power,
and RF power. Polycrystalline β-Ga2O3 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

into the plasma. Excess oxygen is required to compensate the
excess of Ga due to preferential sputtering in the particle flux
toward the substrate.[61] 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 Ga2O3 and Al2O3 (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 1 h, the Al content in the Ga2O3 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.[43] The layer
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Figure 1. a) Layer thickness and b) optical bandgap of AD and rapid thermal annealed (RTA) Ga2O3 layers deposited on c-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.[43] 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 1000W, 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.
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thicknesses obtained translate to growth rates of around
50–120 nmmin�1 plasma on-time. Compared with the growth
rate of approximately 4–5 nmmin�1 found for conventionally
sputtered layers,[57] 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
β-Ga2O3.

[62,63] 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 β-Ga2O3.

[57] However, the general
trend of the optial bandgap values of Ga2O3 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 Ga2O3 layers increased compared with those of the
AD samples. We ascribe this enhancement to the diffusion of
Al from the sapphire substrate into the Ga2O3 layer. Thus, meta-
stable phases like (Ga,Al)O3 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.[64,65] 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 Ga2O3 at
1000 �C reached after 1 h.

Figure 1c shows X-ray diffractograms for selected samples,
deposited at 600, 800, and 1000W, 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) β-Ga2O3, 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 γ-Ga2O3 or even meta-
stable phases like (Ga,Al)O3 might be superimposed.

In principle, α-phase Ga2O3 shows a better lattice match with
c-plane sapphire than its β-phase. However, β-phase Ga2O3 is
more commonly observed when growth occurs on this kind of
substrate, presumably due to its lower chemical potential.[56,57]

Furthermore, surface roughness and defect density on the
substrate surface affect the growth conditions and, thus, the
crystallization of different phases.[56,60,66] For example, a shift
from β-phase to γ-phase was observed when growing in an envi-
ronment containing water vapor, detrimental for the formation
of high-temperature phases.[56] 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

be assigned to a distinct plane or phase, annealed samples show
different out-of-plane orientations of the β-phase and may be
considered polycrystalline. In particular, the (�401) and (�313)
reflections of β-Ga2O3 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 β-phase at elevated temperatures, no matter which
phase had been present beforehand.[11] 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 β-Ga2O3,
although slightly strained.[57]

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 γ-Ga2O3,
disappear. Similar to the α-phase the thermodynamic stability of
the γ-phase is only metastable and changes into the β-phase
above 650 �C.[11]

Series II 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 μm 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.[67]

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, whichmay
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 β-Ga2O3 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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grown at low PDCs. Here, the higher bandgaps of annealed
samples might again well be attributed to Al diffusion into
the Ga2O3, 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 GaAlO3 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 γ-Ga2O3. Due to the overall
low crystalline quality, however, one has to assume rather small
γ-Ga2O3 domains in an amorphous matrix. After thermal
annealing the γ-Ga2O3 peaks vanish due to phase transforma-
tion to the β-phase, taking place above 650 �C. Thus, all reflec-
tions observed in the annealed layers may be interpreted as
β-Ga2O3, 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 Ga2O3 thin film, we will now focus on the sam-
ple grown at 800W 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 Ga2O3 samples measured by b) SEM and
c) AFM. Although it is beyond this article to evaluate the data in

detail, both Raman spectra and the surface morphology investi-
gated via SEM and AFM, respectively, confirm a more
pronounced crystallinity after annealing.[68] Especially Raman
spectroscopy is known to very sensitively differentiate material
phases[48,69,70] or locate defect structures.[71] Thus, the presump-
tion of the conversion of amorphous material into β-Ga2O3

throughout the discussion is further underlined.
Additionally, TEM measurements were carried out, cf.

Figure 3d–f, especially to investigate the interface region between
the Ga2O3 layer and the Al2O3 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.[72] 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.[73] Nevertheless, the structure
of the substrate continues for some nm in the Ga2O3 layer,
replacing Al atoms by Ga atoms (a brighter impression).
Thus, we tentatively assign this pseudomorphous grown region
as γ-Ga2O3.

It should be noted that α-Ga2O3 might also be observed at the
interface with sapphire.[74,75] Phase stabilization of α-Ga2O3 was
observed on r-plane α-Al2O3 in plasma-assisted MBE up to a
film thickness of around 200 nm.[76] Thus, initially the resulting
strain energy due to lattice mismatch shifts the thermodynamic
equilibrium from the stable β-Ga2O3 toward the metastable
α-modification.[77] However, for increasing growth times, nucle-
ation of β-phase was found on the c-plane facets of α-Ga2O3.
Here, we do not see any indication of the α-phase being present
in the interface, although we cannot rule out entirely the pres-
ence of some domains.
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4. Conclusions

Thin films of β-Ga2O3 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 β-Ga2O3 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

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 β-Ga2O3 is still in need
of improvement, which we assign to the presence of other
GaOx-related phases at the interphase between β-Ga2O3 and
the underlying substrate.
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(b) 2 Theta values (squares) of (0002) re-
flection obtained from layers deposited at
different Ar flows and calculated Mg content
(triangles) as well as EDX results (circles).
The EDX results show the real development
of Mg content which is in accordance with
the change in transmittance in (a).

Figure A.1: Transmittance (a), 2 theta position and Mg content (b) of layers
deposited at various Ar flows from the same Zn0.72Mg0.25O:Al0.03 target.
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B Annealing Ga2O3

The post deposition temperature treatment was conducted as a rapid thermal
annealing (RTA) process at 1000 °C for 2 h under ambient atmosphere. This treatment
condition was found to lead to an increased optical band gap, presumably due to Al
diffusion from the substrate into the deposited layer.
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Fig. B.1: time of flight secondary-ion mass
spectrometry (ToF-SIMS) depth profiles of
Ga2O3 layer deposited with 400 W from the
commercial target onto c-plane sapphire.

Consequently ToF-SIMS depth pro-
files of as-deposited (AD) and rapid
thermal annealed (RTA) samples were
measured to investigate the element
distribution throughout the grown
Ga2O3 layer and at the substrate in-
terface. The results are illustrated
again with point-to-point normaliza-
tion. Utilizing this method the
change of the sputter matrix effects,
e. g. different sputtering yields for
layer and substrate, are normalized.
Thus, weak signals get slightly over-
pronounced and one has to be care-
ful in the interpretation. In the AD
case (Fig. B.1, left) a sharp transi-
tion between the layer and the sub-
strate is present, although the Ga sig-
nal extends deeper into the substrate
which can partly be accounted to the
method used. During removing of the
material by ion bombardment it is inevitable that some of the material of the top
layer will intermix with the underlying layers induced by the particle collisions.
Furthermore, Si and Al were detected within the Ga2O3 layer with roughly the
same normalized intensity. Because of missing relative sensitivity factors (RSFs)
the results cannot be quantified, but might serve as a trend. Additionally one has
to keep in mind that although the intensities exhibit the same counts, the actual
concentrations are different as the RSF of each element is different. Therefore, one
can conclude qualitatively that with reaching the substrate two out of three elements
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vanish. Nevertheless, the presence of the three elements is reasonable because Si is
the main impurity in Ga2O3 targets. After annealing (Fig. B.1, right) the interface
region is much more broadened than before. The Al signal within the layer is two
magnitudes higher and a strong indication for a pronounced diffusion of Al from
the substrate into the layer. This confirms the increased optical band gap of the
deposited layer after annealing. Likewise the Ga signal gets more pronounced within
the substrate because of diffusion. Care has to be taken in the intermediate region of
the depth profile. In this range the element matrix changes with every sputtering step
for elemental analysis. Additionally some normally weak details, e. g. the hill-like
increase in the Si signal, can be overestimated due to the changing sputtering matrix
or the point-to-point normalization.

In summary, the ToF-SIMS results strongly indicate that the annealing process
triggers an intense diffusion of Al or Ga into the layer or substrate, respectively.
Moreover the interface region is no longer distinct after annealing.
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