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Abstract
In this paper, the growth of orthorhombic and monoclinic (AlxGa1− x)2O3 thin films on (00.1)
Al2O3 by tin-assisted pulsed laser deposition is investigated as a function of oxygen pressure
p(O2) and substrate temperature Tg. For certain growth conditions, defined by Tg ≥ 580

◦
C and

p(O2)≤ 0.016 mbar, the orthorhombic κ-polymorph is stabilized. For Tg = 540
◦
C and

p(O2)≤ 0.016 mbar, the κ-, and the β-, as well as the spinel γ-polymorph coexist, as illustrated
by XRD 2θ-ω-scans. Further employed growth parameters result in thin films with a monoclinic
β-gallia structure. For all polymorphs, p(O2) and Tg affect the formation and desorption of
volatile suboxides, and thereby the growth rate and the cation composition. For example, low
oxygen pressures lead to low growth rates and enhanced Al incorporation. This facilitates the
structural engineering of polymorphic, ternary (Al,Ga)2O3 via selection of the relevant process
parameters. Transmission electron microscopy (TEM) studies of a κ - (Al0.13Ga0.87)2O3 thin film
reveal a more complex picture compared to that derived from x-ray diffraction measurements.
Furthermore, this study presents the possibility of controlling the phase formation, as well as the
Al-content, of thin films based on the choice of their growth conditions.

Keywords: Ga2O3, crystal growth, (Al,Ga)2O3

(Some figures may appear in colour only in the online journal)

1. Introduction

Gallium oxide is the focus of research interest, as, given its
outstanding properties, such as a wide bandgap, high elec-
trical breakdown field [1] of 8MVcm−1 and large Baliga’s
figure of merit it is considered to be suitable for a variety

Original Content from this work may be used under the
terms of the Creative Commons Attribution 4.0 licence. Any

further distribution of this work must maintain attribution to the author(s) and
the title of the work, journal citation and DOI.

of applications, including deep-UV photo detectors [2], gas
sensors [3], high power rectifiers, and transistors [4–9]. The
band gap ranges between 4.6 eV and 5.3 eV, depending on
the respective polymorph, and can be reduced or enlarged
by alloying with In2O3 or Al2O3 to expand the range of
possible applications [10]. To date, most of the published
studies have dealt with the thermodynamically stable mono-
clinic β-polymorph, but in recent years, the meta-stable
orthorhombic κ-polymorph has garnered increasing interest,
owing to its predicted large spontaneous polarization of
23µC/cm2 along its c-axis [11]. Extensive studies addressing
this polymorph will be required to potentially realize high
power and optical devices [12]. Cora et al [13] studied the
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crystal structure of this polymorph in detail, assigning it to
the space group Pna21, with two distinct cation sites, having
a ratio of 1:3 of tetrahedrally and octahedrally coordinated
Ga sites. In addition, they compared the orthorhombic with
the hexagonal crystal structures, identifying the orthorhombic
κ-Ga2O3 as a coordinated subgroup of the hexagonal
ε-phase [13].

Binary orthorhombic Ga2O3 can be realized by a vari-
ety of growth techniques, such as halide vapor phase epi-
taxy HVPE[14, 15], atomic layer deposition[16] (ALD), metal
organic chemical vapor deposition [13, 17–21] (MOCVD),
mist CVD [22, 23], and plasma-assisted [24] or tin-assisted
MBE [25], as well as tin-assisted pulsed laser deposition
[26, 27] (PLD). In contrast, ternary alloys containing Al
or In have so far only been realized by tin-assisted PLD
[28–31] (PLD) on c-sapphire and κ-Ga2O3 templates as
well as by mist CVD [32, 33] on c-plane AlN templates.
With regard to PLD, a certain tin supply is necessary in
addition to adequate growth conditions (growth temperat-
ure and pressure) in order to stabilize the orthorhombic
phase [27]. To date, the highest reported Al content has
been x = 0.46 for κ - (Al,Ga)2O3 on (00.1)Al2O3 [31] which
can be enhanced up to x = 0.65 by employing an addi-
tional κ-Ga2O3 thin film template [29]. Kneiß et al have
described the growth of binary κ-Ga2O3 using tin, which
is not incorporated into the thin film, but serves as a
surfactant [27, 31].

For binaryβ-Ga2O3 thin films, decreasing p(O2) or increas-
ing Tg (by PLD) or metal-rich regimes (by MBE) leads to
decreasing growth rates, caused by the formation and sub-
sequent desorption of volatile Ga2O suboxides [34–37]. For
β-(Al,Ga)2O3 thin films, the same behaviour has been
observed, but with one special feature: a change of the Al/Ga
ratio in the thin films [38–40], which is due to the favored
incorporation of Al into the layer. In contrast, for β-(In,Ga)2O3

thin films, the incorporation of Ga atoms is favored, leading to
lower In-contents in the case of growth in oxygen-poor con-
ditions [41]. Since growth parameters have such a significant
impact on the material properties of β-Ga2O3-based thin films,
a systematic study of the influence of these growth paramet-
ers for the less investigated orthorhombic phase is mandatory.
In this paper, we present a detailed structural characterization
on the nanoscale, in conjunction with a detailed description
of the phase formation of (Al,Ga)2O3 thin films on c-plane
sapphire, as well as the influence of Tg and p(O2) on this.
Moreover, we illustrate the effect of the formation of volatile
suboxides on cation incorporation, and therefore on the change
of the cation composition in the layer and the growth rate of the
thin film.

For this purpose, we deposited (Al,Ga)2O3 thin films
on c-sapphire substrates under various growth conditions.
The experiments reveal that orthorhombic (Al,Ga)2O3 can
be stabilized only under certain growth conditions. This
requires growth temperatures above 540

◦
C and oxygen pres-

sures below 0.024 mbar, except for the highest investigated
growth temperature of 670

◦
C, where p(O2) = 0.024 mbar

still leads to κ-phase thin films. For Tg = 540
◦
C and

Table 1. Growth temperature Tg, oxygen pressure p(O2), measured
Al content x by EDX, and polymorph for samples A, B and C.

label Tg (
◦
C) p(O2) (mbar) x polymorph

A 620 0.002 0.13 κ
B 540 0.001 0.11 phase separation
C 500 0.002 0.10 β

p(O2)≤ 0.016 mbar, as well as for 620
◦
C and 0.024 mbar,

the coexistence of κ-, β- and γ-polymorphs is observed.
Other growth parameters can lead to monoclinic thin films.
The crystal structure of one κ - (Al0.13Ga0.87)2O3 thin film
and one (Al0.11Ga0.89)2O3 thin film exhibiting phase separ-
ation (κ and β+ γ) are investigated in detail, using TEM
measurements.

2. Results and discussion

2.1. Crystal structure

The influence of growth parameters on the formation of
κ - (AlxGa1− x)2O3 thin films was analyzed by varying Tg
and p(O2) during PLD growth, utilizing the same ceramic
PLD target for all prepared samples. The thin films were
also examined under x-ray diffraction, revealing the crys-
tal structure to be monoclinic, orthorhombic, or a coex-
istence of both. In figure 1, representative 2θ-ω scans
(2θ = 15–65

◦
) of (AlxGa1− x)2O3 thin films are depic-

ted, revealing characteristic reflection peaks, which can be
assigned either to the β- or the κ-phase. Peaks corresponding
to both phases are present for samples exhibiting phase separa-
tion. The growth conditions, Al-content and identified phase of
these (AlxGa1− x)2O3 thin films are presented in table 1. These
samples will be referred to as samples A, B, and C below.

At the bottom of figure 1, the XRD pattern of sample C, a
polycrystalline β - (AlxGa1− x)2O3 thin film grown at 500

◦
C

and 0.002 mbar, reveals the growth along the (-201) n lat-
tice plane. This is indicated by the lattice plane reflection
peaks observable at 2θ = 18.82

◦
, 38.21

◦
, and 59.10

◦
. The

growth along the (-201) lattice plane on c-plane sapphire
has already been reported several times in relation to β -
(AlxGa1− x)2O3 [39, 40, 42, 43]. Aside from the (-201)β ori-
entation, two additional orientations of the β-phase are visible
in the scan: the (-401)β at 2θ = 30.13

◦
, and the (-601)β at

2θ = 44.26
◦
. The XRD pattern of sample A (top panel of

figure 1), which was grown at 620
◦
C and 0.002 mbar, reveals

reflection peaks at 2θ = 19.26
◦
, 39.03

◦
and 60.11

◦
, which can

be assigned to the (002) n lattice planes of κ - (AlxGa1− x)2O3.
These reflection peaks occur at slightly higher angles com-
pared to those of the β-thin film described above, which is
typical for binary κ-Ga2O3 [27], as well as its ternary alloys
(κ - (In,Ga,Al)2O3) [28–31]. The thin film B, shown in the
middle of figure 1, was grown at 540

◦
C and 0.001 mbar.

The XRD pattern for this sample contains all previously
described peaks, indicating phase separation. In addition, a
peak shoulder appearing at 2θ = 58.02

◦
is observed for B and
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Figure 1. XRD patterns of an orthorhombic κ- (A), a monoclinic
β-(AlxGa1− x)2O3 thin film (C), and a thin film exhibiting a
coexistence of both (B). The growth directions of the respective
samples are labeled in red for the monoclinic, and blue for the
orthorhombic lattice planes. The shoulders highlighted by the arrow
can be assigned either to (-313)β or (333)γ lattice planes. The peak
positions were assigned according to JCPDS card nos. 76-0573,
20-0426 and 11-0342. The reflection peak visible at 41.68

◦
can be

assigned to the (00.6) Al2O3 lattice plane (JCPDS PDF card no.
82-1399).

C (marked with an arrow), which cannot be unambiguously
assigned to a lattice plane reflection. One possible explana-
tion for this is the presence of reflections at the monoclinic
(-313)β and the cubic (333)γ lattice plane, or an convolu-
tion of both. The c-plane sapphire (00.6) lattice plane reflec-
tion peak appears for all samples at 41.68

◦
. Small peaks at

20.4
◦
and 29.0

◦
can also be observed (e.g. for sample A),

emanating from the so-called Umweganregung (x-ray double
diffraction) of the substrate. Such an Umweganregung is
only observable under certain ϕ rotations, and may therefore
occur in some samples [44]. Further visible reflection peaks
are due to the Kβ (35.2

◦
, 53.9

◦
) or the tungsten Lα (37.4

◦
)

spectral lines.
In order to compare the crystalline quality of β- and κ -

(Al,Ga)2O3, the FWHMs of samples A and Bwere determined
for the (004)κ and (-402)β reflection peaks. For the (-402)β
reflection, the FWHM amounts to 0.258

◦
, and for (004)κ it is

0.120
◦
, exhibiting a lower broadening, and therefore repres-

enting a higher crystalline quality. The thin film thickness does
not play a role, since the thickness of the samples is similar
(470 nm for sample A, and 510 nm for C). The small differ-
ences in thin film thickness are caused by the different growth
temperatures and the associated desorption of volatile subox-
ides [36, 37].

Since the oxygen pressures during growth of the three
samples were nearly the same (0.001 or 0.002 mbar, respect-
ively), the difference in growth temperature is accountable for
the crystallization of the different phases seen here. Moreover,
the growth temperature influences the incorporation of Al into
the layers, which increases with increasing Tg. Note that the
Al content present in the target is approximately 8.8 at.%. In
the layers, values of 10 to 13 at.% were detected (see table 1).
A detailed description of this phenomenonmaycan be found in
the section Phase Control. In the next section we want to focus
on an atomically resolved description of the orthorhombic thin
film (sample A) and the thin film exhibiting phase separation
(sample B).

2.2. Growth

TEM investigations were performed for samples A and B and
the cross-sectional TEM bright field images are shown in fig-
ure 2(a) and (b), respectively. In both layers, two phases of dif-
ferent morphologies can be clearly distinguished: a speckle-
contrast region starting from the interface, indicating a highly
granular structure, and on top of that a phase with vertically
aligned features, indicating columnar-like domains. Selected
area electron diffraction (SAED) was performed for each of
these regions to identify the crystal structure and the growth
orientations. This measurement was performed for two zone
axis orientations of the sapphire substrate, [112̄0] and [11̄00],
for which the data are presented in figure 2(c). With regard to
electron diffraction simulations [45], the red circled region is
identified as a coexistence of the monoclinic β- and the cubic
γ-phase. The γ-Ga2O3 phase has a cation-deficient spinel
structure (Fd3̄m) described in detail by Playford et al [46],
and similar to that of γ-Al2O3. The blue circled region can
be identified as the orthorhombic κ-structure in both samples,
as shown in figure 2(c). The SAED patterns of the κ- and
β+ γ-regions of sample A look the same as those presen-
ted for sample B. The domain boundaries between the β+ γ-
part and the κ-phase extend diagonally through the layer.
This suggests that the κ-phase starts to nucleate as islands
in certain positions, probably due to Sn accumulations, then
grows at a higher growth rate than the β+ γ-phase until
the latter is overgrown. The composition in both phases is
the same, as confirmed by STEM-EDXS measurements of
the TEM sample. A STEM-EDXS spectrum can be found
in the supplemental material (stacks.iop.org/JPD/53/485105/
mmedia).

The different phases are investigated in greater detail via
Scanning TEM (STEM) imaging. Figure 3(a) shows a STEM
image, taken close to the interface in sample B, and including
the sapphire substrate and regions with β+ γ- and κ-phase.
The κ-phase is shown at higher magnification in figure 3(b),
where we see that it is growing in narrow columnar domains of
a few nanometers in width. The structure exhibits vertical lines
of defects, extending through the structure (positions indic-
ated by the white arrows), which are indicative of the vertical
domain boundaries. The atomically resolved structure of the
κ-phase is displayed in figure 3(c)II, and fits well to the atomic
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Figure 2. TEM bright field overview images of (AlxGa1− x)2O3 layers grown at (a) Tg = 620
◦
C and p(O2) = 0.002 mbar and (b) Tg =

540
◦
C and p(O2) = 0.001 mbar, corresponding respectively to samples A and B, shown in Fig 1. (c) Selected area electron diffraction

(SAED, inverted contrast) in two zone axis orientations of the sapphire substrate in the areas indicated by red and blue circle in (b). We note
that the streaky horizontal features in the SAED patterns of the κ-phase (blue) are probably caused by the short domain width in this
direction, which breaks the periodicity.

model superimposed on the experimental image. Ga columns
appear bright in these images, while oxygen atoms are too light
to produce a visible contrast. The domains are 60

◦
rotated in

plane with respect to each other, and the epitaxial relationships
are (001)κ||(00.1)s and [010]κ, [310]κ||[11̄00]s and [100]κ,
[110]κ||[112̄0]s.

A high magnification image of the interface region (shown
in figure 3(c) III) actually reveals the presence of a fourth
phase, namely α. It grows pseudomorphically for 3-4 mono-
layers on the sapphire substrate, with the same crystal struc-
ture. This phase is not detectable in XRD, because the layer
is buried and too thin. The formation of this α-interlayer has
already been shown to be typical for Ga2O3 layer growth on
sapphire [47].

Close to the interface, small grains (measuring only a few
nm) of β- and γ-phase are mixed randomly, while at larger
thicknesses the grains grow larger and the β-phase is domin-
ant. Figure 3(c) shows area scans for γ- and a β-phase grains
where the structures can be fitted to the stick-and-ball mod-
els. Despite these small grains, both β- and γ-phases exhibit
an epitaxial relationship with respect to the sapphire. For the
out-of-plane orientation, (-201)β ||(00.1)s and (111)γ || (00.1)s
was found. The spacings of these planes are very close to
each other in value (d((-201)β) = 4.70Å and d((111)γ) =
4.75Å), therefore the phases can hardly be distinguished in
the XRD patterns. The in-plane relationship for the γ-phase is
[11̄0]γ ||[11̄00]s. The β-grains grow in different orientations,

rotated in-plane by 60
◦
with respect to each other, according to

[010]β or [132]β ||[11̄00]s. Since this polycrystalline interlayer
is only a few 10 nm thick in sample A, it implies that these
grains are even smaller, which could explain the x-ray amorph-
ous behavior of this layer. The formation of the approxim-
ately 20–30 nm small and wavy interlayer can be explained
by the PLD approach employed here. During the first laser
pulses an insufficient amount of tin is ablated, and the required
liquid tin layer cannot form instantaneously. Only when this
tin layer has formed can the growth of the orthorhombic phase
begin.

Investigations of the surface morphology of samples A
and C show similar results to comparable samples published
previously [29, 31]. Therefore, only the surface morphology
of sample B is presented below. AFM measurements show
a surface consisting of 3D islands, which has a root mean
square surface roughnesses of 8.6 nm. Figure 4(a) shows a
5× 5µm2 surface scan, depicting 3D islands, 200–400 nm
in diameter. By considering the cross-sectional view, presen-
ted in figure 4(b), it can be established that the higher parts
of the thin films can be allocated to the orthorhombic phase.
The higher growth rates of the κ-phase, compared with those
of the β-phase, leads to an overgrowth of the β+ γ-part.
If the thin film growth were to continue, e.g. by a higher
pulse number from the PLD, it may be assumed that the
κ-phase proportion would grow further in lateral size and
finally overgrow the β+ γ-part completely. Such complete

4
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Figure 3. (a) STEM image of an area in sample B (Tg = 620
◦
C and p(O2) = 0.002 mbar) showing the substrate, the β+γ-mix phase, and

the κ-phase. (b) Higher magnification image of the blue area in (a), showing a defective κ-structure due to many vertical domain
boundaries. (c) STEM images of areas II, III and IV in (a), showing the atomically resolved pattern of the κ-, α+γ-, and β-structures,
respectively, with the atomic models superimposed (blue & green: 6-fold and 4-fold coordinated Ga respectively, red: O) For the
cation-deficient γ-phase, only those cations with the highest occupancy are shown in the model structure.

overgrowth is visible in figure 2(a) for the κ - (Al,Ga)2O3

thin film.

2.3. Phase control

In addition to the aforementioned samples, thin films
were deposited under several growth conditions (various
combinations of p(O2) and Tg) and investigated via XRD to
determine their crystal structure, by EDX to define their cation
composition, and by spectroscopic ellipsometry to examine
their growth rates. Note that the ceramic target employed here
consists of Ga2O3 doped with 8.8 at.% Al2O3. Although TEM
images show that the phase distribution is more complicated,
below, we will focus only on phases with a high volume frac-
tion, as identified by XRD.

The growth conditions, such as oxygen pressure and
substrate temperature, were selected in the ranges of 3×
10−4 mbar≤ p(O2)≤ 0.024 mbar, and 450

◦
C≤Tg ≤ 670

◦
C.

Every sample was measured using XRD to determ-
ine the respective polymorph. The sample series for
p(O2)= 0.000 3mbar is depicted in figure 5, showing a change
in the crystal structure, dependent on Tg. For temperatures
from 670 to 580

◦
C, the κ-phase forms, for 540

◦
C we obtain

a mixture of the β+ γ- and κ-phases, and for 500-450
◦
C,

the β-phase forms. The XRD spectra for the remaining oxy-
gen pressures and growth temperatures can be found in the
supplemental material. The evaluation of these detected crys-
tal structures revealed defined growth conditions, among them
the κ-modification forms presented in figure 6(a). These spe-
cific growth conditions are required for the given amount of
tin in the target, due to the surfactant-mediated growth, where
a liquid tin layer forms on top of the thin film, inducing the κ-
growth below. The tin will not be incorporated into the layer,
and desorbs, or rather accumulates at the top, as demonstrated
for κ-(Al,Ga)2O3 [31].

In the oxygen rich regime of 0.024 mbar, and at growth
temperatures between 540

◦
C and 580

◦
C, the tin atoms com-

pletely oxidize, a liquid tin layer does not form, and hence the
formation of the κ-phase is suppressed. To determine the point
of transition from the β- to the κ-phase more accurately, thin
films were grown between 540

◦
C and 620

◦
C instead of at an

oxygen pressure of 0.01 mbar at 0.016 mbar. For temperatures
below 500

◦
C, surface-mediated growth cannot be observed,

such that the monoclinic polymorph forms across the whole
examined pressure range. In a narrow growth window of
Tg = 540

◦
C and 3× 10−4 mbar≤ p(O2)≤ 0.016 mbar, as

5
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Figure 4. (a) 5× 5µm2 AFM scan and (b) TEM cross-sectional view of sample B.

Figure 5. XRD 2θ-ω scans of (AlxGa1− x)2O3 thin films deposited
at p(O2) = 0.000 3 mbar and various growth temperatures as
labeled. The growth directions of the orthorhombic κ- and
monoclinic β-samples are indicated in the graphs.

well as for 620
◦
C and 0.024 mbar, both phases coexist, as

described in the previous section. Conceivably, the creation of
the liquid tin layer is insufficient and/or small in this growth
regime. The cation composition was investigated by means of
EDX measurements, and is depicted as a function of the Al
content x in figure 6(b). As reported for β - (AlxGa1− x)2O3

thin films [40], x increases with decreasing oxygen pressure
and/or increasing growth temperature up to 2.25 times the
amount of material actually offered in the target. Inmonoclinic
thin films, volatile Ga2O suboxides form at the layer surface,
and subsequently desorb. As a result, the Ga2O species is
preferentially formed, due to the lower dissociation energy of
the Ga-O bond compared to the Al-O bond. The higher the
oxygen deficit (low p(O2)) and/or the higher Tg, the more sub-
oxides form and desorb, leading to a higher Al concentration
in the thin film. Since for the κ-polymorph grown by PLD,

surface-mediated growth was reported [27, 31], the desorption
process should be influenced by the existence of the liquid
tin layer on the thin film’s surface. The exact growth and
desorption mechanism should be the focus of future research
projects. However, the Al incorporation for the κ-, β- and the
samples exhibiting phase separation is presented in figure 6(b)
in relation to its dependence on p(O2) and Tg. Regarding
the Tg series, it is observable that the desorption process
diminishes for decreasing Tg. The growth pressure, where
a stoichiometric target-to-layer cation transfer can be mon-
itored, shifts continuously to lower p(O2). The stoichiometric
cation transfer is x = 0.088, and is marked in figure 6(b). For
Tg = 670

◦
C, this point is reached at p(O2) = 0.01 mbar,

for 580
◦
C at around 0.006 mbar, for 540

◦
C and 500

◦
C at

0.003 mbar, and for 450
◦
C a stoichiometric cation transfer

was observed between 3× 10−4 and 0.002 mbar. Since the
Al content of the samples grown at 500

◦
C and 450

◦
C shows

only a small change or no change in x, no additional thin films
were grown. In an oxygen rich regime, p(O2)≥ 0.016 mbar,
the cation transfer of Al is x = 0.07, because the lighter Al
ions are more widely scattered than the heavier Ga ions. For
high p(O2), x remains constant and increases are no longer as
visible at 620

◦
C, 580

◦
C, and 500

◦
C, indicating that the form-

ation of volatile Ga2O is suppressed [36, 37]. Nevertheless,
the surface-mediated growth reduces the desorption process
compared to the monoclinic phase. To demonstrate this, the
κ - (AlxGa1− x)2O3 thin films grown at 670

◦
C can be

compared with β - (AlxGa1− x)2O3 thin films published
before [40]. The target used for both sample series consists
of an admixture of 8.8 at.% Al2O3, and the samples are grown
at 670

◦
C and at various oxygen pressures. The monoclinic

thin films show systematically higher x for all oxygen pres-
sures. Another indication of the lower incorporation of Ga
into the layer due to desorption of volatile Ga2O is a decrease
in the growth rate r, which was determined by spectroscopic
ellipsometry and presented in figure 6(c). The graph shows a
dependency on the growth conditions. With decreasing p(O2)
and/or increasing Tg, the growth rate also decreases. The
behaviour of r is in accordance with an increased desorption
of volatile Ga2O, which is indicated by the inset of figure 6(c),
where r is plotted against x: r decreases approximately lin-
early with increasing x. The lowest r is about 19 pm/pulse
for the lowest investigated oxygen pressure (3× 10−4 mbar),
the highest temperature (670

◦
C) and the lowest Ga content

6



J. Phys. D: Appl. Phys. 53 (2020) 485105 A Hassa et al

Figure 6. (a) Influence of the growth conditions (p(O2) & Tg) on the formation of orthorhombic κ- and monoclinic β-(AlxGa1− x)2O3. The
different line widths of the sample exhibiting phase separation (ps) indicate the intensity of the observable β-reflection peaks: a larger width
means a more intense peak. (b) Al content x by EDX as a function of the oxygen pressure for the different polymorphs and growth
temperatures, as labeled. The dotted line denotes the cation ratio from the target. (c) Growth rate r vs dependence on p(O2). The inset shows
the dependence on the Al-content.

(1-x = 0.8). For the highest investigated oxygen pressures
(0.016mbar and 0.024mbar), the growth rates seem to saturate
for all investigated Tg between 45 - 46.5 pm/pulse. Interest-
ingly, this is the growth region where fewer Al atoms are
present, as they were incorporated into the thin film, sug-
gesting that deposition kinematics, such as scattering, play a
minor role compared to the forming and desorption of volatile
suboxides.

3. Conclusion

In this work, (Al,Ga)2O3 thin films were deposited under
various growth conditions, leading to the crystallization of
orthorhombic or monoclinic polymorphs, or a coexistence
of both, in addition to cubic defect spinel phases. This
allows for the dedicated preparation of a desired crystal struc-
ture by means of selecting the relevant growth paramet-
ers. The orthorhombic structure forms under higher growth
temperatures, and the monoclinic structure at high oxygen
pressures and/or low growth temperatures. A coexistence

of these phases and the γ-phase can only be observed
for p(O2)≤ 0.016 mbar and Tg = 540

◦
C, as well as for

0.024 mbar and 620
◦
C. Furthermore, we have shown that

under low p(O2) and/or high Tg, volatile suboxides form
and desorb, which leads systematically to increasing Al con-
tents and decreasing growth rates. Here, surfactant-mediated
growth is suggested to be the growth mechanism for κ-
(Al,Ga)2O3. Volatile suboxides are formed independent of
the polymorph; it seems that the liquid tin layer reduces this
process to some extent, as indicated by the cation compos-
ition evolution. For a sample grown at Tg = 620

◦
C and

p(O2) = 0.002 mbar, TEM results reveal that a 3-4 mono-
layer thickα - (AlxGa1− x)2O3 layer grew first on the substrate,
with a thin polycrystalline β+ γ - (AlxGa1− x)2O3 layer and
the κ - (AlxGa1− x)2O3 thin film on top. Neither α - nor β+ γ -
layers were observed by x-ray diffraction measurements for
this sample. Furthermore, TEM and AFM measurements of
a sample grown in a phase mixture have been demonstrated.
The side-by-side growth of the κ - and β+ γ - phase could be
caused by an insufficient and/or a small liquid tin layer on top
of the sample.
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4. Experimental

The (AlxGa1− x)2O3 thin films presented here were grown by
PLD on 10× 10 mm2 sized c-sapphire substrates at various
growth temperatures, ranging between 550

◦
C and 670

◦
C, as

well as at oxygen partial pressures between 3× 10−4 mbar
and 0.024 mbar. The given growth temperatures were estim-
ated from the heater block temperatures, measured by a ther-
mocouple, minus a constant temperature drop of 50 K due
to the radiative heating of the substrate without direct con-
tact to the heater block [48]. All samples were grown using
the same target, consisting of Ga2O3 (purity 99.999%, Alfa
Aeser) with an Al2O3 admixture of 8.8 at.% (purity 99.997%,
Alfa Aeser) and a SnO2 (99.9% purity, Alfa Aesar) admix-
ture of 0.6 at.% to induce the growth of the κ-modification
[25, 27]. The KrF excimer laser beam (248 nm) has an energy
density of 2.6 Jcm−2 on the target surface, and the target-to-
substrate distance is 10 cm. The total applied pulse number for
every thin film sample was 15 300. The first 300 pulses, with
a pulse frequency of 1 Hz, were used to create a nucleation
layer. The repetition rate for the subsequent 15 000 pulses
was 10 Hz. The chemical cation composition was studied
by energy-dispersive x-ray spectroscopy (EDX), using a FEI
Nova Nanolab 200, equipped with an Ametek EDAX detector.
X-ray diffraction (XRD) measurements were acquired using a
PANalytical X’pert PRO MRD diffractometer, equipped with
a PIXcel3D detector, and operating in 1D scanning line mode
with 255 channels. Transmission electron microscopy (TEM)
measurements were performed with an aberration corrected
FEI Titan 80-300 electron microscope, operating at 300 kV.
The TEM samples were prepared in cross-section view along
the < 11̄00> and < 112̄0> zone-axis directions of the sap-
phire substrate. The thin film thickness (d) was determined
by spectroscopic ellipsometry, employing a dual rotating com-
pensator ellipsometer (RC2, J.A.WoollamM2000) with a spot
size of about 300× 500µm2. Subsequently, the growth rate r
was calculated by dividing d by the number of pulses during
deposition (r= d/15300).
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2017 Metal-Exchange Catalysis in the Growth of
Sesquioxides: Towards Heterostructures of Transparent
Oxide Semiconductors Phys. Rev. Lett. 119 196001

[25] Kracht M et al 2017 Tin-Assisted Synthesis of ε−Ga2O3 by
Molecular Beam Epitaxy Phys. Rev. Appl. 8 054002

[26] Orita M, Hiramatsu H, Ohta H, Hirano M and Hosono H 2002
Preparation of highly conductive, deep ultraviolet
transparent β-Ga2O3 thin film at low deposition
temperatures Thin Solid Films 411 134–9

[27] Kneiß M, Hassa A, Splith D, Sturm C, von Wenckstern H,
Schultz T, Koch N, Lorenz M and Grundmann M 2019
Tin-assisted heteroepitaxial PLD-growth of κ-Ga2O3 thin
films with high crystalline quality APL Mater. 7 022516

[28] Hassa A, von Wenckstern H, Splith D, Sturm C, Kneiß M,
Prozheeva V and Grundmann M 2019 Structural, optical
and electrical properties of orthorhombic κ-(InxGa1− x)2O3

thin films APL Mater. 7 022525
[29] Storm P, Kneiß M, Hassa A, Schultz T, Splith D, von

Wenckstern H, Koch N, Lorenz M and Grundmann M 2019
Epitaxial κ-(AlxGa1− x)2O3 thin films and heterostructures
grown by tin-assisted VCCS-PLD APL Mater. 7 111110

[30] Kneiß M, Hassa A, Splith D, Sturm C, von Wenckstern H,
Lorenz M and Grundmann M 2019 Epitaxial stabilization
of single phase κ-(InxGa1− x)2O3 thin films up to x = 0.28
on c-sapphire and κ-Ga2O3 (001) templates by tin-assisted
VCCS-PLD APL Mater. 7 101102

[31] Hassa A, Sturm C, Kneiß M, Splith D, von Wenckstern H,
Schultz T, Koch N, Lorenz M and Grundmann M 2020
Solubility limit and material properties of a
κ-(AlxGa1− x)2O3 thin film with a lateral cation gradient on
(00.1)Al2O3 by tin-assisted PLD APL Mater. 8 021103

[32] Tahara D, Nishinaka H, Morimoto S and Yoshimoto M 2018
Heteroepitaxial growth of ε-(AlxGa1− x)2O3 alloy films on

c-plane AlN templates by mist chemical vapor deposition
Appl. Phys. Lett. 112 152102

[33] Nishinaka H, Miyauchi N, Tahara D, Morimoto S and
Yoshimoto M 2018 Incorporation of indium into ε-gallium
oxide epitaxial thin films grown via mist chemical vapour
deposition for bandgap engineering Crystengcomm
20 1882–8

[34] Müller S, von Wenckstern H, Splith D, Schmidt F and
Grundmann M 2014 Control of the conductivity of
Si-doped β-Ga2O3 thin films via growth temperature and
pressure Physica Status Solidi (a) 211 34–9

[35] Zhang F B, Saito K, Tanaka T, Nishio M and Guo Q X 2014
Structural and optical properties of Ga2O3 films on sapphire
substrates by pulsed laser deposition J. Cryst. Growth
387 96–100

[36] Vogt P and Bierwagen O 2015 The competing oxide and
sub-oxide formation in metal-oxide molecular beam epitaxy
Appl. Phys. Lett. 106 081910

[37] Vogt P and Bierwagen O 2016 Reaction kinetics and growth
window for plasma-assisted molecular beam epitaxy of
Ga2O3: Incorporation of Ga vs. Ga2O desorption Appl.
Phys. Lett. 108 072101

[38] Wakabayashi R, Oshima T, Hattori M, Sasaki K, Masui T,
Kuramata A, Yamakoshi S, Yoshimatsu K and Ohtomo A
2015 Oxygen-radical-assisted pulsed-laser deposition of
β-Ga2O3 and β-(AlxGa1−x)2O3 films J. Cryst. Growth
424 77–9

[39] Wang X, Chen Z, Zhang F, Saito K, Tanaka T, Nishio M and
Guo Q 2016 Influence of substrate temperature on the
properties of (AlGa)2O3 thin films prepared by pulsed laser
deposition Ceram. Int. 42 12783–8

[40] Hassa A, von Wenckstern H, Vines L and Grundmann M 2019
Influence of oxygen pressure on growth of Si-doped
β-(AlxGa1− x)2O3 thin films on c-Sapphire substrates by
pulsed laser deposition ECS J. Solid State Sci. Technol.
8 Q3217–Q3220

[41] Vogt P and Bierwagen O 2016 Kinetics versus
thermodynamics of the metal incorporation in molecular
beam epitaxy of (InxGa1−x)2O3 APL Mater. 4 086112

[42] Nakagomi S and Kokubun Y 2012 Crystal orientation of
β-Ga2O3 thin films formed on c-plane and a-plane sapphire
substrate J. Cryst. Growth 349 12–18

[43] Zhang F, Saito K, Tanaka T, Nishio M, Arita M and Guo Q
2014 Wide bandgap engineering of (AlGa)2O3 films Appl.
Phys. Lett. 105 162107

[44] Grundmann M, Scheibe M, Lorenz M, Bläsing J and Krost A
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