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The synthesis of ¢-Ga,03 and $-Ga,0; by plasma-assisted molecular beam epitaxy on (001)Al,O;
substrates is studied. The growth window of $-Ga,0O; in the Ga-rich regime, usually limited by the
formation of volatile gallium suboxide, is expanded due to the presence of tin during the growth process,
which stabilizes the formation of gallium oxides. X-ray diffraction, transmission electron microscopy,
time-of-flight secondary-ion mass spectrometry, Raman spectroscopy, and atomic force microscopy are
used to analyze the influence of tin on the layer formation. We demonstrate that it allows the synthesis
of phase-pure e-Ga,05. A growth model based on the oxidation of gallium suboxide by reduction of an

intermediate sacrificial tin oxide is suggested.
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I. INTRODUCTION

Gallium oxides in general and the thermodynamically
stable -Ga,05 in particular draw increasingly more atten-
tion due to their promising material properties. The large
band gap around 5 eV enables the application as transparent
conducting oxide, while the high breakdown field, which
leads to a higher Baliga figure of merit compared to materials
like SiC or GaN, favors the application in high-power
electronic devices [1]. Gallium oxide can crystallize in at
least five different polymorphs [2]. Recently, thin films of the
thermodynamically stable f phase are grown by different
deposition techniques like chemical vapor deposition (CVD)
[3], pulsed-laser deposition (PLD) [4], and molecular beam
epitaxy [5] and have intensely been studied. The growth
window was investigated in detail by Vogt and Bierwagen,
who found that, in metal-rich conditions, etching due to the
formation and subsequent evaporation of volatile gallium
suboxide (Ga,0) occurs [6,7] and results in an attenuation of
crystal growth.

While many material properties of the different poly-
morphs, such as the size of the optical band gap with values
around 5 eV, are comparable [8], e¢-Ga,O; features one
specific characteristic: Theoretical studies from Maccioni
and Fiorentini predict a high spontaneous polarization along
the (001) direction, principally allowing the realization of
polarization-induced two-dimensional electron gases with
high sheet carrier densities up to 1.6 x 10'* cm™ in
heterostructures with other materials such as GaN [9].
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In Ref. [10], it was reported that e-Ga,O5 possesses a
hexagonal crystal structure (space group P6;mc), facili-
tating heteroepitaxial growth on substrates like GaN, AIN,
ZnO, or c-plane sapphire. By contrast, a closely related
orthorhombic crystal structure with the space group Pna2,
was suggested in Refs. [11,12].

Thin films of the metastable e-Ga,O5 phase have rarely
been synthesized. Different authors assigned the growth
temperature as the most important parameter to obtain
phase-pure ¢-Ga,05. Using CVD, Boschi et al. observed
the formation of e-Ga, O3 only at intermediate temperatures
of about 650°C, while, at lower or higher temperatures,
amorphous or $-Ga,0; thin films were formed [13].
Oshima et al. reported the stabilization of e-Ga,O; on
p-Ga, 05 substrates by CVD at a growth temperature of
550°C, whereas growth at 1050°C led to f-Ga,05 [14].
Orita et al. observed a phase change from f-Ga,05 to
e-Ga, 05 at temperatures above 410 °C for Sn-doped layers
grown by PLD [4]. Zhao et al. presented the growth of
tin containing e-Ga,O; at substrate temperatures above
750°C [15].

In this work, e-Ga,0O5 layers are grown by plasma-
assisted molecular beam epitaxy (PAMBE) on c-plane
sapphire. Besides the low concentration of nonintentional
impurities in the resulting layers, this growth technique
basically allows the precise control of doping and the
realization of heterostructures with sharp interfaces. We
demonstrate that the presence of tin expands the growth
window of Ga,0j3 to the metal-rich regime and ¢-Ga,0;
can be stabilized in these growth conditions. In addition to a
detailed structural characterization of the tin-induced tran-
sition from $-Ga, 05 to e-Ga, 05, we suggest a model for
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the observed phenomena, taking the oxidation of volatile
gallium suboxide by reduction of an intermediate sacrificial
tin oxide on the substrate surface into account.

II. EXPERIMENT

Ga,05 thin films are grown by PAMBE on (001)-
oriented sapphire substrates in a Riber Compact 12 system.
A 1.2-ym molybdenum backside metallization is used to
facilitate radiative heating. Prior to growth, the substrates
are cleaned in acetone in an ultrasonic bath and afterwards
in isopropanol, followed by a 10-min O, plasma treatment
at 700 °C in the growth chamber. The growth temperature is
set to 700°C. Gallium and tin are provided by effusion
cells. As a measure for the metal fluxes, a pressure gauge
at the sample position is used to determine the beam
equivalent pressure (BEP). An Oxford Applied Research
(HD 25) plasma source with an ion deflection unit is used
for oxygen supply. If not specified otherwise, the plasma
power during growth is kept constant at 150 W and the O,
flow is set to 0.5 sccm. Three different sample series are
prepared: In series A, the gallium BEP (BEPg,) is varied
from 2.1 x 1078 to 2.74 x 1077 mbar, and no Sn is
supplied (BEPg, = 0). In series B, the BEPg, is varied
from 2.1 x 107 to 4.2 x 1077 mbar with a constant
BEPg, of 1.17 x 107! mbar, while, in series C, the
BEPg, is kept at 1.77 x 1077 mbar, and the BEPg, is
varied from O to 1.46 x 10~ mbar. For a BEPg, below
5 x 1078 mbar, the actual values are obtained by extrapo-
lating the measured BEPg, values above 5 x 1078 mbar to
lower cell temperatures, assuming an Arrhenius behavior.
The structural properties of the samples are characterized
by high-resolution x-ray diffraction (HRXRD) using
a PANalytical X’pert Pro MRD diffractometer and by
atomic force microscopy (AFM) using a SmartSPM
1000 (AIST-NT). The film thickness is determined from
optical reflection.

To evaluate the incorporation of tin during growth time-
of-flight secondary-ion mass spectrometry (TOF-SIMS)
measurements are performed using an ION-TOF 5-100
spectrometer (ION-TOF GmbH, Muenster, Germany). In
these measurements, 1-keV O, ions are used for sput-
tering (I = 347 nA, sputter area = 200 x 200 ym?), while
25 keV Bit ions are used as primary ions (I = 1.84 pA,
analysis area = 100 x 100 gm?). The primary ion gun
is operated in high-current bunched mode and the
achieved mass resolution is m/Am > 11100 for "'Ga~
(m/z = 70.93). For tin, the three most abundant isotopes,
1205n+, 118Sn+, and ''%Sn*, and, for gallium, the signals
of ®Ga’™ and 7'Ga® are evaluated. The absolute tin
concentration is estimated using a tin-doped e-Ga,03
wafer with a carrier concentration of 2.4 x 10'® cm™3
supplied by Tamura Corp. as a reference, assuming similar
matrix characteristics of e-Ga, 05 and -Ga, 05 and a 100%
doping efficiency in f-Ga,0;.

Transmission-electron-microscopy (TEM) specimens
are prepared in a focused-ion-beam scanning electron
microscope (FIB-SEM) Nova fabricated by FEI, which
is equipped with a Kleindiek manipulator for transfer of
the lamella from the sample to a Cu support grid. TEM
characterization is carried out in an FEI Titan 80-300 ST
equipped with a corrector for spherical aberration of the
objective lens.

Raman spectra at room temperature are obtained using a
Renishaw microscope system operating in backscattering
geometry. Linearly polarized laser light of a 532- or
488-nm wavelength is used for excitation. No polarizers
are used for detection. The measurements are performed in
confocal mode in order to restrict the scattering volume
in depth.

III. RESULTS AND DISCUSSION

A. Expansion of the Ga,0; growth window with tin

In Fig. 1, the growth rates of Ga,0; as a function of
BEPg, are shown for series A (the black squares) and series
B (the red triangles). For both series, an initial increase
with increasing Ga flux is observed in the Ga-limited
oxygen-rich growth regime. For series A (BEPg, = 0), the
growth rate reaches a maximum at the transition to metal-
rich conditions around BEPg, = 5 x 1078 mbar before it
decreases to zero for a higher BEPg,. According to
Refs. [6,7], Ga,0 is formed at the surface and subsequently
evaporates in this regime. As metallic gallium can also react
with already-deposited Ga, 05 to form Ga,O, this suboxide
formation leads to etching of the film. As is also shown in
Fig. 1, the presence of tin during growth of series B results
in a significant increase of the maximum growth rate by a
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[—=8— BEP, 0 mbar

Growth rate (nm/min)

BEP,, (10~ mbar)

FIG. 1. Comparison of the growth rates of series B and A (with
and without tin) as a function of BEP,. An attenuation of etching
and an expansion of the growth window with the presence of tin
are observed.
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FIG. 2. Growth rate at a BEPg, of 1.77 x 1077 mbar as a
function of BEPg, (series C). Only above a critical BEPg, of
4 x 10~'> mbar growth is observed.

factor of 5 and in a shift of the maximum to a higher BEPg,
value of 2.1 x 1077 mbar, i.e., tin suppresses etching due to
suboxide formation.

This result is confirmed by the data displayed in
Fig. 2, which shows the evolution of the growth rate
in the gallium-rich growth regime for a BEPg, of
1.77 x 1077 mbar as a function of the applied BEPg,
(series C, with data points marked with star symbols along
the dashed line in Fig. 1). Without the presence of tin,
the formation of volatile Ga,O prohibits the growth of
Ga,0;. Above a critical tin flux between 2 x 10~'? and
4 x 10~'2 mbar, etching is attenuated and a growth rate of
2 nm/ min is observed. When increasing BEPg, over 2
orders of magnitude, the growth rate shows only a slight
further increase. The highest growth rate of 2.8 nm/min is
observed for the sample with BEPg, of 1.46 x 10~ mbar.

B. Influence of tin on phase formation

The threshold behavior indicated above is also confirmed
by the results of the XRD analysis, presented by the w-260
scans measured in Bragg-Brentano geometry for the
samples of series C (discussed in Fig. 2) in Fig. 3. The
two samples with a BEPg, below the threshold show
only reflexes from the sapphire substrate. The two samples
with a BEPg,, of 4.04 x 10~!2 mbar and 6.18 x 10~'? mbar
show additional reflexes at 20 = 38.3° and 38.8°, which can
be assigned to (—402)4-Ga,03 and (004)e-Ga, O3, respec-
tively, indicating the coexistence of both phases in this
regime. Additionally, higher orders of these reflexes,
(—603)-Ga, 05 and (006)e-Ga, 05, are observed at 20 =
59° and 59.8°. For samples grown with a higher BEPg,,, the
p-Ga, 05 reflexes disappear and the formation of phase-pure
€-Ga, 05 is observed. Only for the sample with the highest

(402)p-Ga,0, or (200)Sn0,
(004)s-Ga,0,

(006)-Ga, 0,
(603)p-Ga,0, |

BEP, (mbar) |
1.46 x 10
3.07x107°
7.76x107"
171x10™"

6.18x10° ">
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FIG. 3. w-20 scans of the samples grown at a BEPg, of
1.77 x 1077 mbar and at different BEPg, values (series C).
The presence of tin stabilizes e-Ga,O;.

BEPg, of 1.46 x 10~ mbar are the ¢-Ga,0; reflexes no
longer visible, and a single reflex without any higher-order
reflexes appears at 26 = 38.3° and can be assigned to
(200)Sn0O,. Since the total amount of deposited Sn would
not be sufficient to grow a pure SnO, layer thicker than 40 nm
and the overall film thickness is above 350 nm, we assume
the formation of an amorphous Ga,0; layer with SnO,
inclusions. Hence, the presence of tin on the surface induces
the phase formation of e-Ga,Oj. It should be noted that the
formation of phase-pure e-Ga,05 is promoted only for a
medium BEPg, on the order of 10~!! mbar. A lower tin flux
allows for the simultaneous growth of $-Ga,0;, and sig-
nificantly higher flux leads to the formation of an amorphous
film. The influence of tin on the structural properties of the
€-Ga, 05 films determined by XRD rocking-curve measure-
ments is further examined in the Supplemental Material [16].

The XRD w-20 scans of the samples of series B,
displayed in Fig. 4, show that the transition from
p-Ga, 05 to e-Ga,05 at a given tin flux also depends on
the gallium-to-oxygen ratio during growth. While the
samples with BEPg, > 1.77 x 10~ mbar exhibit only
the (004)e-Ga,O3 reflex, the diffraction patterns of
samples grown with lower BEPg, values show an addi-
tional shoulder at lower angles that corresponds to the
(—402)-Ga, 05 reflex. For the lowest BEPg, values, only
this reflex is detectable. This dependence of the phase
transition on the surface stoichiometry is independently
confirmed by a variation of the plasma power, i.e., the
amount of activated oxygen (also Fig. 4). In this experi-
ment, a higher plasma power of 350 W is chosen, while
BEPg, and BEPg, are kept constant. This growth con-
ditions resulted in the formation of a $-Ga,0;/e-Ga,05
mixed-phase sample dominated by 3-Ga,05. This result is
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FIG. 4. The w-20 scans of samples of series B and an additional
sample with a higher plasma power (350 W) are shown. Oxygen-
rich conditions lead to the formation of f-Ga,0O;, whereas
gallium-rich conditions lead to the formation of ¢-Ga,05. This
holds for both the variation of BEPg, and the oxygen plasma
power, as shown in the top curve.

in contrast to the phase-pure e-Ga, 05 sample obtained with
a plasma power of 150 W.

The role of tin in the phase stabilization process is further
examined by analyzing its incorporation using TOF SIMS.
In Fig. 5, the depth profiles for tin and gallium for the
samples of series C are shown. The constant Sn and Ga
signals in the layer region indicate a homogeneous incor-
poration of these elements in the Ga,O; layer. The Sn
concentration increases linearly to a value of 6% with the
applied BEPg, (the inset in Fig. 5). An exception to this
behavior is the sample grown at the highest BEPg, value of
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FIG. 5. Results of the TOF-SIMS analysis for samples with
different BEPg, (series C). (Inset) Linear dependence of the tin
content on the BEPg,,.

1.46 x 10~° mbar, which shows a tin concentration that is a
factor of 2 lower than the corresponding value extrapolated
from the other samples. We attribute this behavior to a
change of the matrix material, as this sample is amorphous
with SnO, inclusions (shown above). For all samples, the
strong decrease of the gallium signal coincides with
the increase of the aluminum signal from the sapphire
(not shown), indicating the transition to the substrate.

In the depth profiles in Fig. 5, a decrease of the tin
signal already at a larger distance from the interface can be
observed, thus defining a transition layer with a continu-
ously decreasing tin concentration. The thickness of this
transition layer decreases with an increasing BEPg,.
However, the exact incorporation mechanism of Sn in
Ga,05 is not clear. Analysis by x-ray photoelectron
spectroscopy (see the Supplemental Material [16]) suggests
that the oxidation state of incorporated tin is 47.
Furthermore, except for the sample with the highest
BEPg,,, there is no evidence for the existence of crystalline
SnO, in the XRD data. Therefore, we assume that tin is
incorporated into the Ga,Oj; crystallites, on either a sub-
stitutional or an interstitial lattice site.

In Figs. 6(b) and 6(c), TEM images of a pure e-Ga,03
and a mixed f-Ga,05/e-Ga,05 sample (from series C
with a BEPg, of 7.76 x 107! and 6.18 x 10~!2 mbar,
respectively) are shown; Fig. 6(a) displays the micrograph
of a pure -Ga,O; sample for reference. In contrast to
the f-Ga,0O5 sample, the pure e-Ga,0; sample exhibits

FIG. 6. Bright-field TEM images of (a) a pure -Ga,0;, (b) a
pure ¢-Ga,03, and (¢) a mixed f-Ga,03/e-Ga,03 sample. In
contrast to the image of the pure -Ga, 05 sample, the image of
the pure e-Ga,O; sample shows columnar contrasts starting
directly at the interface to the substrate. The image of the mixed
sample also shows columnar contrasts but exhibits an intermedi-
ate layer at the interface to the substrate. (d) A magnified image
[the rectangle in (c)] of the mixed f-Ga,0;/¢e-Ga,O5 sample at
the interface.
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columnar contrasts, indicating a columnar growth of the
material. Electron diffraction patterns (not shown here) of
both layers confirm the crystal structure of the samples
determined from the XRD measurements shown earlier.
The image of the mixed f-Ga,0;/e-Ga,05 sample in
Figs. 6(c) and 6(d) also reveals a columnar contrast similar
to the contrast seen in the pure e-Ga, 05 sample. However,
the columnar contrast here does not start directly at the
interface to the substrate, but an intermediate layer is
observed [see Fig. 6(d) for a magnified view of the interface
region]. The thickness of this intermediate layer varies,
evidencing a more 3D nature. This interlayer also becomes
apparent from the diffraction pattern of this region, where,
basically, a diffraction pattern of $-Ga, 05 is observed, with
additional spots corresponding to e-Ga,0Os5.

A comparison of the XRD results (Fig. 3), the TOF-
SIMS profiles (Fig. 5) and the TEM observations (Fig. 6)
proves the existence of a -Ga,O5 transition layer with a
lower concentration of incorporated tin close to the sap-
phire substrate, followed by a region of e-Ga,O5; with a
higher concentration of incorporated tin. The thickness of
the transition layer decreases with an increasing BEPx;,.
Hence, it can be concluded that the incorporation of a
critical concentration of tin in gallium-rich conditions
initiates the transition from f-Ga,03 to e-Ga, 05 growth.

C. Structural properties of ¢-Ga,0;3

The surface morphology of the e¢-Ga,O; samples is
characterized by the presence of small crystallites with
diameters of around 50 nm that agglomerate and form
larger clusters with sizes of 250 nm, resulting in a rms
roughness of 4 to 5 nm, revealed by atomic force micros-
copy (Fig. 7). By comparison, a phase-pure 3-Ga,0;

FIG. 7. The AFM micrograph of a e-Ga, O3 sample shows the
surface structure of approximately 50-nm-diameter crystallites.

surface exhibits crystallites with a size of around
100 nm and a rms surface roughness of 3.8 nm.

As the 20 values for the (—402)3-Ga,0; reflex and the
(004)e-Ga, 05 reflex in the HRXRD analysis shown in
Figs. 3 and 4 differ only slightly, HRXRD analysis by ¢
scans is carried out to further identify the different phases of
Ga,0;. Figure 8 shows ¢ scans of the phase-pure ¢-Ga,0;
layer from series B grown with the highest growth rate on
c-plane sapphire. The top curve (displayed in red) is
measured at a 20 value of 25.57° and a y value of 57.6°
and shows the threefold symmetry of the (012)Al,05 reflex
of the substrate. The second curve (in green) is measured
with a 26 value of 37.2° and a y value of 74.8° and displays
six reflexes with a distance of 60°. These reflexes can be
assigned to the (011)e-Ga,O5 planes assuming a hexagonal
lattice with the symmetry group P6;mc, as described by
Playford et al. [10], or the (211)e-Ga,0O5 planes assuming
an orthorhombic lattice with the symmetry group Pna2,, as
described by Yoshioka er al. [11]. To distinguish between
these two closely related structures, another ¢ scan for a 26
value of 33.05° and a y value of 54.67° is performed. At this
angle, only the (122) reflex of the orthorhombic lattice can
be found, as the hexagonal lattice has no reflexes at this
position. The result is shown at the bottom (the black line)
of Fig. 8. There, the 12 peaks can be explained by three
rotation domains of orthorhombic e-Ga, 05, each contrib-
uting four reflexes, as indicated in the inset in Fig. 8.
Hence, we conclude that, for the growth conditions applied
here, e-Ga,0O5 in the orthorhombic Prna2; symmetry, as
suggested by Yoshioka et al. [11], is formed. The in-plane

\
AL0,[1010] :<:>i@ A1O,[0001]
£-Ga,0,[010] D £-Ga,0,]001]

(012) AL, O.

Intensity (arb. unit)

(011) hex. e-Ga, O, or (211) orth. £-Ga,0,

(122) orth. £-Ga,0,
PR T T W T TR T T
-150 -100 -50 0 50 100 150

¢ (deg)

FIG. 8. ¢ scans of a e-Ga,03 sample performed for different
sample orientations. The black line shows the ¢ scan for the (122)
reflex of orthorhombic e-Ga,05. The red and green lines display
the ¢ scan for the (012)Al,0; and the (211) reflex of ortho-
rhombic e-Ga, 03, respectively. (Inset) Schematic of the relative
in-plane orientation of the unit cells with three different rotation
domains.
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orientation of the layers is [010]e-Ga,05]|[10.0]Al, O3, with
three domains rotated by 120° each.

The reported Raman spectra of a-, f-, and y-Ga,0,
phases differ in the number of modes as well as in the
respective mode frequencies [17-21]. Such differences
compared to the other phases are also expected to hold
for the e phase. The optical transparency of the Ga,Oj; films
in the spectral range of the laser excitation and the resulting
superposition with Raman signals from the sapphire sub-
strate cause difficulties in obtaining spectra of Ga,0;
epitaxial films. Here, these detrimental effects are circum-
vented by performing Raman measurements in confocal
mode on an epitaxial layer with a thickness of 1.13 um,
grown at a substrate temperature of 700°C at BEPg, and
BEPg, of 1.77 x 1077 and 1.17 x 10~!' mbar, respectively,
i.e., in the growth regime of phase-pure e-Ga, 05, according
to Fig. 1.

The spectra of the Ga,Oj5 thin film on sapphire and of a
plain sapphire substrate are shown in Fig. 9. Although
their comparison clearly indicates that the Raman spec-
trum of the thin film on sapphire is dominated by the
Raman features of the sapphire substrate, additional weak
Raman signals, which must originate from the Ga,03
epitaxial film, can be observed and are indicated by
vertical arrows in the difference spectrum shown in the
lower panel of Fig. 9. The dotted, dotted-dashed, and
dashed lines mark the positions of the Raman features of
a-, -, and y-Ga, O3, respectively, and are taken from the
literature [17,19,21].
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FIG. 9. (Top panel) Raman spectra of a sapphire substrate and

a e-Ga,0; epitaxial thin film grown on a sapphire substrate.
(Bottom panel) Difference spectrum revealing one-phonon
Raman signals of e-Ga,O; (indicated by arrows). Dotted,
dotted-dashed, and dashed lines correspond to the frequencies
of the one-phonon Raman signals of a-, f-, and y-Ga,Os,
respectively, and are shown for comparison.

It is evident that the eight signals at 189, 211, 233, 481,
545, 616, 680, and 715 cm~! cannot be assigned to a
superposition of the spectra of the other Ga,O5 phases and,
therefore, they are characteristic for the ¢ phase. A group
theoretical analysis on the basis of an orthorhombic crystal
structure (space group Prna2;) based on the suggestions by
Yoshioka et al. [11] yields 12 Raman-active modes with
representations 3A; + 3A, + 3B, + 3B, for the phonons in
the center of the Brillouin zone. A corresponding analysis
for the hexagonal structure (space group P6;mc) proposed
by Playford et al. [10] yields six Raman-active modes only,
with representations 2A; + 2E; + 2E,.

All of the identified Raman signals lie in the range
typical for the one-phonon Raman spectra of the other
Ga, 05 phases. Therefore, it is likely that all of these signals
correspond to one-phonon Raman scattering. As the
number of signals observed is larger than 6 (the number
of Raman active modes in the case of a hexagonal
structure), these results are only in accordance with the
predictions for the orthorhombic structure of e-Ga, O3 and
thus are in agreement with the XRD analysis.

Various reasons may be anticipated for the number of
observed Raman features being less than 12: Additional
signals might be present at Raman shifts below 150 cm™,
which are not accessible in our measurements, or some of
the Raman features, despite the subtraction of the sapphire
features, cannot be detected in the range under study,
or, due to selection rules, some Raman signals are not
observable in the scattering geometry used.

D. Model for tin-assisted growth of e-Ga,0;

According to Ref. [7], volatile gallium suboxide Ga,O is
formed and desorbs from the sample surface when metal-
rich growth conditions are applied. Here, it was observed
that the presence of tin on the surface attenuates the
resulting etching process. We assign this finding to the
fact that SnO, and SnO are formed in the presence of tin
adatoms (see Fig. 10) which can react with Ga,O, having
been reduced to SnO or metallic Sn, while Ga,O is
oxidized to Ga,0s;, according to the following reactions:

metal-rich | without
growth tin

h‘[‘T

desorbs
®e
% R
[ X )

FIG. 10. Model for tin-assisted growth in metal-rich conditions.

with tin species on the surface

Ga,0;solid

1
®
Ga‘

°@®
Sn.

o X
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Ga,0+2Sn0,%Ga, 05 +2Sn0 AG? =-93.7kJ/mol
Ga,0+2Sn0%Ga,0;+2Sn AGY =-117.7kJ/mol
Ga,0+Sn0,%Ga,0;+Sn  AG® =-105.7kJ/mol.

The standard Gibbs energies AG® are calculated from the
standard enthalpy of formation and the standard entropy
of formation values of the respective species [22,23]. The
negative values for AGY indicate a high probability for
these reactions on the surface. The reduced tin species
might be reoxidized to SnO and SnO, that can further
oxidize Ga,O. We believe these intermediate tin species act
as an intermediate oxygen trap that provides oxygen on the
surface and attenuates the etching process.

E. Influence of tin on phase formation

We show above that tin-assisted growth not only expands
the growth window to more gallium-rich conditions—it
also promotes the formation of e-Ga, 3. A possible reason
for the latter effect is the ordering of atoms in the respective
crystal structures: Comparing the coordination spheres for
gallium lattice sites in - and e-Ga, 03, one finds that, in
p-Ga, 03, half of the gallium atoms show a tetrahedral and
the other half an octahedral coordination. By contrast, the
ratio of tetrahedral to octahedral coordinated metal atoms
is 1:3 in orthorhombic e-Ga,05. In a rutile SnO, crystal,
the tin ions show an octahedral coordination with oxygen
atoms, and hence the addition of tin to Ga,O3 might favor
the octahedral positions. As the bond length in SnO,
is larger than 2 A, the latter effect is further enhanced by
the influence of the metal-oxygen bond length, which is
shorter in tetrahedral positions (< 1.9 A) than in octahedral
positions (> 1.9 A) for all of the discussed Ga,O5 phases.
Calculations by Varley et al. also reveal that the octahedral
lattice site is preferred by tin atoms in Ga,O; [24].
Therefore, additional tin might stabilize the phase with
more octahedral lattice sites.

IV. CONCLUSION

In this paper, we demonstrate that the presence of tin
during the growth of Ga,O5 on c-plane sapphire substrates
by plasma-assisted molecular beam epitaxy leads to a
drastic change of the growth characteristics. First, it leads
to an expansion of the growth window to more gallium-
rich conditions and causes a substantial increase of the
achievable growth rate. We assign this observation to the
formation of intermediate tin-oxide species that act as
additional oxygen reservoirs on the growing surface,
oxidizing volatile suboxides and thus stabilizing the growth
of Ga,05. Hence, the addition of adatoms that serve as
intermediate oxygen reservoirs is a versatile technique to
overcome growth limitations caused by the formation of
volatile suboxides.

As a second effect, the presence of tin above a critical
concentration, corresponding to a BEPg, of > 10~!! mbar,
in metal-rich growth conditions results in the formation of
phase-pure orthorhombic ¢-Ga, O3 on c-plane sapphire. For
smaller tin concentrations, a e-Ga,Oj5 transition layer is
formed that decreases in thickness with an increasing
BEPg,. The concentration of Sn in this intermediate layer
is smaller than in the adjacent e-Ga, O region and increases
with thickness, the accumulation of tin on the surface could
be identified as the origin of the phase transition as it
promotes the formation of octahedral metal-oxygen bonds
which are dominating in ¢-Ga,O5. Hence, the addition of
tin during growth presents a viable route for the synthesis of
phase-pure ¢-Ga,05.
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