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ABSTRACT

The surface of f-Ga,Oj5 single crystals cleaved along their (100) plane is investigated using surface x-ray diffraction and atomic force micros-
copy. The results show the surface to consist of a single, so-called B-termination, which means that the crystal cleaves at planes formed by
edge-sharing oxygen octahedra, thereby breaking the longest and weakest Ga-O bonds. Refinement of the atomic positions results in small
displacements from the bulk structure, at most approximately 0.01 A. Atomic force microscopy suggests that relatively large terraces form
together with steps of half the a-axis length of approximately 0.6 nm, which means that terraces have the same atomic termination, related by
the crystal symmetry. These results are important as a fundamental property of f-Ga,O3; when processed or used in various semiconductor
applications.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0309937

Beta-type gallium oxide (f-Ga,O;) is a transparent semiconduc-
tor with a wideband gap of about 4.85 eV,"” making it highly promis-
ing for high-power electronics’ ” and solar-blind UV photodetectors.”
For high-power switching, Ga,Os is predicted to outperform SiC and
GaN technologies due to a three times higher calculated critical field
strength,” making it an attractive material for efficient next-generation
power conversion systems with reduced energy loss. Processing of
B-Ga,03 down to the nano-scale’ ' is discussed for most of the possi-
ble applications. The atomic surface structure and related surface
energy are of fundamental importance for mechanistic studies of (epi-
taxial) growth, shape, and processing of nano-scaled crystallites, and
adsorption properties, as exploited in gas-sensing applications.'”"” In
this study, we focus on single crystals cleaved along the (100) plane,
which can be used as substrates for high-power semiconductor devices.
Previous experimental approaches have provided some insights into
the possible termination of this surface,”* '® but did not provide the
full 3D crystallographic details, needed for a detailed comparison with

recent density functional theory (DFT) calculations.'” '” As a result, a
full and detailed description of the geometric structure is still outstand-
ing. In addition, the study of a cleaved surface provides information
about the details of such planes, which is relevant for fracture forma-
tion and relatively easy substrate preparation of this technologically
interesting oxide material. In this work, we use synchrotron-based
Surface X-ray Diffraction (SXRD) and Atomic Force Microscopy
(AFM) to determine, with high resolution, the atomic structure and
surface termination of this technologically relevant surface.
High-quality $-Ga,O; single crystals were grown using the
Czochralski method at the Leibniz-Institut fiir Kristallztichtung
(IKZ).”*”" B-Ga,O; has a monoclinic crystal structure with the space
group C2/m. The conventional unit cell contains four formula units,
with gallium atoms (green) occupying both tetrahedral and octahedral
coordination sites as shown in Fig. 1. The lattice parameters are
a=122144A, b=3.037A, ¢=5798A, «=90°, f=103.83°, and
9=90°."""" All fractional coordinates listed in Table S3 and used for
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FIG. 1. Two possible surface terminations of 3-Ga,05 (100) are indicated by red
and blue dashed lines. The A-termination is a plane through the corner-sharing oxy-
gen octahedra and tetrahedra. The B-termination is a plane through edge-sharing
oxygen octahedra. The average broken bond length for the B-termination is slightly
higher than for the A-termination. The unit cell is shown in the (a) [100]/[001], (b)
[100]/[010], and (c) [010)/[001] planes. (d) The fitted displacements of gallium atoms
at the octahedral (Ga,) and tetrahedral (Gay) sites, as well as the oxygen atoms,
for the B-terminated surface are shown. The length of the displacement arrows is
proportional to the magnitude of the displacement, but it is scaled up by a factor of
approximately 100 to enhance visibility.

Crystal Truncation Rod (CTR) fitting are defined with respect to this
unit cell.

The single crystals were cleaved along the (100) plane under
ambient conditions,”””" and their surfaces were used for all subsequent
measurements without further polishing or chemical etching. The
samples were prepared with dimensions of 10 x 10 mm? and a thick-
ness of around 0.1 mm. Prior to use, all surfaces were cleaned in an
ultrasonic bath with ethanol and isopropanol for 30 min.

Atomic force microscopy (AFM) was performed in air using tap-
ping mode with a silicon cantilever at the DESY NanoLab.”” The nom-
inal tip radius was 8 nm, the resonance frequency was 301.6 kHz, and
the scan rate was 0.5kHz. The data were analyzed using Gwyddion
software,”® as described in detail in Fig. S1 and Table S1.

Crystal Truncation Rod (CTR) data were collected at the Surfaces
and Interfaces X-ray Scattering (SIXS) beamline of the French synchro-
tron facility SOLEIL, using a photon energy of 18.42keV. The mea-
surements were performed in grazing incidence geometry using a
diffractometer hosting a UHV chamber, which enables in situ experi-
ments with sample heating up to 1000 °C and controlled oxygen dos-
ing. Scattered intensities were recorded using a two-dimensional
hybrid photon-counting detector XPAD S140.” Both the preparation
and measurement chambers maintained background pressures in the
low 10" mbar range. Structure factors (SFs) were obtained by inte-
grating the measured data with the BINoculars package.”® Subsequent
surface structure refinement was conducted using the ROD program
from the ANAROD package.”

Surface x-ray diffraction (SXRD) is a powerful technique for
determining the atomic structure of crystal surfaces with sub-angstrom

ARTICLE pubs.aip.org/aip/apl

precision. The abrupt ending of a crystal’s periodic atomic arrange-
ment at its surface results in additional diffracted intensity between the
Bragg peaks in the surface normal direction, known as Crystal
Truncation Rods (CTRs).” The intensity along these rods is calculated
by evaluating the structure factor, which contains information about
the atomic positions, site occupancies, and Debye-Waller factors.”” In
general, the best CTR data quality is obtained for very smooth surfaces
since its intensity is affected by surface roughness.”’

Pre-characterization of the as-cleaved bulk crystal was performed
using low-energy electron diffraction (LEED) at the SIXS beamline.
The sample was annealed at 400°C in an oxygen partial pressure of
10~®mbar for 1h to effectively remove contaminants. After cleaning,
the crystal was characterized by LEED over a range of electron energies
to verify its structure and overall crystal quality. Then, the sample was
transferred in vacuum to the main diffraction chamber for the SXRD
measurements.

The surface morphology of the cleaned, as-cleaved -Ga,05(100)
surface was investigated using AFM, and Fig. 2(a) presents a typical
image. The most obvious feature is a step that separates two terraces.
Detailed analysis by fitting a Boltzmann bent step function across the
step at several positions [see Fig. 2(b)] reveals a step height of approxi-
mately 0.6nm, which represents half the unit cell along the a-axis.
Such step heights have also been reported previously.'”’* The average
step density on such a cleaved surface is expected to be very low, and
scanning the surface at a random position has a low probability of cap-
turing a step. This is similar to the structurally related oxide crystal
muscovite mica, which also exhibits a monoclinic structure and con-
tains an easy cleave plane, resulting in millimeter-sized terraces.”
Apart from such steps, the AFM images show the presence of many
particle-like features. The nature and origin of these features are at pre-
sent still unclear, but similar structures are also visible in high-quality
substrates prepared by polishing and annealing for epitaxial
growth.””* Such epi-ready substrates with well-defined miscuts show
a clear step-and-terrace structure whereby these particle-like features
seem to accumulate at the steps, in contrast to the as-cleaved surface
studied here, where they appear randomly over the entire surface.
Nevertheless, the analysis of the AFM images shows that the as-
cleaved surfaces exhibit a flat and smooth terrace structure, which is a
prerequisite for SXRD experiments as described hereafter.

Figure 3(a) shows the LEED image of the as-cleaved (100) sur-
face. A clear pattern of spots that reveals the rectangular surface cell is
observed, indicating a well-ordered crystalline structure. Similarly, an
in-plane reciprocal space map, recorded with SXRD [see Fig. 3(b)],
also shows a well-defined crystal structure. The SXRD data also clearly
show mosaicity, which indicates that rotated grains exist. Nevertheless,
within the arcs of intensity, there is one clear most intense component,
which indicates the presence of one large single-crystal-like block.

The obtained experimental CTRs (see Fig. 4) are compared with
the various possible surface terminations, as further detailed in Figs.
$2-S4. A first comparison, by evaluating the 7> values listed in Table
S2, based on CTR simulations assuming a bulk termination, ie., no
further atomic relaxations and only optimizing the overall scale factor,
clearly favors the (100)B surface, with a significantly smaller difference
between the other terminations. A density functional theory study'’
ranked the (100)B surface to have the lowest and the (100)A the sec-
ond lowest surface energy, which leads us to compare these two termi-
nations in more detail. The A-termination consists of singly bound O
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FIG. 2. (a) AFM image of the as-cleaved f-Ga,05(100) single crystal, showing the surface morphology and step structure. Four representative line profiles are indicated on the
image. (b) Height profiles corresponding to the four indicated lines in (a), together with their fits. The profiles reveal a step height of approximately half the unit cell.

FIG. 3. LEED patterns and in-plane reciprocal space maps of the (-Ga;O3(100)
single crystal after annealing. (a) LEED pattern recorded at an electron energy of
98.4eV. (b) Two-dimensional in-plane reciprocal space map, acquired at an x-ray
energy of 18.42 keV. Both figures are indexed by (K, L).

atoms resulting in a mainly oxygen-terminated surface, which cuts
through a plane of corner-sharing oxygen octahedra and tetrahedra.
The (100)B termination consists of O atoms bound to two Ga atoms
and corresponds to a plane cutting through edge-sharing oxygen octa-
hedra. The average broken bond lengths for terminations (100)A and
(100)B are 1.94 and 2.00 A, respectively.23 The (100) surface can be
classified as a Tasker II-type surface’ where the details of the surface
structure lead to the (100)A being polar and (100)B non—polar.j(’
Refinement against the CTR data of the atomic positions in the
topmost layers leads to by far the best fit for the B termination
()* = 1.2) than for A (3*> = 12.1). Actually, the fit using the A termina-
tion does not converge within the maximum displacement limits of
approximately 1 A, as set in the software. The atomic positions of the
Ga atoms were fitted along the [100] and [001] directions, thereby fol-
lowing the underlying monoclinic symmetry as present in the bulk
crystal. For the oxygen atoms, which have a much lower scattering
power, it was found that only refinement along the out-of-plane direc-
tion was stable, and therefore the in-plane positions were kept fixed at
their bulk values. The maximum displacement from the bulk position
in the case of termination B is about 0.1 A, which shows that it is a
nearly bulk-terminated surface. The best CTR fit result for termination
B is shown in Fig. 4. Schematically, the atomic displacements from
their bulk positions are shown in Fig. 1, and the final fractional co-
ordinates as well as the Debye-Waller factors are listed in Table S3.

The refined atomic positions agree very well with the density func-
tional theory study by Mu et al.'” In particular, the CTR analysis shows
that the topmost octahedrally coordinated Ga atom (Gal,) relaxes
inward by approximately 0.1 A and the topmost tetrahedrally coordi-
nated atom (Ga2,.,) outward by approximately 0.04 A, resulting in a less
buckled Ga plane. Similar relaxations were also found by another DFT
study by Bermudez;'® however, in that study, these were found to
extend to deeper layers. In particular, the relaxation of Ga3 seems signif-
icant, although our CTR analysis finds an almost negligible displace-
ment from its bulk position. Overall, it can be concluded that there is
good agreement with the DFT calculations, given that relatively small
differences between the two methods can be understood by considering
experimental uncertainties of the order of 0.01-0.02 A and possible sys-
tematic differences, such as different lattice parameters, between the
models used in the DFT study and the present experiment. Although
the CTRs are not particularly sensitive to the oxygen positions, there is
also an overall good agreement between theory and experiment, in par-
ticular with respect to the oxygen atoms surrounding the topmost
Ga2,, and Gal,, showing the largest displacements in the range of
0.05-0.1 A. Table $4 shows in detail the atomic distances between Ga
and O atoms in the topmost layer, as found by Bermudez'’ and our
study, and shows a maximum deviation of about 0.05 A. The uncovered
(100)B termination is also in agreement with previous experimental
studies, either on cleaved bulk crystals'* or on an ultrathin Ga,O; layer,
grown by selective oxidation of a CoGa(001) single crystal.””*® The
results of a recent photo-electron diffraction study'® are not in good
agreement with our study and the previously mentioned DFT studies.
Although that study also favors the (100)B termination, the atomic
positions found disagree. For example, Kilian et al. find that the distance
along the surface normal direction between the Gal,., and Ga2,,, atoms
is 1.17 A, thereby enlarging the bulk value by 41%. This is not at all in
accord with the nearly bulk-terminated structure found in this study,
where the typical displacements from the bulk are in the order of 1%.

In summary, we have comprehensively characterized the as-
cleaved f-Ga,05(100) by combining AFM, LEED, and SXRD. The
surface morphology indicates that the cleaved surface is single-
terminated, most likely with terrace sizes exceeding the typical AFM
scan area in the order of several square micrometers. LEED and in-
plane reciprocal space mapping by SXRD reveal a well-ordered unre-
constructed surface. Surface crystallography by CTR measurement and
fitting enables us to obtain a high-resolution structure, consisting of
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FIG. 4. Comparison of experimental, simulated, and fitted CTR data. The bulk structure factors (F) are shown as black circles with error bars. Simulated CTRs for terminations
A and B are represented by blue and yellow lines. Fitted CTRs for termination B are indicated by a red line. Each CTR is indexed by (K, L) and plotted as a function of H.

the so-called (100)B termination with relatively small (maximum
0.1A) atomic relaxations from bulk positions. This structure is in
excellent agreement with a DFT study and is in line with other experi-
mental studies on similar surfaces. Such a nearly bulk-terminated sur-
face, formed along a cleave plane, is also the most obvious when
considering that the longest (and weakest) Ga-O bonds are broken
and that it constitutes a non-polar surface. The high-resolution crystal-
lographic surface structure determined in this study is important for
the fracture properties of f-Ga,Os3, thin film growth on -Ga,05(100)
substrates and electronic surface properties of such substrates or exfoli-
ated flakes. In addition, the accurate determination of the single crystal
surface structure, as presented in this study, is essential for future
investigations on gas adsorption, particularly when f-Ga,O; is
employed in gas-sensing applications. A comprehensive understanding
of adsorption mechanisms requires precise knowledge of the surface
structure. These insights are expected to play a significant role in the
development of advanced sensors based on our observations.

See the supplementary material for the bulk and fitted fractional
atomic positions, as well as the analysis of the experimental data.
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