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We present a comprehensive investigation of reconstructions on 8-Ga,03(001) combining first-principles
calculations with experimental observations. Using ab initio atomistic thermodynamics and replica-exchange
grand-canonical molecular dynamics simulations, we explore the configurational space of possible reconstruc-
tions under varying chemical potentials of oxygen and gallium. Our calculations reveal several stable surface
reconstructions, most notably a previously unreported 1 x 2 reconstruction consisting of paired GaO, tetrahedra
that exhibits remarkable stability across a wide range of experimental growth conditions. In this reconstruction,
two Ga atoms share one oxygen bond and are separated by a distance of 2.64 A along the [010] direction.
High-angle annular dark-field scanning transmission electron microscopy imaging of homoepitaxially grown
(001) layers is consistent with the predicted structure. Additional investigations of possible indium substitution
at the surface sites, which can occur during indium-mediated metal-exchange catalysis via molecular beam
epitaxial growth, reveal a cooperative effect in In incorporation, with distinct stability regions for In-substituted
structures under O-rich conditions. Our findings provide an understanding for controlling surface properties

during epitaxial growth of 8-Ga,03(001).

DOI: 10.1103/wzfr-rllh

I. INTRODUCTION

Ga, 03, an ultrawide-bandgap transparent semiconducting
oxide, has emerged as one of the most promising materi-
als for new-generation power electronics [1—4]. Its tunable
electrical and optical properties make it a promising material
for gas sensors [5-9], field-effect transistors [10], and pho-
todetectors [11-14]. It can be successfully grown with high
quality from the melt [15,16], which enables the production
of cost-effective bulk crystals. While the material exhibits
polymorphism and can adopt at least five different known
structures («, B, v, 8, and €) [17], most efforts have been
concentrated on its thermodynamically most stable phase,
,3—G8.203.

The availability of high-quality bulk crystals has enabled
systematic investigations of the material’s surface proper-
ties under controlled conditions. For device applications,
understanding and controlling the surface properties dur-
ing epitaxial growth is crucial. While growth on the (010)
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surface of $-Ga,0s exhibits the highest growth rates due
to its high surface free energy [18], its instability under
metal-rich conditions [19] and the difficulty of prepar-
ing (010)-oriented substrates [20] make other orientations
more attractive. Recent studies have shown that homoepi-
taxial growth on (001)-oriented substrates can achieve
comparable growth rates and structural quality to (010)
when using In-mediated metal-exchange catalysis (MEX-
CAT) [19], where an additional In-flux is added during
molecular beam epitaxy (MBE) growth. This makes the
(001) direction highly promising for future devices. How-
ever, a comprehensive understanding of the (001) surface
reconstructions and their stability under realistic growth
conditions remains elusive. Previous studies have mainly
focused on bulk-truncated surface terminations [18,21,22],
while the exploration of possible reconstructions, especially
under the metal-rich conditions typical of MBE, has been
limited.

In this work, we systematically investigate reconstruc-
tions of the B-Ga,03(001) surface using a combination of
first-principles calculations and experimental observations.
By employing ab initio atomistic thermodynamics [23-28]
together with replica-exchange grand-canonical molecular
dynamics simulations [29-31], the configurational space of
possible reconstructions is explored as functions of oxygen
and gallium chemical potentials at temperatures relevant for
epitaxial growth. We demonstrate how different surface re-
constructions can form and validate our predictions through
high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) imaging of homoepitaxially
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grown (001) layers. Furthermore, we investigate the role of
In on the (001) surface during MEXCAT growth.

II. METHODS

A. Ab initio atomistic thermodynamics

The surface free energy (y) of a slab, which is influenced
by temperature (7') and the partial pressures (p;) of its con-
stituent elements, is determined as [23-28]

T = ! G T N, T 1
v (T, i) = 52| G ,{pi})—Z wi(T, p) |, (1)

where Gy, is the Gibbs free energy of the slab, N; is the
number of atoms of element i in the slab, and u; the respective
chemical potential. The factor 2 in the denominator indicates
that we are simulating symmetric slabs with equal surfaces at
its top and bottom.

The thermodynamic stability of a Ga,O3 slab in contact
with reactive gallium and oxygen gas phases are evaluated in
a “constrained” equilibrium approach [25,26], where surfaces
are considered to be in full equilibrium with the oxygen and
gallium reservoirs, which are mutually independent of each
other. The thermodynamical stability of the slab is then evalu-
ated by comparing its surface free energy to that of a reference
slab [23-28]:

1
Ay (T, po, pca) = ﬁ[Gslab(Tv p) — Gwt(T, p)

— ANp no(T, po) — ANg, Ga(T, pca)l.
()

Here, the differences in the number of oxygen and gallium
atoms in the two slabs are represented by ANy = Nglab — Ng’f
and ANg, = Nél:b - Née; , and the chemical potentials of gal-
lium and oxygen are (g, and ©o, respectively. In this work,
we have chosen the most stable bulk-truncated (001) surface,
(001)-B, as the reference system. The Gibbs free energies
are approximated by density-functional theory (DFT) total
energies, as commonly done in the literature [23-28], at the
levels of the generalized gradient approximation (GGA) and
hybrid DFT, G ~ E DFT We will, however, explicitly show for
the two most stable terminations that including the vibrational
free energy Fij, can influence the relative stability between
surfaces on the order of several meV/A2. Details of the
ab initio calculations can be found in Appendix A.

When considering the free energy, we get an additional
term that contributes to Ay:

1 . .
Avan(T) = e [Fp(T) = B (1)
— AN F3™(T) — ANGa F (1), (3)

The chemical potentials are referenced to the standard states
of the elements, i.e., the metallic Ga bulk, wg.(T, pga) =
Anga(T, pca) + Egjk, and molecular O, wo(T, po) =
Apo(T, p)+ 1/2Eo,, with the energies includes the zero-
point contributions. According to [26,28], we convert
Au(T, p) into pressure and temperature conditions using

thermodynamical tables [32],
0 1 p
AT, p) = AT, p°) + EkBTln ) 4)

where kg is the Boltzmann constant and p° ambient pres-
sure (1 atm). The bounds for the chemical potentials can be
deduced from the condition of the thermodynamic stability
of bulk Ga,03. Below the O-poor (Ga-rich) limit, the oxide
will decompose into Ga metal and oxygen, while in the O-
rich (Ga-poor) limit, oxygen will condense on the surface.
Reasonable bounds for the chemical potentials are thus given
as [25]

1H/(T = 0K, p=0) < Auo <0, ®)

I1H{(T =0K, p=0) < Apg, <0, (6)

where Hy(T =0K,p=0) is the enthalpy of forma-
tion for B-Ga,0O;, for which we obtain —9.64eV using
PBEsol and —9.98eV using PBEO with a mixing fac-
tor o = 0.26, termed PBEO0(0.26) (see Appendix A for
an explanation for this choice). This agrees reasonably
well with the experimental value at ambient conditions,
which is —11.29eV [33]. The limits for the chemical
potentials are thus —3.21[—3.33]eV < Aup <0eV and
—4.82[—4.99]eV < Aug, < 0eV for PBEsol [PBE0(0.26)].
When depicting phase diagrams and free surface energies,
we will include a range slightly outside these limits, namely
—4.0eV < Aup <0eV and —6.0eV < Augy, < 0eV. This
is not only better comparable to the experimental values, but
also accounts for the fact that in reality the enthalpy of forma-
tion is temperature and pressure dependent and that the true
range of chemical potentials is determined by H (T, p) [25].

B. Selection of surface structures

The ab initio atomistic thermodynamics (aiAT) approach
is very powerful, but requires the explicit consideration of all
possibly relevant structures. Obviously, it carries the risk that
a relevant structure is overlooked. It is therefore necessary to
put effort into selecting suitable structures before calculating
phase diagrams from aiAT. In this work, we combine several
approaches to obtain a suitable set of (001) surface structures
as input to the aiAT formalism. All of these surface structures
are obtained as adsorbate structures based on the (001)-B or
(001)-A termination. This means that while some structures
may be interpreted (or are actually formed) as, e.g., vacancy
structures based on the B (or A termination), they will be
treated as adsorbate structures in the following. Pathways
between metastable structures are also not explored, since we
are mainly interested in the stable equilibrium structures.

We start with the most straight-forward approach and in-
clude all bulk-truncated (001) structures. They can be created
by shifting the termination plane of the (001) surface between
the A and B terminations (see Fig. 1) and enumerating all
resulting inequivalent structures. As a result, we obtain 10
structures, i.e., 2 stoichiometric terminations, 4 Ga-rich ter-
minations, and 4 O-rich terminations, which are displayed
in Fig. 2. Including these structures leads to the phase di-
agram shown in Fig. 3, where we can see the formation
of 3 (meta)stable reconstructions in addition to (001)-B. By
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FIG. 1. (a) Conventional unit cell of 8-Ga,0O; viewed along
[010]. The octahedrally (tetrahedrally) coordinated gallium atoms,
Gal (Ga2), are dark (light) green. The inequivalent oxygen atoms
are shown in orange (O1), red (02), and yellow (O3). The stoichio-
metric (001)-A and (001)-B terminations are indicated by colored
lines. (b) Overlays of the unrelaxed (gray) and relaxed (bright color)
stoichiometric (001)-A and (001)-B surface terminations. Shown is a
side view of the surface structures projected along [010].

comparing these metastable reconstructions, we can already
observe an interesting result: In none of the reconstructions
Ga or O atoms are absorbed on (001)-B, but only on the
(001)-A termination (or equivalently by creating vacancies on
the (001)-B termination). We don’t explore this aspect in more
detail, since it only presents an intermediate result.

Another approach is to create adsorption structures based
on available adsorption sites in the surface unit cell, as was
previously done to study the co-adsorption of Al (or In), Ga,
and O on the (010) surface [34,35]. Here, we focus on the less
stable (001)-A termination that can reconstruct more easily
than the B termination. The available adsorption sites (2 atop
and 3 hollow sites) are indicated in Fig. 4 in the Appendix. We
allow for a maximum of 4 atoms to be adsorbed at the surface
of a 1 x 1 supercell. We filter for the most stable configura-
tions at any given Ga and O composition, and these structures
are subsequently relaxed using more accurate computational
settings, c.f. Appendix A.

Stoichiometric
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FIG. 2. Unrelaxed bulk-truncated (001) surface terminations.
The stoichiometric terminations are (001)-B (left) and (001)-
A (right). The different terminations are numbered for easier
referencing.

The last and most advanced and computationally expensive
approach is the replica-exchange grand-canonical (REGC)
method [29,31] in conjunction with ab initio molecular-
dynamics (MD) simulations to simulate the (001) surface in
contact with a reactive O, atmosphere. This approach has been
shown to yield accurate surface phase diagrams for Si(100)
in a hydrogen gas phase [31]. The resulting surface phase
diagrams include all vibrational contributions, including an-
harmonic effects, and thus can model realistic T, po growth
conditions. In REGC-MD, § = L x M replica of the initial
surface structures are considered, each evolving in a different
thermodynamical state (7;, u,,), where / =1,2,...,L and
m=1,2,...,M. During the simulation, the algorithm al-
ternatively (i) diffuses all replicas via ab initio MD, i.e., S
parallel ab initio MD runs in an NV T; ensemble are performed
for a fixed number of MD steps or (ii) performs either a
particle insertion/removal on all replica in the grand-canonical
ensemble or a replica-exchange swap of the 7;, u,, variables
among pairs of replicas [29]. We sample a temperature range
from 600 °C to 900 °C in steps of 100 °C, which represents
commonly reported temperature values for MOCVD/MOVPE
and MBE growth of 8-Ga;03 [3,36]. Chemical potentials are
chosen as —0.3, —0.2, —0.14, —0.08, and —0.02eV. We,
thus, focus on the O-rich regime, where more O atoms can
adsorb at the surface to enhance the sampling of possible
reconstructions. In total, we simulate 20 different replica for
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FIG. 3. Surface phase diagram of 8-Ga,03(001) obtained with
the functional PBEsol, including only the bulk-truncated termina-
tions from Fig. 2. The top four panels show the relaxed surface
structures along [010], which have a region of stability in the phase
diagram. At the top and right axes, the dependence of Auo and
A g, is transformed into a pressure scale at a fixed temperature of
1000 K. The dashed rectangles indicate the experimentally accessible
pressure range of 107!° to 1 atm.

each initial surface structure. The simulation time per replica
is 5.0 ps (500 REGC steps).

Ideally, we would simulate the (001) surface in Ga and O,
gas phases. While an extension of REGC-MD to a constrained
equilibrium, where the gallium and oxygen reservoirs are
independent from each other, is straightforward in principle, it
would require additional development of an adaptive w; grid
to avoid a dimensional explosion [29], which goes beyond the
scope of this work. Instead, we run three separate simulations,
where the input structures are the (001)-A, the (001)-B, and a
Ga-rich structure (structure 9 in Fig. 2) in a 1 x 2 supercell.
These different input structures, thus, not only allow for a

» ”

FIG. 4. Top view of the ideal (001)-A surface. The conventional
unit cell is indicated by the black rectangle. Adsorption sites are
marked with different symbols, i.e., atop sites with unfilled crosses
and hollow sites with filled symbols.

variation of the initial surface composition, but also corre-
spond to naturally occurring surface structures during growth.
After each REGC-MD simulation, we construct a phase dia-
gram based on the number of chemisorbed and physisorbed
oxygen atoms. To efficiently estimate the partition function
from our REGC sampling, we adopt the multistate Bennett
acceptance ratio (MBAR) [37] approach, as implemented in
the Python package pymbar [38]. We note that the acquired
phase diagrams only serve as an initial screening of metastable
structures. In addition, it is well known that GGA functionals
overestimate the binding energy of O, in its triplet ground
state by more than 1 eV [39—41]. Any conclusions drawn from
the phase diagrams should therefore be treated with caution.
Instead of relying on the REGC phase diagrams, we extract
for each (7;, u,,) state the most stable structures based on
their free energy and the number of chemisorbed O atoms.
To include them in our aiAT phase diagram, we deposit the
reconstructed top layers on the respective ideal bulk-truncated
structures and relax the resulting slabs using the same DFT
settings as the previous two screening approaches (see also
Appendix A).

C. Experiment

Scanning transmission electron microscopy (STEM) im-
ages were obtained for a homoepitaxial (001) oriented
B-Ga, 03 sample deposited with In-mediated metal-exchange
catalysis (MEXCAT). The images were recorded with a
high-angle annular dark-field (HAADF) detector with an in-
ner acceptance angle of 35mrad and a camera length of
196 mm. The sample was prepared and studied in the cross-
section view perpendicular to the [010] direction. It was
deposited at a growth temperature 7, = 800 °C with an oxy-
gen flux of 0.75sccm. The beam equivalent pressures of
Ga and In were BEPg, = 1.27 x 107" mbar and BEPy, =
5.2 x 10~® mbar, corresponding to particle fluxes of &g, =
2.2nm ™25~ and &y, = 1/3dg,, respectively. Additional de-
tails on this particular sample can be found in Ref. [42]. The
MEXCAT allows, under proper growth conditions, to limit
the incorporation of large amounts of In inside the deposited
layer. On the other hand, we can’t exclude an accumulation
of In atoms on the surface of the investigated homoepitaxial
layer.

Additionally, a Mg-doped B-Ga,0O3; (001)-oriented bulk
crystal obtained from the Czochralski method [16] was in-
vestigated by RHEED in the same MBE deposition chamber.
The substrate was previously chemically etched with H;PO4
and subsequently annealed in a tubular oven in presence of
molecular oxygen at 950 °C as described in Ref. [19]. Diffrac-
tion patterns along the [110] and [010] azimuthal directions
were collected for the as-prepared sample as well as after an
O-plasma treatment at a substrate temperature of 950 °C for
15-30 minutes.

III. RESULTS
A. The (001)-A and (001)-B terminations

The (001) surface has two bulk-terminated stoichiometric
terminations that are commonly referred to as (001)-A and
(001)-B [21], see also Fig. 1. The surface structure of the
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FIG. 5. Surface phase diagrams of 8-Ga,05(001) in oxygen and gallium atmosphere obtained with different levels of theory: geometries
relaxed with PBEsol (left) and with PBE0(0.26) at the PBEsol geometries (right). Shown are projections along [010] of the surface structures,
which have a region of stability in the phase diagram. The chemical potentials Apo and A g, are transformed into a pressure scale at a fixed
temperature of 1000 K shown as top and right axes. The dashed rectangles indicate the experimentally accessible pressure range of 10710 to

1 atm.

A termination consists of undercoordinated tetrahedral Ga2
and O2 atoms, while the B termination consists of underco-
ordinated octahedral Gal and O1 atoms. Our DFT-PBEsol
and DFT-PBEO0(0.26) calculations agree with previous re-
sults [18,21,22] that the B termination is significantly more
stable than the A termination, as evident from the lower sur-
face free energy yp = 1.3J/m? < y4 = 1.9J/m?. The surface
energies here are calculated for the usual definition of stoi-
chiometric surfaces [26]

1 Nam
= —\Esp — 7
YA/B 2A< A,B Nou €bulk> @)

where E4 p is the energy of the slab, Ny p is the number of
atoms in the slab, and Ny is the number of atoms per bulk
formula unit. This equation is derived from Eq. (1) under
the assumption of thermodynamical stability of the bulk, c.f.
Eq. (B1). While both surfaces have the same dangling-bond
density and fulfill the electron counting rule [43], the (001)-A
surface cuts Ga2-O2 bonds indicated in light green (cf. the
nomenclature for the atoms in Fig. 1), which are significantly
“harder to cut”, i.e., have larger bond-stretching force con-
stants [22], than corresponding Gal-O1 bonds (same color)
that are cut in (001)-B [22], which in turn leads to the higher
surface energy for the A termination. This also indicates that
the A termination is more likely to strongly adsorb atoms.
As visualized in Fig. 1, relaxing both terminations leads to a
flattening of the surface, where both Gal and Ga2 atoms align
horizontally. The atomic displacements decrease strongly
beyond the first few atomic layers, and both terminations do
not reconstruct upon relaxation. These findings agree with
previous results for the (001) surface [18,22] and follow the
same trend as other surface directions such as (100) and
(201) [18,21,22,44].

B. (001) surface phase diagram

Let us know focus on possible reconstructions of the (001)
surface under realistic conditions. We combine our prese-
lected surface structures and compare their stability in two
scenarios: (1) The (001) surface is in contact with O, and
Ga gas phases, which we model as a constrained equilibrium.
This decouples the chemical potentials of the two elements
and corresponds to the situation found in highly controlled
MBE growth. The surface stability is then determined via
Eq. (2). (2) The (001) surface is only in contact with O, where
the Ga chemical potential can be deduced from the assumption
that the bulk is thermodynamically stable, cf. Eq. (B1). Here,
the surface free energies are only dependent on 1o and given
by Eq. (B2). This would mimic a surface annealing treatment
with O,. This second approach is shown in Appendix B.

Figure 5 shows the phase diagram of -Ga;03(001) within
an atmosphere of oxygen and gallium. The phase diagram on
the left side, as obtained by PBEsol, consists of five distinct
regions, labeled a to e. An enumeration of the surface peri-
odicity and composition of all found metastable structures is
given in Table I, while a top view of the structures is shown in
Fig. 6. Region a, occupying the lower left half of the diagram,
i.e., starting from O-poor and Ga-poor conditions, represents
the known (001)-B termination.

Between Apug, values of —4.5eVto —0.3eV and Aug
values of —4.0eVto —0.6eV, we identify region b, re-
ferred to as (001)-B-vac. As seen in Fig. 6, this is a 1 x 2
reconstruction, where two Ga-O tetrahedra are formed as
edge-sharing pairs along b by two Ga and three O atoms
on top of the (001)-A termination. The Ga atoms thus share
one oxygen bond and are separated by a distance of 2.64 A
(=~0.87 b). Repeated images are perfectly aligned as columns
along [010]. Equivalent columns of these tetrahedra are placed
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TABLE I. Surface periodicity and composition (with respect to
the stoichiometric (001)-A and (001)-B terminations in a 1 x 2 su-
percell) of all stable and metastable (001) surface structures. For the
definitions of each structure, see the nomenclature in the main text.

Composition Periodicity
(001)-B (001)-B 1 x1(0.5a x b)
(001)-B-vac (001)-A + 4Ga + 60 1 x 2 (0.5a x 2b)
(001) Ga-terminated ~ (001)-A + 8Ga + 80 2x1(axb)
(001)-B-vac + O (001)-A + 4Ga + 70 2 x2(a x 2b)

(001) O-terminated (001)-A + 40 1 x 1(0.5a x b)

along [100] at a distance of 0.5 a. The resulting surface struc-
ture is stoichiometric and fulfils the electron counting rule.
The smallest supercell in which this reconstruction can form
is the 1 x 2 supercell. This reconstruction can be understood
in terms of Gal and O3 vacancies (abbreviated as vac in the
following nomenclature) on the (001)-B termination, hence
our label (001)-B-vac.

Under Ga-rich conditions with Aug, values exceeding
—2.0eV, we find in region c a 1 x 2 reconstruction, labeled
as (001) Ga-terminated. It is obtained by relaxing the bulk-
terminated structure 7 in Fig. 2, which is formed by removing
the topmost O2 atoms from the (001)-A surface. There is also
a separate, less favorable relaxation pathway, where solely the
topmost Ga2 atoms relax outward, but that reconstruction is
about 0.5 J/m? higher in surface free energy.

In very O-rich conditions, with Aug, values exceeding
—1.0eV, we additionally identify two new regions, d and
e. Structure d is a 2 x 2 reconstruction that is formed by
adsorbing an additional O atom at two separate Ga,O3 tetra-
hedra on the (001)-B-vac structure. As such, we denote it as

1x1 (001)-B

1x2 (001)-B-vac

2x1 (001) Ga-ter.

FIG. 6. Top views of all metastable and stable surface termina-
tions in Fig. 5. The upper left panel shows the bare (001)-B surface.
In the other panels, the adatoms incorporated in the reconstructions
are in color, while the atoms of the bare surface are shown in gray.
The primitive unit cells are indicated by the black rectangles, with
their periodicity indicated in the labeling of the structures. The struc-
tures (001) Ga-terminated and (001) O-terminated are referred to as
(001) Ga-ter. and (001) O-ter., respectively.

(001)-B-vac + O. Region e represents a 1 x 1 oxygen-
terminated surface, the (001) O-terminated structure, which
corresponds to the bulk-terminated structure 5 in Fig. 2. Here,
the two exposed O2 atoms form a mutual bond upon relax-
ation.

Note that while we show the whole phase diagram, MBE
growth of Ga,03(001) is typically performed in a much
narrower window of chemical potentials, most commonly
at Ga-rich conditions, and high growth temperatures up to
1100K [19]. As such, our phase diagrams also illustrate a
more attainable stability region with 7 ~ 1000K and p =
107'° to 1atm. Here, we only find that the (001)-B struc-
ture stabilizes at lower pressures, at approximately 1077 to
10~'° atm, and the 1 x 2 (001)-B-vac reconstruction ar higher
pressures. This suggests that (001)-B-vac can indeed stabilize
under typical experimental conditions, especially more O-rich
and Ga-rich conditions.

The right side of Fig. 5 shows the phase diagram obtained
with PBE0(0.26) using the geometries relaxed with PBEsol.
We discern noticeable differences compared to the PBEsol
result: Phases a, b, and c are the only constituents of the phase
diagram, while phases d and e vanish in O-rich conditions.
Within the experimentally accessible conditions, we continue
to find only the (001)-B, and the (001)-B-vac reconstruction,
but (001)-B exhibits enhanced stability at slightly higher pres-
sures than before.

In addition to the 2D representation of the phase diagram,
we also plot the surface free energy differences Ay for two
fixed values of A g, simulating realistic Ga-rich and Ga-poor
conditions in Fig. 7. In Ga-poor conditions, we find that two
reconstructions, (001)-B-vac (label b) and (001)-B-vac + O
(label d), compete closely. Using PBE0(0.26), the surface
free energy of all reconstructions changes by an average of
only 7meV /A2, with a maximum increase of 22 meV /A2
and a maximum decrease of 8 meV /A2, The relative stability
between different reconstructions remains remarkably similar
in the PBEsol results. These small changes, however, can
have a large impact on the phase diagram when the recon-
structions are in close competition near the phase boundaries.
This can be seen for example under Ga-poor conditions in
the upper right part of Fig. 7, where (001)-B-vac (label b) is
stabilized compared to (001)-B-vac + O (label d), leading to
(001)-B-vac + O vanishing from the phase diagram in Fig. 5.
Similarly, only (001)-B-vac is stabilizing in O-rich and Ga-
rich conditions, as seen in the lower right diagram.

‘We now assess the impact of the vibrational free energy on
the stability of the newly found reconstructions. Despite being
typically small [26], this contribution might play a decisive
role in determining the stability of these phases, as shown
previously for the example of the polar ZnO(0001) surface in
contact with a humid oxygen environment [45]. To this end,
we calculate the contribution of the vibrational free energy in
the harmonic approximation according to Eq. (3) (details in
Appendix A) using the functional PBEsol. It has been shown
previously that LDA, although overbinding, gives good results
for the phonon modes in f-Ga,O3; compared with experi-
ments [46]. Since we are mainly interested in their changes
compared to the (001)-B reference, calculations at the PBEsol
level should be adequate to assess the differences in vibra-
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FIG. 7. Surface free energy difference Ay of (001) structures
in oxygen and gallium atmosphere obtained with different levels
of theory: (left) PBEsol relaxed, (right) PBE0(0.26) at the PBEsol
geometry for Ga-poor conditions with Aug, = —3 eV (top) and Ga-
rich conditions with Aug, = —2 eV (bottom). The surface structures
with a region of stability in Fig. 5 are highlighted with the same color
code, while other surface structures are shown in light gray.

tional free energies. Calculations at the PBEO level to obtain
the phonon properties were computationally not affordable.

Figure 8 reveals that the vibrational contributions remain
below 15 mJ/m? up to a temperature of 1500 Kelvin. In par-
ticular, we find that the bare (001)-B surface gains stability
over the (001)-B-vac reconstruction beyond temperatures of
1100 K. These contributions thus appear to be small, and we
believe that they don’t have a strong influence on the phase
diagram except near the phase boundaries.

&
°§ 5 - —— (001)-B
[0) (001)-B-vac
E o
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>
X 5 -
<

1 1 1 1 1 1 1
600 700 800 900 1000 1100 1200 1300 1400
T[K]

FIG. 8. Surface free energy contributions from the vibrational
free energy Apyip(T) of the (001)-B and (001)-B-vac structures.
Energies are relative to that of the (001)-B surface.

FIG. 9. HAADF-STEM image of the homoepitaxial (001) layer
deposited at 7, = 800°C with an oxygen flux of 0.75sccm with
In-mediated MEXCAT. Shown is the projection along [010]. The
theoretically predicted (001)-B-vac reconstruction is shown as an
overlay on the right.

C. Reconstructed (001) surface in experiment and theory

Our HAADF-STEM investigations of homoepitaxially
grown (001) layers reveal a clear surface reconstruction that

1V vl (001)-B " buk
I — total
7] | — Gas
- I | I Op
L I 1 'A
T T T T T T I I
1V ! (001)-B-vac| |
i i
7 i i
- i i
. 1 . I| :_I_...MM
E _ “I 1 I I 1
S | 1| 1 (001) Ga-terminated i
g | ! | !
3, : ! E
. 1 | 1
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| i
7 i i
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FIG. 10. DOS of all stable and metastable surface terminations
shown in Fig. 5, obtained with PBE0(0.26) at the PBEsol geometries.
The energy is referenced to the VBM. The dashed black vertical lines
indicate the VBM and CBM. The dash dotted vertical line indicates
the Fermi level. The projections onto the Ga s states are shown in
green, the ones on the O p states in red. The DOS of the bulk is
indicated by the shaded area.
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2x surface
reconstruction

[010]
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FIG. 11. RHEED observation of a 2 x 1 reconstruction along the [010] azimuthal direction. The structures on the left show the (001)
surface unit cell, suggested reconstruction unit cell, and related azimuths used for the RHEED analysis. RHEED patterns along the [110] and

[010] azimuths are shown for the pristine and reconstructed surface.

shows excellent agreement with our theoretically predicted
(001)-B-vac structure, as shown in Fig. 9. The experimental
image shows the formation of distinct Ga adatoms at the sur-
face, with characteristic spacings and orientations matching
our simulations.

Interestingly, when focusing on a bare substrate, upon an
O-plasma treatment performed at a substrate temperature of
950 °C, our RHEED observations shown in Fig. 11 indicate
a 2 x 1 reconstruction along the [010] azimuthal direction
to occur after O-plasma treatment at a substrate tempera-
ture of 950°C). This pattern, which persists after cooling
and plasma termination, suggests the formation of a different
surface reconstruction than the one observed in STEM on
the homoepitaxially grown layer with In-mediated MEXCAT.
The reconstruction persists even when the substrate temper-
ature is decreased and the plasma is switched off. The same
reconstruction (not shown here) was prepared by heating the
same type of substrate that was just solvent-cleaned but not
chemically etched and annealed in O-plasma (1 sccm Oj
flow, 300 W RF plasma power, corresponding pressure in
growth chamber ~3 x 10~ mbar) at 950 °C for approx. 15
min. While this indicates the possibility of additional stable
surface configurations under O-rich conditions, particularly
at elevated temperatures, the exact nature of this reconstruc-
tion requires further investigation. Our calculations predict a
2 x 1 Ga-terminated reconstruction under extremely Ga-rich
conditions, but there is no current evidence that this is the
same structure as observed in the RHEED images. The ex-
perimental conditions during O-plasma treatment suggest that
a different reconstruction mechanism may be involved.

Having determined which reconstructions can be stabi-
lized, we explore their properties and the impact on potential
applications. The electronic structure in the form of the den-
sity of states (DOS) of the five metastable structures is shown
in Fig. 10. The work functions and band gaps are listed
in Table II. All of these terminations exhibit pronounced
surface states near the valence band. Except for the (001)

Ga-terminated one, all reconstructions have an excess oxygen
on the surface. Their dangling bonds are filled, and the excess
electrons are localized in the band gap. For these oxygen-
rich reconstructions, the filled gap states are predominantly
of O 2p character (> 90%), arising from oxygen dangling
bonds. In contrast, the (001) Ga-terminated surface exhibits a
qualitatively different electronic structure, with the gap states
showing approximately 35% Ga 4s/4p character compared
to only ~7% for the oxygen-rich reconstructions, reflecting
the distinct bonding environment of undercoordinated surface
Ga atoms. The band gaps of all surface structures are slightly
larger than those of the bulk system, most likely due to quan-
tum confinement. The values of (001)-B and (001)-B-vac are
nearly identical, while the work function of (001)-B-vac is
0.5eV smaller than that of (001)-B. Oxygen adsorption and
formation of the (001)-B-vac + O reconstruction increases the
work function above that of the bare surface by 0.1eV. The
systematic trends in work functions, decreasing from O-rich
to Ga-rich terminations, follow the expected behavior based
on the ionic model [47,48].

The pronounced surface states near the valence band may
impact carrier transport and band alignment in devices. The

TABLE II. Calculated work functions, W, and band gaps, E,,
in eV for all stable and metastable terminations shown in Fig. 5
obtained with PBEsol and PBE0(0.26) at the PBEsol geometries. The
work functions are defined with respect to the VBM.

PBEsol PBEO0(0.26)
w E, w E,
(001)-B 8.01 2.25 9.98 491
(001)-B-vac 7.54 2.20 9.46 491
(001) Ga-terminated 7.01 1.96 9.01 5.18
(001)-B-vac + O 8.11 2.29 10.12 4.96
(001) O-terminated 7.78 2.38 9.76 5.03
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presence of filled oxygen dangling bonds in most reconstruc-
tions, except the Ga-terminated surface, suggests that these
surfaces may act as hole traps. This could significantly im-
pact the carrier dynamics in p-type devices, similar to effects
observed for other orientations [22]. We also note that the
moderate reduction in work function (= 0.5 eV) and the nearly
identical band gaps of (001)-B-vac and (001)-B suggests that
the reconstruction maintains the favorable band alignment
while providing improved structural stability.

D. Possible reconstructions with In

Having identified the (001)-B-vac reconstruction as a sta-
ble surface structure that agrees well with our experimental
STEM-HAADF observations (Fig. 9), we also consider the
role of In during MEXCAT growth. Given that In is intention-
ally introduced during the growth process as a metal-exchange
catalyst, an important question arises whether part of the In
atoms segregate at the surface or fully desorb during the
catalytic process. Therefore, we investigated the possibility
that some or all of the surface Ga atoms in the (001)-B-vac
reconstruction might actually be substituted by In atoms dur-
ing growth.

To explore this scenario, we substituted the topmost surface
Ga atoms in the (001)-B-vac reconstruction with In atoms
at different ratios (0%, 25%, 50%, 75%, and 100%). The
resulting phase diagrams (Fig. 12) reveal that structures with
50% (region a) and 100% (region b) In substitution have
small but distinct regions of stability in the experimentally
accessible region marked by the dashed rectangle, while in-
termediate compositions (25% and 75%) show negligible
stability windows. This binary preference for either half or full
In occupation suggests a cooperative effect in In substitution,
where the presence of some In atoms facilitates the incorpo-
ration of additional In atoms to the surface layer up to these
specific ratios.

The surface phase diagrams also reveal a strong de-
pendence of In incorporation at the surface layer on the
oxygen chemical potential. Under O-rich conditions (Auo =
0.0eV), In-containing reconstructions are stable in the upper-
left portion of the phase diagram, particularly in the region
where both Ay, and Apg, are moderately negative (Apy, >
—3.0eV and Apg, < —2.0eV). This suggests that In pref-
erentially occupies surface sites when sufficient oxygen is
available to form stable In-O bonds.

As conditions become increasingly O-poor (moving from
Apo =0.0eVto —3.0eV), the stability region for In-
containing surface structures progressively shrinks until it
completely disappears at Apg = —3.0eV. At medium to high
oxygen partial pressures, In can thus be incorporated at the
surface layer and remain stable, while low oxygen partial pres-
sures lead to a destabilization of In-containing surface layers.
This behavior aligns with experimental observations during
In-mediated MEXCAT growth, where optimal growth condi-
tions typically require moderate oxygen pressures [49-51].

IV. SUMMARY AND CONCLUSIONS

Through a comprehensive combination of first-
principles calculations and experimental probes, we have

(@) $ é (b)
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FIG. 12. Surface phase diagrams of 8-Ga,05(001) in oxygen,
indium, and gallium atmosphere obtained with PBE0(0.26) at the
PBEsol geometries for different fixed values of Apo. Shown are
projections along [010] of the surface structures including In atoms
(in blue), which have a region of stability in the phase diagram. The
color code for the other stable surface structures is the same as in
Fig. 5. The chemical potentials Apuy, and Aug, are transformed
into a pressure scale at a fixed temperature of 1000 K. The dashed
rectangles indicate the experimentally accessible pressure range of
1071 to 1 atm.

systematically investigated surface reconstructions of
B-Ga;03(001). Our ab initio thermodynamics approach,
combined with REGC-MD simulations, revealed several
stable surface reconstructions depending on the chemical
environment. The most notable finding is the stoichiometric
(001)-B-vac reconstruction, which shows remarkable stability
across a wide range of experimental conditions, and agrees
well with HAADF-STEM images of a homoepitaxially
grown (001) layer. The (001)-B-vac structure is a 1 x 2
reconstruction where two Ga-O tetrahedra are formed as
edge-sharing pairs along b by two Ga and three O atoms on top
of the (001)-A termination, or alternatively could be formed
by Gal and O3 vacancies on the (001)-B termination. This
formation of tetrahedra at the surface is also found in other
oxides, such as the stoichiometric /31 reconstruction studied
recently for Al,03(0001) [52] and for «-Fe,03(0001) [53].
The prevalence of such tetrahedral motifs suggests a general
tendency of oxides to minimize surface energy through the
formation of fully coordinated metal-oxygen polyhedra. We
find no stabilized terminations with oxygen excess, again
supporting similar previous findings in Al,O03(0001) [52].
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The phase diagrams demonstrate that under typ-
ical MBE growth conditions (7 ~ 1000K, p=~1x
10~ atmto I atm), two main terminations dominate: the
well-known (001)-B structure at lower oxygen pressures
(1077 atm to 10~'% atm) and the (001)-B-vac reconstruction
at higher pressures. The stability of both terminations is
confirmed by both PBEsol and PBE0(0.26) calculations, with
only minor quantitative differences between the two methods.
The calculated electronic properties show that all structures
exhibit pronounced surface states near the valence band.

Our investigation of In-mediated growth revealed an inter-
esting cooperative effect in In substitution, where 50% and
100% In-substituted structures show distinct stability regions,
while intermediate compositions are energetically unfavor-
able. This binary preference suggests a complex interplay
between surface energetics and atomic arrangements during
MEXCAT growth. The stability of In-containing reconstruc-
tions shows a strong dependence on the oxygen chemical
potential, with maximum stability under O-rich conditions.

This study offers fundamental insights into the surface
chemistry of 8-Ga,03(001) and provides a comprehensive
understanding for optimizing growth conditions in MEXCAT
processes. Future investigations should address several open
questions arising from this work. One is to find the kinetic
pathways between different surface structures, particularly
the transition mechanism from (001)-B to (001)-B-vac. The
observation that tetrahedral surface motifs appear in our found
reconstructions and across multiple oxide systems in literature
can potentially lead to predictive design rules for engineering
oxide surface properties in the future.
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APPENDIX A: COMPUTATIONAL DETAILS

All DFT calculations are performed using the all-electron
FHI-aims package [60,61]. Exchange-correlation effects are

A

FIG. 13. Complete 1 x 2 supercell used for the surface calcula-
tions, shown for the (001)-B termination. The slab consists of 5 bulk
layers and is embedded in at least 50 A of vacuum to prevent spurious
interactions between periodic images. The view is along the [010]
direction. The color scheme follows Fig. 1: octahedrally coordinated
Gal atoms are shown in dark green, tetrahedrally coordinated Ga2
atoms in light green, and the three inequivalent oxygen species Ol,
02, and O3 are shown in orange, red, and yellow, respectively.

treated (i) in the generalized gradient approximation by the
revised PBE functional for solids and surfaces (PBEsol) [62],
which has shown high accuracy in determining the lattice
parameters and elastic properties of Ga,0O3 [63,64] and (ii)
with the hybrid functional PBEO [65,66] including 26 % ex-
act exchange [denoted as PBE0(0.26)], which matches the
experimental gap of 4.9eV [67-69]. The calculated bulk lat-
tice parameters obtained by using PBEsol are a = 12.28 A,
b=3.05A,c=581A, and g = 103.72°, which agree very
well with the experimental values [70] of a = 12.21 A, b=
3.04 A, c=15.82 A, B = 103.82°. The surface structures are
created using pymatgen [71,72] and are modeled as slabs in
the supercell approach, including at least 50 A of vacuum. We
simulate the (001) surfacein 1 x 1 and 1 x 2 supercells of the
conventional cell, including 5 bulk layers, each consisting of
20 atoms. (Note that all surface phase diagrams in this work
are shown for the 1 x 2 slabs, see Fig. 13.) The resulting slabs
are symmetric due to the inversion symmetry of the bulk struc-
ture, allowing us to extract the properties of the single surface.
By defining the surfaces using the conventional bulk cell, the
resulting surface unit cell is twice the size of the primitive
cell, i.e., doubled along the ¢ direction, see also Fig. 1. The
Brioullin zone of the 1 x 1 slab is sampled witha4 x 12 x 1
k-grid and scaled accordingly for larger supercells. All atoms
in the slab are relaxed with the final forces being smaller
than 103 eVA~!. In the PBEsol calculations, the basis set
and numerical grids are defined by tight settings for both
the gallium and oxygen atoms, while for the PBE0(0.26)
calculations we employ intermediate settings. These settings
ensure convergence of the surface energies to 0.01J/m?. As
the bulk geometries obtained with the two functionals are
comparable, it is not necessary to use a hybrid functional for
relaxation and to obtain reliable surface energies. The surface
free energies on the right side of Fig. 14 differ by less than
0.03J/m? upon relaxing all internal coordinates of the slabs
using PBE0(0.26).

Vibrational free energies for selected structures are calcu-
lated in the harmonic approximation using the Python package
Phonopy [73,74]. We simulate the 1 x 2 slabs in a 1 x 2
supercell, resulting in lateral dimensions of 12.2 A x 12.2 A,
previously used in defect calculations of 8-Ga,O3 [75]. The
respective energies are obtained using PBEsol and tight basis
settings with a k-grid of 6 x 6 x 1.

The REGC simulations are performed using the python
package FHI-panda [29,76]. The input structures are the three
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FIG. 14. Surface free energies for all investigated (001) structures in oxygen atmosphere. The values are obtained using the functional
PBESsol (left) and PBE0(0.26) at the PBEsol geometries (right). Energies are referenced to the (001)-B surface. The chemical potential Ao
is transformed into a pressure scale at a fixed temperature of 1000 K (top axes). Structures with a window of stability in Fig. 5 are highlighted
by color. Other surface structures are shown in light gray. The dashed vertical lines indicate the experimentally accessible pressure range from

107'° to 1 atm.

different relaxed bulk-truncated structures 1, 2, and 9 in Fig. 2.
Each slab contains 80 atoms (4 bulk-layers), where the bottom
half is fixed, and the bottom surface is passivated by pseudo-
hydrogen. The surface regions, where atoms can be inserted
or removed, are defined as the regions 5 A along the surface
normal starting 2 A below the topmost surface atoms. This
allows for the possible insertion or removal of sub-surface
sites during the simulation. In each REGC step, the probability
of performing a replica-exchange step is set to 10 %. DFT
calculations are performed using PBEsol and light basis set-
tings with a tail correction for the van der Waals interactions,
computed with the Tkatchenko-Scheffler scheme [77]. The
Brioullin zone is sampled with a 4 x 5 x 1 k-grid. The ab
initio MD simulations to diffuse all replicas are performed in
a canonical (NVT) ensemble for 0.01 ps and using a timestep
of 1fs, resulting in 5ps long trajectories for each replica.
The NVT ensemble is sampled using the stochastic-velocity
rescaling thermostat [78]. The system is confined to a sphere
of 5 A by applying a repulsive polynomial potential of order
four via PLUMED [79].

APPENDIX B: SURFACE STABILITY IN OXYGEN GAS

We can also consider the surface in contact only with an
oxygen reservoir. If we further consider the surface to be in
equilibrium with the underlying bulk and the gas phase, then
the chemical potentials in Eq. (2) are related by [24,26-28]

eoulk = 2 LGa + 3 UGa; (B1)

with ey, being the total energy of a bulk Ga, O3 formula unit
that approximates the corresponding Gibbs free energy. We
can then rewrite Eq. (2) by substituting ©g, using Eq. (B1):

Ay (T, po)

1

3
= E[Es]ab — Eper — (ANO —-3 ANGa) wo(T, po)

1
—3 ANg, ebulk:| . (B2)

Finally, when vibrational contributions are considered as
part of the Gibbs free energy, we obtain an additional term

contributing to the surface free energy:

1 ) . 1 .
Ayin(T) = A [FLI;E(T) — F3(T) - EANGa bvl.:})k(T):|~
(B3)

Figure 14 showcases the resulting surface free energy us-
ing PBEsol and PBEO(0.26), with particular emphasis on the
previously identified metastable structures. It is noticeable
that the O-rich structures have higher surface energy when
obtained with PBE0(0.26). Where previously the (001) O-
terminated reconstruction stabilized in O-rich conditions, now
only the stroichiometric (001)-B-vac reconstruction remains
stable. In the Ga-rich limit, the (001) Ga-terminated is now
predicted to be stable below Apg < —3.2eV. Within the ex-
perimentally accessible range (defined by conditions prevalent
in typical experimental annealing or MBE growth processes),
the terminations (001)-B and (001)-B-vac are separated by
less than S mJ/m?.

The close energetic proximity of these structures suggests
strong competition and possible metastability in this region.
The often (small and) overlooked contributions of vibrational

0.04 4 —— (001)-B
(001)-B-vac

— 0.02 1
NE including Ayyip
S 0.00
>
<1 -0.02

-0.04

1 1 1 1
800 1000 1200 1400
TIK]

1 1 1
0 200 400 600

FIG. 15. Surface free energies of the (001)-B and (001)-B-vac
surfaces in oxygen atmosphere using PBEO0(0.26). Energies are
referenced to the (001)-B surface. The dashed line includes the
contribution of the vibrational free energy, Ay, in the harmonic
approximation obtained by PBEsol and determined from Eq. (B3).
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free energy and configurational entropy could play a major
role in determining the relative stability. To this end, we calcu-
late the vibrational contributions to the surface free energy in
the harmonic approximation for the most stable stoichiometric
terminations as shown in Fig. 15. The vibrational contribu-
tions remain below 10 mJ/m? up to a temperature of 1500 K.
Specifically, the bare (001)-B surface gains stability over the
(001)-B-vac reconstruction beyond temperatures of 850 K. It
is worth noting, however, that these energy differences are so
small that other factors, such as the configurational entropy,
may further influence this stability. Consequently, a compre-

hensive understanding of these reconstructions may require
further analysis.

To summarize, we predict that varying the annealing con-
ditions can result in different (001) surface morphologies, (1)
the 2 x 1 (001) Ga-terminated reconstruction in extremely
O-poor (Ga-rich) conditions, (2) the 1 x 2 (001)-B-vac re-
construction, for temperatures below 850 K, and (3) the bare
(001)-B termination, for temperatures above 850K, in more
O-rich (Ga-poor) conditions. However, the energetic differ-
ences are so small that both phases can and likely will occur
simultaneously.
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