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Structure and thermodynamic stability of β-Ga2O3 surfaces
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We present a comprehensive first-principles investigation of all symmetrically inequivalent low-index surfaces
of β-Ga2O3, examining their structural properties and thermodynamic stability across experimentally relevant
growth conditions. Using density-functional theory with both the semi-local functional PBEsol and a modified
PBE0 hybrid functional with 26 % exact exchange, denoted PBE0(0.26), we calculate surface free energies for
the (010), (100), (001), (2̄01), (110), (111), and (111̄) orientations, including the effects of harmonic vibrational
contributions and varying oxygen chemical potentials. We demonstrate that the energetic ordering remains
consistent across computational approaches and that the vibrational contributions remain below 0.2 J/m2 up
to temperatures of 1000 K. A coordination-based model that correlates surface stability with the density of
undercoordinated atoms reveals that undercoordinated oxygen atoms and tetrahedral Ga sites substantially
destabilize surfaces, while exposed undercoordinated octahedral Ga atoms serve as indicators of surface stability.
Our thermodynamic analysis shows that stoichiometric terminations dominate over nearly the entire range of
chemical potentials relevant for β-Ga2O3 stability, while nonstoichiometric terminations emerge only under
extreme reducing or oxidizing conditions. Notably, we predict the formation of stable Ga-rich terminations
resembling Ga adlayers for the (100) and (2̄01) surfaces under highly reducing conditions.

DOI: 10.1103/ltwn-y8xf

I. INTRODUCTION

Gallium oxide, Ga2O3, has emerged as a promising
ultrawide-band-gap semiconductor for high-power electronics
and gas-sensing applications due to its exceptional electrical
and optical properties [1–4]. Among the five known poly-
morphs, the monoclinic β-phase is the thermodynamically
most stable under ambient conditions and can be grown as
large single crystals from the melt [5,6]. The successful imple-
mentation of β-Ga2O3 in electronic devices critically depends
on controlled crystal growth and surface engineering. In gen-
eral, surface properties directly influence crystal morphology
during growth, chemical reactivity, and electronic charac-
teristics at metal-semiconductor and oxide-semiconductor
interfaces, all essential factors for device fabrication and
performance.

The monoclinic crystal structure of β-Ga2O3 (space group
C2m), shown in Fig. 1, contains two inequivalent gallium
sites (tetrahedrally coordinated Ga2 and octahedrally coor-
dinated Ga1) and three inequivalent oxygen atoms, giving
rise to numerous possible surface terminations with dis-
tinct atomic arrangements and properties. Density-functional
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theory (DFT) calculations have consistently identified the
(100) surface as the most stable low-index orientation [7,8],
a result that holds across different exchange-correlation
functionals and has been extended to include higher-index
orientations [9,10]. Beyond stoichiometric terminations, in-
dividual studies have examined hydrogen adsorption and
oxygen vacancies on (100) [11], surface reconstructions on
(010) and (110) [12], and water activation on (2̄01) [13],
while comparisons across Ga2O3 polymorphs have been per-
formed under epitaxial strain [14]. Recently, we explored
reconstructions of the (001) surface beyond bulk trunca-
tion by replica-exchange grand-canonical molecular dynamics
and ab initio atomistic thermodynamics, revealing a 1 × 2
reconstruction of paired GaO4 tetrahedra, consistent with
high-angle annular dark-field scanning transmission electron
microscopy [15]. A unified picture covering all symmetrically
inequivalent low-index orientations is, however, still missing.

Experimentally, the link between surface energetics and
crystal growth is well established. Metal-organic vapor phase
epitaxy (MOVPE) on (100) substrates has demonstrated step-
flow growth mechanisms [16–18] and systematic evolution of
surface morphology with growth parameters [19], consistent
with the predicted low surface energy of this orientation.
Surface x-ray diffraction of as-cleaved (100) single crystals
confirms a single, bulk-like termination with atomic displace-
ments of at most 0.1 Å [20]. Chou et al. [21,22] showed
that maintaining step-flow growth requires specific oxygen-
to-gallium ratios, suggesting the formation of Ga-rich surface
phases under reducing conditions, while growth on (010)
substrates reveals distinct growth windows [23]. These ob-
servations highlight the need to understand surface energetics
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across the full range of thermodynamic conditions relevant to
growth.

In this work, we present a comprehensive first-principles
investigation of all symmetrically inequivalent low-index sur-
faces of β-Ga2O3, namely, (010), (100), (001), (2̄01), (110),
(111), and (111̄). Although several of these orientations have
been addressed in previous computational studies [7–10], the
available results were obtained with different DFT codes and
exchange-correlation functionals and are, with few excep-
tions, restricted to stoichiometric terminations. Consequently,
neither the dependence of the stable terminations on the
growth conditions nor the sensitivity of the energetic order-
ing to the level of theory and to vibrational contributions
is established. The aim of this work is to close this gap by
treating all low-index orientations and all their bulk-truncated
terminations within one consistent all-electron framework.
We employ both semi-local and hybrid-functional levels of
DFT to compare their effect on surface stability, while also
assessing the impact of vibrational contributions on thermo-
dynamic stability. By examining the relative stability of these
surfaces across a wide range of oxygen chemical potentials
relevant to β-Ga2O3 growth and processing, we provide a
comprehensive picture of the material’s surface energetics. In
addition, we develop a coordination-based model that corre-
lates atomic structure with surface stability, which deepens
our understanding of growth behavior and guides substrate
selection for device applications.

II. THEORETICAL BACKGROUND

The surface free energy (γ ) of a slab structure, which is
influenced by temperature (T ) and the partial pressures (pi) of
its constituent elements, is determined as [24–26]

γ (T, {pi}) = 1

2A

[
Gslab(T, {pi}) −

∑
i

Niμi(T, pi )

]
, (1)

where Gslab is the Gibbs free energy of the slab, Ni the number
of atoms of each element in the slab, and μi the respective
chemical potential. The factor of 2 in the denominator indi-
cates that we are simulating symmetric slabs with equivalent
surfaces at its top and bottom. The thermodynamic stability
of surfaces, which exchange atoms with an oxygen reservoir,
is determined by their surface free energies as defined in
Eq. (1). If we consider the surface to be in equilibrium with
the underlying bulk and the gas phase [24,27,28], then the
chemical potentials of oxygen and gallium are related by

gbulk = 2 μGa + 3 μO, (2)

with gbulk being the Gibbs free energy of a bulk Ga2O3 for-
mula unit. We can then rewrite Eq. (1) as

γ (T, pO) = 1

2A

[
Gslab −

(
NO − 3

2
NGa

)
μO(T, pO)

− 1

2
NGa gbulk

]
. (3)

The Gibbs free energies are approximated by the total
energies obtained by DFT, G ≈ EDFT, a common approach in
the literature [26,27], which is justified by the inherent error

cancellation of slab and bulk energies in Eq. (3). We will, how-
ever, explicitly show for the stoichiometric terminations that
including the vibrational free energy Fvib can affect the relative
stability between surfaces by the order of several mJ/m2.
When vibrational contributions are considered as part of the
Gibbs free energy, we obtain an additional term contributing
to the surface free energy

γvib(T ) = 1

2A

[
F vib

slab(T ) − 1

2
NGa f vib

bulk(T )

]
. (4)

The chemical potential of oxygen is referenced to its standard
state, i.e., molecular O2 including the experimental zero-point
energy [29]

μO(T, pO) = �μO(T, p) + 1/2EO2 . (5)

The binding energy of oxygen is known to be difficult to
approximate with (semi)local DFT due to a significant self-
interaction error [30–32]. In this work, we obtain −6.76 eV
using PBEsol and −5.24 eV using PBE0 with a mixing fac-
tor α = 0.26, termed PBE0(0.26). Additional details on the
choice of these functionals are given in Sec. III. To reduce the
uncertainty when comparing different functionals, the exper-
imental value for the binding energy E exp

b = −5.22 eV [33]
is used. The total energy of the molecule is then given by
EO2 = 2EO + E exp

b , where the free energy EO of the oxygen
atom is evaluated at the respective exchange-correlation level.

We convert �μ(T, p) into pressure and temperature condi-
tions using thermodynamical tables [34]. The bounds for the
chemical potentials can be deduced from the condition of the
thermodynamic stability of bulk Ga2O3. Below the O-poor (or
Ga-rich) limit, the oxide will decompose into Ga metal and
oxygen, while in the O-rich (or Ga-poor) limit, oxygen will
condense on the surface. Reasonable bounds for the chemical
potentials are thus given as [27]

1
3 Hf (T = 0 K, p = 0) < �μO < 0, (6)

where Hf (T = 0 K, p = 0) is the enthalpy of formation for
β-Ga2O3, for which we obtain −9.64 eV using PBEsol and
−9.98 eV using PBE0(0.26). Note that Hf is evaluated consis-
tently at each level of theory, i.e., using the DFT total energy
of the O2 molecule without the experimental correction of the
binding energy introduced above. This underestimates the ex-
perimental value of −11.29 eV [35] at ambient conditions. For
PBEsol, this can partly be attributed to the overestimation of
the oxygen binding energy mentioned above. The remaining
discrepancy, which is also present for PBE0(0.26), may stem
from the description of the metallic Ga reference and of the
oxide itself, and from the fact that the experimental value is
obtained at 298 K and 1 bar, whereas Hf (T = 0 K, p = 0) is
calculated from DFT total energies. The limits for the chem-
ical potentials are thus -3.21 [-3.33] eV < �μO < 0 eV for
PBEsol [PBE0(0.26)]. We note that these limits are not strict
extrema and may even be exceeded in experiments via differ-
ent oxygen sources, such as ozone or oxygen plasma. When
presenting surface free energies, we will thus include a range
slightly outside these limits to better compare to experimental
values for the Gibbs free energy of formation.
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III. COMPUTATIONAL DETAILS

All DFT calculations are performed using atom-centered
basis functions as implemented in the all-electron full-
potential code FHI-AIMS [36,37]. Exchange-correlation effects
are treated (i) in the generalized gradient approximation by
the revised PBE functional for solids and surfaces (PBEsol)
[38], which has shown high accuracy in determining the lattice
parameters and elastic properties of Ga2O3 [39,40] and (ii)
with the hybrid functional PBE0 [41,42] including 26 % exact
exchange [43] [denoted as PBE0(0.26)], which matches the
experimental gap of 4.9 eV [44]. The Brillouin zone of the
bulk structure is sampled with a 4 × 12 × 8 k-grid and scaled
accordingly for the surface structures. The calculated bulk
lattice parameters using PBEsol are a = 12.28 Å, b = 3.05 Å,
c = 5.81 Å, and β = 103.72 ◦, which agree very well with
the experimental values [45] of a = 12.21 Å, b = 3.04 Å, c =
5.80 Å, and β = 103.83 ◦. The surface structures are created
using pymatgen [46,47] and are modeled as slabs in the super-
cell approach, including at least 30 Å of vacuum. The resulting
slabs are symmetric due to the inversion symmetry of the bulk
structure, allowing us to extract the properties of the single
surface. All atoms in the slab are relaxed with the final forces
being smaller than 10−2 eVÅ−1. In the PBEsol calculations,
the basis set and numerical grids are defined by tight species
defaults for both the gallium and oxygen atoms, while for the
PBE0(0.26) calculations, we employ intermediate defaults.
We verified the stability of all investigated terminations in
larger surface supercells. A systematic exploration of further
reconstructions and adsorbate-covered terminations is beyond
the scope of this work.

The vibrational free energies for selected structures are
calculated in the harmonic approximation using the PYTHON

package phonopy [48,49]. In the phonon calculations, all
slabs are modeled in supercells with lateral dimensions of at
least 12 Å × 12 Å, as previously used in defect calculations of
β-Ga2O3 [50]. The corresponding energies are obtained using
the functional PBEsol and tight species defaults.

IV. RESULTS

A. Stability of stoichiometric terminations

We begin our analysis with the stoichiometric terminations
of the low-index surfaces. Stoichiometric terminations main-
tain the gallium to oxygen ratio (2:3) of the bulk crystal.
All investigated surface directions, except for (010), possess
two distinct stoichiometric terminations. The (010) surface
represents a special case with only one stoichiometric termi-
nation because this direction is parallel to the C2m symmetry
axis of the bulk crystal. All stoichiometric slabs considered
in this section are centrosymmetric and therefore carry no
net dipole moment. More fundamentally, in the classification
of Tasker [51], the stoichiometric bulk-truncated surfaces of
all low-index orientations are of type 2, i.e., they consist of
charged atomic layers stacked such that the repeat unit has
no net dipole, with the exception of (010), which is of type 1
with charge-neutral layers [10]. None of these stoichiometric
surfaces is therefore polar in the sense of a Tasker type-3 sur-
face, and no polarity compensation mechanism is required for
their stability. In contrast, the nonstoichiometric (O-rich and

a

c
b

Ga1

Ga2

O1
O2
O3

FIG. 1. Conventional bulk unit cell of β-Ga2O3 consisting of two
inequivalent gallium atoms and three inequivalent oxygen atoms. The
octahedrally (tetrahedrally) coordinated gallium atoms, Ga1 (Ga2),
are dark (light) green. The inequivalent oxygen atoms are shown in
orange (O1), red (O2), and yellow (O3).

Ga-rich) bulk-truncated terminations discussed in Sec. IV C
can carry a formal surface charge, which contributes to their
lower stability.

The expression for the surface energy for a stoichiometric
surface can be simplified by inserting the bulk gallium to
oxygen ratio into Eq. (3)

γ (T, pO) = 1

2A

[
Gslab − 1

2
NGa gbulk

]
. (7)

Figure 2 (top panel) shows the calculated surface free
energies for the most stable stoichiometric terminations of
each surface orientation at a typical growth temperature of
1000 K [18]. Results are shown for calculations performed
with PBEsol and PBE0(0.26), as well as PBEsol including
vibrational contributions in the harmonic approximation. The
surface free energies range from approximately 0.6 J/m2 for
the (100) surface to approximately 1.7 J/m2 for the (110)
and (010) surfaces. A comparison with the reported literature
values is presented in Table I. The energetic ordering of the
surfaces in this work, (100) < (2̄01) < (001) < (111) ≈
(111̄) < (110) ≈ (010), is consistent across all references. The

TABLE I. Relaxed surface energies in J/m2 of the most sta-
ble stoichiometric terminations of β-Ga2O3 compared to literature
values where available.

Surface PBEsol PBE0(0.26) Ref. [8]a Ref. [7]b Ref. [9]c Ref. [10]c

(100) 0.61 0.58 0.34 0.68 0.38 0.47
(010) 1.63 1.67 1.67 2.03 1.49 1.60
(001) 1.26 1.22 1.17 1.40 - 1.23
(201) 0.91 1.00 - - 0.75 0.77
(110) 1.63 1.64 - - - 1.58
(111) 1.42 1.47 - - - 1.26
(111) 1.43 1.45 - - - 1.31

aDFT-HSE06 with a mixing parameter of 0.32.
bDFT-B3LYP.
cDFT-PBEsol.
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FIG. 2. Top: Surface free energies of the most stable stoichio-
metric terminations of β-Ga2O3 obtained with PBEsol, excluding
(green symbols) and including (purple symbols) harmonic vibra-
tional contributions, as well as PBE0(0.26) (orange symbols). The
lines are guides to the eye. Bottom: Vibrational contributions to the
surface free energies in the harmonic approximation for the same
terminations as a function of temperature.

absolute values show slight differences, which we attribute
to the varying computational approaches employed, such
as all-electron versus pseudopotential methods, and the use
of different exchange-correlation functionals [generalized-
gradient approximations (GGA) versus hybrid functionals].

These results are applicable across growth conditions since
the surface free energy (excluding vibrational contributions
and configurational entropy) for stoichiometric terminations
is independent of the oxygen chemical potential [cf. Eq. (2)].
The comparison between PBEsol and PBE0(0.26) calcula-
tions reveals only minor energetic differences. This suggests
that while hybrid functionals are essential for the accurate
description of the electronic structure in these systems (cf.
Appendix), PBEsol adequately captures the energetic ordering
of these surfaces. The good performance of PBEsol can be
attributed to the fact that we evaluate energetic differences
between similar systems (slab and bulk), which benefits from
significant error cancelation.

The inclusion of vibrational contributions to the surface
free energy introduces small but noticeable modifications
to the relative stability of certain surfaces. Note that the
vibrational contributions, as calculated in Eq. (4), are still
temperature dependent. As shown in Fig. 2 (bottom panel),

TABLE II. Energy contributions of different coordination en-
vironments of undercoordinated atoms to stoichiometric surface
terminations of β-Ga2O3.

Coordination Energy (J Å2/m2)

Three-fold Ga2 ( f tet
3 ) 12.76

Four-fold Ga1 ( f oct
4 ) 5.45

Five-fold Ga1 ( f oct
5 ) -7.46

Two-fold O ( f O
2 ) 18.61

the vibrational contributions are uniformly negative and be-
come more significant with increasing temperature, reaching
values between −0.05 J/m2 to −0.2 J/m2 at 1000 K. These
contributions arise from the modified vibrational density of
states at the surface compared to the bulk, primarily due to
the reduction in coordination and subsequent changes in bond
strengths. Notably, the (110) and (111) surfaces show the
largest vibrational contributions, while the (2̄01) surface ex-
hibits the smallest effect. The relative stability, however, is not
affected when including vibrational effects. Given this small
impact, we do not include them in the subsequent analysis. For
studies focusing on closely competing surface terminations
with energy differences smaller than 0.1 J/m2, inclusion of
vibrational effects might be necessary for accurate predictions
of the relative stability.

To gain physical insight into the factors affecting surface
stability in this material, we develop a coordination-based
model similar to the one used for LiFePO4 [52]. It correlates
the PBEsol surface energies shown in Fig. 2 with the density
of undercoordinated atoms at the termination layer of each
surface. For the stoichiometric surface terminations studied,
we identify the atoms at the outermost surface layer, which
have one or more dangling bonds compared to their bulk coor-
dination. We find that in the fully relaxed surface terminations,
only specific under-coordinated environments occur: three-
fold tetrahedrally coordinated Ga2 (reduced from four-fold
in bulk), four-fold and five-fold octahedrally coordinated Ga1
(reduced from six-fold in bulk), and two-fold coordinated O
atoms (reduced from three-fold in bulk). The following model
expresses the surface energy γ as a linear combination of the
corresponding contributions

γ = f tet
3 ntet

3 + f oct
4 noct

4 + f oct
5 noct

5 + f O
2 nO

2 , (8)

where ntet
3 , noct

4 , noct
5 , and nO

2 represent the numbers of un-
dercoordinated atoms per unit area at the respective surface
termination and the parameters f tet

3 , f oct
4 , f oct

5 , and f O
2 cor-

respond to their energy contributions. Fitting this model to
our DFT-calculated surface energies yields the parameters
displayed in Table II, reproducing the surface energies of
all stoichiometric terminations to within 10 %. Our results
show that undercoordinated oxygen atoms and three-fold
tetrahedrally coordinated Ga2 atoms increase the surface en-
ergy substantially, suggesting that their presence destabilizes
the surfaces. Notably, five-fold octahedrally coordinated Ga1
atoms contribute negatively to the surface energy, suggest-
ing a stabilizing effect. These results agree with computed
bond-stretching force constants reported by Mu et al. [8],
where octahedral Ga1-O bonds are significantly easier to
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cut compared to tetrahedral Ga2-O bonds, explaining the
increased stability of surfaces without dangling bonds at
tetrahedral Ga2 sites such as (100). This simple model pro-
vides a qualitative framework for understanding how the
atomic coordination of surface atoms determines the stabil-
ity of β-Ga2O3 surfaces. It could also be used to predict
the relative stability of higher-order stoichiometric surface
orientations, which could be explored in future work.

B. Atomic relaxation patterns

The (100) surface exhibits minimal atomic relaxation, with
displacements of all atomic species below 0.1 Å, consistent
with surface x-ray diffraction data [20] and with its low
surface energy of 0.6 J/m2. The nearly bulk-like positions
of the undercoordinated surface atoms suggest that cutting
octahedral Ga1-O bonds leads to an energetically favorable
configuration (see Sec. IV A). Figure 3 presents the atomic
displacements for all investigated stoichiometric terminations,
decomposed into in-plane (�x, �y) and surface-normal (�z)
components, their visualization is shown in Fig. 4.

The (2̄01) surface undergoes the most pronounced re-
construction among all investigated orientations, which is
consistent with previously reported results [8,18]. As shown
in Fig. 5, the undercoordinated tetrahedral Ga2 atoms at the
surface rearrange to form edge-sharing tetrahedral units. This
reconstruction is accompanied by substantial subsurface re-
laxation, with oxygen atoms from the second layer moving
upward by as much as 0.5 Å toward the surface (see Fig. 4).
The edge-sharing configuration reduces the number of dan-
gling bonds while maintaining the tetrahedral coordination
preference of these Ga2 sites, explaining why this surface
achieves a relatively low surface energy of 0.91 J/m2 despite
initially presenting unfavorable undercoordinated Ga2 surface
atoms.

Surfaces with higher energies show significant but lo-
calized relaxation patterns. The (010) surface displays pro-
nounced inward relaxation of surface oxygen atoms, with
�z displacements reaching −0.25 Å. This inward movement
reduces the exposure of undercoordinated oxygen atoms, par-
tially compensating for the high density of dangling bonds at
this termination. A similar rumpling behavior is observed for
the (110), (111), and (111̄) surfaces, where surface cations and
anions exhibit alternating inward-outward relaxation patterns
to minimize electrostatic repulsion [53].

C. Thermodynamic stability across growth conditions

While stoichiometric terminations provide valuable in-
sights, real crystal growth is performed at certain oxygen
partial pressures and temperatures, where nonstoichiomet-
ric terminations can become energetically favorable. We
study all possible bulk-truncated terminations for all surface
directions. These can be obtained by shifting the termination
plane between the two inequivalent stoichiometric termina-
tions for each surface direction [47], resulting in different
O-rich and Ga-rich terminations. Figure 6 presents the sur-
face free-energy diagram for all investigated surfaces as a
function of the oxygen chemical potential, ranging from
highly reducing (O-poor/Ga-rich) to oxidizing (O-rich/Ga-

poor) conditions. The diagrams for the different surface
directions, including side views of the stable terminations, are
shown in Fig. 5. As mentioned earlier, the (010) surface is a
special case with only one stoichiometric termination and thus
no other bulk-truncated terminations.

Our analysis shows that stoichiometric terminations are
thermodynamically stable over a wide range of chemical
potentials. For all surface orientations, the stoichiometric
termination remains the lowest-energy configuration from
�μO ≈ −2.5 eV to −0.5 eV, spanning nearly the entire range
between the thermodynamical stability limits of β-Ga2O3.
Nonstoichiometric terminations emerge only under extreme
conditions. In the highly O-poor regime (�μO < −2.5 eV),
all surface directions except for (010) undergo transitions to
Ga-rich terminations. Even for the most stable (100) and (2̄01)
surfaces, we find a stable Ga-rich termination that resembles
a Ga adlayer structure. This supports the experimentally pro-
posed formation of a Ga adlayer during MOVPE growth on
(100) substrates [22]. Chou et al. demonstrated that maintain-
ing step-flow growth on (100) substrates requires low O2/Ga
ratios, i.e., reducing conditions, thereby lowering the Ehrlich-
Schoebel barrier height [22]. The same growth behavior in
MOVPE may thus apply for the other surface directions.

Under O-rich conditions (�μO > −0.5 eV), achievable
through oxidizing treatments such as oxygen plasma or
ozone exposure, oxygen-terminated structures begin to com-
pete for three surface directions. The (111̄) surface shows
a transition to an O-rich termination at 0.1 eV, while the
(001) surface does so near −0.2 eV. The (110) surface dis-
plays two closely competing O-rich terminations appearing
near −0.1 eV, though the energy differences remain within
0.05 J/m2.

The relative energetic ordering of surfaces changes with
chemical potential, as evident from the crossing points in
Fig. 6. In the O-poor limit (�μO = −3.2 eV), the ordering
is (100) < (2̄01) < (001) < (111̄) < (111) < (110) ≈ (010),
while in the O-rich limit (�μO = 0.0 eV), we obtain (100) <

(2̄01) < (001) < (111̄) ≈ (111) < (110) ≈ (010). The Wulff
construction, based on the PBEsol surface energies, predicts
the equilibrium crystal shape under different growth condi-
tions. Figure 7 illustrates the equilibrium shapes in the O-poor
and O-rich limits. Under O-poor conditions, the (100) facets
dominate, comprising 42% of the total surface area. The (111̄)
and (001) surfaces contribute 30% and 16%, respectively,
while the (2̄01) surface accounts for 12%. Higher-energy sur-
faces like (010) and (110) are absent from the equilibrium
morphology under these conditions. The transition to O-rich
conditions induces morphological changes while maintaining
the dominance of the (100) facet (42% area fraction). Notable
changes include the appearance of the (111) facet with 10%
area fraction, compensated by a reduction in the (111̄) contri-
bution to 16%. The (001) and (2̄01) surfaces maintain similar
area fractions of 14% and 16%, respectively.

V. SUMMARY AND CONCLUSION

We presented a comprehensive first-principles investiga-
tion of all symmetrically inequivalent low-index surfaces
of β-Ga2O3, examining their structural properties and ther-
modynamic stability across experimentally relevant growth
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FIG. 3. Atomic displacements along (�z) and perpendicular (�x and �y) the surface normal for the stable stoichiometric terminations of
the low-index surfaces upon relaxation. Shown are the displacements of the first 40 atoms, starting from the top of the slab structure.

conditions. The (010), (100), (001), (2̄01), (110), (111),
and (111̄) orientations were systematically studied based on
density-functional theory with semi-local and hybrid func-
tionals. Our calculations revealed that the stoichiometric

surface energies span a wide range from approximately
0.6 J/m2 for the (100) surface to 1.7 J/m2 for the (110)
and (010) surface. The energetic ordering remains consistent
across computational approaches, demonstrating that PBEsol
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FIG. 4. Top (left) and side (right) views of the stable stoichiomet-
ric terminations of the low-index surfaces. Only the topmost surface
layers are shown in the top views. The relaxed (unrelaxed) positions
are shown in color (gray).

adequately captures the relative stability of these surfaces. The
inclusion of harmonic vibrational contributions introduces
modifications below 0.2 J/m2 up to temperatures of 1000 K
but do not alter the ordering among the investigated surfaces
in terms of stability.

We developed a coordination-based model that provided
physical insight into the factors governing surface stability.
Our analysis revealed that undercoordinated oxygen atoms
and three-fold tetrahedrally coordinated gallium atoms sub-
stantially destabilize surfaces, while five-fold octahedrally
coordinated gallium atoms contribute to surface stabiliza-
tion. This model reproduces the surface energies of all
stoichiometric terminations to within 10 % and could serve
as a qualitatively predictive tool for higher-order surface
orientations.

The thermodynamic analysis shows that stoichiometric ter-
minations dominate over nearly the entire range of chemical
potentials relevant for β-Ga2O3 stability. Nonstoichiomet-
ric terminations emerge only under extreme conditions:
Ga-rich terminations resembling Ga adlayers form under
highly reducing conditions (�μO < −2.5 eV), while O-
rich terminations appear under strongly oxidizing conditions
(�μO > −0.5 eV). The prediction of stable Ga adlayer
formation on (100) and (2̄01) surfaces supports recent exper-

imental observations during MOVPE growth under reducing
conditions.

The Wulff construction based on the calculated surface en-
ergies indicates that the (100) facet dominates the equilibrium
crystal morphology, accounting for approximately 42% of the
total surface area, regardless of the oxygen chemical potential.
The remaining surface area is distributed among the (111̄),
(001), (2̄01) facets. Under O-rich conditions, the (111) facet
is included. High-energy surfaces such as (010) and (110) are
absent from the equilibrium shape.

While our analysis is restricted to bulk-truncated termi-
nations, a systematic study of further reconstructions with
enlarged periodicities and of adsorbate-covered structures
(e.g., hydrogen or water) is a natural extension of this work,
as we recently demonstrated for the (001) surface, where a
1 × 2 reconstruction of paired GaO4 tetrahedra was found to
be stable over a wide range of growth conditions [15]. Overall,
our results provide a foundation for understanding and con-
trolling surface properties during crystal growth and device
fabrication of β-Ga2O3. The systematic comparison across
growth conditions offers guidance for selecting appropriate
surface orientations and processing parameters for specific
applications in power electronics and optoelectronics.
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APPENDIX: ADDITIONAL DATA

This appendix provides supplementary data supporting the
analysis presented in the main text. Figure 3 presents the
atomic displacements for all stoichiometric surface termi-
nations, decomposed into in-plane and out-of-plane compo-
nents, allowing for a comparison of relaxation patterns across
the different surface orientations. Figure 5 shows the individ-
ual surface free-energy diagrams for all low-index surfaces as
a function of oxygen chemical potential. These diagrams pro-
vide a surface-by-surface breakdown of the thermodynamic
stability analysis summarized in Fig. 6 of the main text.
Figure 8 shows the density of states (DOS) of the stable
and metastable surface terminations overlaid with the bulk
DOS, obtained with the PBE0(0.26) hybrid functional at the
PBEsol geometries. The Fermi level lies within the band
gap for all stoichiometric terminations shown in Fig. 8, i.e.,
these surfaces are insulating, consistent with their nonpolar
classification (see Sec. IV A). The states appearing above
the bulk valence band maximum (VBM) are predominantly
of O p character, and we assign them to the nonbonding
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FIG. 5. Individual surface free-energy diagrams for the low-index surfaces of β-Ga2O3 obtained with PBEsol. Colored lines represent
terminations that have a region of stability over the entire chemical-potential range, gray lines indicate unstable terminations. Open circles
reflect transitions from one stable termination to another. Side views of these stable terminations are shown as insets. The dashed vertical lines
represent the O-poor and O-rich boundaries, respectively. On the top x axes, the chemical potential is converted into a partial pressure range at
a fixed temperature of 1000 K.
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FIG. 6. Surface free-energy diagram for stable terminations of
the low-index surfaces of β-Ga2O3 as a function of the oxygen
chemical potential �μO obtained with PBEsol. White circles in-
dicate transitions from one termination to another. Dashed vertical
lines represent the O-poor and O-rich limits. In the top x axis, the
chemical potential is transformed into a partial pressure range at a
fixed temperature of 1000 K.

dangling-bond states of undercoordinated oxygen atoms at the
surface, which is consistent with the electron counting rule
[60,61]: Upon cleaving a Ga-O bond, the electrons associated
with the broken bond remain primarily on the formally O2−
oxygen atom, leaving the corresponding O p-derived orbital
fully occupied, while the Ga dangling bonds remain empty.
Compared to the bulk, where the O p states are stabilized by
bonding to three or four Ga atoms, the missing Ga-O bond
and the reduced Madelung potential at the surface shift these
dangling-bond states upward in energy [62]. Notably, the
(010) surface exposes the highest density of undercoordinated
O atoms but shows only weak in-gap features, whereas the
(100) surface has a density comparable to (001) and (110) but
no gap states at all. The position of the dangling-bond states
is thus governed by the local environment of the undercoor-
dinated O atoms, i.e., which Ga-O bond has been cut and
how many bonds remain. An analysis of the atom-projected
DOS shows that pronounced states above the VBM arise only
from oxygen atoms that are left two-fold coordinated, whereas
oxygen atoms that retain three Ga neighbors contribute states
within the bulk valence band. For the (100) and (111̄) termi-
nations, only bonds of the four-fold coordinated O1 atoms to
octahedral Ga1 atoms are cut, such that all surface oxygen
atoms remain at least three-fold coordinated and no gap states
appear. For (111̄) the surface atoms are additionally stabilized

FIG. 7. Predicted equilibrium shapes of β-Ga2O3 obtained by the
Wulff construction [54,55] in the O-poor (left) and O-rich (right)
limits obtained with PBEsol. The area fractions contributing to the
Wulff shapes are shown in the bottom panel.

by the rumpling relaxation discussed in Sec. IV B. For the
(001), (110), and (111) terminations, in contrast, two-fold
coordinated O atoms are present, and pronounced surface
states appear within the band gap, extending up to approxi-
mately 1.5 eV above the VBM. The (2̄01) surface is a special
case. After the formation of the edge-sharing GaO4 tetrahe-
dra (Sec. IV B), the only undercoordinated atoms are the O1
atoms, which lose their bond to the tetrahedral Ga2 atoms and
remain bonded to three octahedral Ga1 atoms. They give rise
to a single, well-localized state about 0.25 eV above the VBM.
The (010) surface exposes two-fold coordinated O atoms of
both the O2 and the O3 type, but only the O3-derived dangling
bonds show up as weak in-gap features close to the VBM,
consistent with the pronounced inward relaxation of its sur-
face oxygen atoms and with the analysis of Wang et al. [61],
who found all O dangling bonds on the bare (010) surface to
be filled, all Ga dangling bonds to be empty, and a surface state
just above the VBM originating from the O atoms bonded to
two tetrahedral Ga atoms (O3 in our notation). The presence
of occupied gap states at undercoordinated oxygen atoms is in
line with the coordination-based model of Sec. IV A, where
the undercoordinated O atoms are identified as the strongest
destabilizing factor.
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FIG. 8. DOS and projected density of states (pDOS) of the stable stoichiometric terminations of the low-index surfaces of β-Ga2O3 overlaid
with the bulk DOS, calculated with PBE0(0.26) at the PBEsol geometries. The energy is referenced to the VBM. The dashed black vertical
lines indicate the VBM and conduction band minimum (CBM) and the dash dotted vertical line 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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