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Surface and volume energies of a-, -, and
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In order to understand the competition among «, B, and « phases in Ga,Oz deposition on sapphire
substrates, particularly the easy appearance of the orthorhombic k phase in MOCVD experiments, we
calculated the volume and the surface energies under misfit strain relative to the experimental
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orientations of the three phases. This applies to the early stages of growth, indicating that the energetic
advantage of the B-(—201) film is no longer present on the sapphire substrate. In optimizing the
atomistic structure of the strained surfaces, we also discovered a very effective and intriguing
reconstruction of the k phase for the (001) and (00—1) surfaces, which is the lowest in energy among
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Introduction

B-Ga,O; is a very promising material for high-power
electronics,' ™ beyond the present dominance of 4H-SiC, due
to the larger bandgap (4.9 eV) and a moderate thermal budget
in the epitaxial growth (usually, 700-800 °C by MOCVD),
potentially allowing integration with the Si technology. Still,
in addition to the stable B phase, which is monoclinic in
structure, four different allotropic phases can be obtained
through epitaxy, and the most interesting ones for power
electronics, ie. the o phase (rhombohedral, as corundum)
and the x phase (orthorhombic, formerly indicated as
e-hexagonal®?), display a tight competition in free energy with
the B phase.®” In addition to a lower degree of anisotropy with
respect to the monoclinic structure, the former one displays an
even larger bandgap (5.3 eV, which means a higher electric
breakdown voltage), while the latter one exhibits a spontaneous
polarization along the (001) direction, which is predicted to
allow the formation of a two-dimensional electron gas on GaN,
with a high carrier density.*°

For several reasons, the usual substrate in the heteroepitax-
ial growth of Ga,O; phases is sapphire, i.e. Al,0; in the o
phase, oriented as (0001) when considering the conventional
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the low-Miller indexes surfaces of this phase, even at zero strain.

hexagonal cell out of the unit rhombohedral one. This is clearly
one advantage in targeting the deposition of the isostructural
0-Ga,05, but for a sizeable lattice misfit.'®*' Moreover, the
monoclinic  phase and the orthorhombic k phase easily grow
in domains, due to the peculiar arrangement in layers of the
oxygen atoms along the (—201) plane of the former and the
(001) plane of the latter, which nearly matches in symmetry
the oxygen network of the Al,O; o phase,’>"® but with a large
anisotropic lattice misfit. Despite a poor thermal conductance,
a common problem with Ga,0;, the sapphire substrates are
reasonably cheap: this is one good reason to use Al,O; in
attempting the deposition of monocrystalline Ga,O; films,
although two structural issues hinder such a target. The first
one is the misfit in lattice parameters with the substrate (see
Table 4, in the following): it is some percent for the o phase,
still isotropic in the (0001) plane, whereas it is larger and
anisotropic for the (001) orientation of the x phase and,
particularly, for the (—201) orientation of the B phase. This
calls for interfacial strategies in relieving the strain: while the
common plastic relaxation by dislocations is demonstrated in
the case of 0-Ga,03,"”"" rotational domains appear to mitigate
the elastic energy in case of anisotropic strain, and this is the
second problem. In addition to this, buffer layers of non-
stoichiometric phases, or the relaxed o phase, are reported
for the k' and the B phases,'* respectively.

The role of the interface and the related kinetic issues are
evidenced by the fact that various growth methods (mist-CVD,
MOCVD, High-Vacuum VPE, MBE, PLD, Halide-VPE) and
diverse growth conditions'*™” lead to different phases. The
situation is rather complex, but some trends are sufficiently
clear: low temperatures (and/or high growth rates) favor the o

This journal is © The Royal Society of Chemistry 2024
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phase, intermediate values the x phase, whereas conditions
closer to equilibrium induce the stable B phase. Due to the
large misfit strain, it appears that epitaxy in the initial stage
should proceed via island formation, particularly in the case of
the B phase, where a 3-D configuration is evident.'®'® This
suggests that a longer surface diffusion length (as obtained
closer to equilibrium conditions) promotes the 3-D accumula-
tion of the stable B structure, whereas a ready incorporation at
the 2-D interface sites favors the epitaxial lock-in of the other
two metastable phases.'”*°

In order to make some quantitative predictions/interpreta-
tions, the adoption of the nucleation and growth model by 3-D
islands has been recently suggested for the competition
between the x and the B phase in MOCVD experiments.*!
Rather than focusing on the complex kinetic barriers in surface
diffusion, this consolidated approach to the kinetic issues of
the epitaxial growth considers thermodynamic parameters,
such as the surface energies of the islands in different phases,
their volumetric energies under a biaxial strain with respect to
the chemical potential in the gas phase, and the interface
energies. It is clear that, even considering these thermody-
namic parameters, comparing different low-symmetry binary
structures is a formidable task, when the degree of experi-
mental information on the island faceting with strain is by far
lower to what has been achieved in the simple and prototypical
case of Ge-Si islands on Si.?*** Moreover, the interface of the
different Ga,O; phases with the sapphire substrate poses a
more fundamental problem for a computational analysis: do
the buffer layers of a different phase (o dislocated, y non-
stoichiometric, or composition of them®'*'*'”) appear at the
growth front, or are they produced at some critical thickness, as
for the case of the plastic relaxation?

Aiming at setting some quantitative background for the
nucleation and growth modelling of ref. 21, at least for the
early growth stages, we present here a comparison of
the volume and surface energies for three different phases of
Ga,03, namely o, B, and k, as calculated by density functional
theory (DFT) and including the strain produced by the sapphire
substrate. Actually, the estimate of the surface energies for the
k-Ga,0; (001) free surfaces is still not present in the literature,
probably due to the lack of a mirror symmetry between the top
and the bottom surfaces in a slab configuration. The elastic
contribution of the lattice misfit with the sapphire substrate
(and with a plastically relaxed a-Ga,O; buffer layer) was calcu-
lated by imposing the matching between the planar network of
oxygen atoms of the film and the one of the substrate, speci-
fically for the surface orientations that have been experimen-
tally observed at the growth front. The interesting variation
with strain in the hierarchy of the Ga,O; phases, both in
volume and in surface energies, will be discussed, and some
preliminary considerations to an island modelling will be
presented. In particular, the fact that the oxygen layers are
bridging the films with the substrate (or with a buffer layer)
points out that the main issue is the physical strain to (nearly)
accommodate the misfit in the two networks, more than a
different chemical bonding at the interface. For such a reason,
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in addition to the complexity of buffer layers described above,
the interface energies are still not explicitly considered here
and will be the subject of a work in progress.

Computational methods for
volume energies

As shown in Fig. 1, the three phases are characterized by a
different Ga—O coordination. While in the a-Ga,O; all Ga atoms
are coordinated with six O atoms forming octahedral cages, in §
and k phases 50% and 25% of Ga atoms are four-coordinated,
respectively, forming tetrahedral complexes. The vertical axis in
Fig. 1 indicates the actual growth direction and the alternate
layers of oxygen atoms (in red) are evident.

It is known in literature that the hierarchy in cohesion
energy (Econ) of Ga,O3 polymorphs at T = 0 K is sensitive to
the choice of the exchange and correlation functional, since in
some cases the o phase is found to be slightly more stable than
the x one.®”**"2° This is not surprising on qualitative grounds:

a)

)

Fig. 1 Optimized structures of the conventional cell of bulk a- (a), B- (b)
and k-(c) Ga,Osz. Ga and O atoms are shown with grey and red spheres,
respectively; solid black lines show the cell structure. Tetrahedral and
octahedral Ga-O coordination structures are shown as well, through
orange and blue surfaces. The vertical direction of the image is aligned
with the normal of the surfaces discussed below, i.e. the (001) (a), (—201)
(b) and the (001) (c) planes, respectively.

J. Mater. Chem. C, 2024, 12,1820-1832 | 1821
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while Al ions are smaller and a-Al,O; is clearly the most stable
phase,” due to a larger Madelung contribution provided by the
octahedral cages, the Ga ions are larger and the steric repulsion
favors the more open B phase, with 50% of tetrahedral sites.
The k and the o phases compete tightly in steric and Madelung
contributions for the case of Ga,0;. Anyhow, we started our
analysis by performing the bulk calculations with two
GGA functional,>”*® the AMO5 functional®® and a meta-GGA
functional®® (see Tables S1 and S2, ESIf). Our results are in
good agreement with those reported in the literature and the
PBEsol functional reproduces the same hierarchy in E o, (B < o
< «x) of the more sophisticated SCAN functional, being also
more suitable for the surface energy calculations.

Therefore, we performed all calculations within the DFT
framework using the VASP software,”* using the Perdew-
Burke-Ernzerhof exchange-correlation functional revised for
solids (PBEsol).>®

We employed pseudopotentials with 6 and 13 electrons in
the valence states for O and Ga atoms, respectively. To obtain
strain-free structures for the bulk cases, both the ionic coordi-
nates and the cell parameters have been optimized by a plane
waves cut-off of 850 eV: still, the calculation of E.,, did not
change appreciably setting the energy cut-off for the plane
waves basis set to 500 eV, and such a value was used for the
energies, due to computational speed reasons. The Brillouin
zone was sampled through 10 x 10 x 5,11 x 11 x 11 and 10 x
10 x 5 unshifted Monkhorst-Pack k-point meshes for the unit
cells of a (triclinic), B (monoclinic) and x (orthorhombic)
phases, respectively, and suitably reduced in the case of larger
supercells.

Results for volume energies

We report in Table 1 the values of the cohesive energy E.op,
calculated for the three different Ga,O; polymorphs. The B
phase is the most stable one, while the x and the o polymorphs
are very close, with the former having the higher energy, in
agreement with ref. 25 (see Table S1 in the ESIT). With respect
to the competition between steric repulsion and Madelung
energy, we also display the atomic density and the charge
partitioning between the two constituent atoms, as calculated
by the Bader criterion®*> which is not sensibly different
between tetrahedral and octahedral sites (the number of neigh-
bors makes the difference), and in agreement to the large
electronegativity difference between Ga and O. Finally, it is fair
to say that our results are obtained at T = 0 K, i.e. we deal with

Table 1 Difference of the cohesive energy with respect to the B poly-
morph AEg, atomic density p and charge partitioning calculated for the
optimized bulk of different Ga,Os phases

Valence electrons

AEy
Phase (meV per atom) p (atoms per A*) Gaoee Garera Omin—Omax
B 0 0.095 11.12 1119  7.24-7.22
K +13 0.098 11.14 11.18 7.22-7.26
o +9 0.103 11.15 — 7.23
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cohesion energy, not the free energy, which includes the
entropic contribution provided by the phonon population.
Actually, the MOCVD growth temperatures are 600-800 °C
and in such conditions the x phase is predicted to come very
close to the B one, due to a larger phonon density of states at
low energies.®

Computational methods for surface
energies

After confirming the validity of our results by the PBEsol
functional for strain-free bulk structures, we move now to the
surfaces. In this case, we exploited the slab construction by
inserting a vacuum region of at least 13 A in the supercell along
the direction perpendicular to the surfaces, avoiding interac-
tions between the two terminating surfaces of the periodically
repeated slabs.

We first investigated the (001), (100) and (012)§ surfaces of
the o phase and the (001), (11—2) and (—201)q surfaces of the B
phase: their surface energies () have already been reported in
different works,**™*! as these surfaces are quite competitive in y
for each phase. Still, we add a graphical discussion of the
changes in coordination of the surface atoms, to help with
the interpretation of the y values, by moving from ‘‘as-cut”
surfaces to those obtained after ionic relaxation (named as
“relaxed”), or after forcing the reconstruction of the termina-
tions (named as ‘“reconstructed”, if any). This approach is
rather useful in discussing the unprecedented calculations for
the (001), (010) and (100) surfaces of the k phase, where one
unexpected reconstruction occurs for the (001) one. Lacking
most of the experimental data on the surface reconstructions,
we considered only the y of stoichiometric slabs. Actually, the
(001) surfaces of the o and k phases and the (—201) of the 8
phase are the ones observed at the growth front for Ga,0; films
on the sapphire substrate,"*84%%3 5o that they will also be
investigated in the case of misfit strain in the next section.

While cleaving the surfaces out of the bulk configuration, we
chose those terminations minimizing the number of dangling
bonds, because the cost of exposing a surface is roughly
proportional to the broken bonds (see the sketches in panel
(a) of (Fig. 2-11). We label such cleaved surfaces “as-cut” that
can be seen by a side and top view in panel (b-b’) of Fig. 2-11.
We then optimized the atomic coordinates only, keeping the in-
plane cell parameters of the slab fixed to the corresponding
bulk-like values (reported in Table S3, ESIt): we label these
structures ‘“relaxed”, as seen from side and top view, in panel
(c—c’) of Fig. 2-11. In two cases, we also took into account low-y
reconstructions: the one for the B (—201) surface, which has

§ Given the different symmetries of the structures we deal with in this work, we
assume crystal coordinates referred to the conventional bulk unit cell of each
phase (see Table S1, ESIY). In the case of the o phases (both for Ga,0; and Al,03),
the Miller-Bravais indices are frequently used: the (001), (100) and (012) surfaces
of this phase can also be reported as (0001), (2—1—10) and (01—12), respectively.
9 The (—201) surface of -Ga,03, due to its symmetry, is equivalent to the (20—1)
one and as such it has been reported in ref. 41.

This journal is © The Royal Society of Chemistry 2024
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top view
[010]

l—» [102]

Fig. 2 Structures of the (—201) B-Ga,Os surface at different optimization steps: (a) cleaving the bulk, (b)-(b’) “as-cut” slab, (c)-(c’) “relaxed"” slab and
(d)-(d’) “reconstructed” geometry. In the bulk (a), orange/blue polyhedra highlight tetrahedral/octahedral coordination cages. For selected Ga atoms, the
number of first neighbors is reported. In panels a and d, the two Ga atoms added to the “as-cut” slab to obtain the “reconstructed” structure are marked
with black circles. Ga and O atoms are shown with grey and red spheres, respectively; the supercell is shown by the black solid line and the cleaving

termination with the dashed line.

side view

[100]
®

top view

[170]

L/ [32]

Fig. 3 Structures of the (11-2) B-Ga,Os surface at different optimization steps: (a) cleaving the bulk, (b)-(b’) “as-cut” slab and (c)—(c’) “relaxed"” slab. In
the bulk (a), orange/blue polyhedra highlight tetrahedral/octahedral coordination cages. For selected Ga atoms, the number of first neighbors is reported.
Ga and O atoms are shown with gray and red spheres, respectively; the supercell is shown by the black solid line and the cleaving termination with the

dashed line.

already been reported in the literature as being more stable
than the relaxed one,”" and the one for the x-{001} surface,
which we identified as particularly low in v, during the optimi-
zation of our slabs (see Fig. 10(d) and 11(d)). The latter
reconstruction spontaneously occurred in our relaxation pro-
cedure only with the misfit-strained slab, as described in the
following sections (see also Fig. S12 in the ESIf). In the
unstrained case, we optimized an initial structure placing
the atoms in a configuration corresponding to the strained
result but adapting the cell parameters to the unstrained case.
The resulting strain free configuration had a lower surface
energy with respect to the relaxed case.

This journal is © The Royal Society of Chemistry 2024

All the corresponding results for the surface energies in mev A~>
are reported in Table 3, but before coming to a detailed discussion
some peculiar issues of our calculations need to be reported.

By definition, y can be calculated from the total energy of the
slab, subtracting the bulk contribution E.,}, for all its constitu-
ent atoms: a tiny difference is therefore estimated by subtract-
ing two much larger quantities. The value E.,,, therefore,
should be carefully evaluated, taking the same unit cell and
k-grid of the slab for a periodic crystal, in order to avoid a
systematic error. Thus, we chose the linear extrapolation
method reported in ref. 7 where y is obtained through the
linear relationship between the total energy E of two slabs with

J. Mater. Chem. C, 2024, 12,1820-1832 | 1823
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side view
[100]

@L, [001]

Fig. 4 Structures of the (100) B-Ga,Os surface at different optimization steps: (a) cleaving the bulk, (b)—(b’) “as-cut” slab and (c)-(c’) “relaxed” slab. In
the bulk (a), orange/blue polyhedra highlight tetrahedral/octahedral coordination cages. For selected Ga atoms, the number of first neighbors is reported.
Ga and O atoms are shown with gray and red spheres, respectively; the supercell is shown by the black solid line and the cleaving termination with the

dashed line.

side view

[001]

4;—» [120]

Fig. 5 Structures of the (001) a-Ga,Os3 surface at different optimization
steps: (a) cleaving the bulk, (b)—(b’) “as-cut” slab and (c)—-(c’) "relaxed" slab.
In the bulk (a), orange/blue polyhedra highlight tetrahedral/octahedral
coordination cages. For selected Ga atoms, the number of first neighbors
is reported. Ga and O atoms are shown with gray and red spheres,
respectively; the supercell is shown by the black solid line and the cleaving
termination with the dashed line.

different thickness and their number of atoms N as follows
(given the surface area A):

_ Nihin Etnick — Nthick Ethin
2A(Nhin — Ninick)

For the B- and o-Ga,0; surfaces, we chose a slab thickness
already tested in literature to provide reliable calculations,
usually expressed in terms of the number of the multi-atomic
layers to replicate the structure of the bulk. For the surfaces of

1824 | J Mater. Chem. C, 2024, 12,1820-1832

the k phase, we maintained a similar number of layers: to
provide an easier comparison among the different phases we
report in Table 2 the slab thicknesses in A.

We would like to emphasize that all the surfaces possess
mirror symmetry along the direction perpendicular to the
surfaces, except the {001} slabs of x-Ga,O;. In such a case,
the slab has a net surface dipole, because the (001) surface
exposed on top is not equivalent to the (00—1) one cleaved at
the bottom of the same slab. For example, looking along the
direction perpendicular to the cutting plane in Fig. 10(a), the
tetrahedra on the two sides have a different orientation. Hence,
the Ga atoms on the two facets have a slightly different
coordination towards the bulk side (see the analysis of the
coordination in Fig. S9 and S10, ESIt). Although we corrected
the artificial potential due to the asymmetric slab by inserting a
dipole correction in the vacuum region, we deemed crucial to
assess the separate energy contribution of the two surfaces.
Therefore, we adopted the “simultaneous equations method”
described in ref. 44, which exploits the linear system defined by
the total energies of the same slab with four different config-
urational constraints: both surfaces ‘“as-cut”, both surfaces
relaxed, top surface relaxed and bottom surface “as-cut”, top
surface “as-cut” and bottom surface relaxed (see the discussion
in the ESIt). We report the two values of y calculated with this
approach for the {001} surfaces in Table 3 for the “as-cut’” and
“relaxed” slabs. We notice that, independently from the opti-
mization step, the results are not equal, yet rather similar, at
least within the scope of the thermodynamic stability of the
different phases. Hence, we can assume that neither of the two
terminations has a y remarkably different from the other and
should be treated as an additional surface. Therefore, in the
rest of our work we will not perform this additional analysis.
We anticipate, however, that the differences between the (001)
and (00—1) surface regions, particularly concerning few layers

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Structures of the (100) a-Ga,Os surface at different optimization steps: (a) cleaving the bulk, (b)—(b’) “as-cut” slab and (c)-(c’) “relaxed” slab. In
the bulk (a), orange/blue polyhedra highlight tetrahedral/octahedral coordination cages. For selected Ga atoms, the number of first neighbors is reported.
Ga and O atoms are shown with gray and red spheres, respectively; the supercell is shown by the black solid line and the cleaving termination with the
dashed line.
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Fig. 7 Structures of the (012) a-Ga,O5 surface at different optimization steps: (a) cleaving the bulk, (b)—(b’) “as-cut” slab and (c)-(c’) “relaxed" slab. In the
bulk (a), orange/blue polyhedra highlight tetrahedral/octahedral coordination cages. For selected Ga atoms, the number of first neighbors is reported. Ga
and O atoms are shown with gray and red spheres, respectively; the supercell is shown by the black solid line and the cleaving termination with the
dashed line.

below, where tetrahedral rather than octahedral sites are pre- of first neighbors (Ng) by integrating its pair distribution func-
sent, cannot be completely neglected, and will be affected by tion within a radius of 2.5 A. We take such a cutoff since it
the new reconstruction, driving the slab towards a common, preserves the topology of the coordination cage of the Ga
more-symmetric structure, as we will discuss later on. species, i.e. tetrahedral/octahedral, within the different phases.

With the aim of providing a facile descriptor for the The comparison of the whole pair distribution functions is
chemical environment of each atom, we calculated the number reported for all our slabs in Fig. S1-S10 (ESIT).

This journal is © The Royal Society of Chemistry 2024 J. Mater. Chem. C, 2024, 12,1820-1832 | 1825
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Fig. 8 Structures of the (100) k-Ga,Os3 surface at different optimization steps: (a) cleaving the bulk, (b)—(b’) “as-cut” slab and (c)—(c’) “relaxed” slab. In
the bulk (a), orange/blue polyhedra highlight tetrahedral/octahedral coordination cages. For selected Ga atoms, the number of first neighbors is reported.
Ga and O atoms are shown with gray and red spheres, respectively; the supercell is shown by the black solid line and the cleaving termination with the
dashed line.

top view
[T00]

@L——» [007]

Fig. 9 Structures of the (010) k-Ga,Os3 surface at different optimization steps: (a) cleaving the bulk, (b)—(b’) “as-cut” slab and (c)—(c’) “relaxed” slab. In
the bulk (a), orange/blue polyhedra highlight tetrahedral/octahedral coordination cages. For selected Ga atoms, the number of first neighbors is reported.
Ga and O atoms are shown with gray and red spheres, respectively; the supercell is shown by the black solid line and the cleaving termination with the

dashed line.

Results and discussion of surface
energies

The comparison between the values of y for different phases
and surfaces confirms some trends present in literature and
adds new results for the k phase. The relaxed surfaces of the B
phase generally display the lower values in energy, probably due
to the fact that the inward displacement of Ga surface atoms,
partially recovering the bulk coordination (see the coordination
numbers in (Fig. 2-4) is favored by a more open structure
compared with the other phases. For a graphical representation
of the atomic displacements, see Fig. S1-S3 in the ESL¥

This effect generates the large decrease in y between the “as-
cut” and the “relaxed” configuration, while the reconstruction
of the (—201) further lowers the surface energy by a moderate

1826 | J Mater. Chem. C, 2024, 12,1820-1832

amount. In Fig. 2(d), the additional formula unit providing the
reconstruction is indicated by the two top Ga atoms fourfold
coordinated.

Interestingly, the B-(100) surface (which corresponds to the
termination with lowest y labelled “B” in ref. 36, 38 and “A” in
ref. 41) has a much lower y than the (—201), since the number
of dangling bonds is quite small already in the ‘“as-cut”
configuration, and the relaxation mostly acts on the electronic
transfer,>** rather than a recovery in coordination (see Fig. 4).
However, this orientation is not the one eventually observed
during the growth of a film on sapphire, probably due to the
different symmetry in the network of oxygen atoms at the
interface (compare Fig. 4(c’) with e.g. Fig. 2(c)): still, these
facets are likely to appear in the early nucleation of 3-D islands.
All our results are in good agreement with the literature results,

This journal is © The Royal Society of Chemistry 2024
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side view
[001]

(L—r [010]

structures of the (001) k-Ga,Os3 surface at different optimization steps: (a) cleaving the bulk, (b)—(b’) “as-cut” slab, (c)—(c’) “relaxed” slab and (d)-

(d’) “reconstructed” geometry. In the bulk (a), orange/blue polyhedra highlight tetrahedral/octahedral coordination cages. For selected Ga atoms, the
number of first neighbors is reported. In panels b—d’, the major displacements of O and Ga atoms are marked with black, green and blue arrows. Ga and
O atoms are shown with gray and red spheres, respectively; the supercell is shown by the black solid line and the cleaving termination with the dashed

line.

side view
[007]

l—r [010]

top view
[100]

(L—r [010]

Fig. 11 Structures of the (00—1) k-Ga,Os3 surface at different optimization steps: (a) cleaving the bulk, (b)—(b’) “as-cut” slab, (c)-(c’) "relaxed” slab and
(d)—(d’) “reconstructed” geometry. In the bulk (a), orange/blue polyhedra highlight tetrahedral/octahedral coordination cages. For selected Ga atoms, the
number of first neighbors is reported. In panels b—d’, the major displacements of O and Ga atoms are marked with black, green and blue arrows. Ga and
O atoms are shown with gray and red spheres, respectively; the supercell is shown by the black solid line and the cleaving termination with the dashed

line.

Table 2 Thickness (reported in A) of the slabs investigated in this work for
the calculation of the surface energies

B o K

(=201) (11—2) (100) (001) (100) (012) (100) (010) (00+1)

Thin 17.7
Thick 22.4

16.8
18.9

39.8 30.8 17.3 27.4
45.7 39.7 21.6 313

12.4 204 22.4
16.7 29.9 31.6

as obtained with the same and other exchange-correlation
functionals (see Table 3).

For what concerns the o phase, the one with a larger atomic
density provided by all octahedral sites, the lowering of y from
the “as-cut” configuration to the “relaxed” one is minor and
remains quite high, with no recovery in surface atom coordina-
tion (see Fig. 5-7 and Fig. S4-S6, ESIT).

A sizeable decrease in energy is seen just in the case of the
(001) surface, and this corresponds to a larger inward motion of

This journal is © The Royal Society of Chemistry 2024

one Ga surface atom (see Fig. 5(c)), probably corresponding to a
more suitable distribution of electrons from the dangling
bonds of the Ga to the O atoms.*® In the case of the 0-Ga,O;
surfaces, the agreement of our numerical results with literature
data (see Table 3) is less satisfactory, still preserving the
hierarchy. We ascribe this discrepancy to the different
exchange-correlation functional used in our calculations (PBE-
sol vs. PBE), since we found similar energy variations in the
bulk (see Table S1, ESI¥).

Finally, we come to the unprecedented results of the
phase: the surface energies for the (100) and (010) orientations
display large values even for the ‘“relaxed” configurations,
comparable to the ones of the o phase, suggesting that the
inward motion of the Ga surface atoms is hindered by the
structure, in some cases compensating the increase in coordi-
nation of one atom in the surface cell with a decrease in
coordination of another one in the same cell (see Fig. 8 and 9).
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Table 3 Surface energies y calculated for different Ga,Oz phases and
facets. The reference values, in square brackets, are calculated using the*®
HSE, 68 B3LYP or®” PBE exchange and correlation functionals

Phase-surface Geometry 7 (mev A™?)
B (—201) As-cut 146 [166°°)]
Relaxed 58 [60,% 58°%]
Reconstructed 50 [47*]
(11-2) As-cut 162
Relaxed 65 [60,>° 62*]
(100) Aas-cut 52 37, 6036;
Relaxed 37 [21,%° 42,°%% 40%8]
o (001) As-cut 157
Relaxed 70 [60°7]
(100) As-cut 162
Relaxed 100 [89]
(012) As-cut 115
Relaxed 88 [59%7]
K (100) As-cut 175
Relaxed 100
(010) As-cut 145
Relaxed 101
(001)/(00—1) As-cut 164/160
Relaxed 80/84
Reconstructed 53

It is true that these orientations do not appear in the growth
front of a film on sapphire and that (001)-oriented 2-D islands
are visible in the experiments,”® rather than 3-D islands.
Actually, the most interesting results come from (001) and
(00—1) surfaces: in both cases a large decrease in y from the
“as-cut” configuration to the “relaxed” one appear, in a way
similar to the B case. In Fig. 10, 11 and Fig. S9, S10 (ESIY), it is
apparent that a large inward motion of two Ga atoms in the
surface unit cell occurs with relaxation, even recovering a
coordination 4 in the case of the (00—1) surface. Still, the
subsurface configuration of the two orientations is different
(Ga atoms in octahedral sites rather than tetrahedral ones) and
this may explain why the two y values are slightly different, even
after the relaxation. However, the lowest surface energy for the
two opposite surfaces is attained by a relevant reconstruction,
which involves not only the first Ga layer, but also the ones
below, leading to a situation very similar for the two opposite
surfaces (see Fig. 10(d) and 11(d)). In both cases, one surface Ga
atom deeply dips to the second Ga layer (see the green arrows)
and change coordination from 3 to 6, whereas the consequent
structural rearrangement in the layers below turns to have one
Ga atom with coordination 4 and one with coordination 6 (see
the blue arrows), starting from two Ga atoms with coordination
6 in the (00—1) surface, or two Ga atoms with coordination 4 in
the (001) surface. This kind of “symmetrisation” of the two
opposite surfaces actually leads to a y value practically equal
one to another and fully comparable to the reconstructed
(—201) surface of the B phase.

Computational methods for volume
and surface energies with misfit strain

In this section we evaluate the role of the strain induced by the
interface lattice misfit to volume energy of the three phases,
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and to selected surface energies. In order to perform a compar-
ison with growth conditions, we considered the relevant B
(—201), x (001) and « (001) orientations of the Ga,O; film with
respect to two substrates: the actual pattern of the sapphire and
the relaxed (001) o-Ga,Os. The latter case displays a less severe
lattice misfit, sometimes providing a relaxed buffer layer for the
growth of the other polymorphs.'®'*

Since each oxygen layer provides a chemical bridge between
the substrate and the film, and since the coordination of this
planar network is the same in both cases (see Fig. 12), we
decided to estimate the misfit strain of the film by imposing a
global minimization of the differences of the in-plane positions
of the O atoms of the film (red dots) with respect to the ones of
the substrate (blue dots), under the independent variation of
two perpendicular lattice sides. In particular, we constructed
rectangular conventional cells, including both the planar per-
iodicity of the film and the one of the substrate, when the two
oxygen layers are nearly coincident by variation of the rectan-
gular sides for the film. We illustrate this procedure for the case
of the (—201) B-Ga,03 and the (001) k-Ga,O3 on (001) a-Al,O; in
Fig. 12(a)—(d), respectively. This procedure is intended to mimic
the actual process occurring during the early stages of
deposition."” Then, we define the misfit parameter between
the growing crystalline phase and the substrate along either
directions as f; = (aiﬁlm — af“b)/aiﬁlm and we report the values in
Table 4. Our values of the lattice misfit are in good agreement
with those available in the literature. In the case of the (—201)
surface of f-Ga,0;3, the result reported in ref. 12 is just a mean
value, calculated taking an average in-plane O-O distance. In

Ga O0(Ga0;) Al

O (Al;05)

Fig. 12 Matching of the in-plane coordinates of O atoms at the surface
for the (—201) B-Ga,Os3 (panels a and b) and (001) k-Ga,Os (panels c and d)
surfaces on the (001) a-AlLOz substrate. Panels a—c or b—d show the
overlap of the two structures before or after the deformation of the Ga,Os
overlayer, respectively. In panels a—c, the semi-opaque areas mark the in-
plane unit cell of the different elements, i.e. with the gray or orange box
the Ga,Os3 or Al,O3 in-plane cells. In panels b and d the strained cells of
Ga,O3 are show through the light-orange box, while the difference with
the un-strained cell is shown by the thick orange region. The O atom taken
as a reference for straining the Ga,Os structure is indicated by a black
circle.

This journal is © The Royal Society of Chemistry 2024
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Table 4 Cohesive energy differences AEg and AEEpt reported with respect to the B phase (calculated with fixed and optimized atomic coordinates,
respectively) and the corresponding elastic energy contributions A E¢ and AESP* of the strained polymorphs of Ga,Os. The values of the bi-axial strain are
equal to the misfit parameter f calculated for different reference planes on different substrates. The x/y axis is aligned with the [100]/[—120] direction of

the c-sapphire. The corresponding crystal directions for each phase are reported as well

Bulk B o K

Plane (—201) (001) (001)

vs. (001) a-Al,O; [ (%) [102] 2.4 6.6" [100] 3.9 45" [100] 5.1 531319
1y (%) [0—10] 8.9 [—120] 4.7" [010] 4.1
AEg (meV per atom) 0 -97 —74
AE, (meV per atom) 158 52 72
AEgP* (meV per atom) 0 —52 —46
AEXP" (meV per atom) 109 48 50

vs. (001) 0-Ga,05 fr (%) [102] -1.6 — [100] 1.2
£ (%) [0—10] 5.3 — [010] 0.2
AEg (meV per atom) 0 —-30 —24
AE, (meV per atom) 39 0 3
AERP* (meV per atom) 0 —22 -16
AESP* (meV per atom) 30 0 2

the case of k and « phases, the difference is due to relying on
the calculated lattice parameters rather than the experimental
ones (especially for the Al,O; substrate, since Geype = 4.76 A% ps,
Giheor = 4.80 A).

We approach first the case of the bulk, and we focus our
attention on the changes in E.., under an anisotropic deforma-
tion. Starting from the already optimized strain-free bulk
structures, we constructed conventional unit cells in which
the z axis is along the direction normal to the surface of interest
(see Table S3, ESI for additional details on these unit cells),
and the strain corresponding to the misfit is applied to the in-
plane orthogonal sides of this conventional cell. Along the z
direction, the cell parameter is optimized to get the minimum
cohesion energy, calculated by varying the height of the cell,
starting from values close to the simulated Poisson ratios,
which are reported in the literature.”” We investigated two
limiting cases: in the first one, we kept the fractional coordi-
nates of the atoms fixed to those in the unstrained geometry, in
order to evaluate a purely elastic contribution.

In the second case, we re-optimized the atomic coordinates
within the cells, in order to include possible rearrangements of
the atomic positions. The resulting values of E.,, under strain,
and the elastic contributions AE, and AEF" are reported in
Table 4.

In the case of the surfaces under strain, we started from the
“as-cut” configuration, then we applied the misfit strain to the
slab, and finally we relaxed the structure. For the reconstructed
B (—201), we started from the strain-free configuration of the

reconstruction reported in literature,*’ we applied the biaxial
strain, and then we relaxed the structure. The same holds for k-
(00+1) with a misfit strain corresponding to the a-Ga,0; buffer
layer (reduced misfit), while for the misfit strain corresponding
to the a-Al,O; the reconstruction spontaneously appears with
relaxation (see Fig. S12 in the ESIf). In all these cases, the
Poisson deformation is naturally fulfilled by the free surfaces.
We report the resulting values of y in Table 5.

Results and discussion for volume and
surface energies with misfit strain

The strain induced in the f phase by the substrate is
obviously larger and more anisotropic on c-sapphire than
on a relaxed o-Ga,O; buffer layer. Still, by considering the
cohesion energies, in both cases the sizeable anisotropic
strain is sufficient to alter the hierarchy in energy: the o
and the k phases are favored, and the difference between the
latter ones remains small, even on c-sapphire, when the
atomic positions inside the cell are optimized under misfit
strain. Interestingly, a more general calculation of E.,, as a
function of the strain reveals that the ordering of the poly-
morphs is driven mainly by the strain along the (—120)
directions of (001) «-Al,O; (see Fig. S11, ESIt). Finally, our
calculations are performed at zero temperature and the
additional extra gain due to the vibrational entropy, pre-
dicted in literature for the k phase over the a phase at zero

Table 5 Surface energy y for different strained surfaces of Ga,Os, given the epitaxial match with the two substrates

With strain - on o (001)-Al,053

With strain - on o (001)-Ga,0;

Phase-surface  Jas.cut (MEV A ?)  Jrjaxea (MeV A

A—2
Vreconstructed (mev A )

Vas-cut (meV A*Z) Vrelaxed (mev A—z) Vreconstructed (meV A—z)

B-(—201) 158 85 57
-(001) 156 88 —
k-{001} 179 862 86

146 63 53

168 87 53

“ This structure spontaneously optimizes in the reconstructed geometry when the applied strain corresponds to the misfit with the sapphire

substrate.

This journal is © The Royal Society of Chemistry 2024
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%8 should be re-calculated in

strain and finite temperatures,
such conditions and included.

As far as the surface energies are concerned, it appears that
the clear hierarchy in the values for relaxed surfaces at zero
strain (B < o < k) is no longer present with c-sapphire misfit,
as the three values are very close, in the range 85-88 meV A2,
probably within the computational resolution, including the
spontaneous reconstruction of the k-(001). It is fair to say that
the B (—201) reconstruction provides a sensible lowering in
surface energy, but as soon as substrate is the a-Ga,0; buffer
layer, then surface energies for the reconstructed f§ (—201) and
k (001) become fully degenerate, similar to the strain-free case.

Conclusions

In this work we aimed at setting some quantitative information
concerning the competition among three Ga,O; phases during
epitaxial deposition on sapphire. Actually, the x phase is
frequently appearing in MOCVD experiments when the surface
diffusion length is hindered by lower temperatures and/or
larger growth rates. Starting from the early deposition stages,
when the misfit strain is dominant and no plastic/elastic
relaxation already occurred, the volume energy of the B phases
is no longer the lowest in energy and the a, x values are very
close, at least at zero temperature. The surface energies of the
relaxed surfaces are also very close and the only way to
elastically relax the extra misfit cost for the f is to generate 3-
D island, provided the surface diffusion is promoted by higher
temperatures and lower growth rates. As the misfit strain is
released, either by plastic relaxation by extended defects, or by
buffer not-stoichiometric phases, the volume energy of the
phase is more favourable with respect to the other two phases
(only at zero temperature), but the surface energies of the
reconstructed B-(—201) orientation and of the new configu-
ration of the k-(001) orientation are very close, one to another.
Fig. 3 of ref. 21 is the most pertinent experimental reference to
our results, as it is clear how the comparable surface energies of
the reconstructed surfaces (and predicted volume free energies
at growth temperature), especially when the misfit strain is
released at sufficient MOCVD deposition thickness, are produ-
cing a tight competition between the B and the x phases,
favoring the former at low growth rates and higher tempera-
tures. It is worth mentioning how the amorphous phase
appears at very low temperatures, e.g. below 200 °C in
plasma-enhanced ALD,* turning to the o phase as the growth
temperature is raised at some 250-350 °C, and to a mixture of
the o and the k phases, as the temperature is above 350 °C. This
indicates that the large lattice misfit between the two oxides
requires a minimum surface diffusion length in order nucleate
some local portions of crystalline phase: below such threshold,
no structural surface lock-in of the substrate plays a role in
nucleating the preferred a-phase.

Finally, it is an open question to debate if the surface
reconstruction of the B-(—201) is relevant during the dynamical
growth, as it is based on the addition of a stoichiometric unit of
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atoms at the surface, whereas the new configuration for the k
(001) reconstruction relies on surface and sub-surface rearran-
gement, the kinetic barrier of which is not present for misfit-
strained structure, as shown in Fig. S12 at the end of the ESL{
The interface energies are still missing in this picture and are to
be calculated with care: it appears, however, that the misfit-
strain contributions are important in changing the energetic
hierarchy, probably more than the chemical bonding across the
similar oxygen network between the two crystalline sides.
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