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Despite the extensive work carried out on the epitaxial growth of Ga,Os, a fundamental understanding
of the nucleation of its different metastable phases is still lacking. Here we address the role of interface
energies using density functional theory calculations of o, B and x-Ga,O3 on (0001) AlLOs substrates,
and different Ga,Os interlayers. In conjunction with surface energies and misfit strain contributions, we
demonstrate that a-Ga,Os is the preferred phase in 2D islands, when the low growth temperatures and
the high growth rates hinder 3D island nucleation. This quantitatively explains the phase-locking in mist-

Received 8th October 2024,
Accepted 14th November 2024

DOI: 10.1039/d4tc04307c

Open Access Article. Published on 15 November 2024. Downloaded on 11/5/2025 10:58:53 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

rsc.li/materials-c CVD experiments.

Introduction

The monoclinic phase of gallium oxide (B-Ga,O3) has positioned
itself as a strong contender in next-generation high-power
electronics," due to some superior properties compared to
the current leader, silicon carbide (4H-SiC). These advantages
include a wider energy bandgap (4.9 eV), providing a higher
breakdown voltage, and moderate epitaxial growth tempera-
tures, 700-800 °C, by metal-organic chemical vapor deposition
(MOCVD), potentially enabling integration into the Si technology.
However, while B-Ga,0s is the stable crystal phase, epitaxial growth
can yield different competing phases. Among these, the o phase
(thombohedral) and the x phase (orthorhombic, previously
addressed as e-hexagonal) are particularly attractive for power
electronics.*” Understanding and controlling the growth of differ-
ent Ga,0O; phases is crucial to unlock their full potential for high-
power device fabrication.

c-Sapphire emerges as the preferred substrate for growing
Ga,0; phases via heteroepitaxy, both due to its structural
coherence with o-Ga,0; and its convenient cost compared to
other potential substrates. The o phase grows exposing the same
surface as that of the substrate, i.e. the (0001) plane. The mono-
clinic § phase and the orthorhombic k phase grow in three-fold
rotational domains,” due to the peculiar arrangement of the
oxygen atoms in layers along the (201) plane of the former and

Department of Materials Science, University of Milano-Bicocca, via Cozzi 55,

20125 Milan, Italy

t Electronic supplementary information (ESI) available: Details on oriented bulk
cells used for calculations, additional images of interface slabs, details on para-
meters for the calculation of the formation energy of Ga,O; 2D islands, and files of
the optimized geometries. See DOI: https://doi.org/10.1039/d4tc04307¢

This journal is © The Royal Society of Chemistry 2025

the (001) plane of the latter,> ™ which nearly matches in symmetry
the triangular oxygen network of c-sapphire.

As shown in Fig. 1, the three phases are characterized by a
different Ga—O coordination. While in «-Ga,Oj; all Ga atoms are
coordinated with six O atoms forming octahedral cages, in
and k phases 50% and 25% of Ga atoms are four-fold coordi-
nated, respectively, forming tetrahedral complexes. It is worth
pointing out that in the x phase one third of Ga atoms in the
octahedral cage may result in five-fold coordination, depending
on the coordination cut-off radius, as one oxygen atom is 0.45 A
more distant than the others, due to the distortion of the
octahedral cage (see the ESIT of our previous paper on Ga,Os;
surfaces'®). The vertical axis in Fig. 1 indicates the actual
growth direction and the alternate stacking of oxygen atom
layers (in red) is evident. Moreover, all Ga,0; phases experience
a degree of mismatch with the sapphire lattice. This mismatch
ranges from about 4% for 0-Ga,O; to a larger and anisotropic
mismatch for B and x phases."” The mismatch creates strain
at the interface between the Ga,O; film and the sapphire
substrate. Different mechanisms, such as misfit dislocations
(especially for a-Ga,03) and defected boundaries between rota-
tional domains (especially for the B phase), may be responsible
for strain release, without considering elastic relaxation in
three-dimensional islands.>™® At the moment, very little is
experimentally assessed in terms of such strain relief.

The role of the interface and its related kinetic issues
appears to be evident by the fact that various growth methods
(mist-CVD, MOCVD, high-vacuum VPE, MBE, PLD, and halide-
VPE) and diverse growth conditions'*™® lead to different
phases. In this complex picture, some trends are sufficiently
clear: low temperatures (and/or high growth rates) favor the o
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Fig. 1 Optimized structures of the conventional cell of bulk a- (a), B- (b)
and k- (c) Ga,Os. Ga and O atoms are shown with grey and red spheres,
respectively. Tetrahedral, pentahedral and octahedral Ga—O coordination
structures are shown through yellow, green and blue surfaces. The vertical
direction of the image is aligned with the growth direction of Ga,Oz on the
c-sapphire substrate. For each phase the inequivalent epitaxial layer is
indicated by h.

phase, intermediate temperature values and/or rates may
favour the k phase, whereas conditions closer to equilibrium
induce the stable B phase. In a recent review by Kaneko et al.,"”
primarily focusing on the investigation of low temperature
mist-CVD growth of «-Ga,Os;, the authors suggest how the
single “mist” precursor, a gallium acetylacetonate complex,
approaches the surface and anchors to a surface hydroxyl by
hydrogen bonding at the water-covered surface, producing the
on-site deposition of Ga with no surface diffusion. It is the lack
of long surface mean free paths that promotes a purely two-
dimensional growth, in turn enhancing the role of interface
energies and producing what is called a metastable phase-
locking. This latter phenomenon is common in other deposition
techniques when low growth temperatures and high deposition
rates are achieved. Such a mechanism would kinetically favour the
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phases with a better structural match with the substrate, inde-
pendent of other thermodynamic factors that come into play with
temperature (and surface diffusion length).

However, quantitative validation of this intuition was not
possible due to the lack of interface energies. Therefore, the
ultimate goal of our work is to provide interface energies for a
deeper understanding of the stabilization of the different Ga,0;
phases on sapphire and Ga,O; interlayers, at the same time
providing a solid framework for growth models to be explored,
at least for what concerns the very early growth stages.

When growing epitaxially on a substrate, the key factors
involved in the stabilization of the film include its cohesion
energy, which is also affected by the strain induced by the
lattice mismatch with the substrate, the interface energy,
resulting from the chemical bonds formed between the film
and the substrate, and the surface energy of the growing front
exposed by the film (with or without strain). These are particu-
larly relevant for a 2D island growth mode, in addition to a
perimetral step energy that is really unknown in detail and can
be taken to be eventually negligible for large surface covering.
The phase-locking is generated by a strong coherent or com-
mensurate matching to the substrate, an issue which is mostly
active when the growth proceeds layer by layer, ie. by 2D
islands, as thick as one O-Ga bi-layer in «-Ga,Os;, two bi-
layers in B- or x-Ga,O; (see Fig. 1). The islands are actually
taken as “infinitely wide” 2D layers, as we consider a later stage
of growth. In contrast, in the case of 3D B island growth, the
surface energy contribution of all exposed facets as well as the
actual strain relaxation provided by the peculiar island shape
should play a major role.

In a recent paper,'”> we presented a comparison of volume
and surface energies for o, B, and k phases of Ga,O;, as
calculated by density functional theory (DFT). We also
accounted for the strain produced by the substrate and how it
affects such results. For each phase, the elastic contribution of
the lattice misfit with the sapphire substrate was calculated by
imposing the matching between the planar network of oxygen
atoms of the film and that of the substrate. Moreover, the elastic
contribution of the lattice misfit with a plastically relaxed a-Ga,O;
buffer layer was considered. In fact, surveying the literature, one
notices that Ga,O; phases can nucleate directly on the substrate or
on a o-Ga,0; interlayer, both relaxed or fully strained by a coherent
interface with sapphire."® The quantity missing in our previous
work was the interface contribution that is the main topic of the
present work. In ref. 20 a thick film of k-Ga,O; is shown to grow on
B-Ga,03, possibly with some strain, then we also include the study
of this interface in our work.

Here we demonstrate that the structural similarity between
the film and the substrate (briefly, in terms of the percentage of
octahedral and tetrahedral cages of O with respect to the fully
octahedral structure of a-sapphire) is the leading criterion in
lowering the interface energies and explains the quantitative
meaning of the metastable phase-locking, especially the o
phase in mist-CVD.

Finally, we address the following question: is the strain
relaxation by dislocation nucleation in the o phase disrupting

This journal is © The Royal Society of Chemistry 2025
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the kinetic phase locking, or is it the nucleation and growth of
3D islands, as produced by higher temperatures and lower
growth rates? By mist-CVD we know that the o phase grows
continuously in fully relaxed films."® Still, by MBE or MOCVD
at different temperatures and rates, the  phase eventually
appears. Therefore, we draw a simple nucleation model of the
three phases considering 2D islands on sapphire, strained o or
relaxed o. The subsequent discussion sheds some light on the
experimental issues and provides some indications for future
deposition tests.

Methods

Interface energy calculations

All the DFT calculations were performed using the VASP
software.”' > We chose the Perdew-Burke-Ernzerhof exchange-
correlation functional revised for solids (PBEsol),>* maintaining
continuity with our previous work on surface energies."
We employed pseudo-potentials with 6 and 13 electrons in
the valence states for O and Ga atoms, respectively. We
optimized the atomic coordinates and the lattice parameters
of all bulk structures, including the one of a-Al,03, using a
plane-waves cutoff of 850 eV. All the resulting lattice para-
meters are reported in Table S1 (ESIt). Then, the following
calculations, which do not require the optimization of lattice
parameters, were performed with a reduced cutoff of 500 eV,
in order to reduce the computational load. The Brillouin
zone was sampled through (6 x 6 x 3), (2 x 12 x 6) and (7 x
4 x 4) unshifted Monkhorst-Pack k-point meshes for
the o, B and «k cells, respectively. We constructed the
substrate slab by aligning its z axis with the ¢ axis
of sapphire. Therefore, the hexagonal in-plane lattice of the
c-sapphire cell was our reference, with [100]/[120] directions
along the x/y axes.

The schematics
modeled are represented in Fig. 2: the slab of each film

on how the hetero-interfaces were

vacuum
/'—’ Ysup
—1 - film
z
Yint T
Hs substrate
Ysups

Fig. 2 Schematics of the interface slab model: the film (gray) is stacked on
top of the substrate (blue). The simulation cell is periodic in x, y and z
directions.
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(i.e. o-, B- and k-Ga,03) was stacked on the ones of different
substrates: a-Al,O; and a fully strained/relaxed o-Ga,O; buffer
layer. We also considered a strained/relaxed interlayer of
B-Ga,0; in the case of the x film. This was done in a way that,
again, the film and the substrate share the layer of oxygen
atoms at the interface. The slabs of the film were built in order
to align the B [102] along the o [100], the B [010] along the
o [120], the k [100] along the o [100] and the k [010] along the
o [120]. When considering the interface between k and
B phases, the « [100] is aligned along the B [102] and the «
[010] along the B [010]. Both slabs of the Ga,O; films
and substrate were constructed in a way to expose one free
surface, with surface structures corresponding to those inves-
tigated in our previous work." In order to prevent interactions
between periodic replicas of each interface slab along its z-
direction, we inserted a vacuum region of 13 A. The interface
slabs were built adapting the in-plane (super)cell parameters
of the film to those of the substrate. Thus, considering
the epitaxial relationships between the film and the substrate,
supercells replicating the slab unit cells of the film or substrate
were exploited. The sizes of the supercells and the corres-
ponding misfit strain applied to the film, for each interface,
are detailed in Table S2 (ESIf). Finally, to obtain the
relaxed interface structure, we optimized the atomic coordi-
nates only, keeping the supercell fixed by the lattice constraints
of the substrate. This approach allows a proper release of the
stress along the z direction throughout the structural
optimization.

As evident in Fig. 1, all oriented Ga,O; phases can be
considered as a stacking of bi-layers (a cation layer and an
oxygen layer). When building the corresponding individual
slabs, we converged the calculated interface energies with
respect to the film and substrate thickness. Hence, when
building the interface, we stacked slabs with 7 o-Ga,03;, 9
B-Ga,0; or 13 k-Ga,0; layers of Ga and O atoms (that we call
bi-layers) on 7 a-Al,O; bi-layers. Nonetheless, not all bi-layers
are equivalent, since not all the planes show the same arrange-
ment of Ga atoms with the same coordination (taking 2.4 A as
cutoff for the first-neighbors distance). We then define the
epitaxial layer as the unit that can be stacked to correctly
generate a bulk. We mark the epitaxial layers in each phase
as shown in Fig. 1.

We calculated the interface energy as

Eslab - VgupA =7

)
/sup

A — Nrpe — Nspg
Vint = A )

(1)

where Eg,p, is the total energy of the interface slab (see Fig. 2),
yg/jp is the surface energy of the free bottom surface exposed by
the substrate (s) or the top one film (f), with area A. Ny and N;
are the number of formula units contained in the substrate and
film region of the slab, respectively. p is the bulk chemical
potential: it accounts also for the elastic energy contribution, if
any strain is applied. Surface and bulk energies were re-
calculated with the current setup, still using the same metho-
dology as in our previous work."?
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Results and discussion
Interface energies

To provide additional insight into the understanding of the
epitaxial growth mechanism of different Ga,O; phases on
c-sapphire, we calculated such interface energies y;,. Since
some experimental works indicate the presence of an inter-
mediate Ga,O; layer of a different phase, which can be an o
interlayer, coherent'® or relaxed,® for the B phase and for the
phase,® or a B interlayer for the k phase,* we also calculated i,
in these cases. In high-resolution TEM images of Ga,0; poly-
morphs on sapphire the alternation of layers of anion and
cation across the interfaces is observed.'®*>** Therefore, for
the sake of simplicity, our calculations were focused on sharp
interfaces only, i.e. with no intermixing of cation species across
the interface. Indeed, such an assumption may constitute
a simplification of the actual interfaces,*® but allows us to
provide a more comprehensible interpretation of the physical
effects that affect the stabilization of the interface. Finally,
despite the fact that rotational domains of 120° are known to
occur for both B and « films on sapphire, we calculated inter-
face energies for just one (equivalent) domain orientation, as it
is still not understood whether some strain release can be
introduced at domain boundaries.

All interfaces are constructed in a way that a plane of oxygen
atoms is shared between the film and substrate. This, as
previously mentioned, is the most intuitive way to build the
interface, as both all oriented Ga,O; phases and c-sapphire
present oxygen layers with the same hexagonal symmetry. The
structure of the stacked bi-layers is identical in the case of -
Ga,0; on sapphire (but for an in-plane shift); therefore, only
one possible termination can be found matching the position
of O atoms at the interface. In contrast, both in f and « bulk
cells two different bi-layers are alternated (see Fig. 1b and c).
Each of them has a different alternation of octahedral (or
pentahedral) and tetrahedral Ga atoms, leading to either two
or four different types of interfaces. Indeed, § phase’s termina-
tion with sapphire can display either octahedral or tetrahedral
Ga atoms only, while k phase’s termination can display either
octahedrally coordinated Ga atoms only or both tetrahedrally
and pentahedrally coordinated ones. In Table 1 we collect only
the interface configurations that lead to the lowest energies. In
the case of § and x films on sapphire, the additional results
calculated with other terminations are collected in Fig. S1 and
S2 (ESIt). In the case of B on k interface, out of the four possible
interfaces provided by the different combinations of § and x
phase terminations, we considered only the promising one

Table 1 Interface energies (in meV A~2) for different substrate/film
combinations. The label € marks those Ga,Os interlayers strained to fit
the lattice parameters of c-sapphire

Film o-Al,O5 o-Ga,05 a-Ga,05 B-Ga,0; B-Ga,0f
0-Ga,03 -3 — — — —
B-Ga,0; 53 47 52 — —
k-Ga,0; 27 32 30 21 15
1472 | J Mater. Chem. C, 2025, 13, 1469-1476
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(i.e. with Ga atoms octahedrally coordinated) based on the
results obtained for Ga,0; interfaces with sapphire.

Generally speaking, these values of y;,. are sensibly lower
than the surface energies,'* as expected. Still, as in the case of
the surface energies, it is quite useful to interpret our data by
performing an analysis of the optimized -configurations
through the number of first neighbors of Ga atoms, assuming
a cut-off distance of 2.4 A.

In the case of a-Ga,0s;, the interface with «-Al,Os, reported
in Fig. 3, is almost homogeneous, as the two slabs have the
same structure. No distortion is found nor deviation from the
ideal six-fold coordination of the cations: therefore, the corres-
ponding interface behaves almost as a continuation of the
bulk. In fact, the calculated interface energy turns out to be
—3 meV A% and can be considered negligible, within the
precision of our calculation method.

In contrast, some change in coordination is expected for -
Ga,0;, when forming the interface with sapphire, as the inter-
face energy is much higher. In fact, each tetrahetrally coordi-
nated Ga atom belonging to the second row above the interface
gains one additional O neighbor each (see the black arrows in
Fig. 4). This change is related to how the Ga and O atoms settle
in the first two rows above the interface. The structural and
energetic optimization appears not to be affected by the strain,
nor by the atomic species of the cation in the substrate, as the
same change in coordination is found for the strained and the
fully relaxed a-Ga,O; interlayer as well (see in Fig. S3 and S4,
ESIT). Hence, the difference in the structural environment for
cations at the interface leads to a sizeable interface energy
(as reported in Table 1), that is almost the same for a-Ga,O3
fully strained/relaxed substrate. This trend is confirmed
when considering the second interface between the B phase
and sapphire (see Fig. S1, ESIt), which displays an array of
tetrahedrally coordinated cations at the interface in place of
octahedrally coordinated ones: the surface energy is higher
(77 mev A™?) despite the optimization turns most interface
cations to a pentahedral coordination.

When considering the k-Ga,O; interface with sapphire,
reported in Fig. 5, no change in coordination for cations with
respect to their bulk occurs, neither for the substrate nor for the
film. It is fair to say that in this case the k phase displays at the
interface a layer of cations already in the octahedral configu-
ration, and the interface energy is actually low, about half the
one of § on sapphire. The same structure is found when an a-
Ga,0; buffer layer is present, either strained or fully relaxed
(see Fig. S5 and S6, ESIT), and its interface energy is roughly the
same as with sapphire. In case the second possible interface
with sapphire is considered (see Fig. S2, ESIt), the interface
energy raises to 38 meV A2, as in this case a layer of cations in
tetrahedral and pentahedral coordination is present at the
interface, and the structural optimization drives a tendency to
turn them to pentahedral and octahedral coordination,
respectively.

Interestingly, the case of an interface between the two most
open structures, i.e. K phase over either a fully strained or a fully
relaxed P interlayer (represented in Fig. 6 and Fig. S7, ESIt),

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Front (a) and side (b) view of the B-Ga,O3z/a-AlLO3 interface. The
black line marks the plane of O atoms shared by both film and substrate.
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( ‘6%E§%%‘ :
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Fig. 5 Front (a) and side (b) view of the k-Ga,Os/a-AlLOs interface. The
black line marks the plane of O atoms shared by both the film and the
substrate.

results in a very low interface energy. This is the case especially
for a strained B phase interlayer. Here, out of the four possible
configurations, we are considering the one in which both the
film and the substrate display the same coordination for
cations at the interface, i.e. in octahedral cages: this is a
starting point with a presumable low interface energy, but it
further decreases with the structural optimization. This can be

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Front (a) and side (b) views of the k-Ga,Os/B-Ga,Os interface.
B-Ga,Os interlayer is fully strained on the a-Al,O3 substrate. The black line
marks the plane of O atoms shared by both film and substrate.

explained by the fact that the more open interface allows to
turn some more distant cations of the k phase with octahedral
coordination to the fourfold ones, which seems to mimic the 3
stacking.

It is therefore quite evident that out of our result a few clear
trends emerge. (1) The structures forming an interface display
a lower interface energy if the structures are more similar in
the percentage of cations in tetrahedral and octahedral coordi-
nation. a-Ga,O; on sapphire being the lowest in energy, B on
sapphire the highest in energy. (2) Particularly, the similarity in
structure affects the interface region, so that those configura-
tions preserving a smoother change in coordination are lower
in energy, as in the case of interfaces shown in Fig. 2-4 and
Fig. S3-S6 (ESIT), with respect to their alternative interface
terminations reported in Fig. S1 and S2 (ESIY). (3) The structural
optimization is effective in doctoring the change in coordination
across the interface, lowering the interface energy, specifically for
more open structures, such as B and k phases.

Energetics of Ga,0; epitaxial layers and phase-locking

The calculations of interfacial energies from the previous
section, combined with the data of surface energy and strain

J. Mater. Chem. C, 2025, 13,1469-1476 | 1473
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computed in ref. 12 and reported in Table S3 (ESIY), allows for a
quantitative evaluation of the relative stability of Ga,0; epitaxial
layers for each phase on either a-Al,O; or a-Ga,O; substrates.
From classical nucleation theory, the formation energy of a 2D
island of phase p can be expressed as a function of the number
of formula units:

AGP(”) = _(Mgas - Mgulk - Aﬂg)n + (Vgpi + yFnt - Vsub)Ap(n)
+ APLP(n) (2)

The terms in the leftmost brackets account for the energy
balance between the gas and the solid phases: pgas — piBuic is
the gas supersaturation relative to the (relaxed) bulk Ga,0; in
the p phase, while Ay is the elastic energy density within the
2D island, due to the lattice mismatch between the film and the
substrate. The second group of terms accounts for the net
change in surface energy density when covering an area AP of
the substrate, displaying surface energy ysup, With the island.
7Epi and yh,¢ are the corresponding energy densities of the film
free-surface and its interface energy, respectively. We explicit
the dependency on the number of formula units as we define
AP(n) = vP/HP x n with VP the volume per p-Ga,O; unit-formula
and #P the height of the epitaxial layer as defined in the
Methods section. In Table S3 (ESIt) we report also the v, and
hy, values, along with the surface energy of the sapphire (0001)
substrate. Finally, the third term accounts for the energy cost of
island edges, proportional to the length of their perimeter
LP  +/n, by a coefficient AP, determined by the actual island
shape and by the orientation-dependent, linear energy density
of its edges, which are both out of our knowledge.

Since we are interested only in the comparison of the
stability between the phases, we conveniently rephrase the
eqn (2) to obtain the net energy density (per unit-formula) of
a 2D Ga,0; layer in p phase as

P AGP — Href

»
pPp = = Uy + ARE + h_pAVp 3)

n
where Ayp = Vgpi + yFnt — Vsub and Heef = 7:ugasn + A\/ﬁ In the
latter we include the edge contribution and the reason is two-
fold. We assume on statistical grounds that the differences
between Ga,O; islands of different phases are negligible; more-
over, we will focus on mature growth stages with large n, hence
we deem the perimeter contribution to be less important.

The volumetric and surface contributions calculated for 2D
layers of each Ga,O; phase on either a-Al,O; and a-Ga,O3, both
strained to sapphire lattice parameter and fully relaxed, are
reported in Table 2. The resulting p, values are reported as
energy levels in Fig. 7.

While for the bulk phases (relaxed, first column in the gray
area) the most stable phase is f-Ga,Os3, followed by o and «,
when growing epitaxial layers on «-Al,O; such ordering is
radically changed. Indeed, the lattice mismatch of a single
domain with the substrate results in a biaxial strain (g), gene-
rating a substantial increment of the bulk chemical potential as
made evident in the second column of Fig. 7, for the infinite
bulk correspondingly strained. The effect is more dramatic for

1474 | J Mater. Chem. C, 2025, 13, 1469-1476
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Table 2 Volumetric and surface/interface contributions of egn (3)
reported in meV f.u.”! for 2D layers of the three phases of Ga,Os on
different substrate. The bulk energy of B-Ga,Os is taken as a reference.
The label ¢ marks those Ga,Osz substrates strained to fit the lattice
parameters of c-sapphire

a-Al,O5 a-Ga,05 a-Ga, 04
Substrate: ppune Aue  (WR)Ay Ape  (WR)Ay  Ap.  (vIR)Ay
o-Ga,03 45 309 —-553 309 0 0 0
B-Ga,03 0 540 —-30 540 207 150 325
k-Ga,03 63 314 0 314 276 10 163
T T T T T
800 | B —e— -
o —i— —_——
[ | K =——te—
——
600 -
| —— °
- —
< 400 - i
3 == L
: L
o 200F —
Q
. ——
of —e— .
-200 - o -
! I | | I
bulk bulk® Al,0; a-Ga,05f  a-Ga,03

Fig. 7 Diagram of p,p calculated for 2D films of the Ga,Oz polymorphs,
considering different substrates. The bulk values are reported on the left as
a reference, also accounting for the misfit strain induced by the Al,Oz
substrate (labelled with ¢).

the B phase, which becomes strongly unfavorable even against
the x one. In the third column, the surface energy of the
sapphire substrate comes in, along with its substitution by
the interface energy and the surface energy of the first Ga,0;
epitaxial layer on the substrate. Here, the energy levels of 8
and x phases are nearly aligned with the second column, as
Ay = 0. In contrast, for the first epitaxial layer of a-Ga,0; the
surface energy gain from replacing the costly (001) o-Al,O3
(113 meV A™?) surface with the more convenient (001)
0-Ga,0; (88 meV A?), along with the negligible benefit in
forming the interface, results in a negative Ay that largely
compensate the elastic energy. This surface/interface advantage
is so large that growing the «-Ga,O; epilayer on o-Al,O;
becomes even more convenient than the formation of the
bulk phase.

In the fourth and fifth columns, we find the values for one
epitaxial layer on top a coherently strained interlayer of
a-Ga, 03, respectively. As adding one epitaxial layer of the o
phase on top is like to add one layer inside the (thick)
intralayer, the energy values of the former case correctly align
to the bulk value with the corresponding strain, while the latter
one correctly aligns to the relaxed bulk value (horizontal dashed
lines). The hierarchy with respect to the p and k phase does not

This journal is © The Royal Society of Chemistry 2025
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change substantially and it is important to say that such a
situation eventually corresponds to the additional layers after
the very first few ones, either coherent to the substrate, or with
a full plastic relaxation of the o phase.

These results explain the phase-locking mechanism proposed
by Kaneko'” for the o phase in mist-CVD, because the hierarchy of
the stability of different phases of the film mainly follows the
structural similarity with the substrate, in addition to the larger
misfit strain of the p phase. Therefore, our model supports the
epitaxial growth of 0-Ga,O; film first on the bare c-sapphire
substrate, either as a thin interfacial layer*® or as a thick film."?

It is fair to say that also the k phase may result in a few mist-
CVD experiments on c-sapphire, either with one ultrathin o
interlayer, or directly on sapphire if the mist flow is carefully
stabilized,”” but we do not know how the competitive kinetics
of plastic relaxation between the o phase and the k phase acts
in producing dislocations,*® an issue not included in our
modelling. Anyhow, in Fig. 7 it is clear that the « phase is the
next favorite structure in 2D growth, appearing when for some
growth conditions the o phase is hindered. This is apparent in
a few HVPE experiments, providing high growth rates because
of the Cl catalytic action, where single domain « layers are
grown on sapphire with dislocations, or rotational domains
appear on c-sapphire with one ultrathin GaN intralayer.*° If we
move to MOCVD experiments, usually at higher temperatures,
the k phase appears after an interlayer of « (first) and y defected
phases,” or with one interlayer of B and y phases intermixed,>°
apparently originated by merged 3D islands. Therefore, it
appears that the only way to explain the growth of the B phase
straightforwardly on a sapphire substrate, or after an o phase
interlayer, is to allow for elastic relaxation by 3D island nuclea-
tion, or to some plastic relaxation induced by domain borders,
more likely grain boundaries among coalesced 3D islands, or
columnar grains. In both cases, higher growth temperatures
and reduced growth rates are necessary, in order to allow for
larger surface mean free paths. Unfortunately, the morphology
of the very early stages of B and k phase growth and the
corresponding strain release have not been characterized so far
to a sufficient extent to draw an accurate modelling, including
such kinetic effects.

Conclusions

In this work we calculated the interface energies for o,  and «
phases of Ga,0; on c-sapphire substrate by considering the
presence of a shared network of O atoms between film and
substrate. We investigated the role of the strain at the interface
and we identified the similarity in the percentage of cation-
coordination between the two sides of the interface as the
major driving force for the lowest energies.

Using these values, we then performed a comparison
between the relative stability of epitaxial films of the Ga,O;
polymorphs. Our analysis reveals that for a purely 2D growth of
Ga,0; on a-Al,O; the o phase is the most favorable and remains
as such even if considering the nucleation of a new layer on top

This journal is © The Royal Society of Chemistry 2025
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of an existing, either relaxed or not, a-Ga,O; interlayer. This
provides a quantitative interpretation of the phase-locking
effect proposed in ref. 17, corroborating the idea that a-Ga,03
is preferred in mist-CVD experiments, due to its convenient
interaction with the underlying substrate.
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