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The results of a study of the effect of annealing on the structural transformation of thin films of @- and k-Ga,O3
obtained by chloride vapor-phase epitaxy on C-plane of a sapphire substrate are presented. It has been shown that
upon annealing of an @-Ga,0; film during 60 min at a temperature in the region of the polymorphic transition
of 550—575°C, its homogeneity begins to be disrupted, and a partial polymorphic transition is observed with
the formation of small 3-Ga,Os crystallites. As a result of high-temperature annealing of the x-Ga,Os film in
air for 30 min at a temperature T = 850°C, the k — B transition and recrystallization of the original film into a
homogeneous $-Ga; O3 film were observed. It was found that the resulting film predominantly consists of mutually
oriented domains. Using transmission electron microscopy, the orientation relationships between the film and the
sapphire substrate were determined. The structure of boundaries between domains has been studied.
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1. Introduction

Gallium oxide (GaO3) is ultrawide bandgap semicon-
ductor material promising for applications as solar-blind UV
photodetectors [1], high voltage field-effect transistors [2],
Schottky diodes [3] and gas sensors [4]. In addition to the
thermally stable S-phase, the increasing interest is being
paid to metastable modifications: «, y, k and § having
some significant advantages [5], so @-Ga,O3 with corundum
structure has values of band gap E, = 5.3 eV [6] and more
high hardness [7] that are largest among others polymorphs.
Orthorhombic k-Ga,Oj3 is second phase in terms of stability
after monoclinic 5-Ga,03;. High values of spontaneous
polarization along the direction ¢ [8,9] were predicted for
it, this is promising from the point of view of creating high
electron mobility transistors. Mostly, a and «-Ga,O3 are
obtained as form of thin films by heteroepitaxy, as a rule
on sapphire substrates [10-12]. Due to the fact that with
temperature increasing the polymorphic transformations
take place in metastable phases and, ultimately, a transition
to B-Gay0Os3, special attention is directed to study ways to
increase thermal stability of metastable polymorphs [13-17].

The Table presents the structural data of films of the
three main polymorphs of gallium oxide. It is believed that
temperature of beginning of polymorphic transformations of
a-Ga, 03 is significantly below the same of xk-Ga,03 [16,18].
The paper [13] states that the a-phase remained stable
only up to 550°C, then it gradually transforms into
the B-phase. The presented X-ray diffraction patterns
of a-Gay0O3 film during the annealing show how with

temperature increasing the decrease in the 0006 reflection
peak is observed, and the a broad peak in the region of
402 reflection for B-Ga,Os3 appears. This indicates that
the film undergoes polymorphic transformation into the
B-phase, at that small crystallites are formed, they are
oriented with respect to the sapphire substrate close to the
position (201)g || (0001)sapphire. For polymorphic transition
of k-Ga,0; to high temperature phase the temperatures
in more wide range 650—1000° C are given [14-16,19].
At this for k-Ga, O3 the transition to structure S-Ga,Os is
observed, its crystallites are coupled with sapphire substrate
by relationship (310)g || (0001)sapphire. It is worth noting
individually that X-ray diffraction studies of the polymorphic
transition k — f require special attention, when analyzing
reflections 002, 004, 006 and 008 typical for k-Ga,O3 film
with orientation (001), because their position is very close
to the reflections 201, 402, 603 and 804 for -Ga,O3 with
orientation (201). This circumstance will be explained in
more detail during results discussion.

During polymorphous transition between gallium oxide
phases the rearrangement of the crystal structure and change
in the physical properties of the crystal occur. Comparison
of density values for these three structures (see Table)
shows that the polymorphous transition o —  shall be
accompanied by a significant increase in the specific volume
of the film. For clarity, the Table shows volume values
normalized to 20 atoms — 8 atoms of gallium and 12 atoms
of oxygen. Thus, the change in volume during the transition
from the metastable a- to the stable SB-phase is ~ 9%.
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Structural properties of gallium oxide polymorphs

Phase Syngony Group Natom Veells Al V(8 +12), Al Pealcs & cm™? Pexpr & cm~?
a-Ga,03 Rhombohedral R3c 12418 288.8 [21] 192.5 6.46 6.48 [22]
B-Ga, 03 Monoclin. C2/m 8+ 12 2089 [23] 2089 5.96 594 [22]
k-Ga, 03 Orthorhomb. Pna2, 16 + 24 4236 [24] 2118 5.88 5.94

Already during annealing for 5 min at temperature of 600°C,
an irreversible process of degradation begins, accompanied
by its cracking [17]. At the same time, the difference
in the change in specific volume during the transition
from k-phase to B-phase turns out to be insignificant. It
was noted in the paper [15] that the film transition can
occur either with or without its cracking, depending on the
annealing parameters. The Table shows the density values
calculated based on the number of atoms per volume of
one unit cell — pgic and experimentally measured Pexp.
The initial films of the x-phase are polycrystalline [20] with
many vertical grain boundaries. The experimental results
in the Table are given based on the data available in the
publications and the results of experimental measurements
by the method of hydrostatic weighing of density of the
separated from substrate thick layer of x-phase.

2. Experimental methods

Thin films Ga,0O3; were obtained by chloride vapor-phase
epitaxy on sapphire substrates with an orientation (0001).
The synthesis was carried out at atmospheric pressure in
a horizontal quartz reactor developed in LLC ,Perfect
Crystals” [25] at 500°C (a-Ga03) and 550°C (x-Ga,03).
The growth rate varied from 8 to 12um-h~!. For study
several samples with layers thickness of 0.8 to 1.8 um were
selected. The obtained during growth films a-Ga,O3 had
mirror-like surface. The phase composition of the films was
determined by X-ray diffraction analysis; it was carried out
before and after each annealing. The surface morphology
and structure of film were studied by scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM), respectively.

TEM-studies were carried out on an electron microscope
Tecnai Osiris (FEI Technologies Inc.) at an accelerating
voltage of 200kV. Film cross sections were prepared using
a focused ion beam Ga'ton Scios FEI FIB setup in form of
lamella. SEM-studies were also performed using this setup.

3. Structure of films a-Ga,0; after
annealing

A study of sample with a @-Ga,O3; film after two-
stage annealing for 30 min at 550 and 575°C, respectively,
showed that the film transformation occurs non-uniformly
over area with the local formation of centers similar to
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the centers of homogeneous nucleation, which begin to
increase their area, forming a specific pattern on the
surface. Namely, after two stages of annealing a mesh of
triangular-shaped ,,islands* a-Ga,O; is observed, separated
by regions where degradation of the monocrystalline layer
occurred. It is obvious that this pattern of islands is
associated with the symmetry of corundum, namely the
presence of a three-fold axis. The results of X-ray diffraction
analysis of the film after two-stage annealing are shown
in Figure 1,a. The X-ray pattern clearly shows a set
of reflections 201, 402, 603 and 804, corresponding to
B-Ga03. Peak 0006 (40.2°) of a-phase is overlapped with
reflection 402 (38.3°) and 0006 (41.3°) of substrate. The
presence of the a-phase was unambiguously established
from the results of analysis of electron microdiffraction
patterns obtained for film cross section in TEM. Thus,
the correspondence of areas with smooth surface to
a-phase was established. Figure 1,b shows SEM-image
of boundaries of a-Ga,O; and B-Ga,O; regions. The
given photo shows that after temperature degradation the
morphology of the film surface changes dramatically. The
film with an almost perfectly smooth surface is replaced
by a rough film, highly heterogeneous in thickness, with
many discontinuities and the absence of a regular crystalline
facet. The zoomed up image of the region subjected to
phase transformation is shown in Figure 1,c. It shows
that lamination is observed in the resulting structure of
gallium oxide, and discontinuities exposing the substrate
were formed in the film.  Figure 1,d shows TEM-
image of film cross-section, cut from the area with a flat
surface morphology. Analysis of electron microdiffraction
patterns in this region confirmed that the area of film
consists of a-Ga;O3 phase without inclusions of other
phases. Thickness of studied film was determined as
equal to 1.8 um.

4. Structure of films «k-Ga,0; after
annealing

The results of X-ray diffraction analysis of k-GayO3
film after high-temperature annealing indicate that poly-
morphic transition to the pJB-phase took place. In
Figure 2,a X-ray pattern indicates two sets of ob-
served reflections: first, related to $-GayOs: 310 (37.1°),
620 (79.1°) and the second one, which can be attributed
to or to 002 (18.9°), 004 (38.2°), 006 (58.8°) x-phase, or
201 (18.9°), 402(38.3°), 603 (58.9°) for B-Ga,03. As
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Figure 1. Results of study of sample with a-Ga,0s film after annealing at temperature 550—575°C. a — X-ray diffraction pattern of
sample; b — SEM image of film surface; ¢ — zoomed up image of surface section after degradation, discontinuity is observed; d —

cross-sectional TEM-image of film area keeping its structure.
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Figure 2. Results of studying sample with k-Ga,Os film after high-temperature annealing. @ — X-ray diffraction pattern of the sample;
b — SEM images of surface morphology; ¢ — brightfield TEM image of film cross-section; d — dark-field TEM image of the same area

111

stated in the introduction, these sets almost completely
duplicate each other.  Considering that the calculated
intensity values for the first set of reflections are almost
by two orders of magnitude lower than for the second one,
we can conclude that the orientation (310) is preferable
for domains. We attribute the second set of reflections to
the residues of the initial phase x-Ga,O3 with orientation
(001). This result is partially confirmed by TEM data.
Formation of domains S-Ga,Os; with orientation (201)
after high-temperature annealing was noted in paper [16].
Domains had orientation relationships with substrate similar
to films B-Ga;O; obtained on sapphire by heteroepi-
taxy [1,26,27], — (201) || (0001) and directions [132], [132]
and [010], oriented along directions of type (1100) substrate.
Such orientation relationships are determined by the three-
fold axis of sapphire. Our TEM-study did not identify
B-Ga,O3; domains with orientation (201). Also note the
results of the paper [14], where in situ in vacuum and
ex situ in air the process of k — B phase transition was
studied during annealing of sample prepared for TEM-
study. The authors found that during annealing in air at

temperatures up to 820°C a partial polymorphic transition
k — p occurs without the start of formation of S-phase.
At higher temperatures in vacuum the transition to S-phase
with the addition of intermediate p-phase is observed. Thus,
in this temperature range one can expect stabilization of the
intermediate y-phase. During the TEM-study, we did not
detect the presence of the y-phase. This can be explained
by the fact that TEM sample annealing in air or in vacuum
differs from the annealing of bulk films in that the former
has different free surfaces, and other mechanical stresses act.

Surface study using SEM did not reveal degradation of the
film structure similar to the first sample. No discontinuities
formation was detected. The surface morphology is almost
smooth and homogeneous, but at the same time slight
waviness is observed. Figure 2, shows zoomed up SEM
image of the surface, which illustrates that during the
polymorphic transformation when annealing or cooling is
performed, the cracking of the film occurred. Apparently,
this is due to the fact that during the process the film
remains mechanically coupled to the substrate and does not
have time to relax during recrystallization.
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Figure 3. 4 b — HREM images of region of interface with substrate for Al,O3 [11_00]; ¢ — HREM image of boundaries between
domains; d,e — electron diffracton patterns corresponding to domains on images a, b and c respectively; f — schematic image of

orientation of domains 3-Ga,Os3 on sapphire substrate.

The TEM image of the film cross-section in Figure 2,c
shows that the homogeneity of its thickness changed, which
correlates with the waviness observed in the SEM images.
From the dark-field image of the cross section for reflection
111, shown in Figure 2,d, it is clear that the film is
polycrystalline.  The choice of reflection 111 will be
explained in the further discussion of the results.

Figure 3a,b shows two high-resolution TEM images
(HREM) of the film-substrate interface region. In the
images the substrate has the same orientation — near the
zone axis [1100]. HREM images of the film correspond to
two different orientations of 5-Ga, O3 domains. Analysis of
electron microdiffraction patterns showed (see Figure 3,d, ¢)
that the orientation of crystallites is characterized by one
general position of the plane (310) — parallel to the basal
plane of the substrate. The plane (310) can also be selected
to indicate orientation. It was established that the directions
[131] and [132] of domains are oriented parallel to the zone
axis [1100] of the substrate. This is illustrated schematically
in Figure 3f, where it is shown that the directions [131],

[132] and [001] lie in the plane (310), and the angle

Physics of the Solid State, 2023, Vol. 65, No. 10

between them is close to 120°:
[131] [001] = 120.2°
[132] [131] = 119.6°

(001] [132] = 120.1° (1.1)
This corresponds to the observed results of high-
temperature annealing for films x-Ga,0O3 [15], however, in
our work we did not find signs of the film twinning.
Summarizing these results, one can come to a conclusion
that at high temperature annealing the polymorphic transi-
tion of xk-Ga, O3 film with orientation (001) to f-Ga,Os film
consisting from domains with orientation (310) occurs. The
orientation relationships of domains with the substrate are
as follows:

B-Ga,03(310) || a-A,03(0001)
B-Ga,03[131] || a-Al,05(1100)
B-Gay03[132] || a-Al,05(1100)

B-Gay03[001] || a-Al,05(1100) (1.2)
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Figure 4. Results of study of transition region 20—30nm above the interface. @ — dark-field TEM image at low magnification of the
transition region at the interface. The image was obtained in reflection of either 002 of k-phase or 201 of B-phase. b — zoomed up
HREM image of this region oriented along the zone axis [130]. ¢ — FFT result for the image fragment highlighted with dashed lines,
confirming the presence of this order for this region. The position of the corresponding peak is indicated by an arrow.

Domain structure of 8-Ga,Oj; film with orientation (310)
can be conveniently explained with involving cubic p-phase.
When describing the structure of polymorphic modifications
Ga,03, it is effective to represent it as a set of octahedrons
(GaOg) and tetrahedrons (GaO4) with oxygen atoms at
the vertices. For B-Ga,Osthe faces of tetrahedrons and
octahedrons will correspond to planes of type (201),
(101), (310), (310) with a slightly distorted close-packed
arrangement of oxygen atoms in them. The arrangement of
oxygen layers along the normal to the plane (201) is close
to cubic 3C close-packed structure with alternating ABC.
Along the normal to the plane (310) S-Ga,O; there is also
a similar alternation, but with a more complex nature. In the
orthorhombic «-GayO3 the stacking of oxygen layers along
[001] direction corresponds to 4H pseudohexagonal close-
packed structure with alternating ABCB, which requires
its transformation. In the cubic y-phase there are four
directions of type (111) with ABC alternation, one normal
to the film surface and three inclined [20,28]. Further, the
difference will be in filling the octahedral and tetrahedral
voids between them. Reorganization of gallium atoms
in inclined planes {111} will lead to the formation of
B-Ga,03 domains of three orientations with one common
plane (310), corresponding to the remaining plane (111).
The choice of one orientation or another can be justified by
calculation methods only, taking into account the influence
of the substrate.

5. Boundary structure

In the electron microdiffraction patterns in Figure 3,d, e
circles round reflections that almost completely coin-
cide with each other for both orientations. For exam-
ple, the interplanar spacing dgy,) ~ di3) ~ 2.34A and
din) =dur = 2.10A, and the angle between the cor-

responding reflections is 125.7°. For this reason, to observe
domains of various orientations in dark-field TEM images,
we chose the reflection 111, which is present for the
zone axis [132] and absent for [131] and [001]. On
Figure 3,e reflection 111 is enclosed by square. The
presence of such similarity during the transition between
[131] and [132] directions in the plane (310) contributes
to the formation of partially coherent boundaries between
domains. Le. interface along boundaries containing [131]
and [132] directions of adjacent domains shall not create
significant stresses. At the same time, the heterogeneity
of the phase contrast in Figure 3, c indicates that stresses
are still present. The difference in orientation between
regions in the image was determined using a fast Fourier
transform (FFT). At the same time, such boundaries will
not be formed for the direction [001], because for this axis
of zone there is no same similarity with [132] and [131]. No
such boundaries were found during TEM study.

6. Transition region

In the HREM images in Figure 3 the defect region about
15—30nm is observed near the interface, where, apparently,
the polymorphic transition did not have time for complete
formation. The region in the images is shown with dashed
lines. This transition region, as shown in the dark-field TEM
image in Figure 4,a, has uniform thickness and present
along the entire perimeter of the interface with the substrate.
The image was obtained in reflection from the second set of
peaks in the X-ray pattern in Figure 2, a. It can be attributed
to either the reflection 201 of B-phase, or 002 of k-phase,
or 111 of y-phase.

Zoomed up HREM image of this region, obtained
by observation along the zone axis [130], is shown in
Figure 4,b. The sample was rotated in the interface plane
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from the zone axis [1100] substrate zone to zone [2310]
by ~ 19°. This corresponds to rotation from the zone axis
[131] to [130] for the film B-Ga,Os. At this orientation the
horizontal planes with large period are clearly visible in the
image near the interface with the substrate, these planes
disappear above the dashed boundary. Figure 4,c shows
the result of the Fourier transform applied to the highlighted
image fragment. The transformation region does not include
the sapphire substrate to avoid overlapping the peak with
the forbidden reflection 0003 a-Al,Os. The transformation
clearly shows the presence of a period corresponding to
the reflection either 002 of k-phase or 201 of B-phase. The
peak position is indicated by the arrow. When moving along
the interface, for some of the regions, this peak streaking is
observed with the formation of a elongated rod. The latter
indicates failures in layers stacking in this direction. Above
this region this order and streaking disappear completely. To
summarize, we can associate the second set of reflections
observed in the X-ray pattern with the transition region
located at the interface with the substrate, with thickness
about 20—30nm.

7. Conclusion

It is established that during annealing of a-Ga,O3; film
on sapphire substrate at temperature in the region of the
beginning of the polymorphic transformation, 550—575°C,
within 1h the intense degradation of the single-crystal film
occurs, accompanied by partial polymorphic transition to
B-Ga,O3 phase with the formation of crystallites of new
phase with a preferential orientation (201). Degradation
was localized, with the simultancous formation of several
nucleation centers and a gradual increase in their area. At
the end of the specified period, for film ~ 1.8 um thick
significant regions were observed with fragments of the
original film of a-modification that did not undergo phase
transition. Thus, the study confirmed that the temperature
range above 500°C is critical for technological operations
with gallium oxide films of a-modification.

During high-temperature annealing of the film k-Ga,0O3
at T =2850°C for 30min its structural transition to
B-polymorph occurred, and new film was formed by re-
crystallization. According to the results of X-ray diffraction
studies, it was shown that the resulting film has a mainly
orientation of crystallites (310). TEM study showed that
rotational domains were formed with three orientations with
common plane (310) and with directions [131], [132] and
[001] parallel to (1100) substrate. In this case, practically
coherent boundaries are formed between them, containing
the directions [131] and [132] of two adjacent domains,
respectively.
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