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ABSTRACT

Beta-phase gallium oxide (ff-Ga,0;) is a promising semiconductor for high frequency, high temperature, and high voltage applications. In
addition to the f-phase, numerous other polymorphs exist and understanding the competition between phases is critical to control practical
devices. The phase formation sequence of Ga,Os, starting from amorphous thin films, was determined using lateral-gradient laser spike
annealing at peak temperatures of 500-1400 °C on 400 us to 10 ms timescales, with transformations characterized by optical microscopy,
x-ray diffraction, and transmission electron microscopy (TEM). The resulting phase processing map showed the y-phase, a defect-spinel
structure, first nucleating under all annealing times for temperatures from 650 to 800 °C. The cross-sectional TEM at the onset of the y-phase
formation showed nucleation near the film center with no evidence of heterogeneous nucleation at the interfaces. For temperatures above
850°C, the thermodynamically stable f-phase was observed. For anneals of 1-4ms and temperatures below 1200°C, small randomly
oriented grains were observed. Large grains were observed for anneals below 1 ms and above 1200 °C, with anneals above 4 ms and 1200 °C
resulting in textured films. The formation of the y-phase prior to f-phase, coupled with the observed grain structure, suggests that the
y-phase is kinetically preferred during thermal annealing of amorphous films, with f-phase subsequently forming by nucleation at higher
temperatures. The low surface energy of the y-phase implied by these results suggests an explanation for the widely observed y-phase inclu-
sions in f-phase Ga,Oj; films grown by a variety of synthesis methods.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0087093

Gallium oxide (Ga,O;) is a promising semiconductor material,
with the unique advantage that the ultra-wide bandgap f-phase
(Eg~4.9eV) can be grown homoepitaxially on melt-grown bulk sub-
strates.' ~ This allows for rapid development of device structures for
high temperature, high voltage, and high frequency operation.””
Other applications, such as UV optoelectronics, catalysis, and gas sens-
ing, are further enabled by the material’s optical transparency and
thermal and chemical stabilities.” * While the monoclinic f-phase
(C2/m) is the only stable line compound in the equilibrium Ga-O
phase diagram’ (Fig. S1 of the supplementary material), numerous
additional metastable polymorphs are known including o(R3c),
P(Fd3m), 5(1a3), e(P63mc), and k(Pna2;).'”"" Density functional
theory calculations suggest that these polymorphs have similar

formation free energies (AF < 0.20 eV), with the f-phase as the most
stable and the y-phase as the most metastable.'’ Due to the small
energy differences, polymorphs readily form under various growth
and annealing conditions, with the y-phase often forming unintention-
ally during the growth of other phases (e.g, ff and x).”” " Surface
7-phase often appears during f--phase homoepitaxy'”'* and at the
interface for heteroepitaxy of other phases,’” with the formation
depending on processing temperature and impurity (doping) concen-
trations.' ™" The widespread appearance of the thermodynamically
metastable y-phase suggests that it may be the kinetically favored poly-
morph, critically impacting the development of device-quality films.
Metastable polymorphs can readily form during annealing from
high free energy states (e.g., amorphous), especially in the absence of
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any biasing crystallographic templates and at high thermal quench
rates. Laser spike annealing (LSA), originally developed to activate
dopants in silicon,'”'” is based on scanning a focused laser across
a thin film on submillisecond to millisecond time scales to achieve
thermal ramp and quench rates up to 107 K/s;' this provides an
experimental route to capture and characterize these metastable
phases. A variant of LSA, lateral gradient laser spike annealing
(IgLSA), intentionally varies the laser intensity laterally across the
beam to enable high-throughput studies of the annealing behavior on
the 100 us to 10 ms timescales with peak temperatures up to the melt-
ing point of the substrate. Using IgLSA, we have determined the phase
formation sequence for amorphous Ga,0O3 on untemplated SiO, as a
function of annealing time and temperature. Understanding the initial
metastable polymorph formation and the subsequent formation of the
stable -phase provides insight into kinetic mechanisms active during
growth and ultimately may lead to strategies for avoiding undesirable
polymorphs in device films.

Thermally oxidized (200 nm SiO,) highly doped (p-type, 0.02 Q
cm, 100 mm) Si wafers, with lithographically patterned gold alignment
marks, were prepared as substrates. The amorphous Ga,O; films
were deposited by room temperature RF magnetron sputtering from
an AJA Ga,O; target (99.99%. purity) at 5 mTorr pressure (9:1
Ar:0,, 10sccm total) in a load-locked AJA system (base pressure 5
x 10~%Torr). Sputtering at 210 W for 60 min with substrate rotation
yielded uniform 175 nm thick films with <5% variation [cross section
shown in Fig. 1(¢)].

scitation.org/journal/apl

After deposition, the films were IgLSA processed using a 120 W
CO, laser (A = 10.6 um) focused to a full width at half-maximum
(FWHM) of 80 um in the scan direction and a nominally Gaussian
profile laterally with a FWHM of ~510 um [Fig. 1(a)]. The laser power
and scan velocity were controlled for individual anneal stripes (5 mm
in length and spaced 2 mm laterally to minimize thermal interference),
with each stripe characterized by a peak center anneal temperature
(Tpeak» center of the laser profile) and a dwell time (z, defined as the
FWHM in the scan direction divided by the scan velocity).'” Peak
temperatures at the stripe center were calibrated using thermoreflec-
tance and melt thresholds, as detailed in the supplementary material
(Fig. S2). A uniform sampling of dwell times and center temperatures
(~25 dwells between 400 us and 10 ms and 25 temperatures from 500
to 1400 °C) was used with 616 unique conditions; stripes were ran-
domly located over the 100 mm wafer to avoid systematic bias. Due to
the lateral Gaussian laser intensity profile [Fig. 1(b)], each stripe
included data on thermal anneals from room temperature (on stripe
edges where the laser intensity is low) to the maximum temperature at
the stripe center; this enabled high-throughput characterization of the
impact of temperature on phase formation within each stripe (at a
fixed dwell).

The dwell time serves as a surrogate experimental parameter that
is directly correlated with the thermal heating and quench rates, with
average values of approximately 2T),q /7. Quantitative rates, as a func-
tion of time during the laser scan, can be determined by thermoreflec-
tance, as detailed in the supplementary material (Fig. S3).

(a) Instantaneous Sample
Temperature Profile

peak anneal temperature
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FIG. 1. (a) Schematic of a IgLSA setup with lateral temperature profile and scanning direction, showing anneal stripes; (b) example of optical micrograph after IgLSA with visi-
ble transformations and the lateral temperature gradient schematically shown above; and (c) example of a cross-sectional TEM sample showing the film stack.
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The anneal stripes were characterized using optical imaging,
wide-angle x-ray diffraction (XRD), and scanning transmission elec-
tron microscopy (STEM). Figure 1(b) shows an optical micrograph of
an annealed IgLSA stripe, with unannealed material on the edges and
the highest anneal temperature in the center. The lateral peak temper-
ature profile [top of Fig. 1(b)] shows the expected symmetry of the
heating profile across the anneal stripe, with the well-calibrated tem-
perature at the center. A Helios G4-UX Focused ion beam (FIB) was
used to prepare cross-sectional samples for STEM, using protective
carbon and platinum layers to prevent ion beam damage. STEM imag-
ing was performed with an aberration corrected Titan Themis operat-
ing at 300 keV.

XRD data were collected at the Cornell High Energy Synchrotron
Source (CHESS) ID3B beamline using a 9.7 keV beam, incident at a 2°
glancing angle, and focused to a 20 x 40 um® spot on the sample (long
axis aligned along the stripe). 2D XRD images were collected using a
Pilatus 300K detector (640 x 480 pixels). For each stripe, 101 images
were obtained every 10 um across the temperature gradient with a
50 ms integration time [Fig. 2(a)]. Images were calibrated using gold
pads and transformed to g—y space [Fig. 2(a) inset], where ¢ is the
absolute value of the momentum transfer between the incident and
the scattered wavevectors (g = |¢|). Images were then integrated
along the azimuthal angle, y, to yield conventional g—I (intensity vs q)
plots [Fig. 2(b)]."”” The final dataset consisted of 101 g—I patterns for
each of the 616 stripes. Phase identification was based on g—I patterns,
while g—y images provided grain size and texturing information. For
texture analysis, the background was approximated from the first and
last 15 scans (nearly as-deposited materials).

100
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< 300
x
o
400
500
ey ()
0 100 200 300 400
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Only three distinct phases were observed in the XRD data, with
transformations well correlated with observed optical transitions. For
peak anneals below 600 °C, the XRD data showed only amorphous
rings with slight shifts arising from thermally induced densification.
At temperatures from ~650 to 800°C, and for all dwell times, the
y-phase (Fd3m) was observed; Figs. 2(d) and 2(e) show the measured
XRD with the corresponding ICSD stick pattern for this defective
spinel y-phase.”’ Peak positions align well, and peak intensity ratios
and broadening are reasonable given the small crystallite size, low crys-
tallinity, and cation disorder often observed in the y-phase.”' ** For
peak temperatures above 850 °C, the XRD data [Figs. 2(b) and 2(c)]
showed the formation of highly crystalline -phase (C2/m);”” peak
heights vary with the dwell time, suggesting film texturing at long
dwells as discussed below.

To visualize the phase behavior along the lateral temperature
profile, diffraction patterns were stacked as heat maps [Fig. 3(c) with
x-ray intensity as color]; these maps directly correlate with corre-
sponding optical images [Fig. 3(2)].”° XRD identified phase transfor-
mations align with observed optical property changes, with two
distinct regions in Fig. 3(a) and three in Fig. 3(b). For the 760 °C and
10ms anneal [Figs. 3(a) and 3(c)], the peak center temperature
remains sufficiently low that only quench to the y-phase is observed. A
similar anneal to a peak center temperature of 1360°C exhibited
quench to both y- and f-phases [Fig. 3(d)]. (Note that optical
images and XRD data were acquired at slightly different locations
along the stripe, resulting in slight variations in the position of transi-
tions on the lateral gradient.) The width of the boundaries between
phases can be estimated from the optical images, where the 1 um

(b)

B-Ga,0,
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10 15 20 25 30 35 40 45
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Intensity (a.u.)

(d)

Y-Ga,0;
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10 15 20 25 30 35 40 45
g (nm-)

FIG. 2. (a) 2D diffraction image of -Ga,05 at 1280 °C and 1.2 ms dwell time with inset transformed to the g—y space; (b) integrated diffraction pattern of -phase formed at
1280 °C and 1.2 ms dwell time with (c) reference powder diffraction diagram; (d) integrated diffraction pattern for y-phase formed at 760 °C and 10 ms dwell time with (e) refer-

ence powder diffraction diagram.
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FIG. 3. (a) Optical image of the stripe annealed at 760 °C and 10 ms dwell time showing one optical transition; (b) optical image of the stripe annealed at 1360 °C and 10 ms
dwell time showing two optical transitions; (c) stacked 1D integrated XRD patterns across the low temperature stripe, identifying amorphous and y-phase; and (d) stacked 1D
integrated XRD patterns of the high temperature stripe identifying amorphous, y-, and -phases.

resolution is significantly better than the 10 um XRD resolution. In
Fig. 3(b), the amorphous to y-phase transformation was relatively
sharp (10-20 um), while the y- to f-phase transformation was as
broad as 60 um. Combined with the XRD data showing both y- and
p-phases in this zone, we suggest that there was some temperature
band with two-phase coexistence.

While the relative peak height ratios of the y-phase were nearly
independent of the dwell time, /-phase XRD peak height ratios varied
with dwell, indicating texturing at long dwells. This texturing is
most evident in the intensity variations along diffraction rings in the
raw 2D XRD [Fig. 4(a)], with strong forward scattering (y = 90°) near
q=21.2nm™"' [corresponding to (400), (110), and (401) planes] and
reduced scattering intensity in the forward direction at q = 24.6 nm ™!
corresponding to the (111) planes. To avoid the complexity of overlap-
ping peaks, the deviation of intensity with y for the (111) reflection at
q = 24.6nm ! was used as a metric of the texturing, based on the qua-
dratic coefficient of a simple quadratic fit to the XRD intensity as a
function of y (see the supplementary material and Fig. $4 for details).
Figure 4(c) shows this texturing metric for all films, exhibiting f-phase
as a function of peak temperature and dwell. For low temperatures or
short dwells, texturing was minimal but became significant for high
temperatures (>1200°C) and long dwells (>4 ms). Based on the tex-
ture development at high temperature and long times, we suggest that
texturing is thermally induced.

For shorter dwells, diffraction pattern peak intensities become
consistent with randomly oriented grains (Fig. S5 of the supplemen-
tary material). However, under short dwell (<1 ms) and high tempera-
ture (>1200 °C) anneals, 2D XRD patterns indicated the presence of a
number of large grains, based on intense diffraction spots observed
along the rings in Fig. 4(b). To quantify this behavior, the probability
distribution of high intensity peaks (above background) along y was
determined for the g = 22.3 nm ™! reflection; with large grains scatter-
ing with a high intensity present as outliers in this distribution. A sim-
ple boxplot outlier detection method was used, counting the number
of pixels with intensity exceeding three times the interquartile range
(IQR) from Q3. The number of these outliers is shown as a function of
dwell and peak center temperature in Fig. 4(d); outliers occurred most
often at high temperature and short dwells, but significant numbers
persisted even for the lowest anneal temperatures (800°C). The
increasing temperature required at increasing dwells suggests that the
formation of large grains is linked to either the thermal heating or
quench rates, both of which scale as 2 Tyeq /7.

Figure 5, a processing phase map, summarizes the phase and
morphology behavior of laser annealed films as a function of dwell
and peak center anneal temperatures for each of the 616 unique
stripes. For anneals below ~650 °C, films remained amorphous for all
dwells. Between ~650 and ~800 °C, films quenched to a low crystal-
linity y-phase, with a narrow two-phase coexistence region (f5 + 7)
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are measurement artifacts and were masked out for analysis.)

that could not be clearly resolved within the processing temperature
grid (40 °C). Within the f-phase region above ~850°C, large grains
were observed at short dwells and high temperature, and textured
films were observed for long dwells and high temperature. There was a
slight indication that the temperature for both phase transformations
increased with dwell time, but the change was within the uncertainty
of temperature calibrations and, consequently, we conclude that trans-
formation temperatures were relatively independent of dwell. This dia-
gram provides a road map for IgLSA time and temperature conditions
to achieve the different phases and film morphologies reported. The
formation of the y-phase across all explored dwell times at tempera-
tures lower than the f-phase suggests that, when thermally processing
high-energy amorphous films, the y-phase is a kinetically favored
intermediate that forms prior to the f-phase. Given the weak dwell
dependence, these results also suggest that it should be possible to
form y-phase even for traditional furnace annealing time frames. This
was confirmed by annealing similar films of amorphous Ga,O; at
500 °C for 2 h (Fig. S6 of supplementary material).

The cross-sectional STEM imaging was used to confirm the XRD
phase identification and elucidate the onset of crystallization from the
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FIG. 5. Phase processing map for Ga,O3 as a function of peak processing temper-
ature and dwell time; boundaries are labeled as a guide to the eye. Specific
results are shown in the legend for each dwell/temperature condition. The width of
the y + f region is approximate.
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amorphous film. FIB samples were taken from a stripe annealed to a
peak center temperature of 1320 °C for 8.6 ms, corresponding to the
formation of f-phase at the stripe center with only slight texturing.
With the IgLSA technique, the anneal temperature decreases away
from the maximum at the center, allowing all annealing temperatures
to be examined by looking at one stripe. Figure 6(e) shows locations of
the specific samples extracted, with samples taken from regions corre-
sponding to the onset of y-phase, the transition from a fully developed
y-phase to a fully developed f-phase, and near the center at the peak
temperature with only f-phase.

Figure 6(a) shows a cross-sectional image at the first onset of
y-phase formation near 650 °C after annealing. (Note that dark areas
in multiple TEM micrographs are likely voids that formed during
heating or phase transformations.) y-phase grains are observed
throughout the thickness of the film, though primarily near the center,
and with no nuclei observed at the SiO, interface or at the free surface.
This confirms that nucleation occurred within the film, potentially
homogeneously or from existing defects (potentially including voids).
The high-resolution lattice image in Fig. 6(f) unambiguously confirms
the y-phase structure. Figures 6(b) and 6(c) are from a single 20 um
wide FIB sample, at a higher anneal temperature close to the center of
the stripe, showing the transition from nearly pure y-phase on one
edge [Fig. 6(b)] to nearly pure -phase on the other edge [Fig. 6(c)].
The high-resolution lattice image in Fig. 6(g) again confirms the

DI

amorphous
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p-phase structure. Finally, Fig. 6(d) is an image from a sample
extracted at the center of the IgLSA stripe, at the maximum anneal
temperature, showing the formation of larger f-phase grains at this
high temperature. The absence of columnar grains further confirms
the absence of heterogenous nucleation of either y- or ff-phases at the
interfaces.

While the minimal dwell time dependence for transformations
suggests rapid nucleation of both the y- and f-phases above critical
transformation temperatures, a key question is whether formation of
the f-phase occurred via nucleation from remnant amorphous phase
during heating or if the -phase nucleated off of y-phase grains that
are formed during heating. Figure 6(b) shows that the film was
completely transformed from amorphous to y-phase before any
f-phase was observed and that the temperature band for y-phase is
nearly dwell independent, we hypothesize that the f-phase nucleated
on y-phase grains after the film fully transformed. This hypothesis is
consistent with the observed dwell dependence for the formation of
large grains and texturing. For short dwells, rapid heating through the
y-phase nucleation regime will reduce the number of y-grains available
for -phase nucleation, resulting in a shift of the grain size distribution
to larger sizes, reflected in the “spotty” diffraction rings. The ramp rate
is the critical parameter in this observation and higher peak tempera-
ture anneals will further reduce the time spent within the nucleation
window. As the dwell time increases, the density of nucleation sites for

B-phase:[010]

FIG. 6. (a)—(d) Cross-sectional STEM images showing the initial formation of y-phase from the as-deposited amorphous film (a), fully developed y-phase at the 7-f3 phase tran-
sition (b), fully developed f-phase in the transition (c), and f-phase at the peak temperature with visible large grains on a 100 nm scale (d); () large area optical image of
the lateral stripe with FIB sections marked in blue and schematic of Gaussian temperature profile; and (f)-(g) enlarged STEM lattice images from (a) and (d) confirming the

y-phase (f) and f-phase (g).
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the f-phase increases, by either increasing the size or number of
y-phase nuclei, resulting in increased f-phase nucleation and eventu-
ally grain refinement at the longest dwell times and slowest ramp
rates.

An equally critical question is what fundamentally determines
the initial nucleating phase. Bell et al.”’ observed initial nucleation of a
high symmetry disordered cubic structure during short dwell anneals
of Bi, O3, with the formation of lower symmetry phases only for higher
temperatures and longer times. We hypothesize that this is a common
characteristic in this time regime, where nucleation favors high sym-
metry phases with small and simple unit cells and structures that can
tolerate significant structural disorder. y-Ga,O3 is a defective spinel
with oxygen anions in a cubic close packed (ccp) structure and gallium
cations distributed on multiple octahedral and tetrahedral sites. In
equilibrium, gallium occupies 54% of the (8a) Wycoff sites, 61% of the
(16d) sites, 11.8% of the (48f) sites, and 10% of the (16¢) sites.”’
Retaining the nominal y-phase structure still permits a wide variation
in the specific locations of cations, reducing the free energy cost for
nucleation as compared to fully defined crystal structures such as the
f-phase [C2/m with 100% Ga occupancy of two inequivalent (4i)
sites].

The y-phase is widely observed as a defect within the equilib-
rium f-phase, arising during growth or processing of single crystal
films'>"” and in other polymorphs.'”'” The low surface energy of
the y-phase, implied by the initial nucleation at low temperatures,
presents a likely explanation for the low kinetic barrier to forma-
tion of y-phase at interfaces of other phases. Given the low nucle-
ation barrier for y-phase from the disordered amorphous Ga,Os, it
is reasonable that the energy barrier would be similarly low for
other  disordered  interfaces, including heteroepitaxial
interfaces'*'” and free surfaces.'”'’ This provides a possible
explanation for the observation of 7y as a “ubiquitous defect”’” in
Ga,05 films, especially for growth temperatures below the
observed y — f transformation near 850 °C.

The metastable phase formation sequence from amorphous
Ga,0; on a non-crystalline, neutral substrate was determined follow-
ing laser spike annealing to peak temperatures near 1400°C with
dwells between 400 us and 10 ms. The first phase to form with increas-
ing temperature, for all dwells, was the y-phase at 650 °C with nucle-
ation occurring within the bulk of the film. The thermodynamically
stable f-phase only formed for peak anneal temperatures above
850 °C, and no other polymorphs were observed in the quenched sam-
ples. Within the f-phase, large grains were observed for short dwells
and high temperatures, and texturing was observed for long dwells.
Based on the observation of large f-phase grains at the highest ramp
rates and persistence of the y-phase for all dwells, we hypothesize that
the transformation from 7- to fi-phase occurs by heterogeneous nucle-
ation at existing y-phase sites rather than from nucleation within the
amorphous matrix. Initial formation of y-phase also suggests that the
surface energy of the y-phase in a highly disordered matrix and
the energy barrier for nucleation are remarkably low. We hypothesize
that this is due to the tolerance of disorder that is characteristic of the
defective-spinel y-phase, and we suggest that this low barrier to nucle-
ation helps explain the observation of y-phase defect inclusions in
films of f-Ga,Oj; and other polymorphs. These results will help guide
future efforts to achieve defect-free [-Ga,O; for technological
applications.

scitation.org/journal/apl

See the supplementary material for discussions of the Ga-O
phase diagram and metastable polymorphs, detailed temperature cali-
bration methods including heating and cooling rates, further discus-
sion of texturing developing in longer dwell times, and furnace
annealing experiments.
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