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ABSTRACT

The thermal stability of a-Ga, O3 films grown on c-plane sapphire substrates was investigated. A strong correlation was found between thermal
stability and film thickness: the more the a-Ga,Os3 films maintained the a-phase upon heating at higher annealing temperature, the thinner
they were. Transmission electron microscopy observations revealed that the phase transition of the a-Ga,Os3 film to the thermodynamically
most stable 8-phase had the orientation relationship of f-Ga;O3 [20 1] || sapphire [0001]. High-temperature x-ray diffraction measurement for
the a-Ga, O3 film showed the relationship of -Ga, O3 [401]/ [301] || sapphire [0001] as well. The dependence of the stability boundary on the
film thickness originates from a thermal stress caused by a larger thermal expansion coefficient of a-Ga,O;3 than that of sapphire. Relaxation
of residual stress by introducing a selective area growth technique enhanced the thermal stability of a-Ga, O3 so that a-Ga, O3 maintained the
corundum structure upon heating at 800 °C, although a small diffraction peak from $-Ga, O3 was detected by x-ray diffraction measurement.
The enhanced thermal stability of a-Ga, O3 widens device process windows as well as growth windows.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0020464

Ga;0; is an ultra-wide bandgap (UWBG) semiconductor
material suitable for high-power and high-voltage device applica-
tions due to its estimated large breakdown field."*> Among the
five different polymorphs of Ga;O3 («, 3, y, 6, and ¢), the -gallia
structure is the thermodynamically most stable phase.*> Most stud-
ies of Ga,Os3 are related to the f-phase because high quality j3-
Ga,03 free-standing substrates can be made by several melting
methods® '? leading to demonstrations of both lateral and vertical
devices using the homoepitaxial growth of f-Ga;0s."*"' On the
other hand, in recent years, metastable a-Ga,O3 with the trigonal
corundum structure has attracted much interest as well. Single-
crystalline a-Ga, O3 films are successfully grown on inexpensive sap-
phire substrates using mist chemical vapor deposition (CVD)"*-*
and halide vapor phase epitaxy (HVPE),”**! overcoming the dif-
ficulty associated with semi-stable behavior in crystal growth. In
addition, a-Ga;O3 forms alloys with Al,Os, spanning experimen-
tal bandgaps of ~5.3 eV-8.6 eV,”*° while the highest Al con-
tent of $-(Al:Ga;_,),03 epitaxial films is experimentally reported
to be x ~ 0.77 (Eg ~ 6.4 eV).”*® However, metastable a-Ga;O3

has a propensity to revert to the thermodynamically most stable
B-phase: a-Ga, O3 has been reported to convert to the S-phase upon
heating at atmospheric pressure at 600 °C-650 °C.*>?>*" This is a
severe limitation for fabrication of a-Ga;O3-based devices because
it means that the temperature of the film has to be set lower
than 600 °C throughout device processing. In particular, doping
a-Ga,03 by ion-implantation has not been achieved yet due to
the low phase transition temperature. Si-ion implantation in -
Ga,03 has been activated at 900 °C-1000 °C.*! A similar activation
annealing temperature is predicted to be required for ion implan-
tation in a-Ga,Os3, but it is higher than the phase transition tem-
perature of a-Ga;Os. Against the phase transition temperature of
around 600 °C, the growth of a-Ga,O; films has been achieved at
a thermocouple growth temperature of 800 °C,”” suggesting that
a-Ga, O3 can maintain the corundum structure at a temperature
higher than 650 °C by some techniques. C-plane sapphire substrates
are generally used for the growth of a-Ga,03 via mist-CVD and
HVPE;!??1-2%33:31 hence, in this study, we report the enhancement
of thermal stability of a-Ga,O3 films grown on c-plane sapphire at
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up to 800 °C by decreasing the film thickness and utilizing the selec-

— © ©
= S o
tive area growth technique. The mechanism of phase transition of 5 S s
the a-Ga, 03 films to the thermodynamically most stable -phase is o S o 1
discussed. o' ~ T 1
. . ) o
a-Ga,03 ﬁlms were grown on c-plane sapphire substrates using - i Q1
mist-CVD.>?**> Gallium(111) trichloride (GaCls) or gallium(1Ir) T,=700 °C 3

acetylacetonate [Ga(acac)s] was dissolved in a mixed solution of i
H,0 and HCI. For growth via mist-CVD, Ga(acac)s introduces a
high carbon concentration of 10" cm™ in the a-Ga, 05 film,”’ while
GaCl; offers a low impurity concentration.’” N, was used as both the
carrier and the dilution gas. The growth temperature (Tg) was set
between 500 °C and 700 °C. Note that Ty is the thermocouple tem-

r
| T,=675 °C

=
c 1
> 1
Ne)
—

S r \ 1
perature monitoring the outer wall of the quartz tube in the hot-wall > F7,=670°C rr‘ ;
type mist-CVD system. The a-Ga, O3 films were post-annealed in an 5 B on ok L
atmospheric furnace at annealing temperatures (Ta ) between 600 °C 8
and 750 °C after growth, using a Denken Mulffle furnace KDF-S70G. o f ‘ !
The samples were heated from room temperature to Ta in 1 h E F ,=660 °C ‘ 3
(a heating rate of ~9.5°C/min-12 °C/min), kept at T4 for 30 min, ¥ i E
and then naturally cooled to room temperature. After annealing, r ;4‘ ‘\'. | 1
the phase stability of the a-Ga,O; films against the thermal treat- - T,=650 °C f i 1
ment was investigated by symmetric x-ray diffraction (XRD) 26/w ) 00 o b um,hhimw mﬁmlﬂui[j hﬂmm i I
measurements using a Rigaku ATX system at room temperature.

High-temperature XRD (HT-XRD) with a Rigaku SmartLab system ] !

ras grown 1

was used to investigate the thermal stability of the a-Ga, O3 films as
well as to assess lattice lengths of the a-Ga, O3 films and sapphire

substrates. The HT-XRD measurement gives phase information at 35 36 37 38 39 40 41 42 43

a given temperature in situ. The HT-XRD measurement was car- 20/® [deg]

ried out under an air atmosphere; after the growth, the samples

were placed on a black synthetic quartz glass of the HT-XRD sys- FIG. 1. Symmetric XRD 26/w scan profiles of the Ga, 05 films with a film thickness
tem, and the thermocouple temperature (Tj) was monitored. The of 110 nm-140 nm on c-plane sapphire substrates before and after annealing at

heating rates were 50 °C/min and 10 °C/min for Ty < 600 °C and 650°C, 660 °C, 670°C, 675 °C, and 700 °C.

Tw > 600 °C, respectively. The samples were kept at Ty for ~10 min
before each scan so that the diffractometer axis could be aligned. In
this study, monochromatic Cu Ka; radiation (A = 1.540 56 A) was
used for all XRD measurements.

Figure 1 shows an example of the variations in symmetric — 800
XRD 26/w scan profiles of the a-Ga,03 films, with thicknesses of ¥ Phase
110 nm-140 nm, before and after annealing at T'a. It can be seen that : 750 FC o9 ore
the film maintained the corundum structure at T's < 660 °C, while at ’5 transition
Ta =670 °C, a weak diffraction peak originated from f3-Ga, O3 402. ® 700 KOs o0 4
The a-Ga, 03 film gradually changed to the B-phase at Ta > 670 °C, o
at which the diffraction peaks from both the a- and §- phases were g‘ 650 OO 00 A A A
detected and completely converted to -Ga, O3 at Ta = 700 °C. The i)
gradual transition to the -phase was also reported in the previous
study by Lee et al.”’ S 600 OLOG 00 A A 8

Thermal annealing processes and XRD measurements were TB cc0 @l-ph&ﬂS e ]
conducted for a range of different growth conditions. The thermal c < 700°c A 600°C O 500°C
stability of the samples is summarized in Fig. 2. In this study, we <:( 500 O 500 °C, Ga(acac),
investigated a-Ga,O3 films with thicknesses greater than 20 nm. ! ' ! !
Since the critical thickness of a-Ga; O3 films grown on c-plane sap- 0 100 200 300 400
phire substrates is expected to be a few nm due to the large lattice Film thickness[nm]
mismatch between sapphire and a-Ga;O3 (4.6% along the a-axis),*”
the a-Ga,O; films used here were almost fully relaxed even when FIG. 2. Open symbols indicate samples that maintained the a-phase, and solid
the thickness was as thin as about 20 nm, as revealed by recip- symbols indicate samples that completely converted to the 3-phase at an anneal-
rocal space maps for the a-Ga, 03 films [Flg Sl] Open and solid ing temperature as a function of film thickness. Samples drawn in red and blue
symbols show samples that maintained the a-phase or completely colors were grown using Ga(acac)s and GaCls, respectively, as a Ga precursor.

The circular, triangular, and rhomboid symbols show the growth temperature of

converted to -Ga,Os3, respectively, revealed from XRD 26/w scan 500°C, 600°C, and 700 °C, respecively.

profiles.
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The phase transition temperature to the f-phase correlated
strongly with the film thickness but barely correlated with the
growth temperature Ty and the Ga precursor. When thicker than
1 pm, the a-Ga, O3 films converted to the S-phase at Ty = 600 °C, as
reported by Lee et al.”” With thinner films, the a-Ga,Os films main-
tained the corundum structure at temperatures higher than 600 °C.
An a-Ga;O;3 film around 20 nm thick maintained the corun-
dum structure at Ta = 750°C, which was 150 °C higher than
that of a film several hundred nm thick. The dependence of the
phase transition temperature on the film thickness allowed the
growth of a-Ga,O; films at Ty > 600°C provided they were
thin.*

Transmission electron microscope (TEM) observation was
conducted to explore how the a-Ga, O3 film grown on sapphire con-
verted to the S-phase under thermal treatment. We observed a sam-
ple around 135 nm thickness that had been annealed at Ty = 670°C
for 30 min, after which it had partially converted to $-Ga,Os3, as
revealed by the XRD 26/w scan profile [Fig. 1]. For Ta = 660 °C,
no other phases were observed from the TEM observation, corre-
sponding to the result of the XRD. The details for Ta = 660 °C are
described in the supplementary material [Fig. S1]. Figure 3(a) is an
overview of a cross-sectional dark-field TEM image of the a-Ga; O3
film annealed at T'a = 670 °C viewed along the 1120 axis. Figures 3(b)
and 3(c) are the high magnification dark- and bright-field TEM
images, respectively, for yellow box (1) in Fig. 3(a). These images

sapphire

a-Ga,0,

[0001]

sapphire 100 nm

scitation.org/journal/adv

reveal that a semielliptic different phase/domain, which is schemati-
cally illustrated in Fig. 3(d), was introduced in the vicinity of the sur-
face. In the bright field image [Fig. 3(b)], the semielliptic area showed
several different contrasts. Diffraction patterns for the sapphire sub-
strate, for the film in the vicinity of the interface, and in the semiellip-
tic region were taken to investigate the crystal structures of each area.
The diffraction pattern for the film at the interface has the same pat-
tern as that for the substrate [Figs. 3(¢) and 3(f)], showing the single-
crystalline a-phase, while the patterns for the semielliptic regions are
identified as that of 8-Ga, O3 [Figs. 3(g) and 3(h)]. The orientation
relationship is f-Ga;03 [201] || a-Ga, O3 [0001]. B-Ga,O5 grown
on c-plane sapphire also has been reported to have the same epitax-
ial relationship: f-Ga,O3 [201] || sapphire [0001]."*¢ Figure 3(h)
clearly shows the [102] projected diffraction pattern for the S-phase,
while Fig. 3(g) depicts several patterns viewed along various direc-
tions with an orientation relationship of f-Ga,Os [201] || sapphire
[0001]. This indicates that there are overlapping rotational domains
in (g), as shown in Fig. 3(c), which caused the different contrast
in the TEM images for (g) and (h) in Fig. 3(c). In the a-Ga,03
layer, high-density dislocations extended from the grown interface
to the surface of the film, appearing as white lines in the dark-field
image [Fig. 3(b)]. Figure 3(i) shows a magnification of the red box
in Fig. 3(c). The a-Ga,O3 lattice structure looks strained around
the dislocations, but an introduction of different phases/domains
is not detected. The phase transition arising from the dislocations

1010>

sapphire

'sapphire

FIG. 3. (a) Cross-sectional dark field TEM image of the 135 nm a-Ga, O3 film on the sapphire substrate after annealing at 670 °C viewed along the 1120 axis. (b) Dark field,
(c) bright-field, and (d) schematic images for yellow box (1) shown in (a). (e)(h) are diffraction spots for the area shown in (c). (i) Magnification of the red box shown in (c).
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was not clearly observed from the present ex situ TEM observation.
However, the high dislocation density in «-Ga;O3 could be crucial
in defining the phase stability boundary, and further study using
in situ TEM will be required to investigate the starting point of the
phase transition. The TEM observations conducted for yellow boxes
(2) and (3) also show the phase transition to 3-Ga,Os3 in the black
regions in the @-Ga, O3 film shown in Fig. 3(a). The details are shown
in the supplementary material [Fig. S2]. Although overlapping of a-
and 3-Ga; O3 makes the phase transition boundary look disordered,
by the present thermal treatment, the TEM observations do not show
disordered regions, suggesting the direct transition of the a-phase to
the -phase without an intermediate step. However, different heat-
ing/cooling rates in the annealing process might result in an inter-
mediate step or conversion to other polymorphs such as the y-phase,
as reported in the study of the phase transformation of e-Ga, O3
by Cora et al.”’

The phase stability of a-Ga,Oj3 layers grown on sapphire sub-
strates was also investigated using HT-XRD measurements. We pre-
pared two different a-Ga, O3 films grown under the same growth
condition: one uniformly grown on a substrate with a thickness of
about 120 nm and the other selective-area grown (SAG) a-Ga,0;
with a thickness of about 500 nm. The SAG film was grown using a
dot-patterned SiO, mask where the diameter of the dots was 3 ym,
on a c-plane sapphire substrate [Fig. 4(a)]. The film thickness of the
SAG a-Ga;03 was about 500 nm, as revealed by a cross-sectional
scanning electron microscope (SEM) [Fig. 4(b)], several times as
thick as that of the uniformly grown film (about 120 nm) due to
the incorporation of source materials supplied on the mask into the
a-Ga, 03 facet on the window area. SAG «a-Ga, O3 fabrication via
mist-CVD was reported in the previous study.”® Enhancement of
the thermal phase stability of a-Ga, O3 is expected by adopting SAG
since it leads to reducing the dislocation density in the a-Ga,Os
layer, especially in the masked region [Fig. S4], as well as the ther-
mal stress induced by the difference between the thermal expansion
coefficient of sapphire and that of @a-Ga,0Os.

Phase transformation of the a-Ga, O3 film starts at Ty = 660 °C,
showing diffraction peaks from $-Ga, O3 402 and 401/310 [Fig. 4(c)].
The transition to the B-phase with orientation 401 or 310 with
respect to the sapphire substrate is not detected by the XRD study
conducted for the samples after annealing at Ta [Fig. 1] proba-
bly because of the different heating rates and/or the phase infor-
mation at room temperature of the samples after annealing. The
film is completely converted to 3-Ga,O3 at Ty = 720°C-740°C.
The difference between ex situ (Ta) and in situ (Tu) phase transi-
tion temperatures arises from using a different annealing system as
well as the different heating/cooling rates. On the other hand, the
SAG a-GayO3 layer shows a small diffraction peak from f-Ga, O3 at
Tu = 680 °C-700 °C, but the diffraction peak from a-Ga,O3 0006
still clearly remains upon heating at Ty = 800 °C [Fig. 4(d)]. The
weak intensity from the 8-Ga,O; reflexes suggests that the dislo-
cation concentrated a-Ga, O3 layer above the mask region did not
completely convert to the f-phase. The SAG a-Ga;O3 was also
exposed to thermal annealing at Ta = 800 °C for 10 h, and the XRD
profile was measured by the Rigaku ATX system. The uniformly
grown a-Ga,0s film with a thickness of a few hundred nm com-
pletely converted to the f8-phase after annealing at Ta = 650 °C for
30 min [Fig. 2]. On the other hand, the intensity of the diffraction
peak from the f-phase does not increase, and the SAG a-Ga;O;
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FIG. 4. (a) Bird's-eye and (b) cross-sectional SEM images of the SAG a-Ga; 03
on c-plane sapphire with a 3 ym-diameter dot-patterned mask, symmetric high
temperature XRD 26/w scan profiles for (c) the a-Ga,0; film and (d) the SAG
a-Gay03 in the temperature range of 25 °C-800 °C, and (e) the symmetric XRD
26l w scan profile of the SAG Ga, 05 after annealing at T = 800 °C for 10 h. The ¢
|lattice parameter of (f) sapphire and (g) a-Ga; 03 obtained using high temperature
XRD. The red triangles, blue diamonds, and black circles show the parameters of
the a-Ga; 05 film, the SAG a-Ga, 03 on c-plane sapphire, and a c-plane sapphire
as received, respectively. The black dashed lines show the reported values in the
previous studies.

keeps the corundum structure after annealing at Ta = 800 °C for
10 h [Fig. 4(e)]. These results indicate that the thermal stability of
a-Gay O3 is dramatically enhanced by using the SAG technique, as
expected.

From the diffraction peak positions of the HT-XRD scan pro-
files, lattice parameters (c) and thermal expansion coefficients (o)
of the a-Ga;03 layers and the sapphire substrates were calculated
as second-order polynomials by regression analysis of the data
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TABLE |. Temperature variation of lattice parameters (c) and thermal expansion coefficients («) of sapphire and a-Ga,05.

scitation.org/journal/adv

Material c[A] a[/°C]
SAG 12.985 +9.721 x 107°T + 1.498 x 1073T? 7.487 x 107% +2.252 x 107°T — 2.814 x 107172
Sapphire FILM 12.988 + 7.973 x 107°T + 2.711 x 1078 T? 6.141 x 107% + 4.136 x 107°T — 4.747 x 107 * 12
Reference 39 12.9815 + 11.2939 x 10T — 9321 x 1077 T2 8.11 x 107° (20 °C-800°C)
SAG 13.4282 + 1.236 x 1074T + 1.895 x 107812 8.338 x 107® + 4.681 x 107°T — 7.0116 x 107472
a-Ga, 03 FILM 13.4511 + 1.122 x 1074T + 3.193 x 107812 9.206 x 107° +2.739 x 107°T — 4.203 x 10”412

Reference 40

13.4178 + 1.254 x 1074T + 4.478 x 107812

9347 x 107° + 6.591 x 107°T + 4.478 x 10”412

(Table T). As a reference, the XRD measurement was also con-
ducted for a bare c-plane sapphire substrate. In order to show the
reproducibility of the measurement as well as investigate the lat-
tice parameters in detail, we also conducted HT-XRD measure-
ments for the a-Ga, O3 layers with smaller temperature intervals. For
Tu < 600 °C, an interval (heating rate) of 25 °C was used, and for
Tu > 600°C, 10°C, and 20 °C were adopted for the a-Ga,03 film
and the SAG a-Ga, O3, respectively. The measured lattice parameter
(¢) of the c-plane sapphire substrates agreed well with that reported
by Yim, not changed by the growth of a-Ga,Os [Fig. 4(f)].”” The
lattice length of the SAG a-Ga,Os3 layer was close to the reported
value,”’ while the a-Ga,O3 film showed a ~0.02 A longer lattice
parameter than that of the reported one in the entire range of Ty
[Fig. 4(g)]. The a-Ga,O3 film was not completely relaxed and was
subject to slight in-plane compressive strain at room temperature
after growth due to the thin film thickness of around 120 nm, which
was observed for the sample grown at Ty > 600 °C. The dependence
of the a-Ga,O3 growth on growth temperature will be reported in
detail elsewhere. The calculated thermal expansion coefficients of
all the samples were slightly smaller than the value in the previous
study, but they were larger than that of sapphire (Table I).

The phase stability of a-Ga,O3 on c-plane sapphire was
enhanced by decreasing the film thickness and utilizing the SAG
technique. The a-Ga, O3 films used here were almost fully relaxed
even when the thickness was as thin as around 20 nm [Fig. S1],
indicating similarly high density of dislocations in thicker a-Ga, O3
films. The dislocation density in a a-Ga,O3 layer on c-plane sap-
phire has been reported to be in the order of 10" cm™2.2%% In
addition, the dense dislocation a-Ga;O3 area grown in the window
region did not completely transform to 3-Ga, O3 at Ta/Twu = 800 °C,
even though the thickness was as large as 500 nm. From these results,
it can be concluded that the dislocation density in a-Ga,O3 was
not defining the stability boundary of a-Ga,O3 on sapphire at the
present stage and another factor such as the thermal stress in a-
Ga, 03 is likely to be contributing to the phase transformation to
B-Ga;03. However, such defects could be the starting point of the
phase transformation to the -phase and be crucial for phase stabil-
ity. Experimentally, a-Ga;O3 has a larger thermal expansion coef-
ficient than that of sapphire, and the difference of the coefficients
becomes larger at higher temperature,’*’ leading to a strain in a-
Ga;03 as well as sapphire, as shown schematically in Fig. 5. The
experimental thermal expansion coefficient in this study also showed
the same tendency. By decreasing the film thickness or using the
selective area growth, the stress can be released, resulting in the

enhancement of phase stability. It is also possible that the phase
transition to the f-phase arises from an inhomogeneous strain in
a-Ga,03. At the present stage, the small amount of f-Ga,Os is
included in the SAG a-Ga, O3 after annealing, but the inclusion is
probably due to the strain on the window region where a-Ga,0Os is
subject to the strain from the sapphire substate. This suggests that a
free-standing high-quality a-Ga,O3 bulk maintains the corundum
structure at temperatures higher than 800 °C without undesirable
phase conversion.

In conclusion, the thermal stability of a-Ga,03 films and an
SAG a-Ga, 03 on c-plane sapphire substrates was investigated in this
study. The XRD results conducted at room temperature for the sam-
ples after annealing at Ty revealed that the phase transition temper-
ature of the a-Ga, O3 films increased as the film thickness decreased,
regardless of the growth conditions. The TEM observations for the
a-Gay O3 film revealed phase transition to the S-phase with the ori-
entation relationship of 3-Ga, 03 [201] || @-Ga,O3/sapphire [0001].
The HT-XRD measurement gave phase information at a given tem-
perature in situ and showed that the a-Ga, O3 film converted to the
B-phase in the same annealing temperature range as that observed
in the XRD measurement for the samples after annealing at Ta,
but the orientation [2101]/ [301] of B-Ga,03 parallel to [0001] of a-
GayO3/sapphire was detected as well. In addition, the SAG a-Ga; O3
enhanced the thermal stability of a-Ga; O3, maintaining the a-phase
after annealing at 800 °C for 10 h, although a small diffraction peak
from the -phase was observed in the XRD profile. The strain aris-
ing from the difference between the thermal expansion coefficient

Wrapping
a-Ga,04

sapphire

a-Ga,0; Film

a-Ga,0;

During annealing

sapphire

Room temperature

FIG. 5. Schematics of the relationship between an a-Ga,0; fim/SAG a-Ga,03
and a sapphire substrate at room temperature and at annealing temperature.
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of sapphire and that of a-Ga,Os is likely to be crucial for the phase
stability boundary. From these results, a-Ga, O3 is expected to main-
tain a corundum structure at temperatures higher than 800 °C by
removing the stress in a-Ga,O3 by, for example, the fabrication
of a-Ga,O3 bulk grown by using the epitaxial lateral overgrowth
technique.

See the supplementary material for the reciprocal space maps
and TEM observations.
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