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Thermodynamic analysis and experimental demonstration of 3-Ga,O3 growth by metalorganic vapor phase epitaxy using triethylgallium (TEG) and
oxygen (O,) precursors were performed. Thermodynamic analysis revealed that the O, supplied is preferentially used for the combustion of
hydrocarbons and H, derived from TEG. Therefore, the use of high growth temperatures and high input VI/lI ratios is essential for the complete
combustion of hydrocarbons and H, and 3-Ga,O3 growth. The use of an inert gas as the carrier gas was also determined as necessary to grow
B3-Gay03 at high temperatures. Based on these results, a (201) oriented smooth 3-Ga,O3 layer could be grown on a c-plane sapphire substrate at
900 °C with a growth rate of 1.4 um h~" at an input VI/II ratio of 100. The grown layer showed a clear optical bandgap of 4.84 eV, and impurity
concentrations of hydrogen and carbon were below the background levels of the measurement system.

© 2021 The Author(s). Published on behalf of The Japan Society of Applied Physics by IOP Publishing Ltd

1. Introduction

Beta gallium oxide (8-Ga,0;) is expected to have a large
dielectric breakdown field of ca. 8 MV cm™ 'V from a large
bandgap of 4.4-4.9 eV,>™ with a theoretically predicted
maximum room temperature electron mobility of
200 cm? V! 57! Therefore, the Baliga’s figure of merit for
(-Ga,05 is much larger than that of other wide bandgap
semiconductors such as GaN and 4H-SiC,"® so that (3-Ga,03
has been attracting considerable attention in recent years as a
promising material for future power devices. In addition, the
availability of large-diameter single crystal substrates prepared
from high-quality bulk crystals grown by the melt-growth
method is also boosting device development.” For the
development of devices that can demonstrate the material
potential of 3-Ga,0;, homoepitaxial growth methods of drift
layers with low electron densities and high electron mobilities
are indispensable, and various epitaxial growth methods such as
molecular beam epitaxy,"'*'? halide vapor phase epitaxy
(HVPE),"*' mist chemical vapor deposition (mist CVD),'®
pulsed laser deposition,'” and low-pressure CVD'® have been
investigated to meet these requirements.

Several groups have also recently embarked on growth of
(3-Ga,05 by metalorganic vapor phase epitaxy (MOVPE)."*>?
Although MOVPE is a very attractive method for the fabrica-
tion of device structures due to its steep growth controllability
and capability of (AlLGa;_,),05/GayO; heterostructure
growth,23’24) carbon (C) contamination by metalorganics used
for group-III precursors has long been a concern. Nevertheless,
the growth of layers with low n-type carrier densities in the mid
10" cm ™2 and electron mobilities that exceed 170 cm® V' 57!
have begun to be reported using triethylgallium (TEG) and O,
as precursors, and Ar as carrier gas.”>*" These results may have
benefited from the use of TEG because TEG is decomposed by
(-hydrogen elimination at low temperatures, where ethyl
groups are eliminated as ethylene, even in a carrier gas without

H,.>® Even now, tuning of the growth conditions is being
actively investigated to further reduce the incorporation of
impurities in the grown layer and improve the growth rate, but
little has been clarified regarding the dynamics of chemical
reactions behind the MOVPE growth of (-Ga,05.29

Thermodynamic analysis on the vapor phase epitaxial
growth system of crystals is a powerful tool to associate
crystal growth conditions with chemical reactions that occur in
the system. As such, thermodynamic analyses of HVPE and
MOVPE for many III-V compound semiconductor crystals
have enhanced our chemical understanding of growth, and the
results have contributed to the growth of high-quality crystals
and have also been utilized in the development of growth
apparatus.”’ =" For -Ga,0s, we have previously performed
thermodynamic analysis on growth by HVPE to clarify the
optimum growth conditions,”>*® from which high-speed
growth of high-purity and/or intentionally-doped homoepi-
taxial layers was achieved.'>!%323%9 However, to the best of
our knowledge, there have been no reports on the thermo-
dynamic analysis of MOVPE growth for 3-Ga,0;.

In this paper, a thermodynamic analysis was performed on the
MOVPE growth of 8-Ga,05 using TEG and O, as precursors to
elucidate the dynamics of chemical reactions and the conditions
suitable for growth. MOVPE growth of (3-Ga,O3 under these
suitable conditions was then experimentally verified.

2. Thermodynamic analysis

2.1. Calculation procedure

Thermodynamic analysis of (3-Ga,O; growth by MOVPE
using TEG and O, as precursors' " was conducted. It is
assumed that a mixture of an inert gas (IG) such as He, Ar, or
N, and H, is used as the carrier gas. TEG is irreversibly
decomposed by the homogeneous reaction of [-hydrogen
elimination at temperatures above 400 °C, which forms
gallane (GaHs3) and ethylene (C,H,) gases, even without H,
in the carrier gas.”> Therefore, for thermodynamic analysis at
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a temperature of 500 °C or higher, the starting gaseous 1
species are GaH;, C,Hy, O,, where IG and H, are used as the Poan Pg
carrier gas. Under the thermal equilibrium above the 5-Ga,03 K(T) = #, (13)
substrate, the following 16 gaseous species coexist: GaHs, Gah
GaHz, GaH, Ga, Ga(OH), GaO, GazO, C2H4, C2H2, C2H6, P p
CO,, CO, 0,, H,0, H, and IG. These gaseous species are Ky (T) = “GaH Hy (14)
associated by the following equilibrium reactions: GaHs
1
GaHs(g) = GaHa(g) + —~Ha(2), () 3
2 PGaPH
K(T) = —, (15)
GaH3
GaHs(g) = GaH(g) + Ha(g), (2)
P P
3 Ki(T) = — 2L, (16)
GaHs(g) = Ga(g) + EHZ(g)’ (3 Galz 0,
Ks(T) = 22920 (17
GaHs(g) + O2(g) = Ga(OH)(g) + H,0O(g), 4) .
PGaP02
3
2Ga(g) + EOZ(g) = (-Ga,05(s), 5) P
Ko(T) = —22, (18)
1 PGaPC%z
Ga(g) + EOZ(g) = GaO(g), ©)
PGy
1 Ky(T) = —2-, (19)
2Ga(g) + EOZ(g) = Ga,0(g), ) P&, P3,
H = C,H H Pcy, P
CyHu(g) = CoHax(g) + Ha(g), (8) Ke(T) = Lembm 20)
P,
CyHa(g) + Ha(g) = CHe(g), ©
Pcu
Ko(T) = —=—= | 21
CaHa(g) + 30(2) = 2C0s(g) + 2H:0(),  (10) ) = P @b
C2Hi(g) + 204(g) = 2CO(g) + 2H,0(g). (11 P2, P2,
Kio(T) = ——=, (22)
1 C2H4P02
Hy(g) + EOZ(g) = HO(g). (12)
The characteristic of this system is that there are species with K ((T) = PoP 1-2120 23)
different ratios of Ga and O (0-Ga,Os(s), GaO(g), and GH, POz,
Ga,0(g)), and unlike the MOVPE growth of III-V com-
pounds, the combustion of hydrocarbons (C,Hy(g), CoHa(g),
and C,Hg(g)) and H, must be considered. The law of mass
action for equilibrium reactions (1)—(12) can be written as:
Table I. Fitting parameters for calculation of the equilibrium constants as a function of 7 (in Kelvin).
Reactions a b c
GaHy(g) = Gal(g) + %Hz(g) —1.10 x 10’ -2.12 x 10° 4.87 x 10°
GaH;(g) = GaH(g) + Hy(g) —9.36 x 10° —475 x 10° 5.08 x 10°
Gab() = Ga(g) + > Ha(e) —9.45 x 10° ~7.72 x 10° 5.78 x 10°
GaHs(g) + 0,(g) = Ga(OH)(g) + H,0(g) —~1.38 x 10 2.66 x 10 4.56 x 10°
2Ga(g) + 30a(g) = $-Gay05(s) —3.75 x 10’ 8.59 x 10* 2.66 x 10°
Ga(g) + %Oz(g) — GaO(g) ~1.45 x 10° 6.55 x 10° ~2.88 x 10
2Ga(g) + %oz(g) = Ga,O(g) —4.64 x 10° 3.35 x 10* ~1.28 x 10°
C,H4(2) = CyHy(g) + Ha(2) 3.42 x 10° -9.14 x 10° 1.02 x 10°
CyH4(2) + Ha(g) = CoHg(2) —5.24 x 10° 7.19 x 10° —5.00 x 107"
CoHy(g) + 301(g) = 2C05(g) + 2H,0(g) 2.73 x 10" 6.89 x 10* —5.07 x 10"
CoHy(g) + 20,(2) = 2CO(g) + 2H,0(g) 1.15 x 10! 3.92 x 10* —1.14 x 10°
Ha(e) + —0s(e) = H20(2) 2.28 x 1072 1.26 x 10* -8.37 x 107"
© 2021 The Author(s). Published on behalf of
045505-2 The Japan Society of Applied Physics by IOP Publishing Ltd
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Py,
Kip(T) = —2°—.

P H sz

(24)

Here, K,,(T'), P, and ag.ga,0, are the equilibrium constant of
the equilibrium reaction (n) depending on the growth
temperature (7), the equilibrium partial pressures of gaseous
species i, and the activity of 3-Ga,Os, respectively, where the
value of ag.Ga,0, can be assumed to be 1 in this case. K, (T)

can be calculated using the thermochemical tables** > and
can be fitted by the following equation:
b
log,, K, (T) = a + T + ¢ -log,, 7T, (25)

where a, b, and c are fitting parameters, and their best fit
values for each chemical reaction are summarized in Table 1.
The total pressure (Ry) given by the sum of the equilibrium
partial pressures for each gaseous species is constant; there-
fore, the following equation is satisfied:

15

TPTOEG‘*‘PE2
27 o (o) (o)
TPTEG""PHZ + Pig

3

1 1
EPGal-lg + Pgan, + EPGaH + EPGa(OH) + 2Pcu, + Pon, + 3Pou, + Pu,0 + P,

Pot = PGans + PGan, + Pcan + Poa + Poaon) + Foao
+ PGa,0 + Pou, + Pon, + Poug + Pco, + Pco
+ Po, + Pn,0 + Pu, + Pic.
(26)

The stoichiometric relationship for the formation of 3-Ga,0;
satisfies the following equation:
UPheg — (o, + Poar, + Pous + Pou + Poaom + Poao + 2Peao)]
= %[P(‘;Z - (Poz + %PGa(OH) + %PGaO + %PGuQO + Pco, + %Pco + %PHzo)}
27
Here, Prgg and P, are the input partial pressures of TEG and
O,, respectively. The left side of Eq. (27) gives half the number
of Ga atoms lost from the vapor phase due to 3-Ga,O5 growth,
which is equal to the driving force for (3-Ga,O; growth
(APs.Ga,0,). Furthermore, the atomic numbers of hydrogen,
carbon, and IG in the vapor phase are invariant; therefore, the
following two equations are introduced:

3

oP. "lgEG

27 .
TPTEG+PH02+PI%:

1 1
EPGth + PG, + EPGaH + EPGa(OH) + 4Pcu, + 3Pch, + SPous + Pmo + Pu, + Pco, + Pco + P

; (28)

(29)

2Pcn, + 2Pcn, + 2PcHs + Pco, + Pco

3

where Py, and Pjg are the input partial pressures of H, and
IG, respectively. Equation (28) is the ratio of the number of
hydrogen atoms to the number of hydrogen, carbon and IG
atoms in the system, and Eq. (29) is the ratio of the number of
carbon atoms to the number of hydrogen, carbon and IG
atoms in the system.

The equilibrium partial pressures of gaseous species can be
calculated by solving the set of simultaneous equations under
certain growth conditions: 7, Ry, Prgg, the input VI/III ratio
(= 2P, / Prgc), and the mole fraction of H, in the carrier gas
(F° = P§,/(P§, + Pig)). Under thermal equilibrium, i.e.
under mass transportation limited growth, the growth rate
(GR) is given as:

GR = K, - AP3.Ga,05 (30

where K, is the mass transfer coefficient.”>”

2.2. Calculation results and discussion

Figure 1(a) shows the growth temperature dependence of the
equilibrium partial pressures of gaseous species over 3-GayOs
under conditions with By =20 Torr, Prgg =2.0 X 1072 Torr,

045505-3

1 1
EPGaHg + PGan, + EPGaH + EPGa(OH) + 4Pcu, + 3Pcn, + SPcu, + Pu,o + Pu, + Pco, + Pco + Pig

i

VI/II = 10, and F° = O (inert carrier gas). The vapor pressure of
pure Ga metal (PY,) is also included as a dotted line.”” The
equilibrium partial pressures of C,Hy, C,H,, and C,Hg are very
low and decrease with an increase in the growth temperature,
whereas those of H,, CO, CO,, and H,O remain high over the
entire temperature range investigated. This indicates that hydro-
carbons and H, cause combustion reactions with O, by chemical
reactions (8)—(12). In the MOVPE growth of GaN, a high
concentration of carbon has been reported to be incorporated into
a grown layer by the simultaneous supply of hydrocarbons.>®
Therefore, if the presence of CO and CO; in the system does not
cause carbon contamination (this will be mentioned again later in
this study), high-temperature growth is considered to be prefer-
able because the equilibrium partial pressures of hydrocarbons in
the system become low. Another aspect to consider is that the
equilibrium partial pressure of gaseous Ga is below Pga over the
entire temperature range investigated, which indicates that metal
Ga droplets are not formed on the 3-Ga,0O5 surface.

The growth temperature dependence of APs.ga,0, calculated

from the results in Fig. 1(a) is shown in Fig. 1(b), together with
© 2021 The Author(s). Published on behalf of
The Japan Society of Applied Physics by IOP Publishing Ltd
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Py: = 20 Torr, Pigg = 2.0 X 102 Torr, VI/IIl = 10, F°= 0
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Fig. 1. (Color online) (a) Equilibrium partial pressures of gaseous species
over 3-Ga,0; as a function of growth temperature. The dotted line indicates
the vapor pressure of pure Ga metal (Py,). (b) Growth temperature
dependence of APs.ga0, calculated for several values of F°. The growth
conditions other than F° are the same as in (a).

AP3.Ga,0, calculated for various F° under the same growth
conditions as in Fig. 1(a) except for F°. When F° is 0, AP;3.Ga,0,
is almost equal to Prgg /2 up to 900 °C, but decreases sharply as
the temperature increases above 900 °C, and then becomes
negative above 1020 °C indicating the decomposition (etching)
of 3-Ga,Os. Figure 1(a) shows that even when F° is 0, H,
derived from TEG is present in the system at a high equilibrium
partial pressure; therefore, 3-Ga,Os3 is considered to react with
H, and decompose at high temperatures. At around 1200 °C, the
equilibrium partial pressures of H,O and Ga,O become very
high, and the ratio of the equilibrium partial pressure of Ga,O
and H,O is almost 1:2. Therefore, 3-Ga,0O5; decomposes by the
same net reaction as the decomposition reaction in H, atmo-
sphere heat treatment, as shown by:*”

B-Ga;03(s) + 2Hx(g) = Ga,0(g) + 2H,0(g). €19

In addition, as F° increases, the temperature at which
APj3.Ga,0, becomes 0 shifts to a lower temperature. If F° is
0.01, i.e. the carrier gas contains 1% H,, then (-Ga,O3
cannot be grown at 1000 °C. Therefore, it can be concluded
that F° =0, i.e. the use of IG as a carrier gas, is preferable for
the MOVPE growth of (-Ga,O; at high temperatures. A
similar conclusion has been drawn for the HVPE growth of
/G-G3203.32)

045505-4

T=900°C, P, = 20 Torr, Pfeg = 2.0 X 102 Torr, F°= 0
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Fig. 2. (Color online) Dependence of the equilibrium partial pressures of
gaseous species over 3-Ga,05 (left axis) and the resultant APs.ga,05 (right
axis) on the input VI/III ratio under the growth conditions written on the top.
The vapor pressure of pure Ga metal (Pé'.d) is also included (dotted line).

Figure 2 shows the equilibrium partial pressures of gaseous
species over (3-Ga,O; and the resultant APs.g.,0, When the
input VI/II ratio is changed under growth conditions of
T=900 °C, By =20 Torr, P = 2.0 x 107 Torr, and F°
= 0. Near the input VI/III ratio of 20, the equilibrium partial
pressures of gaseous species, except IG, change suddenly. On
the side where the input VI/III ratio is lower than 20, the
equilibrium partial pressures of H,, CO, C,H,, C,H,, and
C,Hg increase due to incomplete combustion of hydrocar-
bons and H,. At the same time, as the input VI/III ratio
decreases, the equilibrium partial pressure of Ga,O increases
and exceeds Prgg, so that APs ga,0, becomes negative and
(-GayO3 is decomposed (etched). Therefore, if there is
insufficient O, in the system, then O, is preferentially
consumed for the combustion of hydrocarbons and H,, and
the H, remaining due to incomplete combustion decomposes
(etches) B-Ga,05 by reaction (31). On the other hand, on the
side where the input VI/III ratio is higher than 20, the
equilibrium partial pressures of O,, H,O, and CO, become
high, while those of H,, CO, C,H,, C,H,4, C,Hg, and gaseous
species containing Ga decrease. Therefore, when there is
sufficient O, in the system, hydrocarbons and H, combust
completely, and the remaining O, contributes to the growth
of 3-Ga,05. The complete combustion of hydrocarbons and
H, can also be confirmed by the equilibrium partial pressures
of CO, and H,O being almost equal to 6Prgg and 7.5Pfgg,
respectively. Furthermore, the Pg, required for the complete
combustion of carbon and hydrogen derived from TEG is
equal to 9.75Pfgg; therefore, the input VI/III ratio at which
combustion is completed is 19.5. This is the reason why the
equilibrium partial pressures of gaseous species change
suddenly near the input VI/III ratio of 20. When the input
VI/II ratio is increased, APs.ga,0, is rapidly increased to a
positive value in the input VI/III ratio range of 7-20 and then
becomes saturated at almost half the value of Ppgg. Therefore,
it is essential to use a high input VI/III ratio that allows

© 2021 The Author(s). Published on behalf of
The Japan Society of Applied Physics by IOP Publishing Ltd
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Fig. 3. (Color online) Phase diagram for 3-Ga,03 growth by MOVPE at 700 °C, 900 °C, and 1100 °C under R, of 20 Torr and F° of 0. The color intensity

indicates the magnitude of APjs_Ga,0,. Droplets occur when Pg, exceeds P(\;’a.

sufficient O, to remain, even after complete combustion of
the hydrocarbons and H,, for the MOVPE growth of
(-Ga,03. It should also be noted that the equilibrium partial
pressure of Ga is lower than B3, throughout this figure and no
Ga droplets are generated on the 3-Ga,O5 surface.

Figure 3 shows deposition phase diagrams that summarize
APj_Ga,0, obtained for Pfpg and input VI/II ratios at 700 °C,
900 °C, and 1100 °C under a B, of 20 Torr and F° of 0 G is
used as the carrier gas). The input VI/III ratio at which (3-Ga,0O5
can be grown (i.e. where APj3_ga,0, becomes positive) increases
with the growth temperature because H,, CO, and Ga(OH) have
high equilibrium partial pressures under high-temperature condi-
tions, so that more O, is required for their complete combustion.
Furthermore, Py, decreases with the growth temperature; there-
fore, when Prpg is high and the input VI/III ratio is low at 700 °
C [lower-right of Fig. 3(a)], Pg, becomes higher than Y, and Ga
droplets are formed. From these phase diagrams of deposition,
growth conditions favorable to obtain a large positive APs.Ga,0.
ie. a large growth rate, can be determined for the MOVPE
growth of 3-Ga,0;.

3. Growth experiment

3.1. Experimental methods

The growth of 5-Ga,0O3; was demonstrated using TEG and O,
precursors in an in-house-built MOVPE system with a
horizontal hot-wall quartz glass reactor. Figure 4 shows a
schematic diagram of the MOVPE system. The conditions

suitable for growth determined by the thermodynamic analysis
were adopted. Argon (Ar) was used as the carrier gas, i.e. F° is
0. The total pressure in the reactor (B,) was kept at 20 Torr
using a vacuum pump and pressure controller. The total gas
flow rate in the reactor was maintained at 1100 sccm, and the
TEG was supplied from a bubbler with a molar flow rate of
48.6 pmol min~ ', i.e. PG = 2.0 x 1072 Torr. The input VI/IIT
ratio was set to 100. The quartz glass reactor was heated to
800 °C-1000 °C with a multi-zone electric furnace, and a c-
plane sapphire substrate was placed in the center to attempt
(-Ga,05 growth. The growth time was fixed at 1 h.

The thickness and surface morphology of the grown layers
were evaluated by cross-sectional and surface observations
using field emission scanning electron microscopy (FE-SEM;
JEOL, JSM-6700F). The concentrations of the impurities (H,
C, N, and Si) incorporated in the grown layers were analyzed
by secondary ion mass spectrometry (SIMS; CAMECA,
IMS-7f) measurements. The optical bandgaps of the grown
layers were evaluated by measurement of the external
optical transmission spectra in the wavelength range of
200 nm—800 nm with an unpolarized light source using a
double-beam spectrophotometer (JASCO, V-7300). A blank
sapphire substrate was used as a reference. Interference
fringes in the spectra were also used to cross-check the
grown layer thickness. The crystal structures of the grown
layers were determined by the analysis of high-resolution X-
ray diffraction (XRD; Spectris, X’Pert MRD) 20w profiles.

| Electric furnace |

Pressure

Quartz glass reactor controller

o

I
Substrate

Pressure
controller

| |
TEG
Bubbler

(OR Ar

Fig. 4.
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(Color online) Schematic diagram of the in-house-built MOVPE system used for 3-Ga,O3 growth. MFC represents a mass flow controller.
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Fig. 5. (Color online) Dependence of growth rate on the growth
temperature. Error bars indicate measurement errors and/or variations due to
the measurement position. The dashed line shows the calculated growth rate
estimated by Eq. (30), where K, = 145 ym h™! Torr ! was used.

3.2. Experimental results and discussion

Figure 5 shows the growth rate at growth temperatures of
800 °C, 900 °C, and 1000 °C. A growth rate of ca. 1.4 um h!
was confirmed at growth temperatures of 800 °C and 900 °C,
whereas the growth rate dropped to ca. 0.8 umh ™" at 1000 °C.
The dashed line in Fig. 5 is the result of fitting the experimental
growth rate with Eq. (30) using APs.ga,0, obtained by the
thermodynamic analysis under the same conditions as the growth
experiment. Here, K, = 145 pym h™" Torr™" was used; this is 4-5
times larger than the value reported for the HVPE growth of
(-Ga,03 using GaCl and O, as source gases,32’33) which
suggests high utilization efficiency of TEG. In the range of
800 °C-900 °C, the experimental growth rate and the thermo-
dynamically calculated growth rate show good agreement, and
the growth rate is almost constant, regardless of the growth
temperature. However, at 1000 °C, the experimental growth rate
is much lower than the thermodynamically calculated growth
rate. The reason for this is currently unclear, but it is possible that
the sticking coefficient decreases at high temperatures, or that the
effective VI/III ratio on the substrate surface is lower than the
input VI/III ratio due to insufficient O, diffusion. Figure 3
indicated that when the effective VI/III ratio was ca. 20, the
thermodynamically calculated growth temperature dependence
of the growth rate was in good agreement with the growth
temperature dependence of the experimental growth rate in
Fig. 5. Further details will be clarified in future work.

Surface FE-SEM micrographs of the layers grown at each
growth temperature are shown in Fig. 6. While the layers
grown at 800 °C and 900 °C had smooth surfaces, the surface
of the layer grown at 1000 °C was rough and grain boundaries
were clearly visible. These grain boundaries are along three
directions equivalent to (1120) of the c-plane sapphire
substrate, which is a typical arrangement of (3-Ga,05(201)
layers grown on c-plane sapphire substrates.*”

Table II shows the results of SIMS measurements of the
concentration of impurities incorporated in the layers grown
at each growth temperature. The incorporation of both
hydrogen and carbon impurities was observed in the order of
10" ecm™ in the layer grown at 800 °C, but the
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Fig. 6. Surface FE-SEM micrographs of the layers grown on c-plane
sapphire substrates at various growth temperatures for 1 h: (a) 800 °C,
(b) 900 °C, and (c) 1000 °C.

Table Il. Impurity concentrations in MOVPE-grown layers at various
growth temperatures, and the background (B.G.) levels of each impurity in
the SIMS system. The relatively high B.G. levels of H and C impurities are
due to the electron gun used to prevent charging of the sapphire substrates.
The relatively high B.G. level of Si impurities is due to the low sputtering
rate of the 5-Ga,O; layers.

. . 3
Growth temperature Impurity concentration (cm™)

[H] [C] [N] [Si]
800 °C 4%10% 4x10® <BG  9x10"
900 °C < B.G. < B.G. <BG. 3x108
1000 °C < B.G. < B.G. <BG. 3x10"
Background (B. G.) levels 7 x 107 2x 10" 2 x 10" 8 x 10'®

of the elements

concentrations in the layers grown at 900 °C and 1000 °C
were below the respective background (B.G.) levels of these
impurities. In the previous section, we reported that when
growth is performed at high temperatures and high input VI/
III ratios, CO, and H,O are generated with high equilibrium
partial pressures by the complete combustion of hydrocar-
bons and H, derived from TEG. Therefore, these experi-
mental results suggest that the complete combustion of
hydrocarbons and H, can reduce the incorporation of carbon
and hydrogen into the grown layer. However, the reductions
may be due to the increase in growth temperature. We will
investigate the details in future work. Nitrogen concentrations
were also below the B.G. level in layers grown at all growth
temperatures. In the layers grown at 900 °C and 1000 °C,
impurity incorporation was detected only for Si, both
showing almost the same Si impurity concentration, and
this was higher than that in the layer grown at 800 °C. No Si-
containing gas was used in this growth experiment; therefore,
it is considered that the origin of the Si impurities was the
reaction of the quartz glass (SiO,) reactor wall with H,
present in the growth system to generate gaseous SiO.***"
However, the incorporation of Si impurities is expected to be
suppressed in the future through the careful selection of
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Fig. 7. (Color online) External optical transmission spectrum for a
(3-Ga,03 layer grown at 900 °C for 1 h on a c-plane sapphire substrate. The
inset shows the XRD 20— scan profile of the same sample.

reactor materials; therefore, it is not considered to be a
serious problem.

Finally, Fig. 7 shows the results of external optical
transmittance measurements and the XRD 26-w scan profile
of the layer grown at 900 °C for 1 h. The smooth surface of
the grown layer, as shown in Fig. 6(b), resulted in high
transmittance of 90%-95% and clear interference fringes in
the visible light region. The thickness of the grown layer
estimated from these fringes using the refractive index
calculated from the Cauchy dispersion model*” was 1.19
pm, which is consistent with the grown layer thickness
obtained by cross-sectional FE-SEM observations. The
optical bandgap was estimated to be 4.84 eV (= 256 nm)
from the absorption edge of the transmittance, which is close
to the previously reported values for 3-Ga,03.>** In the
XRD 20-w profile, a strong 3-Ga,05(402) peak and a weak
3-Ga,05(310) peak were observed, which indicate that a
highly (201)-oriented (3-Ga,0O layer was grown on the c-
plane sapphire substrate by the MOVPE method.

4. Conclusions

Thermodynamic analysis and demonstration of (3-Ga,03
growth by MOVPE using TEG and O, precursors were
performed. The reaction mechanism was investigated by
calculating the equilibrium partial pressures of gaseous
species that coexisted in the growth system, and favorable
growth conditions were clarified. O, supplied to the growth
system was consumed by the combustion of hydrocarbons
and H, derived from TEG before being used in the growth of
(3-Ga,05. Therefore, a high input VI/III ratio (a high input
partial pressure of O,) and a high growth temperature were
determined as preferable for the MOVPE growth of 5-Ga,0;
to achieve complete combustion of hydrocarbons and H,.
Furthermore, H, in the growth system causes a decrease of
APj3.Ga,0, (i-e. etching); therefore, it is preferable not to add
H, into the carrier gas (F°=0). The MOVPE growth of
(-Ga,03 on c-plane sapphire substrates was demonstrated
based on the thermodynamic analysis results. A growth rate
of approximately 1.4 ymh~' was achieved at 800 °C and
900 °C with no Ga droplet formation. In addition, the
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incorporation of carbon and hydrogen impurities into the
grown layer was reduced at and above 900 °C, which
suggests that CO, and H,O generated by the complete
combustion of hydrocarbons and H, may not become doping
gases of carbon or hydrogen. The 3-Ga,Oj; layer grown on
the c-plane sapphire substrate was a highly (201) oriented
crystal with a smooth surface and high optical transmittance
for visible light. These results indicate that the MOVPE
growth of 3-Ga,0Oj; is thermodynamically controllable, and
the results of this work provide insights for not only
improvement in the quality of $-Ga,O5; grown layers, but
also for the growth of (Al,Ga;_,),0s.

Acknowledgments

The authors wish to thank Ms. Sakiko Yamanobe, who is
now at ALPS ALPINE CO., Ltd. for help with the thermo-
dynamic analysis, and Dr. Zheng Ye and Prof. Shugo Nitta of
Nagoya University for fruitful discussions and valuable
suggestions. Part of this work was supported by a Grant-in-
Aid for Scientific Research on Innovative Areas (No.
16H06417) from the Japan Society for the Promotion of
Science (JSPS) and by the Institute of Global Innovation
Research, Tokyo University of Agriculture and Technology,
Japan.

ORCID iDs

Ken Goto @ https://orcid.org/0000-0002-3371-0020
Kazutada Ikenaga @ https://orcid.org/0000-0002-0755-5872
Yoshinao Kumagai https://orcid.org/0000-0001-8475-
9468

1) M. Higashiwaki, K. Sasaki, A. Kuramata, T. Masui, and S. Yamakoshi,
Appl. Phys. Lett. 100, 013504 (2012).
2) H. H. Tippins, Phys. Rev. 140, A316 (1965).
3) H. Peelaers and C. G. Van de Walle, Phys. Status Solidi B 252, 828 (2015).
4) T. Onuma, S. Saito, K. Sasaki, T. Masui, T. Yamaguchi, T. Honda, and
M. Higashiwaki, Jpn. J. Appl. Phys. 54, 112601 (2015).
5) N. Ma, N. Tanen, A. Verma, Z. Guo, T. Luo, H. Xing, and D. Jena, Appl.
Phys. Lett. 109, 212101 (2016).
6) B.J. Baliga, J. Appl. Phys. 53, 1759 (1982).
7) Z. Galazka et al., J. Cryst. Growth 404, 184 (2014).
8) A. Kuramata, K. Koshi, S. Watanabe, Y. Yamaoka, T. Masui, and
S. Yamakoshi, Jpn. J. Appl. Phys. 55, 1202A2 (2016).
9) K. Hoshikawa, T. Kobayashi, Y. Matsuki, E. Ohba, and T. Kobayashi,
J. Cryst. Growth 545, 125724 (2020).
10) K. Sasaki, A. Kuramata, T. Masui, E. G. Villora, K. Shimamura, and
S. Yamakoshi, Appl. Phys. Express 5, 035502 (2012).
11) H. Okumura, M. Kita, K. Sasaki, A. Kuramata, M. Higashiwaki, and
J. S. Speck, Appl. Phys. Express 7, 095501 (2014).
12) P. Mazzolini, P. Vogt, R. Schewski, C. Wouters, M. Albrecht, and
O. Bierwagen, APL Mater. 7, 022511 (2019).
H. Murakami et al., Appl. Phys. Express 8, 015503 (2015).
14) K. Goto, K. Konishi, H. Murakami, Y. Kumagai, B. Monemar,
M. Higashiwaki, A. Kuramata, and S. Yamakoshi, Thin Solid Films 666,
182 (2018).
15) J. H. Leach, K. Udwary, J. Rumsey, G. Dodson, H. Splawn, and K.
R. Evans, APL Mater. 7, 022504 (2019).
16) S. Lee, K. Kaneko, and S. Fujita, Jpn. J. Appl. Phys. 55, 1202B8 (2016).
17) K. D. Leedy et al., Appl. Phys. Lett. 111, 012103 (2017).
18) S. Rafique, M. R. Karim, J. M. Johnson, J. Hwang, and H. Zhao, Appl. Phys.
Lett. 112, 052104 (2018).
19) M. Baldini, M. Albrecht, A. Fiedler, K. Irmscher, R. Schewski, and
G. Wagner, ECS J. Solid State Sci. Technol. 6, Q3040 (2017).
20) Y.Zhang, F. Alema, A. Mauze, O. S. Koksaldi, R. Miller, A. Osinsky, and J.
S. Speck, APL Mater. 7, 022506 (2019).
) Z.Feng, A. F. M. A. U. Bhuiyan, M. R. Karim, and H. Zhao, Appl. Phys.
Lett. 114, 250601 (2019).
© 2021 The Author(s). Published on behalf of
The Japan Society of Applied Physics by IOP Publishing Ltd

Y
wW
=

- ==

2

-


https://orcid.org/0000-0002-3371-0020
https://orcid.org/0000-0002-3371-0020
https://orcid.org/0000-0002-3371-0020
https://orcid.org/0000-0002-0755-5872
https://orcid.org/0000-0002-0755-5872
https://orcid.org/0000-0002-0755-5872
https://orcid.org/0000-0001-8475-9468
https://orcid.org/0000-0001-8475-9468
https://orcid.org/0000-0001-8475-9468
https://orcid.org/0000-0001-8475-9468
https://doi.org/10.1063/1.3674287
https://doi.org/10.1103/PhysRev.140.A316
https://doi.org/10.1002/pssb.201451551
https://doi.org/10.7567/JJAP.54.112601
https://doi.org/10.1063/1.4968550
https://doi.org/10.1063/1.4968550
https://doi.org/10.1063/1.331646
https://doi.org/10.1016/j.jcrysgro.2014.07.021
https://doi.org/10.7567/JJAP.55.1202A2
https://doi.org/10.1016/j.jcrysgro.2020.125724
https://doi.org/10.1143/APEX.5.035502
https://doi.org/10.7567/APEX.7.095501
https://doi.org/10.1063/1.5054386
https://doi.org/10.7567/APEX.8.015503
https://doi.org/10.1016/j.tsf.2018.09.006
https://doi.org/10.1016/j.tsf.2018.09.006
https://doi.org/10.1063/1.5055680
https://doi.org/10.7567/JJAP.55.1202B8
https://doi.org/10.1063/1.4991363
https://doi.org/10.1063/1.5017616
https://doi.org/10.1063/1.5017616
https://doi.org/10.1149/2.0081702jss
https://doi.org/10.1063/1.5058059
https://doi.org/10.1063/1.5109678
https://doi.org/10.1063/1.5109678

Jpn. J. Appl. Phys. 60, 045505 (2021)

K. Goto et al.

22)
23)
24)
25)

26)

WN NN
o O 0o N
= =<

G. Seryogin, F. Alema, N. Valente, H. Fu, E. Steinbrunner, A. T. Neal,

S. Mou, A. Fine, and A. Osinsky, Appl. Phys. Lett. 117, 262101 (2020).
A. F. M. A. U. Bhuiyan, Z. Feng, J. M. Johnson, Z. Chen, H.-L. Huang,
J. Hwang, and H. Zhao, Appl. Phys. Lett. 115, 120602 (2019).

P. Ranga, A. Rishinaramangalam, J. Varley, A. Bhattacharyya, D. Feezell,
and S. Krishnamoorthy, Appl. Phys. Express 12, 111004 (2019).

M. Yoshida, H. Watanabe, and F. Uesugi, J. Electrochem. Soc. 132, 677
(1985).

G. Wagner, M. Baldini, D. Gogova, M. Schmidbauer, R. Schewski,

M. Albrecht, Z. Galazka, D. Klimm, and R. Fornari, Phys. Status Solidi A
211, 27 (2014).

A. Koukitu and H. Seki, J. Cryst. Growth 49, 325 (1980).

A. Koukitu, T. Suzuki, and H. Seki, J. Cryst. Growth 74, 181 (1986).

A. Koukitu, N. Takahashi, and H. Seki, Jpn. J. Appl. Phys. 36, L1136 (1997).
A. Koukitu, S. Hama, T. Taki, and H. Seki, Jpn. J. Appl. Phys. 37, 762
(1993).

Y. Kumagai, K. Takemoto, J. Kikuchi, T. Hasegawa, H. Murakami, and
A. Koukitu, Phys. Status Solidi B 243, 1431 (2006).

K. Nomura, K. Goto, R. Togashi, H. Murakami, Y. Kumagai, A. Kuramata,
S. Yamakoshi, and A. Koukitu, J. Cryst. Growth 405, 19 (2014).

33)

34)
35)

36)
37)

38)

39)
40)

41)
42)

43)

045505-8

K. Konishi, K. Goto, R. Togashi, H. Murakami, M. Higashiwaki,

A. Kuramata, S. Yamakoshi, B. Monemar, and Y. Kumagai, J. Cryst.
Growth 492, 39 (2018).

M. W. Chase, NIST-JANAF Thermochemical Tables (American Institute of
Physics, College Park, MD, 1998) 4th ed.

L. V. Gurvich et al. (ed.) Thermodynamic Properties of Individual
Substances (USSR Academy of Sciences, Moscow, 1994) Vol. 3.

M. Tirtowidjojo and R. Pollard, J. Cryst. Growth 77, 200 (1986).

O. Knacke et al. (ed.) Thermochemical Properties of Inorganic Substances
(Springer, Berlin, 1991) 2nd ed.

X. Li, O. Danielsson, H. Pedersen, E. Janzén, and U. Forsberg, J. Vac. Sci.
Technol. B 33, 021208 (2015).

R. Togashi et al., Jpn. J. Appl. Phys. 54, 041102 (2015).

G. Pozina, C.-W. Hsu, N. Abrikossova, M. A. Kaliteevski, and

C. Hemmingsson, Sci. Rep. 10, 22261 (2020).

S. Tojo et al., J. Cryst. Growth 446, 33 (2016).

M. Rebien, W. Henrion, M. Hong, J. P. Mannaerts, and M. Fleischer, Appl.
Phys. Lett. 81, 250 (2002).

K. Goto, H. Nakahata, H. Murakami, and Y. Kumagai, Appl. Phys. Lett.
117, 222101 (2020).

© 2021 The Author(s). Published on behalf of
The Japan Society of Applied Physics by IOP Publishing Ltd


https://doi.org/10.1063/5.0031484
https://doi.org/10.1063/1.5123495
https://doi.org/10.7567/1882-0786/ab47b8
https://doi.org/10.1149/1.2113929
https://doi.org/10.1149/1.2113929
https://doi.org/10.1002/pssa.201330092
https://doi.org/10.1002/pssa.201330092
https://doi.org/10.1016/0022-0248(80)90168-2
https://doi.org/10.1016/0022-0248(86)90262-9
https://doi.org/10.1143/JJAP.36.L1136
https://doi.org/10.1143/JJAP.37.762
https://doi.org/10.1143/JJAP.37.762
https://doi.org/10.1002/pssb.200565208
https://doi.org/10.1016/j.jcrysgro.2014.06.051
https://doi.org/10.1016/j.jcrysgro.2018.04.009
https://doi.org/10.1016/j.jcrysgro.2018.04.009
https://doi.org/10.1016/0022-0248(86)90302-7
https://doi.org/10.1116/1.4914316
https://doi.org/10.1116/1.4914316
https://doi.org/10.7567/JJAP.54.041102
https://doi.org/10.1038/s41598-020-79154-9
https://doi.org/10.1016/j.jcrysgro.2016.04.030
https://doi.org/10.1063/1.1491613
https://doi.org/10.1063/1.1491613
https://doi.org/10.1063/5.0031267
https://doi.org/10.1063/5.0031267

	1. Introduction
	2. Thermodynamic analysis
	2.1. Calculation procedure
	2.2. Calculation results and discussion

	3. Growth experiment
	3.1. Experimental methods
	3.2. Experimental results and discussion

	4. Conclusions
	Acknowledgments
	A6



