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Abstract

We investigated the effect of supply conditions of GaCl, O,, and additional HCI on the growth rate of

(0001) a-Ga203 by halide vapor phase epitaxy and the crystal properties. The parasitic gas-phase

reaction was markedly suppressed by supplying HCI gas in addition to GaCl and O, and a rapid

growth rate as high as 101 um/h was achieved. Thermodynamic analysis revealed that the addition of

HCI works to convert GaCl into GaCls, and it was elucidated that the parasitic gas-phase reaction was

suppressed because a-GaO3 was grown through the chemical reaction of GaCls; and the oxygen

sources (Oz and/or H»0), the equilibrium constant of which is much smaller than that when GaCl is

used. The full-width at half-maximum of the X-ray rocking curve of /012 diffraction measured in

skew-symmetric geometry decreased with increasing growth rate by increasing the precursor supply,

whereas that of symmetric 0006 diffraction did not show a systematic tendency. H and Cl impurities
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were detected in the unintentionally doped epilayers by secondary ion mass spectrometry. [Cl]

increased rapidly with increasing growth rate, reaching 1.4 x 10'8 cm™ at 101 pm/h. The VI/III ratio

difference did not have a significant effect on [H] or [Cl]. a-Ga,Os3 islands were formed through

selective area growth, and the lateral/vertical growth rate ratio decreased with increasing growth rate.
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1. Introduction

Corundum-structured a-Ga;Os3 is an ultra-wide bandgap semiconductor with a bandgap energy of Eg

=5.3 eV [1]. a-Gax0Os3 is promising for power device applications because of its very large bandgap,

and Schottky barrier diodes (SBDs) with very low on-resistance have been prepared. The on-

resistance/breakdown voltage of the SBDs were 0.1 mQcm?/531 V and 0.4 mQcm?/855 V [2]. a-

Gax0O; forms solid solutions with other corundum oxide families because of its ordinary crystal

structure. For example, a-(AliGai-,)203 can be grown without compositional limitation [3] unlike B-

(AL/Gai.,)203 [4]. Such solid solutions and their heterostructures are promising for the development

of high-performance devices. It is difficult to prepare a-Ga>O3 with p-type conductivity, similar to the

case of B-Gax0s. However, corundum-structured p-type oxides such as a-Ir»Oj3 are available to form

a hetero pr-junction [5], and metal-oxide-semiconductor field-effect transistors (MOSFETs) with a p-

type well layer have been prepared [6].

To realize high-performance and practical a-Ga,O3; power devices, we need to develop an epitaxial



growth technique that enables the growth of high-quality a-Ga;Os films with controlled electrical

conductivity at a reasonably low production cost. Mist chemical vapor deposition (mist-CVD) [1, 5]

and halide vapor phase epitaxy (HVPE) [7-9] have been shown to be promising approaches. Molecular

beam epitaxy (MBE) [10, 11] and metalorganic chemical vapor deposition (MOCVD) [12] have also

been investigated; however, a breakthrough in these methods is required to grow phase-pure thick o.-

Gax0; films. Currently, virtually all the reported a-Ga,O3 devices are based on mist-CVD grown films.

HVPE, the target growth technique of the present work, is characterized by a rapid growth rate and

high purity of the resulting crystals. HVPE of a-Ga,O3 is therefore promising for the growth of thick

drift layers or the fabrication of freestanding a-Ga>O3 wafers. Indeed, we have demonstrated very

large growth rates of a-Ga;O3 of over 100 um/h [7]. Furthermore, we observed that supplying HCI

gas in addition to GaCl and O» precursors dramatically increased the growth rate. However, the effect

of the additional HCI has not been investigated systematically, and the mechanism is not well

understood. Furthermore, the effects of precursor supply conditions and the growth rate on the

properties of the grown films have not yet been clarified in the presence of additional HCI.

Improvement of the crystal quality is also one of the most important technical issues for a-Ga>0s. o-

Gax0; is the high-pressure stable phase of Ga;Os3 and is metastable under ambient pressure [13],

similar to diamond. Therefore, melt-grown native substrates are not available, similar to the case for

most wide-bandgap semiconductors. Accordingly, a.-Ga>Os films are heteroepitaxially grown, usually



on sapphire substrates. The dislocation density of such a-Ga,Os films is typically as high as 10'° cm™

because of the large lattice mismatch [14]. Although we have demonstrated the remarkable reduction

of dislocation density to less than 5 x 10° cm™ by epitaxial lateral overgrowth (ELO) [14], the

technique remains in its infancy. To further improve the ELO technique, it is essential to clarify the

growth behavior of the a-Ga»Os islands.

In the present work, we systematically investigated the effect of additional HCI supply on the HVPE

growth rate of a-Ga,03, and thermodynamic analysis was utilized to clarify the mechanism. We have

also investigated how precursor supply conditions under the existence of additional HCI affects the

growth characteristics and crystal properties, including ELO-grown a-Ga>O3 island morphology. To

further improve the crystal quality of a-Ga>O3 by HVPE and to apply the technique to device mass

production, it is essential to understand the basic growth characteristics and background mechanisms.

We believe that this report greatly contributes to that objective.

2. Experimental

HVPE of a-GaxO3 was performed in a lab-made horizontal quartz reactor (Fig. 1) at atmospheric

pressure. GaCl, and Oz (>99.99995% pure) were supplied as the gallium and oxygen precursors,

respectively. N> was used as the carrier gas (dew point < —110°C). The temperatures of the growth

zone and Ga source zone were fixed at 520°C and 570°C, respectively. GaCl,; was synthesized by the

chemical reaction of Ga metal (>99.99999% pure) and HCI gas (>99.999% pure) in the Ga source



zone. The conversion efficiency was very high, and virtually 100% of the HCI gas was consumed to
produce GaCl,. GaCl is dominantly produced through the reaction when the temperature is sufficiently
high, whereas GaCls is dominant at low temperatures. Thermodynamic analysis indicated that more
than 98% of the GaCl, should be GaCl at 570°C [7]. Indeed, no significant changes in the growth rate
of a-Ga03 were observed when the Ga source zone temperature was increased, indicating that the
molar fraction of GaCl was almost saturated at 570°C. Accordingly, we assumed that the flow rate of
GaCl from the Ga container (denoted as Fo(GaCl)) was equal to that of the HCI gas supply into the Ga
container. The HVPE apparatus was equipped with an additional gas line outside the Ga container,
which supplied HCl gas (the flow rate is denoted by Fo(HCl)) without contacting Ga metal. This
additional HCl gas plays a critical role in realizing high-speed growth, as mentioned in the introduction.
The GaCl and additional HCI were transferred to the growth zone separately from the O, gas (the flow
rate is denoted by Fo(0Oz)). The sum of Fo(GaCl), Fo(HCl), and the carrier gas flow rate was fixed at 3

slm. The sum of Fo(O>) and the carrier gas flow rate was fixed at 5 slm.
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Figure 1. Schematic illustration of HVPE reactor and temperature profile.



An a-Gax0s epilayer was grown on a c-plane sapphire substrate under the growth conditions described

above to investigate the effect of the gas flow conditions. Each growth was performed in two steps.

First, an approximately 0.3-pum-thick a-Ga,Os layer was grown at 12 pm/h (Fo(GaCl) = 10 scem,

Fo(HCI) = 10 scem, Fo(O2) = 100 sccm); then, the gas flow rates were switched to those of the target

condition for the second layer. The thickness of the second layer was fixed at approximately 3 pum.

The growth rate was determined using an optical interference thickness meter. The surface morphology

was examined by field-emission scanning electron microscopy (FE-SEM). The phase purity and

twinning were examined using an XRD 20— scan and ¢ scan of the 1072 diffraction, respectively.

The structural quality was estimated from X-ray rocking curve (XRC) measurements. The impurity

concentrations were evaluated using secondary ion mass spectrometry (SIMS).

We also investigated the effect of the gas flow conditions on the shape of the a-Ga>O3 islands, which

were formed by selective area growth using a SiO; mask on c-plane sapphire. The mask pattern is

shown in Fig. 2. The growth was also conducted in two steps, and the nominal thickness of the second

layer (i.e., the thickness of a flat film grown under the same growth conditions) was fixed to be

approximately 4 pm. The island shape was observed by FE-SEM.
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Figure 2. Mask pattern for a-Ga20s3 island growth.



3. Results and discussion

3.1 Growth rate vs. Fo(GaCl), Fo(HCI), Fo(O>)

Figure 3(a) shows the growth rate as a function of Fo(HCI). When Fo(HCI) = 0, the growth rate only

gradually increased with increasing Fo(GaCl). During the growth run at Fo(GaCl) = 80 sccm without

the additional HCI supply, the inner wall of the rector tube and the substrate holder were covered with

white powder, which was formed by the parasitic gas-phase reaction. However, the gas-phase reaction

was markedly suppressed by increasing Fo(HCI), and the growth rate increased dramatically. The

growth rate began to decrease upon further increase of Fo(HCI).

Figure 3(b) shows the growth rate as a function of Fo(GaCl) under the presence of additional HCI. The

growth rate increased monotonically with increasing Fo(GaCl), reaching 101 pum/h. The surface

remained specular even at the highest growth rate (Fig. 4).

Figure 3(c) shows the growth rate as a function of Fo(O>) in the presence of additional HCI. The growth

rate first increased with increasing Fo(O2) and then decreased. At Fo(O2) = 300 sccm, the flow rate at

which the growth rate began to decrease, the formation of white powder was observed.
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Figure 3. Growth rate of a-Ga20s3 as a function of (a) Fo(HCI), (b) Fo(GaCl), and (c) Fo(O2).



Figure 4. A 2-inch a-Ga>O3 epi-wafer grown at ~100 pm/h (Fo(Ga-HCl)
=80 sccm, Fo(HCI) = 100 sccm, Fo(Oz2) =250 scem).

3.2 Thermodynamic analysis and comparison with experimental results

As described above, the addition of HCI is effective in suppressing the gas-phase reaction, and it is

possible to increase the growth rate to a level that cannot be reached only by the optimization of GaCl

and O: supply. To clarify the mechanism, thermodynamic analysis was utilized to estimate the

equilibrium vapor pressures of the gas species in the Group III nozzle of the HVPE reactor (Fig. 1).

The calculation procedure is described in Appendix. GaCl, H,, HCI, and N are supplied in the nozzle.

Note that H; is the by-product of GaCl, and the feed rate should be 1/2 of Fo(GaCl). Then, equilibrium

chemical reaction (1) can occur:

GaCl+2HCl = GaCls + Ho. (1)

Figure 5 shows the calculated equilibrium partial pressures as a function of temperature (Fo(GaCl) =

40 scem, Fo(HCI) = 100 scem). Po(X) and P(X) denote the supply partial pressure and equilibrium

partial pressure of gas species X, respectively. When the temperature is high enough, almost no GaCls

is produced, and P(GaCl) remains virtually equal to Po(GaCl). The equilibrium of (1) moves to the



right-hand side at low temperatures to increase P(GaCls) and P(H»). At 520°C, the growth zone

temperature of the present work, 97% of GaCl should be converted into GaCls. Because H; is supplied

as a by-product of GaCl and GaCls into the growth atmosphere, H>O should be produced and

contribute to the growth as an oxygen source. Therefore, Ga>O3 can be produced through the following

chemical reactions:

2GaCl + 3/20, = Ga,0s + Cl )

2GaCl + 3H:0 = Ga,03 + 2HCl + 2H, (3)

2GaCls + 3/20, = Ga,03 + 3CL )

2GaCls + 3H,0 = Ga,0s + 6HCL 5)

Note that the contribution fraction of (2)—(5) to the epitaxial growth should be dependent on the ratios

of Po(GaCl)/P(GaClz) and VI/IIL
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Figure 5. Calculated equilibrium partial pressures of GaCl, H2, GaCls, and HCl as a function of temperature.

Figure 6 plots K»(T)—Ks(T), the equilibrium constants of the chemical reactions (2)—(5), as a function

of temperature [15]. The fitting parameters when the equilibrium constants are approximated by



K(T)=a+b/T +clogT are summarized in Table I. K4(7) and K5(7) are much smaller than K»(7)

and K3(7) at approximately 520°C. This finding suggests that the probability of homogeneous

nucleation by the gas-phase reaction would be much smaller when GaCls is used. Therefore, the

conversion of GaCl to GaCls with the addition of HCI should be effective to suppress the parasitic

reaction, and the experimental results can be explained well with this mechanism. Suppression of the

parasitic reaction using GaCls; was also reported for HVPE of -Ga,O3, where GaCls; was produced by

the reaction of GaCl and Cl, [16, 17].
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Figure 6. Equilibrium constants of chemical reactions to produce Ga20s as a function of temperature.

Table 1. Fitting parameters for Ka(T)—K5(T)

a b c
Kx(T) 3.66 x 10! 5.01 x 10* 3.84
K3(T) -3.44 x 10! 2.21 x 104 5.89
K4(T) -3.26 2.28 x 104 -1.20 x 10!
Ks(T) -9.45 3.28 x 10° 3.00

Figures 7(a)—(c) show the calculated equilibrium partial pressures as a function of Po(HCI). In any

case, conversion of GaCl to GaCls proceeds with increasing Po(HCl). P(GaCls) is saturated when

Po(HCI) exceeds 2Po(GaCl), and most of the further increase of Po(HCIl) remains unreacted. The



unreacted HC1 works as an etching gas to decrease the growth rate. The experimental growth rate data
in Fig. 3(a) is replotted in Figs. 7(a)—(c) as a function of Po(HCI). When Pyo(GaCl) = 0.67 kPa (Fo(GaCl)
=20 sccm), the growth rate peak position agrees well with the position at which P(GaCls) levels off
and P(HCI) starts rapidly increasing (Fig. 7(a)). However, for higher Po(GaCl), the growth rate reached
a maximum at lower Po(HCI) than expected (Figs. 7(b), (c)). This result most likely occurs because

the actual P(GaCls) saturates at lower Po(HCI) than expected because of the insufficient gas mixing.
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Figure 7. Calculated equilibrium partial pressures of GaCl, H2, GaCls, and HCI as a function of Po(HCI) under
fixed Po(GaCl). (a) Po(GaCl) = 0.67 kPa (20 sccm), (b) Po(GaCl) = 1.33 kPa (40 sccm), (¢) Po(GaCl) =2.67 kPa

(80 sccm). The experimental growth rates are also shown. O2 supply for all the growth was Fo(O2) =250 sccm.

Figure 8 shows the calculated equilibrium partial pressures as a function of Po(GaCl) under the

presence of additional HCl. P(GaCls) increases with increasing Po(GaCl) and levels off because of the

shortage of Po(HCIl). Most of the further increase of Po(GaCl) remains unreacted and directly

contributes to the epitaxial growth. The experimental growth rate data in Fig. 3(b) is replotted Fig. 8.

The growth rate increased with increasing Po(GaCl), and the slope decreased when Po(GaCl) exceeded

the point at which P(GaCls) saturated and P(GaCl) started increasing rapidly. This result most likely



occurred because of the decrease in the growth efficiency resulting from the parasitic reaction along

with the epitaxial growth through chemical reaction (2) and/or (3).
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Figure 8. Calculated equilibrium partial pressures of GaCl, H2, GaCls, and HCI as a function of Po(GaCl)
under fixed Po(HCl1) = 3.33 kPa (100 sccm). The experimental growth rates are also shown. O2 supply for all

the growth was Fo(O2) = 250 sccm.

3.3 Surface morphology of flat epilayers

Figures 9(a)—(d) present SEM images of the a-Ga,O3 epilayers grown at various Fo(HCI). At Fo(HCI)

= 0 sccm (Fig. 9(a)), a large part of the precursors was consumed by the parasitic reaction, and the

resulting particles were observed on the surface together with a high density of dimples, which were

likely to be formed by the influence of the parasitic reaction. At Fo(HCI) = 60 sccm (Fig. 9(b)), the

particles were not observed, but the dimples still existed. At Fo(HCI) =80 sccm, (Fig. 9 (¢)), the surface

was smooth. Note that we controlled the gas supply so that the precursors run out a bit earlier than the

additional HCI at the end of the growth to suppress the parasitic reaction throughout. The surface

roughness increases at the highest HCI supply of Fo(HCI) = 100 sccm (Fig. 9 (d)) was probably because
g g pply ) g p y

the surface was slightly etched after the growth by residual HCI in the HVPE reactor.



Fo(HCI) = 80 sccm, 90 um/h

Figure 9. Bird’s-eye-view SEM images of a-Ga20s epilayers grown at (a) Fo(HCI) = 0 sccm,
(b) Fo(HCI) = 60 sccm, (c) Fo(HCl) = 80 sccm, and (d) Fo(HCl) = 100 sccm. Fo(GaCl) and

Fo(0O2) were fixed at 80 and 200 sccm, respectively.

Figures 10(a)—(c) present SEM images of the a-Ga,O3 epilayers grown at various Fo(GaCl). The

surface hillocks tended to be larger with increasing Fo(GaCl), although all the sample surfaces were

specular to the human eye.

i Fo(GaCl) = 20 sccm, 27um/h

Figure 10. Bird’s-eye-view SEM images of a-Ga,0s epilayers grown at (a) Fo(GaCl) = 20 sccm, (b) Fo(GaCl)
=40 sccm, (c) Fo(GaCl) = 80 sccm. Fo(HCI) and Fo(O2) were fixed at 100 and 250 sccm, respectively.

Figures 11(a)—(d) present SEM images of the a-Ga O3 epilayers grown at various Fo(O). The surface

hillocks tended to be larger when Fo(O2) was increased. For Fo(O2) = 300 sccm, the flow rate at which



growth rate tended to decrease, particles were observed on the surface (Fig. 11(d)) because the HCI

supply was not enough to suppress the parasitic reaction. The increase of surface roughness observed

in Figs. 10(a)-(c) and Figs. 11 (a)-(c) can be attributed to the nucleation on a terrace, which should be

enhanced by the increase of the growth driving force, in addition to the incorporation along a step edge

on the epilayer surface.

2 um

Figure 11. Bird’s-eye-view SEM images of a-Ga203 epilayers grown at (a) Fo(O2) = 105 sccm, (b)
Fo(0O2) =165 scem, (c) Fo(O2) =250 scem, (d) Fo(O2) =300 sccm. Fo(GaCl) and Fo(HCI) were fixed

at 80 and 100 sccm, respectively.

3.4 XRD results

Only diffraction peaks from (0001) plane of a-Ga,Os3, except those from the substrate, were observed

in the XRD 20— scan profiles (not shown) of all the samples. ¢-scan profiles of the 7072 diffraction

(not shown) of all the samples exhibited a three-fold symmetric pattern; hence, no twinning was



detected.

Figure 12(a) shows the XRC-FWHMs of the 0006 and 1012 diffractions, measured in symmetric and

skew-symmetric geometries, respectively, as a function of Fo(HCI). The FWHM of the 1012

diffraction (twist angle) had a minimum near Fo(HCI) = 60 sccm, whereas the FWHM of the 0006

diffraction (tilt angle) behaved in the opposite way. Note that the twist and tilt angles reflect the density

of dislocations having screw and edge component, respectively [18, 19].

Figure 12(b) shows the tilt and twist angles as a function of Fo(GaCl). The twist angle decreased with

increasing Fo(GaCl), whereas the tilt angle did not show any systematic tendency. The slope of the

twist angle decreased above Fo(GaCl) = 40 sccm, the flow rate at which Po(GaCl) started increasing

rapidly in Fig. 8. This tendency implies that the use of GaClz would be better than the use of GaCl

from the viewpoint of structural quality.

Figure 12(c) shows the tilt and twist angles as a function of Fo(O2). The twist angle decreased with

increasing Fo(O2), whereas the tilt angle did not show any systematic tendency. However,

improvement of the twist angle leveled off at Fo(O2) = 300 sccm, a flow rate at which the parasitic

reaction was obvious.

The twist angles in Figs. 12(a)—(c) are replotted in Fig. 12(d) as a function of growth rate. The twist

angle decreased with increasing growth rate when the growth rate was controlled using Fo(GaCl) or

Fo(0y) as the parameters. At the same growth rate, the structural quality was better when the VI/III



ratio was higher. In general, crystal quality tends to be worse in most cases when the growth rate is

too high. However, the opposite tendency was observed in the present work. This tendency could be

attributed to the increase of surface roughness at high growth rates. In general, dislocation lines tend

to be perpendicular to the crystal surface to minimize the elastic energy. Accordingly, the dislocation

lines bend when they meet inclined surface to annihilate by making dislocation loops. As a result,

density of dislocations propagating along the film normal direction can be decreased. This principle

has been widely utilized to produce high-quality GaN crystals [20], and also applied to a-Ga>O3 [14].

In addition, nucleation on a terrace and coalescence of the nuclei, which are likely to be enhanced

under large growth driving force, would cause tensile strain to reduce surface energy [21], and such

tensile strain could work to reduce the crystal volume through the elimination of extra half plains,

leading to the reduction of edge dislocation density. To clarify the mechanism of the quality

improvement in the present case, we are preparing cross-sectional TEM to observe the behavior of

dislocations in the high-speed grown samples. The results would be published elsewhere. When

Fo(HCI) was used as the parameter, the twist angle decreased with increasing the growth rate, then

reached a minimum at approximately 80 um/h. In this case, the crystal quality could be in a trade-off

relationship between the formation/suppression of unexpected particles formed by the parasitic

reaction and the “rough-surface effect” described above.
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Figure 12. XRC-FWHMs as a function of (a) Fo(HCI), (b) Fo(GaCl), (¢) Fo(O2).

(d) XRD-FWHM as a function of growth rate.

3.5 Impurity analysis by SIMS

SIMS measurements were performed to clarify the effect of Fo(X) on the impurity concentrations in

the unintentionally doped a-Ga>Os epilayers. The measured elements and detection limits are

summarized in Table II. Of the measured elements, only H and Cl were detected. Figures 13(a)—(b)

show [H] and [Cl] as a function of Fo(GaCl) and Fo(O>), respectively. Both [H] and [CI] increased

with increasing Fo(GaCl) or Fo(O>), and [Cl] increased more rapidly. These results are replotted in Fig.

13(c) as a function of growth rate. Both [H] and [Cl] increased with increasing the growth rate. This

tendency can be attributed to the decrease in the desorption probability of the H or Cl species from the

surface at high growth rates. We expected that [H] and [C1] would be higher for lower VI/III ratios, as

the partial pressures of the potential Cl source (GaCls) and H source (Hz) would be higher. In the case

of MOVPE of GaN, carbon doping can be controlled using V/III (NH3/TMGa, for example) ratio as a



parameter. The metalorganic (MO) precursors are thermally unstable at GaN growth temperatures, and
therefore they decompose to release the carbon source, i.e., hydrocarbon fragments [22]. As a result,
the carbon concentration in GaN increases with decreasing the V/III ratio [23]. However, in the present
case, both [H] and [CI] appeared to be dominated only by the growth rate as they appeared on a single
curve regardless of the VI/III ratio. This is probably because the possible sources of H and Cl, i.e.,

H>O and GaCly, respectively, are stable at the growth temperatures, and therefore the species can
contribute to the unintentional doping only when they take part in the crystal growth on the surface in

contrast to the case of carbon doping in MOVPE-GaN, in which hydrocarbon fragments can be

supplied from all the MO molecules present in the growth atmosphere.

Table II. Measured elements and detection limits of SIMS

Element H C N Si S Cl
D. L. [cm?] 5% 1010 5x 10 5x 101 2 x 101 5x 10 2 x10%
15 _ 15 : . 15
o s — 14 oo
@ 7 o . T ,,
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g 1.0 Fy(HCl)= 100 sccm g 1.0 Fy(HCl) = 100 sccm q = 10p| = {El‘]]l'g;cs\esrgise,s)
= ! - 5 O [H] (0, series)
o o = S
= = ] /
£ osl 1 Sos . 1 £ osl o i
c c % o .
g oM g CHL, 5 T
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Figure 13. Concentrations of H and Cl impurities as a function of (a) Fo(GaCl), (b) Fo(O2). (c) Concentrations of H and

Cl as a function of growth rate.



3.6 Island morphology

Figures 14(a)—(f) present SEM images of the a-Ga>Os islands grown on a sapphire substrate with a

SiO, mask on top under various Fo(GaCl). a-Ga,Os3 islands were successfully grown even at the

highest growth rate of 101 um/h. Under smaller Fo(GaCl) condition, the lateral/vertical growth rate

ratio tended to be smaller, and the vertical (1120) facet area increased. Nucleation of polycrystal

grains was observed on the mask when Fo(GaCl) > 40 sccm. Although the nucleation was also

observed on the island facets when Fo(GaCl) = 80 sccm, it was limited to the bottom part of the islands,

and therefore, such grains should be buried soon.

Fo(GaCl) = 20 sccm, 27um/h Fo(GaCl) = 40 sccm, 69 pm/h

™% (5 1 |
4 ' L—

Vi =25 . VVII =125 o Vi =6.3 )
Figure 14. SEM images of a-Ga203 islands grown at (a), (b) Fo(GaCl) = 20 sccm, (c), (d) Fo(GaCl) = 40
scem, (), (f) Fo(GaCl) = 80 sccm. Fo(HCI) and Fo(O2) were fixed at 100 and 250 sccm, respectively. Note
that VI/III = 2Fo(02)/Fo(GaCl).

Figures 15(a)—(f) present SEM images of the a-Ga,0O3 islands grown on a sapphire substrate with a
Si0, mask on top under various Fo(O2) conditions. For smaller Fo(O>), the lateral/vertical growth rate

ratio tended to be smaller. Comparing Figs. 15(a)—(b) and Figs. 14(a)—(b) (both grown at 27 um/h)



and Figs. 15(c)—(d) and Figs. 14(c)~(d) (both grown at 69 um/h), it was observed that the (1014)

facet area on the island top was smaller under lower VI/III conditions and the nucleation density on

the mask was smaller.

Fo(O,) = 105 sccm, 27 um/h

Fo(O,) = 250 sccm, 101 um/h

Vi =2.6 Vi =4.1 Vi =6.3

Figure 15. SEM images of a-Ga203 islands grown at (a), (b) Fo(O2) = 105 sccm, (c), (d) Fo(O2) = 165 scem,
and (e), (f) Fo(O2) = 250 sccm. Fo(GaCl) and Fo(HCI) were fixed at 80 and 100 sccm, respectively. Note

In general, growth morphology of a crystal is determined by the growth rate ratio between the crystal
planes, and a crystal plane with slower growth rate should have larger area [24]. The growth rate ratio
can be discussed in terms of incorporation efficiency of constituent atoms, which should be sensitively
affected by the microscopic surface structure and the growth conditions such as temperature and
degree of super saturation, etc. [24, 25]. However, the island morphology observed here may not be
intrinsic because they were closely adjacent with each other. For example, the reduction in the
lateral/vertical growth rate ratio at lower precursor supply is likely because a large part of precursors

was consumed at the upper facets and only a limited amount was supplied to the bottom parts,



evidenced by the decrease of nucleation on the mask with decreasing the precursor supply observed

in Figs. 14 and 15. The intrinsic morphology needs to be investigated in a future work. For this purpose,

the distance between islands need to be large enough so that precursors are supplied uniformly.

4. Summary

We investigated the effect of the precursor supply and additional HCI on the HVPE growth rate and

crystal properties of a-Ga,0s. The parasitic gas-phase reaction was suppressed by supplying HCI in

addition to the precursors, and a very high growth rate as high as 101 pm/h was achieved.

Thermodynamic analysis revealed that the addition of HCI works to convert GaCl into GaCls, and the

parasitic reaction was suppressed because a-Ga>O3 was grown via the chemical reaction of GaCl; and

the oxygen sources, the equilibrium constant of which is much smaller than that when GaCl is used.

All the a-Ga,O3 epilayers grown in the present work were confirmed to be phase-pure and twin-free

by XRD regardless of the VI/III ratio or growth rate. The twist angle decreased with increasing growth

rate by controlling Fo(GaCl) or Fo(O2), whereas the tilt angle did not show any systematic tendency.

H and Cl impurities were detected by SIMS in all the samples investigated in the present work. [C],

[N], [Si], and [S] were below the detection limits. [H] and [CI] increased with increasing growth rate,

reaching 3 x 107 cm™ and 1.4 x 10'® cm™3, respectively, at 101 um/h. At the same growth rate,

changing the VI/III ratio did not affect [H] or [CI]. a-Ga,O3 islands were successfully formed by

selective area growth using a SiO, mask even at 101 um/h. The lateral/vertical growth rate ratio of the



islands increased with increasing Fo(GaCl) or Fo(O2). The (1014) facet area become smaller and

parasitic nucleation on the mask decreased at lower VI/III ratios at the same growth rate.

5. Appendix: Thermodynamic analysis

GaCl, H,, HCI, and N> were supplied in the group III nozzle of the HVPE reactor, and chemical
reaction (1) occurred:

GaCl + 2HCl = GaClz + Hz. (1)

The equilibrium constant K;(7) of this reaction is approximated as follows [26]:

8.93 x 103 .
log K, (T) = —5.54 + —— 570X 10~tlogT (1)

The law of mass action is expressed as follows:

P(GaCly)P(H,)
P(GaCl)P(HCL)?

=K(T) (i)

Because the growth occurs under atmospheric pressure,

P(GaCl) + P(HCL) + P(GaCls) + P(H,) + P(N,) = 100 kPa (iii)

The molar decrease of GaCl and molar increase of GaCls should be the same:

Py(GaCl) — P(GaCl) = P(GaClsy) — Py(GaCls) (iv)

The molar increases of GaCl; and H should be equal:

P(GaCl3) — Py(GaCl3) = P(Hy) — Py(H,) (v)

The molar decrease of HCI should be twice the molar decrease of GaCl:



P,(HCL) — P(HCL) = 2{Py(GaCl) — P(GaCl)} (vi)

The equilibrium partial pressures of P(GaCl), P(HCI), P(GaCls), P(O2) can be determined by solving

the simultaneous equations (ii)—(vi).
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Figure captions

Fig. 1. Schematic illustration of HVPE reactor and temperature profile.

Fig. 2. Mask pattern for a-Ga>O3 island growth.

Fig. 3. Growth rate of a-Ga,0s as a function of (a) Fo(HCI), (b) Fo(GaCl), and (c) Fo(O>).

Fig. 4. A 2-inch a-Ga,O3 epi-wafer grown at ~100 um/h (Fo(Ga-HCI) = 80 sccm, Fo(HCI) = 100 sccm,



Fo(O2) =250 sccm).

Fig. 5. Calculated equilibrium partial pressures of GaCl, H,, GaCls, and HCI as a function of

temperature.

Fig. 6. Equilibrium constants of chemical reactions to produce Ga,0Os as a function of temperature.

Fig. 7. Calculated equilibrium partial pressures of GaCl, H,, GaCls, and HCI as a function of Po(HCI)

under fixed Po(GaCl). (a) Po(GaCl) = 0.67 kPa (20 sccm), (b) Po(GaCl) = 1.33 kPa (40 sccm), (c)

Py(GaCl) = 2.67 kPa (80 sccm). The experimental growth rates are also shown. O supply for all the

growth was F(O2) =250 sccm.

Fig. 8. Calculated equilibrium partial pressures of GaCl, H,, GaCls, and HCl as a function of Po(GaCl)

under fixed Po(HCI) = 3.33 kPa (100 sccm). The experimental growth rates are also shown. O, supply

for all the growth was Fo(O2) = 250 sccm.

Fig. 9. Bird’s-eye-view SEM images of a.-Ga>Os epilayers grown at (a) Fo(HCI) = 0 sccm, (b) Fo(HCI)

= 60 sccm, (¢) Fo(HCI) = 80 scem, and (d) Fo(HCI) = 100 sccm. Fo(GaCl) and Fo(O2) were fixed at

80 and 200 sccm, respectively.

Fig. 10. Bird’s-eye-view SEM images of a-Ga>Oj3 epilayers grown at (a) Fo(GaCl) = 20 sccm, (b)

Fo(GaCl) = 40 scem, (¢) Fo(GaCl) = 80 sccm. Fo(HCI) and Fo(O2) were fixed at 100 and 250 sccm,

respectively.

Fig. 11. Bird’s-eye-view SEM images of a.-Ga>Os epilayers grown at (a) Fo(O2) = 105 sccm, (b) Fo(O2)



=165 sccm, (c) Fo(O2) = 250 sccm, (d) Fo(O2) = 300 sccm. Fo(GaCl) and Fo(HCI) were fixed at 80

and 100 sccm, respectively.

Fig. 12. XRC-FWHMs as a function of (a) Fo(HCI), (b) Fo(GaCl), (c) Fo(O2). (d) XRD-FWHM as a

function of growth rate.

Fig. 13. Concentrations of H and CI impurities as a function of (a) Fo(GaCl), (b) Fo(O2). (c)

Concentrations of H and Cl as a function of growth rate.

Fig. 14. SEM images of a.-Ga,Os islands grown at (a), (b) Fo(GaCl) =20 sccm, (¢), (d) Fo(GaCl) =40

sccm, (), (f) Fo(GaCl) = 80 sccm. Fo(HCI) and Fo(O) were fixed at 100 and 250 sccm, respectively.

Note that VI/III = 2F(02)/Fo(GaCl).

Fig. 15. SEM images of a-GaxOs islands grown at (a), (b) Fo(O2) = 105 sccm, (c), (d) Fo(O2) = 165

sccm, and (e), (f) Fo(O2) = 250 sccm. Fo(GaCl) and Fo(HCl) were fixed at 80 and 100 sccm,

respectively. Note that (¢) and (f) are the same images as Figs. 14(e) and (f), respectively.



