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Abstract 

A new approach to β-Ga2O3 single crystal growth was studied, using the vertical Bridgman (VB) 
method in ambient air, while measuring the β-Ga2O3 melting temperature and investigating the 
effects of crucible composition and shape. β-Ga2O3 single crystals 25 mm in diameter were grown in 
platinum-rhodium alloy crucibles in ambient air, with no adhesion of the crystals to the crucible wall. 
Single crystal growth without a crystal seed was realized by (100) faceted growth with a growth 
direction perpendicular to the (100) faceted plane. 

 
A2 Bridgman technique, A2 Growth from melt, A2 Single crystal growth, 

B1 Oxides, B2 Semiconducting gallium compounds 
 
 
1. Introduction 
 

β-Ga2O3 is an oxide semiconductor with a large band gap of 4.7 - 4.9eV [1,2]. It is expected to be 
useful in future power devices featuring high power, high breakdown voltage and high current 
density [3-5]. β-Ga2O3 single crystals can be grown from a melt [6-9], as can semiconductor silicon 
crystals and oxide crystals such as sapphire and LiNbO3. Thus it is likely that we will be able to 
produce large size crystals economically and in an energy-efficient manner, rather than bulk crystals 
of SiC and/or GaN. 

β-Ga2O3 bulk crystals have until now been grown by optical floating-zone (OFZ) [7,10,11], 
Czochralski (CZ) [6,8,12] and edge-defined film-fed growth (EFG) [9,13] methods. β-Ga2O3 crystals 
can generally be produced in ambient air by OFZ growth because the method requires no crucible. 
Crystals grown by the OFZ are dimensionally limited due to the limited size of the light spot. 
β-Ga2O3 crystals produced by the CZ and EFG methods have been grown from melts in iridium 
crucibles, and β-Ga2O3 substrates grown by the EFG method have recently become commercially 
available [9]. However, these two methods have some technical problems, such as the necessity of 
atmosphere control due to the use of an iridium crucible.  

An oxidizing atmosphere is desirable for β-Ga2O3 crystal growth because β-Ga2O3 is an oxide 
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material that undergoes reductive decomposition (Ga2O3 → 2Ga + 3/2O2) at high temperature 
[6,8,12,14,15]. However, iridium crucibles are not useful in atmospheres with more than a few 
percent of oxygen partial pressure at the high temperature required to melt β-Ga2O3 because iridium 
will easily oxidize and evaporate under those conditions [12,16]. This presents an atmosphere control 
problem for β-Ga2O3 crystal growth in an iridium crucible. Furthermore, crystal pulling from the 
melt (OFZ, CZ, EFG) may complicate diameter control, especially in the case of thermally unstable 
compounds such as β-Ga2O3. 

We are studying the growth of β-Ga2O3 single crystals by the VB [17,18] method. Diameter 
control is unnecessary in the VB method because the diameter is determined by the inner diameter of 
the crucible. Additionally, growing β-Ga2O3 crystals in air might be a reasonable expectation because 
of the possibility of using crucibles made of a platinum-based alloy in a very low temperature 
gradient, so we have explored a new approach to β-Ga2O3 single-crystal growth in ambient air. In 
this paper we report our investigation, in which we measured the melting temperature of β-Ga2O3, 
designed a crucible of a suitable material and shape, grew β-Ga2O3 crystals by the VB method 
without seeding, and characterized the crystals grown. 
 
 
2. Experiment 
 

A schematic diagram of the VB growth furnace used in this experiment is shown in Fig. 1. A 
radio-frequency induction heating furnace was constructed, with a work coil, heat shields, a heater, a 
crucible, a thermocouple and a crucible shaft with a rotation and translation mechanism. The 
radio-frequency of the work coil was 15 kHz. The heat shields were constructed from zirconia and 
alumina ceramics. The heater was made of Pt-Rh (70-30%) alloy with a melting temperature of more 
than 2173 K. The crucible was made of a platinum-rhodium alloy, inner diameter 25 mm, and 50 mm 
long. Fig. 2 shows diagrams of the temperature distribution in the furnace (Fig. 2(a)) and the growth 
processes (Fig. 2(b)). In the preparation process, a sintered body of β-Ga2O3 raw material was set in 
the crucible. In the growth process, the raw material was melted and VB growth was carried out by 
raising (Fig. 2(b-1)) and lowering (Fig. 2(b-2)) the crucible through the temperature regions shown in 
Fig. 2(a) at a suitable rate, typically 0.5 mm/h with a rotation of 3 rpm. It was very important to 
measure the temperature precisely because we could not observe the melting and growth processes 
inside the crucible. For the temperature measurement, we used a B-type thermocouple that could 
measure temperatures up to 2093 K in air. 

The crystals grown were cut and both sides mirror-polished as experimental specimens with a 
(100) plane about 0.5 mm thick. A crossed polarizer was used to evaluate the low-angle grain 
boundaries (LAGBs). X-ray topography was also used to evaluate the LAGBs, the internal residual 
stress and the dislocation distribution. Impurity analysis was carried out by GDMS (Toray Research 
Center, Inc.). 



 
 
3. Results and Discussion 
 
3.1 Melting temperature of β-Ga2O3 

It was necessary to find the precise melting temperature of β-Ga2O3 for designing the material 
and the shape of the crucible to be used for the VB method. However, there have been many reports 
of widely differing β-Ga2O3 melting temperatures: 1998 K [9, 19], 2013 K [19, 20], 2067 K [15], 
2068 K [21], 2080 K [22], and 2093 K [8,12]. Thus we had to determine the precise melting 
temperature of β-Ga2O3 in our furnace with an air atmosphere. 

The method used to measure the melting temperature of β-Ga2O3 is shown in Fig. 3. The 0.2 mm 
thick platinum-rhodium alloy container, charged with several grams of sintered β-Ga2O3, was set in 
the heating zone with a uniform temperature distribution in the furnace shown in Fig. 1. The heating 
power was slowly increased at a constant rate. The temperature change at the container bottom was 
measured, determined by a B-type thermocouple welded to the container bottom as shown in Fig. 
3(a). A melting onset temperature of 2062 K and a melting completion temperature of 2066 K were 
observed, as shown in Fig. 3(b). The solidification of completely melted β-Ga2O3 was also observed 
during the heating power reduction stage, as shown in Fig. 3(b). It was confirmed that the sintered 
β-Ga2O3 in the container shown in Fig. 3(c) was changed to the solidified β-Ga2O3 shown in Fig. 3(d). 
This experiment showed that the melting temperature of β-Ga2O3 was about 2066 K in ambient air. 

The crucible material in the VB growth furnace must have and hold a melting temperature more 
than 50 K higher than the β-Ga2O3 melting temperature. We could design and construct the crucibles 
with a platinum-based, 10-to-20 percent rhodium alloy for the task of β-Ga2O3 crystal growth by the 
VB method in ambient air. 
 
3.2 Growth of β-Ga2O3 single crystals by the VB method 

Single crystals grown by the VB method without seeding in a full-diameter crucible, and in a 
conical crucible with a thin seed well, are shown in Fig. 4. The β-Ga2O3 crystal 25 mm in diameter 
and 25 mm long shown in Fig. 4(a) was grown in the full-diameter crucible shown in Fig. 4(a’) and 
the β-Ga2O3 crystal 25 mm in diameter and 20 mm long shown in Fig. 4(b) was grown in the conical 
crucible with a thin seed well shown in Fig. 4(b’). We could easily release the crystals grown in the 
crucibles by destructively peeling them from the crystals (stripping), and we observed that the crystal 
surfaces were very smooth and shiny. It is known that in the VB method, releasing the crystal 
without serious damage to it is very difficult due to its adhesion to the crucible. In the present 
instance, we found that β-Ga2O3 crystals did not adhere to our platinum-rhodium alloy crucibles with 
either vertical or conical walls. We conclude that single crystals of β-Ga2O3 can be grown not only in 
full-diameter crucibles but also in conical crucibles. 

Three representative crystals grown by the VB method without seeds are shown in Fig. 5. Crystal 



A (Fig. 5(a)) is a polycrystalline ingot, and crystal B (Fig. 5(b)) is a crystal ingot that was initially 
grown as a polycrystal and that abruptly changed to a single crystal, and crystal C (Fig. 5(c)) is a 
crystal ingot grown as a single crystal from the starting edge to the terminal edge of the ingot. It is 
well known that in the process of single crystallization by the VB method without a seed, a 
multicrystal with many growth directions nucleates at the starting edge, and the multiple growth 
directions gradually decrease in number due to growth rate anisotropy, finally yielding a single 
crystal. In our β-Ga2O3 growth, however, a very different process was observed, as the multicrystal 
changed abruptly to a single crystal as shown in crystal B, or a single crystal was grown from the 
starting edge, as initiated by a single crystal seed, as shown in single crystal C. We can conclude 
from this experiment that β-Ga2O3 single crystals are easily grown in a specific growth direction with 
very strong growth rate anisotropy. The specific direction will be discussed in the following section. 
 
3.3 Crystal growth habit and mechanism of β-Ga2O3 

The growth habit of a β-Ga2O3 single-crystal ingot spontaneously grown with a specific growth 
direction is shown in Fig. 6. The growth direction and some faceted planes observed on the ingots, 
grown without seeding, could be determined by observation and by X-ray analysis. We found that the 
top surface of the ingot was completely planar and mirror-like, and determined that it was a (100) 
plane. The specific growth direction, i.e. the direction from the bottom to the top of the ingot was in 
the direction perpendicular to the (100) plane. We considered from these findings that the (100) plane 
corresponded to the growth interface that resulted in faceted growth, as shown in a photograph (Fig. 
6(a)) and in a schematic diagram (Fig. 6(b)). Other facets with (001) and (-100) planes were also 
observed at a side surface of the ingot as shown in Figs. 6(a) and 6(b). As is well known, the angle 
between (100) and (001) is approximately 104 degrees [23, 24], as shown by the axis notation in Fig. 
6(c). We could also determine the [0-10] orientation perpendicular to both the [100] and the [001] 
orientations, as shown in Figs. 6(a) and 6(c). Fig. 7 shows photographs of a bottom view (Fig. 7(a)) 
and a side view (Fig. 7(b)) of an ingot that grew as a single crystal without seed. Note that a great 
number of needle-like crystals lined up in a [0-10] orientation were observed in a thin layer on the 
entire bottom plane as shown in the photograph of Fig. 7(a). However, we could observe that the 
needle like crystals suddenly changed to a single crystal within one millimeter growth from its 
starting edge at the crucible bottom as shown in Fig. 7(b). From the above observations, we can 
speculate that the reason why the β-Ga2O3 single crystals grew spontaneously in the direction 
perpendicular to the (100) plane with (100) faceted growth might be as follows. In the speculation, 
we consider that the temperature gradient in the growth direction near the growth interface was 
relatively large, likely larger than 10 K/cm, while the temperature gradient across the growth 
interface was small, likely smaller than 1 K/cm during growth of the crystal shown in Fig. 7 (a) and 
(b). Such temperature gradients may occur in the VB growth system. At the first step, β-Ga2O3 

micro-size crystals nucleated in the melt near the center of the crucible bottom where the melt was 
kept supercooled, and the micro-size crystals grew to needle-like crystals with [010] or [0-10] growth 



directions at the crucible bottom because of their easy growth orientations with higher growth rate 
despite the very small in-plane temperature gradient (less than 1 K/cm). Furthermore, many 
needle-like crystals that grew spontaneously fell into the same direction with relation to some partial 
temperature distribution and spread over the entire crucible bottom with the same growth orientations 
of [010] or [0-10] as shown in Fig. 7(a’) At the next step, when the needle-like crystals on the 
crucible bottom grew upwards into the melt through the growth interface (with its large temperature 
gradient more than 10 K/cm) as the crucible was pulled downwards, the growth directions, initially 
having very different in-plane orientations, were forced to align to an orientation perpendicular to the 
(100) plane due to the lower growth rate in the direction perpendicular to the (100) plane as shown in 
Fig. 7(b’). Finally, the (100) faceted growth was retained due to the very low growth rate under the 
large temperature gradient in the growth direction and a uniform lateral temperature distribution in 
the growth interface plane. Relevant to the large growth rate anisotropy mentioned above, it was 
reported by K. Sasaki et al. that the growth rate in the orientation perpendicular to (010) was highest, 
and about tenfold larger than the lowest rate in the direction perpendicular to the (100) plane in 
homo-epitaxial growth by ozone molecular beam epitaxy [25]. As for the large growth rate 
anisotropy between the orientations perpendicular to (010) and (100) planes, it is well known that the 
growth along the [010] is strongly favored because it is perpendicular to the normal directions of the 
strongest cleavage plane of β-Ga2O3 crystal, namely (100). Cleavage planes occur due to weak 
bonding, and are therefore well understood to show the lowest growth rates, which produces a strong 
facet plane. We conclude from our experimental results and these considerations that this faceted 
β-Ga2O3 single-crystal growth in the direction perpendicular to (100) plane in our unseeded VB 
method is due to the remarkable growth rate anisotropy between the very high growth rate in the 
direction perpendicular to (010) plane and the very low growth rate in the direction perpendicular to 
(100) plane. 
 
3.4 Characteristics of the β-Ga2O3 single crystals 

We introduce here tentative conclusions on the characteristics of the β-Ga2O3 single crystals 
grown by directional solidification without seed. Crossed polarizer observation and a transmitted 
x-ray topographic image of a (100) wafer are shown in Fig. 8. No LAGBs are observed with crossed 
polarizer [18] in Fig. 8(a), and the single-crystal whole-wafer (100) plane, with strong internal 
residual stress and high density of dislocations in the periphery, was also confirmed in the 
transmitted x-ray topography image as shown in Fig. 8(b). The results of impurity analysis are shown 
in Table 1. The level of platinum and rhodium contamination that might originate from the crucible 
materials was as high as 3 to 30 wt. ppm in several ingots. Reducing these impurities may be a future 
requirement to control the crystals’ semiconductor characteristics. 
 
 
4. Summary and Conclusions 



 
We investigated the melting temperature of β-Ga2O3, the crucible material and shape, the 

single-crystal growth of β-Ga2O3 by the VB method in ambient air, and the characterization of the 
crystals grown. The results are summarized as follows: 
(1) The melting temperature of β-Ga2O3 was about 1793 ℃ and platinum-based 10 to 20 percent 
rhodium alloys were useful as crucible materials for melting β-Ga2O3 in ambient air. 
(2) Single crystals of β-Ga2O3 were grown by the VB method without seeding in a full-diameter 
crucible and a conical crucible, and did not adhere to the walls of these platinum-rhodium alloy 
crucibles in either the vertical cylinder or conical configuration. 
(3) We speculated that the β-Ga2O3 single crystal growth of the (100) faceted growth with the growth 
direction perpendicular to (100) plane without seeding was due to the remarkable growth rate 
anisotropy between the orientations perpendicular to (010) and (100) planes. 

We concluded that β-Ga2O3 single crystals can be grown by the VB method using 
platinum-rhodium alloy crucibles in ambient air. Also, we plan future investigations on growing 
large-diameter single crystals by using seeds with various growth directions and on the control of 
their semiconductor characteristics by reducing residual impurities and doping with active impurities. 
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Fig. 1 Schematic diagram of the VB growth furnace used in the experiment.
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Fig. 2 Schematics of (a) the temperature distribution in the furnace 
anｄ (b) the growth processes.
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Fig. 3 Measuring the melting temperature of β-Ga2O3.



Fig. 4

Fig. 4 β-Ga2O3 crystals grown by the VB method. (a) crystal grown in the full-diameter
crucible (a’), and (b) crystal grown in the conical crucible (b’).
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Fig. 5

Fig. 5 Representative three crystals grown by VB method without seed.
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Fig. 6

Fig. 6 Growth habit of a β-Ga2O3 single-crystal ingot spontaneously grown 
with a specific  growth direction.
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Fig. 7

Fig. 7 Photographs of (a) bottom view, (b) side view, and schematics, 
of single crystal growth.
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Fig. 8 (a) Crossed polarizer observation and (b) transmitted x-ray topographic
images of a β-Ga2O3 (100) wafer.



Element Result of analyze
[wt.ppm]

Na 0.1～1.0
Al 0.1～1.0
Si 1.0～10.0
Fe 0.1～1.0
Rh 3.0～30.0
Pt 0.5～5.0

Table 1 Results of impurity analysis
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