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Abstract

A resistance heating vertical Bridgeman (VB) furnace able to maintain high
temperatures up to 1830oC in ambient air was developed to suppress weight loss of both
the crucible and raw material Ga2O3. Large-size 50 mm diameter β-Ga2O3 crystals with a
growth orientation perpendicular to (100) plane were grown by the VB growth process in
platinum-rhodium alloy crucibles using this furnace. The total weight loss during a VB
growth run is very small, amounting to less than 1% of the total weight of the platinumrhodium alloy crucible and the Ga2O3 raw material.
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1. Introduction
β-Ga2O3 is an oxide semiconductor with a wide band gap of 4.7-4.9 eV [1, 2]. Because
β-Ga2O3 is a wide band gap semiconductor suitable for next-generation power devices
due to its high breakdown voltage and high current density, the research for growth
techniques that produce larger and better quality β-Ga2O3 crystals has intensified recently.

[3-6].
β-Ga2O3 bulk crystals have until now been grown by optical floating-zone (OFZ) [79], Czochralski (CZ) [10-12] and edge-defined, film-fed growth (EFG) [13, 14] methods.
With the OFZ method, β-Ga2O3 crystals can generally be grown in ambient air because
the method requires no crucible. Consequently, this method has been widely used to
prepare experimental samples with relative ease. However, crystals grown using OFZ are
dimensionally limited due to the limited size of the light spot. Also, defects will always
be present at high density as the melt zone occupies a small volume and may not cover
the whole crystal diameter. β-Ga2O3 crystals produced by the CZ and the EFG methods
have been grown from melts in iridium crucibles, and β-Ga2O3 substrates grown by the
EFG method have recently become commercially available. 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 that undergoes reductive decomposition (Ga2O3 → 2Ga +
3/2O2) at high temperatures due to a deficiency of oxygen [10-12, 15, 16]. This problem
links to the fact that 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, 17]. This
presents an atmosphere control problem for β-Ga2O3 crystal growth in an iridium crucible.
These considerations indicate that the suppression of both Ir oxidization and Ga2O3
decomposition are in conflict, due to the need for high temperature during the growth of
β-Ga2O3 by the CZ and the EFG methods, and the fact that Ir crucibles must be used. It
has been increasingly acknowledged that the high temperature chemical stability of both
the molten β-Ga2O3 and the Ir crucible during growth processes are significant challenges
in the growth of large-sized and high quality β-Ga2O3 crystals.
To solve this problem, we have proposed a new approach in which β-Ga2O3 crystals
are grown in ambient air, as suppressing Ga2O3 decomposition is the most important issue
in the growth of large and high quality β-Ga2O3 crystals. We have studied the growth of
β-Ga2O3 single crystals by the vertical Bridgman (VB) method [18-20], in which diameter
control was unnecessary and the crystals could be grown in a very low temperature
gradient. As a result, we could use platinum-rhodium alloy crucibles, the melting
temperature of which was approximately 50oC higher than that of β-Ga2O3, and the
crucibles could be useful in oxidizing atmospheres, including ambient air, in which an
iridium crucible was far from adequate [21].
We reported in our previous papers [21, 22] the successful growth of β-Ga2O3 single
crystals about 25 mm in diameter by the VB method, using platinum-rhodium alloy

crucibles in ambient air. In our previous papers [21, 22], we had used the radio frequency
heating technique to realize high temperatures above the melting temperature of β-Ga2O3
in the VB furnace. We concluded, however, that growing large high quality β-Ga2O3
crystals had proved a challenge due to the difficulty of producing a uniform temperature
distribution in the large furnace zone by radio frequency heating. To solve this, we have
worked to construct a resistance heating furnace with a temperature above 1830oC in
ambient air, and to grow β-Ga2O3 crystals by the VB technique using platinum-rhodium
alloy crucibles. Using this furnace, we have grown β-Ga2O3 crystals with a diameter of
50 mm.
This paper briefly introduces the newly developed resistance heating furnace and
presents the VB growth processes and the results of the endeavor to produce β-Ga2O3
single crystals with a growth orientation perpendicular to (100) plane using the developed
furnace.

2．Experimental
The VB furnace developed for our growth of β-Ga2O3 crystals is shown in Fig. 1.
Figure 1(a) is a photograph and Fig. 1(b) is a schematic of the resistance heating furnace.
The heaters were mainly made of molybdenum silicide, and heat shields were constructed
using a heat-resistant board comprising mainly aluminum oxide. The furnace tube and the
crucible support were constructed from zirconia oxide and aluminum oxide. B-type
thermocouples (B-TC) were used to measure the temperature at the crucible bottom as
the temperature there was less than 1800oC. The crucibles were made of the platinumrhodium alloy previously reported in our papers [21, 22]. The visual image in Fig. 1(a)
and the inner furnace structure shown in Fig. 1(b) are not very different from a
conventional resistance heating electric furnace. Several new approaches, however, were
attempted in relation to the materials and the detailed structures of the heater and the heat
shield, especially in the electric and thermal insulator used between heater electrode and
heat shield. This is because it was not only very challenging to realize the high
temperature of 1830oC in the furnace zone, but also to achieve the VB growth of β-Ga2O3
in ambient air. The temperature distribution of the furnace shown in Fig.1 is shown in Fig.
2 as an example.
The VB growth processes were as follows. The crucible, charged with a seed crystal and
a sintered body of Ga2O3 raw material, was elevated to melt all of the raw material body
and part of the seed crystal during the VB seeding process (shown as schematic (a) in Fig.
2). Then the crucible was lowered at a constant rate from 1 to 5 mm/hour during the VB

growth process, as shown in schematics (a) and (b) in Fig. 2. The crucible was rotated at
a constant rate of 3 rpm during seeding and growth processes. We measured temperatures
at two positions near the seed portion at the crucible bottom by using a B-TC connected
to the crucible periphery by fusion splicing, as shown in schematics (a) and (b) in Fig. 2.
The crystals grown by the VB process in the platinum-rhodium alloy crucible were
released from the crucibles by destructively peeling it from the crystal periphery [21].

3．Results and discussion
3.1 Growth of single crystal with growth orientation perpendicular to (100) plane
Figure 3 shows the logger data during the melting, seeding, and initial growth processes
of a β-Ga2O3 crystal. The variation in TCh shows the temperature change near the heater
as measured by the platinum-rhodium (20-40%) thermocouples. The variation in CP
shows the crucible position change, and the variations TC1 and TC2 show the temperature
changes measured by the B-TC of TC1 and TC2 shown in Fig. 2. The variations of TCh,
TC1 and TC2 during the melting process are related to the heater power being artificially
controlled. The variations of TC1 and TC2 in the seeding and growth processes are mainly
related to the crucible position (CP) change, but the simultaneous changes of TCh, TC1
and TC2 at positions P1 and P2 are related to the heater power control. The abrupt change
of TC1 at position M1 may be related to a downward flow of molten raw material melted
at the upper part of the crucible, where the temperature was higher than that at the crucible
bottom.
A photograph of a seed portion separately cut by a slicer is shown in Fig. 4. Arrow A
shows the seeding interface position, at about 27 mm from the bottom of the seed, because
there were no gaps between the crystal and the crucible inner wall above the interface,
but there were some gaps below the interface. Arrow B shows the boundary of two seed
crystals with a growth orientation perpendicular to (100) plane. These were used because
we did not have crystals long enough to make a seed. TC1 and TC2 in Fig. 4 show two
B-TC positions connected by fusion splicing; data from these TCs were recorded during
all growth processes.
A photograph in Fig. 5(a) shows a crystal ingot that began polycrystalline growth in half
of its body after single-crystal growth at conical portion and half of the body following
(100) single crystal seeding. A photograph of a cross-section at the center portion cut
perpendicular to the portion enclosed by a dashed line in Fig. 5(a) is shown in Fig. 5(b).
In Fig. 5(b), straight boundary lines nearly perpendicular to the growth direction show

(100) faceted growth traces. Some polycrystalline growth seems to be started at portions
of the outer periphery of the faceted growth shown by the straight boundary lines. The
slight tilting of the lines must correspond to the seed crystal tilting from the growth
orientation perpendicular to (100) plane. It was found in the present experiment and from
consideration of the results of (100) growth that maintaining (100) faceted growth during
crystallization of all the melt, especially the final stage in the VB growth process, is an
essential condition for the successful growth of a single crystal. We concluded from the
above considerations that to ensure the growth of a 100% single crystal, a more
homogeneous temperature distribution must be realized in the radial direction
perpendicular to the (100) faceted growth plane [21], and the seed crystals used had to be
precisely (100).
We measured and recorded the temperature difference ΔT between TC1 and TC2 during
the growth processes. The representative two characteristics of the ΔT vs. these TCs
moving distance from the positions at the growth start are shown in Fig. 6. Characteristic
(a) in Fig. 6 shows the ΔT variation in the growth of the crystal shown in Fig. 5 and
characteristic (b) shows the ΔT variation in the growth of another crystal, which was
grown under improved control, specifically, improved temperature distribution and
decreased crucible lowering rate. The temperature difference ΔT changed from 3 to 9oC
during a 90 mm move of TC1 and TC2 as shown by characteristic (a) in Fig. 6. On the
other hand, ΔT changed from 0.8 to 8oC as shown by characteristic (b) in Fig. 6.
Applying the temperature conditions shown by characteristic (b) in Fig. 6, we succeeded
in growing β-Ga2O3 single-crystals with a growth orientation perpendicular to (100) plane
and 50 mm in diameter by 50 mm long, as shown in Fig. 7. A crucible lowering rate of 1
mm/h was tried during the growth of the crystal shown in Fig. 7, while the higher rate of
2 mm/h had been applied during the growth of the crystal shown in Fig. 5.
The photographs in Figs. 7(a), (b) and (c) respectively show top, side and bottom views
of the single crystal grown. In the top view of Fig. 7(a), a circle mirror plane observed at
the upper side is a (100) plane where the seed portion was easily removed due to cleavage
failure. Two crystal habit lines formed by (100) and (001) cleavage planes are clearly
observed at the surface of the conical periphery. In the side view of Fig. 7(b), it is
noteworthy that the as-grown crystal surface after removing the platinum-rhodium alloy
crucible was very smooth and shiny, as already reported in the previous papers [21]. In
the bottom view of Fig. 7(c), a crystal habit of straight lines with [010] direction was
clearly observed at the bottom surface and some polycrystalline regions were generated
during the final growth stage at the terminal edge of the crystal’s periphery. We think that
in VB growth the perfect single-crystal growth of β-Ga2O3 may be difficult to realize, as

with various other kinds of crystals because of a fundamental problem with the 100%
solidification of a melt in a crucible.
Photographs of as-sliced wafers and a mirror-polished wafer with a (100) plane are
shown in Fig. 8. The dark yellow color of the wafers in Fig. 8 might be caused by rhodium
contamination from the platinum-rhodium alloy crucible, as suggested by the impurity
analysis results in section 3.3.
3.2 Weight loss of crucible and raw material Ga2O3
The total weight losses from the Ga2O3 raw material and the crucible during the growth
process in three serial runs are shown in Table 1. In Table 1, the total weight of raw
material and crucible is a weight of the crucible charged with Ga2O3 raw material
including a seed crystal, which was measured in the preparation process of the growth
run. The retention time at more than 1770oC refers to the total time when the whole
crucible was kept in the high temperature zone at 1770oC to 1820oC during the seeding
and growth processes, as explained in Fig. 2.
We also investigated the weight loss of the crucible alone by an experiment in which
we used an empty 51.0 g platinum-rhodium alloy crucible, identical to that used in the
crystal growth runs shown in Table 1. The weight loss was only 0.227 g when an empty
crucible was kept for 97 hours in the high temperature zone at 1770 to 1820oC in a
simulation of the growth process of run number 1 in Table 1. This indicated that the total
weight loss in Table 1 was mainly due to weight losses of Ga2O3 raw material in the
melting process and molten Ga2O3 in seeding and growth processes. The total weight loss
might depend on the time spent by the crucible in the high temperature zone, but a clear
dependency is not found in Table 1, which also showed no dependency between the total
weight loss and the total weight of raw material and crucible.
The weight losses of crucible material and raw material Ga2O3 are very important
contributing factors in the successful growth of β-Ga2O3 crystals because the crucibles
are easily oxidized and evaporated under a certain oxygen partial pressure, and in the
opposite direction, the raw material Ga2O3 is easily decomposed and evaporated under a
lower oxygen partial pressure. We could conclude that both crucible weight loss and also
raw material weight loss were very small in our present VB β-Ga2O3 crystal growth
technique by using a platinum-rhodium alloy crucible in ambient air. It was stressed that
the mean total weight loss in three growth runs was only 3.3 g from a 501 g total weight
of raw material and crucible during a 93-hour retention at 1770 to 1820oC.
3.3 Chemical analysis of VB grown β-Ga2O3 (100) crystals

Impurity analysis results for VB β-Ga2O3 crystals grown using a platinum-rhodium
alloy crucible in ambient air are shown in Table 2. The impurity analysis was conducted
by GDMS using VG Elemental VG9000 (Toray Research Center Inc.) [21]. In Table 2,
g=0.5 and g=0.9 show the solidification fraction values of sample positions cut from a
crystal ingot. The purity of raw material used was five nines (99.999%), and the
concentration of each undesired element found was less than 1.0 ppm by weight (wt.ppm),
according to data from Yamanaka Hutech Corp. The impurities Si, Fe, Zr and Rh, the
concentrations of which exceeded 1.0 wt.ppm, were understood to have become
contaminants during the growth process. The Si, Fe and Zr might result from
contamination by furnace materials, while the 30 wt.ppm Rh must be contamination from
the platinum-rhodium alloy crucibles. These will be subjects for a future investigation of
the influence of such a concentration of Rh on semiconductor characteristics, and we must
also suppress the Rh contamination by using improved crucible materials and/or
improved growth processes. The concentrations of most of the impurity elements except
Al and Pt increased with increasing solidification fraction from 0.5 to 0.9 in Table 2. Thus
we conclude that this concentration increase may relate to the segregation of each
impurity present in the molten raw material Ga2O3. We attempted to examine the Hall
effect at room temperature for the impurity analysis samples prepared from the near
portion with g=0.5 by using Toyo-Technica ResiTest8400, but the measurement could not
be performed due to measurement limit with more than 10ohm-cm of resistivity. However,
the voltage-current measurement method with indium-gallium electrode showed high
resistivity characteristic more than 107 ohm-cm at room temperature.
The crystallinity evaluation of VB grown (100) wafers has been inadequate because
the required procedures for slicing and polishing (100) wafers were not available due to
(100) cleavage in the slicing process and micro-cracks and micro-cleavage on the (100)
plane in the lapping and polishing processes. As a result, the crystallinity evaluation of
bulk crystal, i.e. characteristics determined by full-width at half-maximum (FWHM), Xray topography and etching for dislocation pits, is an issue for future study.

4．Summary and conclusions
(1) We developed a resistance heating VB furnace that could maintain temperatures up to
1830oC in ambient air.
(2) β-Ga2O3 single crystals 50 mm in diameter, 50 mm long, and a growth orientation
perpendicular to (100) plane have been grown in platinum-rhodium alloy crucibles using
the furnace developed.

(3) The weight losses during a growth run of the VB process were very small, less than
1% of the total weight of the platinum-rhodium alloy crucible and the Ga2O3 raw material,
and most of them proved to be weight loss of Ga2O3.
(4) The unintentionally doped VB-grown β-Ga2O3 crystals contained significant rhodium
impurity, with 30 wt.ppm originating in the platinum-rhodium alloy crucible.
We concluded in our present study that the resistance heating VB furnace developed
could maintain a high temperature up to 1830oC in ambient air and made possible the
successful growth of large β-Ga2O3 crystals with very small weight loss of the crucible
and raw material.
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Table 1 Weight losses of raw material Ga2O3 during growth process

Run number of
crystal growth

Total weight of
raw material
and crucible
(g)

Retention time
at more than
1770oC
(h)

Total weight
loss
(g)

1

499

96

3.6

2

512

81

2.3

3

491

102

4.1

Table 2 Results of impurity analysis.
Element

Analysis result [wt.ppm]
g=0.5
g=0.9

Na

0.02

0.04

Mg

0.01

0.02

Al
Si

0.44
2.0

0.41
2.3

Ca
Fe

0.19
1.3

0.52
2.3

Zr

1.0

2.1

Sn

0.20

0.50

Pt

0.03

0.02

Rh

29

32

