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Abstract. In this paper we report on the bulk B-Ga,O, crystals growth from the melt. Czochralski technique
with different configurations of the growth zonewas used. It hasbeen shown that the magnitude of the vertical
temperature gradient near the melt/crystal interface is crucial for the stability of the growth process and the
quality of the growing crystal. In addition, it is necessary to add oxygen to the atmosphere of the growth
chamber for stable crystal growth. The optical properties of the grown 3-Ga,O, crystals were investigated.

1. INTRODUCTION

Currently, numerous research groups are devel oping new
semiconductor materials. One of such promising materi-
asisbeta-galliumoxide (3-Ga,0,). B-Ga,0, monocrystal
isawide-gap semiconductor with aband gap ~ 4.8 eV,
high breakdown electricfield (>8 MV/cm), and rel atively
high electron mobility (~150 cm?V's) [1-4]. Thefirst ref-
erences to the successful fabrication of gallium oxide
devices with record-breaking characteristics began to
appear in the literature. For example, in[5] the authors
report the creation of aMOSFET with abreakdown volt-
ageabove 1000 V.

Pure 3-Ga,0, istransparent in visible and UV parts
of electromagnetic spectrum [3,6]; that opens up the
possibility of fabricating transparent conductive
substrates from this material for the epitaxy of
optoel ectronic structures based on I11-nitrides[7].

From atechnological point of view, gallium oxide
looks preferable to other wide band gap materials, such
asGaN, AIN, and SiC dueto the fact that it can berela-
tively easily fabricated intheform of abulk crystal. The
most common method for B-Ga,0, production is the
growth from the melt in two main modifications:

Czochraski(CZ) technique[6,8] and Edge defined Film-
fed Growth (EFG) [9,10].

However, the growth of bulk crystals of gallium ox-
idefrom the melt is complicated by the tendency of this
material to chemical decomposition at the melting tem-
perature. Depending on the external redox conditions,
the Ga,0, melt can decomposeinto divalent gallium ox-
ide, monovalent oxide and, finally, metallic gallium
(Ga,0,— Ga0 — Ga,0 — Gaand O,). Metallic galium,
inturn, isableto formintermetallic alloyswith elements
of growth equipment, including cruciblesfrom precious
metals(for example Ir-Ga), which, ultimately, rendersthem
unusable. On the other hand, violation in the stoichiom-
etry of the melt leads to the formation of defectsin the
growing crystals. A lot of recent papers are devoted to
studies of the growth atmosphere influence on the crys-
talline perfection and physical properties of the grown
B-Ga,0, crystals [11,12]. Galazka‘s group published a
series of papers on the use of an oxygen-containing
atmosphere when growing gallium oxide crystals by
Czochralski technique[3,6,12,13].

In this paper we investigated the possibility of ob-
taining high quality single-crystals of 3-Ga,0, by CZ
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Fig. 1. Schematics of the growth zone used for Czochralski growth of 3-Ga,0, from the melt. &) The zone with

re-emitting ring; b) The zone with direct heating of crucible.

method in inductively heated growth zone. The con-
figuration of reactor growth zone was optimized care-
fully in order to provide optimal temperature distribu-
tion in the vicinity of melt/crystal interface. The possi-
bility of using of arelatively massive tungsten ring as
re-emitting “after heater” was evaluated. The growth
atmosphere was varied from pure argon to the mixture
of argon and carbon dioxide as a source of oxygen near
the melt surface. The optical properties of grown crys-
tals, such as transmittance spectra, were analyzed.

2. EXPERIMENTAL

Growth processes were carried out in the industrial
growth system “Nika-3” having an inductively heated
growth zone. Powdered 99.99% (4N) Ga,0, wasused as
asourcematerial. Iridium (Ir) crucible with adiameter of
40 mm and a height of 25 mm was used to produce the
melt, and a crystalline sapphire (Al O,) was used asthe
seed. In some experiments, atungsten ring was used as
a re-emitting concentrator (“after heater”). The growth
chamber was evacuated to the residual pressure of 102
mbar before each process, after which it wasfilled with
amixture of gases, argon (Ar) and carbon dioxide (CO,)
invariousratios. The operating pressurein the chamber
was1.5Bar.

Two series of experimentswith different configura-
tions of growth zones were carried out:
1) Inthefirst series of experiments, aset of ZrO, disks
with adiameter larger than the diameter of the crucible
was used as the growth zone thermal insulation. The
growth was carried out in the pure Ar atmosphere at a
pressure of 1.5 Bar. A massive tungsten ring with a di-
ameter of 95 mm and a height of 65 mm was used as an
induction radiation re-emitter, screening the Ir crucible
from the RF radiation of inductor. Schematics of the
growth zonewith are-emitting ringisshowninFig. 1a
2) In the second series of experiments, the re-emitting
ring wasremoved from the growth zone and the | r cruci-
ble was directly heated by induction currents. Coaxial
pipes made of ZrO, ceramics were used as a growth
zone thermal insulation, the space between them was
filled with aceramic powder. Schematicsof thiszoneis

shown in Fig.1b. The growth atmosphere was amixture
of Ar and CO, in various ratios (including pure CO,),
with atotal pressure of 1.5 Bar.

3. RESULTS AND DISCUSSION
3.1. Growth processes

In the first series of experiments, the following issues
were addressed by introducing a re-emitting tungsten
ring. Thefirst issue wasthe protection of thelr crucible
by screening it from RF power of inductor. If micro-cracks
exist in the crucible, induced currents and corona dis-
charges can occur at them, leading to local overheating
and even local melting of the crucible. The second issue
was the providing of an optimal (smooth) vertical tem-
perature gradient in the growth zone due to the large
height of the re-emitting ring. Whilethe growing crystal
ispulled out of the melt, it should not be subjected to an
abrupt cooling, leading to the emergence of thermal
stresses. Relaxation of the resulting stresses provokes
the formation of extended structural defects and crack-
ing of the growing crystal.

A serious downside of using amassive tungsten re-
emitter isasignificant increasein theinertiaof thetem-
perature response of the system to the changes in the
power supplied to theinductor. This makesit very diffi-
cult to control the growth process by the weight sensor
and, asaresult, it turns out to be impossible to achieve
stabilization of the growing crystal shape. During the
growth process, the uncontrolled expansion of the crys-
tal in lateral direction occurred followed by its melting
when approaching cruciblewalls. Thisresulted in spiral
shape of grown crystals(see Fig. 2a). In addition,
the utilization of a tungsten ring in the growth zone
imposes a restriction on the composition of the growth
atmosphere — only inert Ar atmosphere could be used,
since the presence of even a small oxygen concentra-
tion leadsto intensive oxidation of tungsten at the tem-
peraturesrequired for Ga,0O, melting. However, itisalso
known that the growth of the high quality f-Ga,0, re-
quiresthe usage of oxygen-containing atmospheres[13].
In an inert growth atmosphere, the gallium oxide melt
decomposes into volatile components and metallic Ga
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Fig. 2. Examplesof Czochralski grown 3-Ga,0, crystals.

(Ga,0,— Ga0 — Ga,0 — Gaand O,) [14]. The appear-
ance of free gallium leads to the formation of an
intermetallic compound Ir-Ga, which, inturn, resultsin
the destruction of the crucible[15]. Intensive formation
of volatile compounds leads to the deposition of amor-
phous gallium oxide on the walls and other parts of the
chamber, and even on the surface of the growing crystal
(one can see the white coating on the crystal shown in
Fig. 28). Moreover, the melt stoichiometry violation re-
sults in degradation of growing crystal quality.

Therefore, we also used growth zone with direct
heating of Ir crucible by RF power of inductor without
intermediate tungsten re-emitter. Thisallowed ustoin-
troduce oxygen into the growth atmosphere in order to
chemically stabilize Ga,0, melt, CO,was used asasource
of oxygen. At the gallium oxide melting temperature
(about 1850 °C), it partially decomposesinto COand O,
emitting up to 1 vol.% of molecular oxygen[16,17]. The
presence of oxygen significantly reduced the rate of
melt decomposition, resulting in much cleaner crystal
surface.

The removal of a massive tungsten ring from the
growth zone resulted in substantial acceleration of the
melt temperature response to the changesin the power
supplied to the inductor. We were able to control the
shape of growing crystal by weight sensor. However, in
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the absence of massive heat source we had to signifi-
cantly upgrade the growth zone thermal insulation in
order to decrease temperature gradient inthe vicinity of
the melt/crystal interface. As a thermal insulation, co-
axial pipes made of zirconium ceramics were used, the
space betweenthem wasfilled with ceramic powder. This
configuration of thermal insulation significantly sup-
pressed gas convection near the crucible and greatly
reduced heat loss. As aresult, we were able to achieve
the desired vertical temperature gradient and to accu-
rately monitor the growth rate,weight, and diameter of
the growing crystal. As can be seen from Fig. 2b, the
cylindrically shaped 3-Ga,0 ,bouleswere reproducibly
grown.

3.2. Optical properties

The optical properties of the obtained 3-Ga,0, crystals
were studied. The optical transmission spectrum was
measured on aplane-parallel plateswith athicknessof 1
mm using “Photon RT” system. Plates were made by
cleaving the crystal along the crystallization interface,
which allowed to have smooth enough samples without
any additional surface treatment.

Since the melt of Ga,0, is chemically unstable, the
growth atmosphere composition affects significantly the
electrical and optical properties of the grown crystal.
From transmission spectra shown in Fig. 3a, one can
see that in the IR spectral region the absorption of the
sample grown in oxygen-containing atmosphereismuch
higher than that of the sample grown in pure Ar. The
melt stoichiometry violation resultsin formation of de-
fects in the crystal, which reduce the concentration of
free electrons responsible for IR absorption. This ob-
servation was supported by the data from the work [6],
where authors studied the influence of growth atmos-
phere composition on the concentration of free elec-
trons in the resulting crystal.
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Fig. 3.Spectra of optical transmission of grown B-Ga,0Ocrystals as a function of wavelength (a) and photon

energy (b).
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The analysis of the 3-Ga,0, crystal optical absorp-
tion edge (Fig. 3b) allowsto estimate optical band gap
of the grown wide bandgap material to be approximately
4.7 eV. Thisvalueis dightly smaller than datareported
by other research groups[6,12,14], probably, dueto the
presence of high concentration of defectsin our crys-
tals.

4. CONCLUSIONS

In thiswork, we have studied the process of growing of
B-Ga,0, crystals by the Czochralski technique using
various configurations of growth zone and different
compositions of growth chamber atmosphere. It has
been shown experimentally that oxygen-containing at-
mosphere is required for stable growth of high-quality
crystals. Thisimposes serious limitations on materials,
fromwhich hot elements of growth zone are fabricated.
Only iridium, which is stable in oxygen-containing at-
mosphere at Ga,0, melting temperature, can be recom-
mended to use as crucible and/or other RF power con-
centrators. In case of direct heating of crucible by RF
radiation of inductor, the thermal insulation of growth
zone should be carefully adjusted in order to provide
required temperature distribution in vertical direction
near the melt surface. By doing thiswe have succeeded
in fabrication of cylindrically shaped B-Ga,0, boules
having about 2 cm in diameter. The reasonable crystal
quality of obtained bouleshas been proved by optical
transmittance measurements. The band gap about 4.7
€V has been estimated from absorption edge.
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