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(57) Method and apparatus for producing electrically
conducting bulk B-Ga,0, single crystals grown from the
melt, especially by the Czochralski method. To growth
the p-Ga,O4 single crystals (7) of high electrical conduc-
tivity and large diameter, larger than one inch, combined
with the length exceeding 25 mm, the growth furnace is
provided with an inner thermal insulation (8) of low radi-
ative reflectivity (R) in the near infrared spectral region
of 1 - 3 pm that decreases reflections of heat back to the
growing single crystal (7) and thus increases the heat
dissipation from the growing single crystal (7). Low re-
flectivity can be achieved either by high emissivity or high
transmittivity. Additionally, the B-Ga,O4 single crystal (7)
is grown at a rate that dynamically decreases as the
growth proceeds, to dynamically decrease the latent heat
of crystallization and the amount of the heat to be dissi-
pated from the growing single crystal (7).
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Description
TECHNICAL FIELD

[0001] The present invention relates to a method and
apparatus for growing bulk p-Ga,O, single crystals by
the Czochralski method in general, and in particular, for
electrically conducting crystals of large diameter. The in-
vention also relates to an electrically conducting bulk p-
Ga,0, single crystals grown by the Czochralski method,
especially of large diameter.

BACKGROUND OF THE INVENTION

[0002] Beta-phase of Ga,0O4 (3-Ga,0,)is an emerging
ultra-wide band gap n-type oxide semiconductor with
high potential for UV optoelectronic and high-power elec-
tronic applications. This is the result of a wide bandgap
of 4.85 eV that makes that compound transparent down
to UV spectral region and high theoretical breakdown
field of 8 MV/cm.

[0003] For devices bulk single crystals are required,
which serve as substrates for epitaxial layers and then
device structure fabrication thereon. Although foreign
substrates can be used for such purposes, they usually
deteriorate the quality of the layers and consequently a
device performance, due to lattice mismatch between
the substrate and the layer. For that reason, native sub-
strates are demanded.

[0004] B-Ga,O, - based power devices, such as
Schottky diodes and field effect transistors (FETs) can
be economically efficient in terms energy saving and en-
ergy management. They can find applications in a
number of industrial areas, such as mobile transporta-
tion, including electric cars, aircrafts, and vessels, as well
as railways, or power grids. Generally, power switching
devices can be designed in two configurations: horizontal
(planar) and vertical. In the horizontal configuration, the
substrate is electrically insulating and acts as a support
forthe layer with all contacts thereon, e.g. source, drain,
and gate contacts in an FET device. In the vertical con-
figuration, the substrate is highly conducting and acts as
an electrical contact in addition to support the epitaxial
layer. The devices in the vertical configuration can switch
higher voltages as compared with the horizontal config-
uration.

[0005] Bulk p-Ga,O, single crystals are known in the
art and can be grown from the melt by different tech-
niques: the Optical Floating Zone (OFZ), Edge-Defined
Film-Fed Growth (EFG), Bridgman or Vertical Gradient
Freeze (VGF), and Czochralski methods.

[0006] The OFZ method, which is crucible-free meth-
od, can produce only smalldiameter crystals, notexceed-
ing one inch. Examples of this method used for growing
bulk B-Ga,O, single crystals can be found in the paper
to E. G. Villora et al. entitled "Large-size p-Ga203 single
crystals and wafers", J. Cryst. Growth 270 (2004)
420-426, and in the US patent document No. US
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8,747,553 B2. The OFZ method enables to growth both
electrically insulating and electrically conducting bulk -
Ga,0, single crystals along different crystallographic di-
rections, since the growth proceeds onthe top of a crystal
seed.

[0007] The EFG method for growing bulk B-Ga,O4 sin-
gle crystals uses an Ir crucible and an Ir die (shaper) on
the top of the crucible. Typically, the crystals are grown
in the form of slabs along the <010> crystallographic di-
rection with the (201) or (001) principal faces (i.e. large
faces of the slabs), which can reach as large size as 4
or6 inch. However, (010)-oriented substrates can be pre-
pared only from the cross-section of the crystal slabs,
which are of 1015 mm?2. Examples of this method in
relation to bulk p-Ga,O, single crystals are disclosed in
the paper to A. Kuramata et al. entitled "High-quality -
Ga203 single crystals grown by edge-defined film-fed
growth", Jpn. J. Appl. Phys. 55 (2016) 1202A2, and in
the patent / patent application documents; WO
2013172227 A1 (corresponding JP6,421,357 B2; EP
2851458 A4; US 2015125699 A1), WO 2013073497 A1
(JP 5,491,483 B2; EP 2,801,645 B1; US 2014352604
A1), and WO 2014073314 A1 (JP5,756,075 B2,
EP2,933,359 B1, US9,926,646 B2). Cylindrical B-Ga,0,
crystals grown by the EFG method have been disclosed,
for example, in the patent application document No. CN
112210823 A.

[0008] The Bridgmanand VGF methods used forgrow-
ing bulk B-Ga,O4 single crystals utilize a noble metal cru-
cible, like Pt-Rh alloy (Bridgman) or Ir (VGF) crucibles,
within which the melt solidifies into a single crystal on a
top of a crystal seed, which may have a different crystal-
lographic orientation. By this method both electrically in-
sulating and electrically conducting B-Ga,Os single crys-
tals can be grown. The VGF method, described in the
paper by Galazka et al. entitled "Scaling-Up of Bulk -
Ga203 Single Crystals by the Czochralski Method", ECS
J. Solid State Sci. Technol. 6 (2017) Q3007-Q3011 al-
lows for growing highly conducting p-Ga, O, single crys-
tals of almost 2 inch diameter, but they are short, not
exceeding 20 mm. The growth of bulk p-Ga,O, single
crystals by the Bridgman method is disclosed in the US
patent document No. US10,570,528 B2 to K. Hoshikawa
et al. The Bridgman method, reported by K. Hoshikawa
et al., in the paper entitled "2-inch diameter (100) j-
Ga203 crystal growth by the vertical Bridgman technique
in a resistance heating furnace in ambient air", J. Cryst.
Growth, 545 (2020) 125724, enables to grow 2 inch di-
ameter, electrically insulating crystals perpendicular to
the (100) plane, but their cylindrical length does not ex-
ceed about 25 mm. The same crystal dimensions relate
to electrically conducting crystals grown by Bridgman
method with the orientation perpendicular to the (001)
plane, as discussed in the paperto Hoshikawa et al. en-
titled "50 mm diameter Sn-doped (001) 3-Ga203 crystal
growth using the vertical Bridgeman technique in ambient
air", J. Cryst. Growth 546 (2020) 125778.

[0009] The Czochralski method offers the possibility of
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growing the largest bulk B-Ga,0, single crystals in terms
of volume combined with high structural quality. Electri-
cally insulating crystals of two inch diameter can be as
long as 60 - 100 mm, as reported by Galazka et al. in the
papers entitled: "Scaling-Up of Bulk B-Ga203 Single
Crystals by the Czochralski Method", ECS J. Solid State
Sci. Technol. 6 (2017) Q3007-Q3011; "B-Ga203 for
wide-bandgap electronics and optoelectronics”, Semi-
cond. Sci. Technol. 33 (2018) 113001, and "Bulk single
crystals of -Ga203 and Ga-based spinels as ultra-wide
bandgap transparent semiconducting oxides", Prog.
Cryst. Growth Charact. Mater. 67 (2021) 100511. To
grow such large crystals, high oxygen partial pressure in
a growth atmosphere is required to minimize the forma-
tion of elemental Ga in the Ga,O4 melt, that have a high,
negative impact on the growth process, crucible lifetime,
and crystal quality, if obtained at all. This requirement is
necessary for all melt growth methods used for B-Ga,O,
single crystals that involve a noble metal crucible, as
taught by Galazka et al. in the European patent descrip-
tionNo. EP 3,242,965 B1 (corresponding US 11,028,501
B2).

[0010] Although electrically insulating bulk B-Ga,O,
single crystals can be of large size in terms of diameter
and cylindrical length, this does not relate to electrically
conducting crystals, which suffer from so called free car-
rier absorption. Simply, the heat generated during liquid-
solid phase transition (latent heat of crystallization) can-
not be easily dissipated by the growing crystal, because
it is absorbed by the free carriers in the growing crystal
in the near infrared spectral region, in which the most of
the heat is transported through the growing crystal. It
causes a temperature increase nearthe growth interface
and consequently interface inversion from a convexto a
concave towards the melt. Such concave growth inter-
face leads to grow instabilities that changes the growth
morphology from a cylindrical to a corkscrew (spiral)
shape. The spiral does not allow to fabricate wafers of a
demanded diameter. This phenomenon in relation to bulk
B-Ga,05 single crystals grown by the Czochralski meth-
od has been described by Galazka et al. in the papers
entitled: "On the bulk -Ga203 single crystals grown by
the Czochralski method", J. Cryst. Growth 404 (2014)
184-191; "Czochralski-grown bulk 3-Ga203 single crys-
tals doped with mono-, di-, tri-,and tetravalent ions", J.
Cryst. Growth 529 (2020) 125297, "Bulk B-Ga203 single
crystals doped with Ce, Ce+Si, Ce+Al, and Ce+Al+Si for
detection of nuclear radiation", J. Alloy. Compd. 818
(2020) 152842; and "Transparent Semiconducting Ox-
ides - Bulk Crystal Growth and Fundamental Properties",
Chapter 4, Jenny Stanford Publishing (2020). As the re-
sult, highly conducting crystals with the free electron con-
centration above 1078 ¢m-3 can be grown by the Czo-
chralski method as short cylinders, about 30 mm for crys-
tal diameter of or below one inch, and below 25 mm in
the case of two diameter crystals. For economical rea-
sons, especially when taking into accounts very high
costs of crystal growth, the cylindrical part of the crystal
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should be as long as possible to fabricate as many wafers
from one crystal as possible, while maintaining pre-de-
fined electrical properties for electronic devices, in par-
ticularinthe vertical configuration. The Czochralski meth-
od enables to growth crystals along the <010> crystallo-
graphic direction, therefore, (010)-oriented wafers that
are fabricated from the cross-section of the cylindrical
part. For example, 2 inch diameter crystals grown along
the <010> direction enable to fabricate 2 inch diameter
(010)-oriented wafers of high electrical conductivity, suit-
able for power devices in the vertical configuration.
[0011] Electrical conductivity of undoped bulk B-Ga, O,
single crystals, independent on the growth method, arise
from the residual impurities, mainly silicon and/or hydro-
gen, which can induce electrical conductivity classified
as normal semiconductors, where the free electron con-
centration does not exceed the value of about 1018 cm-3,
For higher electrical conductivity, intentional doping is
required, which is typically performed with silicon (Si) or
tin (Sn) doping as discussed e.g. in the above-mentioned
state ofthe art. Also, otherdopants are occasionally used
to induce electrical conductivity in B-Ga,0s5, such as Nb,
Hf, or Zr.

SUMMARY OF THE INVENTION

[0012] An object of the present invention is to provide
conditions for producing bulk p-Ga,O, single crystals
from the melt, especially by the Czochralski method,
which will ensure the grow the crystals of high electrical
conductivity, large size, and high structural quality.
[0013] Anotherobjectofthe presentinventionisto pro-
vide bulk B-Ga,O, single crystals of high electrical con-
ductivity and large size, preferably of at least 2 inch di-
ameter and over one inch long.

[0014] Yet another object of the present invention is to
provide an apparatus for producing p-Ga,0O, single crys-
tals from the melt, especially by the Czochralski method,
which will enable to carry out the said method and thus
to grow the crystals of high electrical conductivity, large
size, and high structural quality.

[0015] In a more general aspect, a yet further object
of the present invention is to provide a method and ap-
paratus for producing different oxide compounds by the
Czochralski method, which have high melting points
(above 1400°C) and show strong absorption in the near
infrared spectral region.

[0016] According to the first aspect of the invention, a
method for producing electrically conducting bulk B-
Ga,0, single crystals by the Czochralski method com-
prises the step of providing, to a growth chamber, a
growth furnace comprising a noble metal crucible with a
Ga, 04 starting material therein, a thermal insulation sur-
rounding the crucible from all sides with a free space to
accommodate a growing bulk B-Ga,O5 single crystal,
and an inductive RF coil for heating up the crucible and
control the melt temperature during crystal growth,
wherein the RF coil is powered by an RF generator, while
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the growing crystal is fixed through a crystal seed, seed
holder, and a pulling rod to a translation and rotating
mechanisms. The method further comprises the step of
providing, to the Ga,O, starting material, a dopant form-
ing a shallow donor in the Ga,O, single crystal, as well
as the step of providing to the growth chamber and thus
to the growth furnace a growth atmosphere containing
oxygen mixed with at least one non-reducing gas. Next
the crucible with the Ga,O, starting material is heated-
up by the RF coil until melting the Ga, O starting material.
After melting the Ga,O4 starting material, the oriented
crystal seed is dipped into the molten starting material,
which is than pulled up with a translation rate to achieve
a predefined growth rate while rotating at a predefined
rotation rate. During initial puling, the seed diameter is
expanded to a final cylindrical diameter, which is pulled
to a predefined cylindrical length. Once the predefined
cylindrical length is achieved, the single crystal is sepa-
rated from the melt and cooled down, together with the
growth furnace, to room temperature.

[0017] The essence of the invention is to additionally
provide to the growth furnace an innerthermal insulation
of low radiative reflectivity in the near infrared spectral
region of 1 -3 wm to decrease reflections of heat back to
the growing single crystal and thus to increase the heat
dissipation from the growing single crystal. This is com-
bined with a dynamic decrease of the growth rate from
the beginning of pulling up the crystal seed to crystal
separation. The growth rate decreases from the initial
growth rate of 1- 10 mm/h at the beginning of the growth
to a final growth rate of 0.2 - 1 mm/h at the end of the
growth when the single crystal had achieved the prede-
fined cylindrical length. This solution dynamically de-
creases the latent heat of crystallization as the growth
proceeds and the amount of the heat to be dissipated
from the growing single crystal.

[0018] Preferably, the innerthermal insulation with low
radiative reflectivity has high emissivity or high reflectivity
in the near infrared spectral region, above 0.3 at room
temperature.

[0019] The growth rate may decrease from the initial
growth rate to the final growth rate either linearly or non-
linearly.

[0020] In a preferred embodiment, the growth rate de-
creases from the initial growth rate to the final growth
rate at different rates.

[0021] In another preferred embodiment, the growth
rate may decrease from the initial growth rate to the final
growth rate continuously or in blocks combining constant
and decreasing growth rates.

[0022] Advantageously, the growth atmosphere com-
prises, in addition to oxygen, a non-reducing gas of high
thermal conductivity, preferably He in a concentration of
10 - 95 vol. % to further enhance heat dissipation from
the growing crystal via gas convection.

[0023] Accordingtothe second aspect ofthe invention
an electrically conducting bulk B-Ga,O5 single crystal
grown by the Czochralski method are provided according
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to the above-described method. The B-Ga,O, single
crystal has the cylindrical diameter larger than one inch,
cylindrical length larger than 25 mm, and the following
electrical properties formed by shallow donors according
to Hall effect measurements: free electron concentration
of 1 - 10x10'8 ¢m-3, electron mobility of 50 - 120
cm2V-1s-1, and the resistivity of 0.01 - 0.04 Qcm.
[0024] Ina preferred embodiment ofthe presentinven-
tion, the B-Ga,O4 single crystal has the cylindrical diam-
eter of two inch or larger.

[0025] Advantageously, the dopants forming shallow
donors are Si and/or Sn.

[0026] According to the third aspect of the invention,
an apparatus for producing electrically conducting bulk
B-Ga,05 single crystals by the Czochralski method hav-
ing a pre-defined cylindrical diameter and cylindrical
length. The apparatus comprises a growth chamber and
a growth furnace comprising a noble metal crucible with
a Ga,0, starting material therein, a thermal insulation
surrounding the crucible from all sides with a free space
to accommodate a growing bulk B-Ga,QO, single crystal,
and an inductive RF coil for heating up the crucible and
control the melt temperature during crystal growth. The
apparatus further comprises an RF generator powering
the RF coil, translation and rotation mechanisms coupled
with a crystal seed through a seed holder, and a pulling
rod, as well as a scale connected with the pulling rod or
the growth furnace for monitoring growth rate of the bulk
p-Ga,04 single crystal.

[0027] According to the present invention, the growth
furnace further comprises an inner thermal insulation of
low radiative reflectivity in the near infrared spectral re-
gion of 1 - 3 wm that decreases reflections of heat back
to the growing single crystal and thus increases the heat
dissipation from the growing single crystal.

[0028] Advantageously, the inner thermal insulation
with low radiative reflectivity has high emissivity in the
near infrared spectral region, above 0.3 at room temper-
ature. Here, the innerthermal insulation is preferably se-
lected from the group consisting of opaque alumina, zir-
conia, magnesia, and yttria.

[0029] Inanotheradvantageous solution ofthe present
invention, the inner thermal insulation with low radiative
reflectivity has high transmissivity in the near infrared
spectral region, above 0.3 at room temperature. This is
preferably met by transparent ceramic selected from the
group consisting of alumina, yttria, and yttrium aluminum
garnet, or by a crystalline sapphire.

[0030] Ina preferred embodiment ofthe apparatus, the
growth atmosphere contains, in addition to oxygen, a
non-reducing gas of high thermal conductivity, most pref-
erably He in a concentration of 5 - 95 vol. % to further
enhance heat dissipation from the growing crystal via
gas convection

[0031] More advantages and other features of the in-
ventive method and apparatus for growing bulk p-Ga,O4
single crystals or other oxide crystals revealing high ab-
sorption in the near infrared spectral region will be ap-
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parent from the detailed description of the embodiments
in reference to the drawings.

BRIEF DESCRIPTION OF THE DRAWINGS
[0032]

Figure 1 is a schematic growth furnace for oxide
single crystals grown by the Czochralski method in
a cross-sectional view;

Figure 2 shows different profiles of growth rates of
bulk p-Ga,O, single crystals grown by the Czochral-
ski method; and

Figure 3 shows a real growth rate profile outputted
from a growth run of bulk p-Ga,O, single crystal
grown by the Czochralski method.

DETAILED DESCRIPTION OF THE EMBODIMENTS

[0033] Thegrowthfurnace 1 shownin Fig. 1is adapted
for growing bulk oxide single crystals by the Czochralski
method in general, and in particular for growing bulk -
Ga,0j single crystals by the Czochralski method. The
growth furnace 1 is accommodated within a water-cooled
growth chamber (not shown) to which a pre-defined
growth atmosphere 2 is introduced. The furnace 1 con-
sists of a noble metal crucible 3 containing a Ga,O, start-
ing material 4, preferably with a lid 5 thereon, and a ther-
mal insulation 6 surrounding the crucible from all sides.
Above the crucible there is a free space (growth zone)
that accommodates a growing bulk p-Ga,0O5 single crys-
tal 7. The growth furnace 1 further includes an innerther-
mal insulation 8 of defined optical properties, as ex-
plained further below. The noble metal crucible 5 is in-
ductively heated by an RF coil 9 situated outside the ther-
mal insulation 6 and powered by a RF generator (not
shown). The bulk pB-Ga,O; single crystal 7 is grown on
a crystallographically oriented B-Ga,QO, crystal seed 10
that is fixed to a seed holder 11 connected to a pulling
rod 12. The pulling rod 12 is connected to a pulling and
rotation mechanisms (not shown) for translating TR and
rotating R the growing p-Ga,Oj, single crystal 7, and to
a scale (not shown) for weighting the growing p-Ga,O4
single crystal 7. Alternatively, the scale is coupled with
the growth furnace 1. In each case, the scale indicates
the growth rate of the growing single crystal 7 by weight-
ing directlythe crystal mass ora massdifference between
the furnace and the growing crystal 7. A signal from the
scale is coupled with a controller that controls the gen-
erator power, and thus the melt temperature.

[0034] Thethermalinsulation 6 is a refractory material
that withstands high temperatures, depending on the
melting point of an oxide crystal to be grown. The melting
point of Ga,0j is about 1800°C. The thermal insulation
6 typically includes alumina or zirconia tubes, granules,
felts, as well as quartz tubes on outer parts of the growth
furnace 1. The aim of the thermal insulation 6 is to de-
crease heat losses and establish pre-defined tempera-

10

15

20

25

30

35

40

45

50

55

ture gradients in the crucible and in the growth zone to
minimize thermal stresses and associated structural and
point defects in the growing crystal 7. In particular, for
growing bulk B-Ga,Q, single crystals low temperature
gradients are required and thus as good thermal insula-
tion as possible. This is the result and melt chemistry
(decomposition) and monoclinic system of B-Ga,O4 hav-
ing anisotropic mechanical, thermal, and optical proper-
ties.

[0035] The noble metal crucible 3 for p-Ga,O, crystals
is iridium and its alloys, like iridium-platinum alloy. Also,
other crucible materials can be considered, like platinum-
rhodium alloy, which is described by Hoshikawa et al.
(described above) for the Bridgman method.

[0036] The growth atmosphere 2 for growing the j-
Ga,0, single crystal 7, in particular of large diameter,
largerthan 1 inch, contains oxygen, preferably at least 5
vol.%, and at least one another non-reducing gas, like
Ar, N,, CO,, He, Xe, and Ne, as described in the patent
No. US 11,028,501 B2 to Galazka et al., incorporated
here as a reference.

[0037] Forthe Czochralskimethod the B-Ga,O5 crystal
seed 10 is crystalographically oriented along the [010]
direction, parallel to both easy (100) and (001) cleavage
planes that are present in the monoclinic system of j-
Ga,0,. Other seed orientations inclined to the [010] di-
rection, e.g. [110], can be used as well.

[0038] A crystal growth process is as follows. After as-
sembling the growth furnace 1, the noble metal crucible
3 with the starting material 4 is heated up by the RF coil
9 until melting the Ga,0O4 starting material 4. Once the
Ga,0, melt is thermally stabilized, the oriented B-Ga,O,
crystal seed 10 is dipped into the Ga,05 melt while ro-
tating at the rotation rate R. Next the oriented p-Ga,O4
crystal seed 10 is pulled upwards at the translation rate
TR with expanding its diameter to a predefined cylindrical
diameter D, by a gradual decrease of the melt tempera-
ture via the RF generator. When the crystal achieves a
pre-defined cylindrical length L, it is separated from the
melt, slowly cooled down to room temperature, and re-
moved from the growth furnace 1.

[0039] The problem of growing electrically conducting
(normally or degenerately semiconducting) bulk B-
Ga,0, single crystals by the Czochralski method as long
straight cylinders arises from intrinsic properties of that
compound, i.e. from the absorption of the heat transport-
ed through the growing crystal by free carriers. The heat,
that must be dissipated away from the crystal is gener-
ated atthe growth interface during liquid-solid phase tran-
sition. The interface is convex towards the melt (i.e. a
conical portion ofthe crystal is immersed in the melt) and
assures a stable growth. The heat absorbed by the free
carriers increases temperature of the crystal near the
growth interface and at certain crystal length the heat
cannot be easily dissipated away. Once the temperature
in the crystal reaches the melting point of Ga,0s, a por-
tion of the crystal immersed in the melt is melted back.
This phenomenon is called an interface inversion. After
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thatinterface inversion the growth becomes unstable and
the growth morphology changes from a straight cylinder
to a corkscrew (spiral). Such crystal shape does not en-
able to prepare wafers of the diameter as expected from
the straight cylinder, so the usable portion of the crystal
for wafering is only that cylindrical part. The length ofthe
cylindrical part of highly conducting p-Ga,O; crystal with
the diameter larger than one inch is not longer than 25
mm. High electrical conductivity of a crystal p-Ga,O,
crystal is understood as the free electron concentration
exceeding a value of 1018 cm-3,

[0040] To increase the length of the cylindrical part of
a highly electrically conducting p-Ga,O, crystal of a di-
ameter above 1 inch, grown by the Czochralski method,
the following technical solutions were found to be effec-
tive:

(i) a decrease of the heat amount reflected form the
innerthermal insulation backto the growing p-Ga,O,
single crystal: and/or

(iiy a dynamic decrease of the latent heat of crystal-
lization as the growth proceeds.

[0041] As shown in Fig. 1, the crystal surface dissi-
pates and exchanges the heat with the surrounding in
two ways: by a gas convection C, and by the radiation
RA, the latter being much more effective. In the radiative
heat exchange, the heat leaving the crystal surface in all
directions is interacting with the metal crucible 3 and its
lid 5 (if present), and with the inner thermal insulation 8,
where it is partly reflected, partly absorbed, and partly
transmitted therethrough. This can be described in the
dimensionless measure as: THA=1=R + E + T, where
THA is the total heat amount, R is the reflectivity, E is
the emissivity, and T is the transmissivity. Therefore, the
reflectivity can be described as: R=1-E-T. To minimize
heat reflections from the inner thermal insulation 8, it
should have eitherhigh emissivity E or high transmissivity
T. These optical properties R, E, and T relate the near
infrared (NIR) region in which the vast majority of heat is
transported. Taking into accounts the melting point of
Ga,05 (1800°C), the black body radiation at that temper-
ature, and lower temperature of the growing crystal (as-
suming 1200°C as the lowest), the NIR region is between
1 -3 pm. So, the requirements for the inner thermal in-
sulation 8 is low reflectivity R in the 1 - 3 pm spectral
region, which can be achieved by high E or T values in
that spectral region. The optical properties of materials
strongly depend on the spectral region and temperature.
Forinstance, the emissivity E changesinthe NIR spectral
region in a wide range, also at high temperatures, there-
fore, itis difficultto define precise values, however, small-
er E values at some subregions of the discussed NIR
region will not have a big impact on the overall heat ex-
change. In any case, the emissivity E should be larger
than 0.3 in the NIR spectral region of 1 - 3 pm when
measured at room temperature. Suitable refractory ma-
terials for the innerthermal insulation 8 are: alumina, zir-
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conia, yttria, and magnesia, preferably with a rough sur-
face to enhance diffuse scattering.

[0042] Another solution is to increase transmissivity T
of the inner thermal insulation 8. This can be achieved
by thermal insulation transparent to the above-defined
NIR spectral region. As the standard refractory materials
are basically opaque to NIR, transparent ceramic or crys-
talline sapphire can be used. Both transparent ceramics,
e.g. alumina and yttria, and crystalline sapphire in differ-
ent shapes (tubes and lids) are available. To the trans-
missivity T the same considerations apply versus wave-
length and temperature as in the case to the emissivity
E. Also, in this case the transmissivity T should be larger
than 0.3 in the NIR spectral region of 1 - 3 pm when
measured at room temperature.

[0043] Another, above-mentioned solution for more ef-
fective heat dissipation from the crystal is a dynamic de-
crease of the amount of heat generated during growth.
This is done by a dynamic lowering the growth rate with
the crystal length. It should be noted that the growth rate
V combines the translation rate TR of the crystal and the
melt drop, which is converted to solid.

[0044] Fig. 2 illustrates profiles of the growth rates V
that enable to decrease the latent heat of crystallization
in a dynamic way. Generally, at the beginning of the
growth, i.e. during seeding, seed expansion (shoulder)
and the beginning of the cylindrical part, the growth rate
V1 can be relatively high, between 1 and 10 mm/h, as
the amount of the generated heat is smaller (seeding,
shoulder) or the crystal length is small enough to effec-
tively dissipate the heat (early cylindrical part). Later, the
growth rate decreases to a final value V2 of 0.2 - 1 mm/h
to decrease the amount of the generated heat. The de-
crease of the growth rate V can be conducted from the
beginning of the growth, as indicated by profiles P1, P2,
P5, especially when the initial growth rate is high, or later,
as indicated by profiles P3 and P4. It can be done linearly
ornon-linearly, as a continuous decrease, orin step-wise
blocks indicated by crystal length segments L1, L2, L3,
and L4. Fig. 3 shows an example of the growth rate from
a real growth experiment, where initial V1 = 1.7 mm/h
was constant at the beginning at the first block 0 - L1,
next decreased in a linear manner in blocks L1 -L3 to a
final value V2 = 0.7 mm/h, which was kept constant at
the very last block L3 - L4 of the crystal growth.

[0045] An additional tool for heat management is the
use in the growth atmosphere 2 a non-reducing gas of
high thermal conductivity, in particular He. This will en-
hance heat dissipation formthe growing crystal 7 through
gas convection C. Preferably, He in the growth atmos-
phere 2 is used in the combination with the decrease of
the amount of the reflected heat back to the crystal, and
with the decrease of the amount of the latent heat of
crystallization. He concentration in the growth atmos-
phere, in addition to oxygen, is between 10 - 95 vol.%.
[0046] By using the above-discussed technical solu-
tions it is possible to increase the cylindrical length L of
highly electrically conducting bulk B-Ga,O, single crys-
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tals 7 grown by the Czochralski method, with the diameter
larger than 1 inch. Bulk B-Ga,O, single crystals of diam-
eter D = 2 inch could be grown with the cylindrical length
L exceeding 25 mm, between 25 - 50 mm. High electrical
conductivity of bulk B-Ga,O5 single crystals can be
achieved by intentional doping with elements forming
shallow donors in this material. The most effective do-
pants are Si and Sn, but also could be Nb, Zr, and Hf.
To achieve high electrical conductivity, the Ga,O, start-
ing material 4 should be doped with SiO, of 0.05 - 0.3
mol.%, while SnO, of 0.5 - 4 mol.% due to high partial
pressure of Sn-containing species. The dopants forming
shallow donors can be used separately orin combination.
The resulting electrical properties of bulk B-Ga,QO4 single
crystals doped with Si and/or Sn at the above-mentioned
concentrations, were as follows (from Hall effect meas-
urements): free electron concentration of 1 -10 x1018
cm-3, the electron mobility = 50 - 120 cm2V-1s-1, and the
resistivity of 0.01 - 0.04 Qcm. 2 inch diameter bulk -
Ga,0, single crystals 7 with such electrical properties
enable to fabricate 2 inch diameter, electrically conduct-
ing wafers suitable for homoepitaxy and next for power
electronic device fabrication in the vertical configuration.
In particular, such crystals enable to prepare large wafers
with the (010) surface orientation, which shows the high-
est growth rate of homoepitaxial films by molecular beam
epitaxy. Also, other wafer orientations can be prepared,
such as (100) or (001), including offcuts by several de-
grees from those orientations. The bulk B-Ga,0O; single
crystals obtained by the above-described method and
apparatus are of high structural quality, characterized by
narrow rocking curves with the full width at half maximum
typically below 30 arcsec, making the fabricated wafers
suitable for homoepitaxial films of high quality.

Claims

1. A method for producing electrically conducting bulk
B-Ga,05 single crystals by the Czochralski method
having a pre-defined cylindrical diameter (D) and cy-
lindrical length (L), comprising the steps of:

(i) providing, to a growth chamber, a growth fur-
nace (1) comprising a noble metal crucible (3)
with a Ga, 0, starting material (4) therein, a ther-
mal insulation (6) surrounding the crucible (3)
from all sides with a free space to accommodate
a growing bulk B-Ga,O; single crystal (7), and
an inductive RF coil (9) for heating up the cruci-
ble (3) and control the melt temperature during
crystal growth, wherein the RF coil (9) is pow-
ered by an RF generator, while the growing crys-
tal (7) is fixed through a crystal seed (10), seed
holder (11), and a pulling rod (12) to a translation
and rotating mechanisms;

(i) providing to the Ga,O, starting material (4)
a dopant forming a shallow donor in the Ga,0O4
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single crystal (7);

(iiy providing to the growth chamber and thus to
the growth furnace (1) a growth atmosphere (2)
containing oxygen mixed with at least one non-
reducing gas;

(iv) heating up the crucible (3) with the Ga,0,
starting material (4) by the RF coil (9) and sub-
sequent melting the Ga, O, starting material (4);
(v) dipping the oriented crystal seed (10) into the
molten starting material (4);

(vi) pulling the crystal seed (10) up with the trans-
lation rate (TR) to achieve a predefined growth
rate (V) while rotating at a rotation rate (R);
(viiy while pulling, expanding the seed diameter
to a final cylindrical diameter (D) of the single
crystal (7);

(viiiy pulling the single crystal (7) with the cylin-
drical diameter (D) to a predefined cylindrical
length (L);

(ix) separating the single crystal (7) from the
melt, and

(x) cooling the growth furnace (1) with the grown
single crystal (7) down to room temperature,
characterized in that

- the step (i) comprises additionally provid-
ing to the growth furnace (1) an inner ther-
mal insulation (8) of low radiative reflectivity
(R) in the near infrared spectral region of 1
-3 pm to decrease reflections of heat back
to the growing single crystal (7) and thus to
increase the heat dissipation from the grow-
ing single crystal (7); and

- the steps (vi), (vii), and (viii) of puling the
single crystal (7) from seeding to separation
comprise a dynamic decrease of the growth
rate (V) from the initial growth rate (V1) of
1 - 10 mm/h at the beginning of the growth
to a final growth rate (V2) of 0.2 - 1 mm/h
at the end of the growth when the single
crystal (7) had achieved the predefined cy-
lindrical length (L), to dynamically decrease
the latent heat of crystallization as the
growth proceeds and the amount ofthe heat
to be dissipated from the growing single
crystal (7).

2. A method according to claim 1, characterized in
thatthe innerthermalinsulation (8) with low radiative
reflectivity (R) has high emissivity (E) in the near in-
frared spectral region, above 0.3 at room tempera-
ture.

3. A method according to claim 1, characterized in
thatthe innerthermalinsulation (8) with low radiative
reflectivity (R) has high transmissivity (T) in the near
infrared spectral region, above 0.3 at room temper-
ature.
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11.
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13.
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A method according to any of claims 1 - 3, charac-
terized in that the growth rate (V) decreases from
the initial growth rate (V1) to the final growth rate
(V2) linearly (P1, P2).

A method according to any of claims 1 - 3, charac-
terized in that the growth rate (V) decreases from
the initial growth rate (V1) to the final growth rate
(V2) non-linearly (P5).

A method according to any of claims 1 - 5, charac-
terized in that the growth rate (V) decreases from
the initial growth rate (V1) to the final growth rate
(V2) at different rates (P2, P5).

A method according to any of claims 1 - 6, charac-
terized in that the growth rate (V) decreases from
the initial growth rate (V1) to the final growth rate
(V2) continuously (P1, P2, P5).

A method according to any of claims 1 - 6, charac-
terized in that the growth rate (V) decreases from
the initial growth rate (V1) to the final growth rate
(V2) in blocks (L1 - L4) combining constant and de-
creasing growth rates (P3, P4).

A method according to any of claims 1 - 8, charac-
terized in that the step (iii} of providing the growth
atmosphere (2) comprises providing, in addition to
oxygen, a non-reducing gas of high thermal conduc-
tivity, preferably He in a concentration of 10 - 95 vol.
%.

An electrically conducting bulk B-Ga,QO, single crys-
tal (7) obtained according to any of claims 1 - 9,
characterized in that

it has the cylindrical diameter (D) larger than one
inch, cylindrical length (L) larger than 25 mm, and
the following electrical properties formed by shallow
donors according to Hall effect measurements: free
electron concentration of 1 - 10x1018 cm-3, electron
mobility of 50 - 120 cm2V-1s-1, and the resistivity of
0.01 - 0.04 Qcm.

A bulk p-Ga,0O4 single crystal (7) according to claim
10, characterized in that its cylindrical diameter (D)
is two inch or larger.

A bulk p-Ga,0O4 single crystal (7) according to claim
10 or 11, characterized in that the dopants forming
shallow donors are Si and/or Sn.

An apparatus for producing electrically conducting
bulk B-Ga,O5 single crystals by the Czochralski
method having a pre-defined cylindrical diameter (D)
and cylindrical length (L), comprising:

(i) a growth chamber,
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14.

15.

16.

17.

18.

19.

(iiy agrowth furnace (1) comprising a noble metal
crucible (3) with a Ga,0O4 starting material (4)
therein, a thermal insulation (6) surrounding the
crucible (3) from all sides with a free space to
accommodate a growing bulk p-Ga,O5 single
crystal (7), and an inductive RF coil (9) for heat-
ing up the crucible (3) and control the melt tem-
perature during crystal growth;

(iiiy an RF generator powering the RF coil (9);
(iv) translation and rotation mechanisms cou-
pledwith a crystal seed (10) through a seed hold-
er (11), and a pulling rod (12);

(v) a scale connected with the pulling rod (12)
or the growth furnace (1) for monitoring growth
rate of the bulk p-Ga,O, single crystal (7),

characterized in that

the growth furnace further comprises an inner ther-
mal insulation (8) of low radiative reflectivity (R) in
the near infrared spectral region of 1 - 3 pm that
decreases reflections of heat back to the growing
single crystal (7) and thus increases the heat dissi-
pation from the growing single crystal (7).

An apparatus according to claim 13, characterized
in that the inner thermal insulation (8) with low radi-
ative reflectivity (R) has high emissivity (E) in the
nearinfrared spectral region, above 0.3 at roomtem-
perature.

An apparatus according to claim 13 or 14, charac-
terized in that the inner thermal insulation (8) with
low radiative reflectivity (R) is selected from the
group consisting of opaque alumina, zirconia, mag-
nesia, and yttria.

An apparatus according to claim 13, characterized
in that the inner thermal insulation (8) with low radi-
ative reflectivity (R) has high transmissivity (T) in the
nearinfrared spectral region, above 0.3 at roomtem-
perature.

An apparatus according to claim 13 or 16, charac-
terized in that the inner thermal insulation (8) with
low radiative reflectivity (R) is transparent ceramic
selected fromthe group consisting of alumina, yttria,
and yttrium aluminum garnet.

An apparatus according to claim 13 or 16, charac-
terized in that the inner thermal insulation (8) with
low radiative reflectivity (R) is a crystalline sapphire.

An apparatus according to any of claims 13 - 18,
characterized in that the growth atmosphere (2)
contains, in addition to oxygen, a non-reducing gas
of high thermal conductivity, preferably He in a con-
centration of 5 - 95 vol. %.
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