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METHOD FOR GROWING
BETA-GA203-BASED SINGLE CRYSTAL

TECHNICAL FIELD

[0001] The invention relates to a method for growing a
[-Ga,0O;-based single crystal.

BACKGROUND ART

[0002] Use of EFG (Edge-defined Film-fed Growth) tech-
nique to grow a flat-plate-shaped Ga,O; single crystal is
known as a conventional method (see, e.g., PTL 1).

[0003] InPTL 1, SiO, is used as a dopant material to intro-
duce Si into a Ga,O; single crystal. Since SiO, has a small
melting point difference from the Ga,O; and has a low vapor
pressure at a growth temperature of the Ga,O; single crystal
(at a melting point of a raw material of the Ga,O; single
crystal), it is easy to control the amount of dopant in the
Ga,0; single crystal.

[0004] Meanwhile, use of FZ (Floating Zone) technique to
grow a column-shaped $-Ga,0;-based single crystal is also
known as a conventional method (see, e.g., PTL 2).

[0005] In PTL 2, Si, Sri, Zr, Hf or Ge, etc., used as a
thermally meltable control additive are added to a $-Ga,O;-
based single crystal. Addition of the thermally meltable con-
trol additive increases infrared absorption properties of the
[-Ga,0O;-based single crystal and causes the $-G,O;-based
single crystal to efficiently absorb infrared light from a light
source of a FZ apparatus. Thus, even in a -Ga,O,-based
single crystal having a large outer diameter, a temperature
difference between the center portion and the outer portion is
reduced and the center portion is not solidified easily.

CITATION LIST

Patent Literature

[0006] JP-A-2011-190127
[0007] [PTL 2]
[0008] JP-A-2006-273684
SUMMARY OF INVENTION
Technical Problem
[0009] It is an object of the invention to provide a method

for growing a p-Ga,0;-based single crystal which allows a
high-quality p-Ga,0O;-based single crystal having small
variation in crystal structure to grow in a b-axis direction.
[0010] According to one embodiment of the invention, a
method for growing a f-Ga203-based single crystal set forth
in [1] to [3] below is provided so as to achieve the above
object.

[0011] [1]A method for growing a $-Ga203-based single
crystal comprises growing a plate-shaped Sn-doped
p-Ga203-based single crystal in a direction of a b-axis using
a seed crystal.

[0012] The method for growing a p-Ga203-based single
crystal according to [1], wherein the p-Ga203-based single
crystal is grown by EFG method.

[0013] The method for growing a p-Ga203-based single
crystal according to [1] or [2], wherein a concentration of Sn
doped into the $-Ga203-based single crystal is not less than
0.005 mol % and not more than 1.0 mol %.
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Advantageous Effects of the Invention

[0014] According to the invention, a method for growing
p-Ga,O5-based single crystal can be provided which allows a
high-quality p-Ga,0O;-based single crystal having small
variation in crystal structure to grow in a b-axis direction.

BRIEF DESCRIPTION OF DRAWINGS

[0015] FIG. 1 is a vertical cross-sectional view showing a
partof an EFG crystal manufacturing apparatus in an embodi-
ment.

[0016] FIG. 2 is a perspective view showing a state during
growth of a §-Ga,0;-based single crystal.

[0017] FIG. 3A is a plan view showing a substrate cut out
from the $-Ga,O;-based single crystal and X-ray diffraction
measurement points thereon.

[0018] FIG. 3B is an image showing X-ray diffraction pro-
files which are respectively obtained from the measurement
points and are aligned along a direction perpendicular to the
b-axis.

[0019] FIG. 4 is adiagram showing X-ray diffraction inten-
sity distribution obtained from the measurement points.
[0020] FIG. 5is a graph showing a curved line representing
a relation between a position on the substrate and a peak
position of the X-ray diffraction profile, and an approximate
line thereof.

[0021] FIG. 6A shows X-ray diffraction intensity distribu-
tion obtained from the measurement points on a substrate
which is cut out from a crystal A so as to include a point 40
mm from a seed crystal as the center.

[0022] FIG. 6B shows X-ray diffraction intensity distribu-
tion obtained from the measurement points on a substrate
which is cut out from a crystal B so as to include a point 40
mm from a seed crystal as the center.

[0023] FIG. 7A shows X-ray diffraction intensity distribu-
tion obtained from the measurement points on a substrate
which is cut out from a crystal C so as to include a point 40
mm from a seed crystal as the center.

[0024] FIG. 7B shows X-ray diffraction intensity distribu-
tion obtained from the measurement points on a substrate
which is cut out from a crystal D so as to include a point 40
mm from a seed crystal as the center.

[0025] FIG. 8 is a diagram showing a variation in crystal
structures of Sn-doped crystal A and B, Si-doped crystals C
and D and non-doped crystals E and F along the direction
perpendicular to the b-axis.

DESCRIPTION OF EMBODIMENT

Embodiment

[0026] In the present embodiment, a plate-shaped
p-Ga,O5-based single crystal doped with Sn is grown from a
seed crystal in a b-axis direction. It is thereby possible to
obtain a p-Ga,O5-based single crystal with small crystal
quality variation in a direction perpendicular to the b-axis
direction.

[0027] Conventionally, Si is often used as a conductive
impurity to be doped into a Ga,Oj crystal. Among conductive
impurities to be doped into the Ga,O; crystal, Si has a rela-
tively low vapor pressure at a growth temperature of a Ga,O,
single crystal and there is less evaporation during crystal
growth. Therefore, conductivity of the Ga,O; crystal is rela-
tively easily controlled by adjusting an amount of Si to be
added.
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[0028] On the other hand, as compared to Si, Sn has higher
vapor pressure at a growth temperature of a Ga,O; single
crystal and there is more evaporation during crystal growth.
Therefore, it is somewhat difficult to handle Sn as a conduc-
tive impurity to be doped into the Ga,O; crystal.

[0029] However, concerning addition of Si, the inventors of
the present invention found a problem that, under a specific
condition such as growing a plate-shaped p-Ga,0;-based
single crystal in a b-axis direction, the crystal structure is
uniform in the b-axis direction but varies greatly in a direction
perpendicular to the b-axis. Then, the inventors of the present
invention found that this problem can be solved by adding Sn
instead of Si.

[0030] (Growth of 3-Ga,0;-Based Single Crystal)

[0031] A method using EFG (Edge-defined film-fed
growth) technique will be described below as an example
method of growing a plate-shaped f-Ga,0;-based single
crystal. However, the growth method of a plate-shaped
p-Ga,O5-based single crystal in the present embodiment is
not limited to the EFG method and may be another growth
method, e.g., a pulling-down method such as micro-PD (pull-
ing-down) method. Alternatively, a plate-shaped -Ga,O5-
based single crystal may be grown by the Bridgman method
combined with a die having a slit as is a die used in the EFG
method.

[0032] FIG. 1 is a vertical cross-sectional view showing a
part of an EFG crystal manufacturing apparatus in the present
embodiment. An EFG crystal manufacturing apparatus 10
has a crucible 13 containing Ga,O-based melt 12, a die 14
placed in the crucible 13 and having a slit 14q, a 1lid 15
covering the upper surface of the crucible 13 so that the upper
portion of the die 14 including an opening 145 of the slit 14a
is exposed, a seed crystal holder 21 for holding a -Ga,O,-
based seed crystal (hereinafter, referred as “seed crystal”) 20,
and a shaft 22 vertically movably supporting the seed crystal
holder 21.

[0033] The crucible 13 contains the Ga,O;-based melt 12
which is obtained by melting Ga,O;-based powder. The cru-
cible 13 is formed of a heat-resistant material such as iridium
capable of containing the Ga,O;-based melt 12.

[0034] The die 14 has the slit 14a to draw up the Ga,O;-
based melt 12 by capillary action.

[0035] The lid 15 prevents the high-temperature Ga,O,-
based melt 12 from evaporating from the crucible 13 and
further prevents the vapor of the Ga,0;-based melt 12 from
attaching to a portion other than the upper surface of the slit
14a.

[0036] The seed crystal 20 is moved down and is brought
into contact with the Ga,O;-based melt 12 on the top surface
of the die 14 spreading from the opening 145 of the slit 14a.
Then, the seed crystal 20 in contact with the Ga,0;-based
melt 12 is pulled up, thereby growing a plate-shaped
-Ga,O;-based single crystal 25. The crystal orientation of
the p-Ga,O5-based single crystal 25 is the same as the crystal
orientation of the seed crystal 20 and, for example, a plane
orientation and an angle in a horizontal plane of the bottom
surface of the seed crystal 20 are adjusted to control the
crystal orientation of the f-Ga,O5-based single crystal 25.
[0037] FIG. 2 is a perspective view showing a state during
growth of a $-Ga,0;-based single crystal. A surface 26 in
FIG. 2 is a main surface of the $-Ga,0;-based single crystal
25 which is parallel to a slit direction of the slit 14a. When a
p-Ga,O5-based substrate is formed by cutting out from the
grown [-Ga,O;-based single crystal 25, the plane orientation
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of the surface 26 of the f-Ga,O5-based single crystal 25 is
made to coincide with the desired plane orientation of the
main surface of the $-Ga,0;-based substrate. When forming
a }-Ga,O;-based substrate of which main surface is, e.g., a
(-201) plane, the plane orientation of the surface 26 is (-201).
The grown (-Ga,O,-based single crystal 25 also can be used
as a seed crystal for growing a new -Ga,O;-based single
crystal. The crystal growth direction shown in FIGS. 1 and 2
is a direction parallel to the b-axis of the -Ga,O;-based
single crystal 25 (the b-axis direction).

[0038] The p-Ga,O;-based single crystal 25 and the seed
crystal 20 are p-Ga,Oj single crystals or Ga,O; single crys-
tals doped with an element such as Al or In and may be, e.g.,
a(GaAlln, . ,),0; (0<xsl, O<y=l, O=x+ysl) single crys-
tal which is a p-Ga,Oj; single crystal doped with Al and In.
The band gap is widened by adding Al and is narrowed by
adding In.

[0039] A Snraw material is added to a $-Ga,0;-based raw
material so that a desired Sn concentration is obtained. When
growing the -Ga,O;-based single crystal 25 to be cut into,
e.g., an LED substrate, SnO, is added to the $-Ga,0;-based
raw material so that the Sn concentration is not less than 0.005
mol % and not more than 1.0 mol %. Satisfactory properties
as a conductive substrate are not obtained at the concentration
ofless than 0.005 mol %. Onthe other hand, problems such as
a decrease in the doping efficiency, an increase in absorption
coefficient or a decrease in yield are likely to occur at the
concentration of more than 1.0 mol %.

[0040] The following is an example of conditions of grow-
ing the B-Ga,0;-based single crystal 25 in the present
embodiment.

[0041] The p-Ga,O,-based single crystal 25 is grown in,
e.g., a nitrogen atmosphere.

[0042] In the example shown in FIGS. 1 and 2, the seed
crystal 20 having substantially the same horizontal cross-
sectional size as the Ga,O;-based single crystal 25 is used. In
this case, a shoulder broadening process for increasing a
width of the Ga,O;-based single crystal 25 is not performed.
Therefore, twinning which is likely to occur in the shoulder
broadening process can be suppressed.

[0043] In this case, the seed crystal 20 is larger than a seed
crystal used for typical crystal growth and is susceptible to
thermal shock. Therefore, a height of the seed crystal 20 from
the die 14 before the contact with the Ga,0;-based melt 12 is
preferably low to some extent and is, e.g., 10 mm. In addition,
a descending speed of the seed crystal 20 until the contact
with the Ga,O,-based melt 12 is preferably low to some
extent and is, e.g., | min/min.

[0044] Standby time until pulling up the seed crystal 20
after the contact with the Ga,O,-based melt 12 is preferably
long to some extent in order to further stabilize the tempera-
ture to prevent thermal shock, and is, e.g., 10 min.

[0045] A temperature rise rate at the time of melting the raw
material in the crucible 13 is preferably low to some extent in
order to prevent a rapid increase in temperature around the
crucible 13 and resulting thermal shock on the seed crystal 20,
and the raw material is melted over, e.g., 11 hours.

[0046] (Quality Evaluation Method for p-Ga,O;-Based
Single Crystal)
[0047] A substrate cut out from a seed crystal of the

p-Ga,O5-based single crystal grown by the above-mentioned
method is mirror-polished and is then subjected to X-ray
diffraction measurement to evaluate crystal quality. The crys-
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tal quality is evaluated by evaluating variation in crystal struc-
ture of the substrate along the direction perpendicular to the
b-axis.

[0048] FIG. 3A is a plan view showing a substrate cut out
from the $-Ga,0;-based single crystal and X-ray diffraction
measurement points thereon. X-ray diffraction intensity is
measured at measurement points shown as “x” in FIG. 3A and
aligned along the direction perpendicular to the b-axis while
rotating the substrate about the b-axis of the $-Ga,0;-based
single crystal, thereby obtaining X-ray diffraction profiles.
Here, the rotation angle of the substrate about the b-axis
direction is defined as w [deg].

[0049] FIG. 3B is an image showing X-ray diftraction pro-
files which are respectively obtained from the measurement
points and are aligned along the direction perpendicular to the
b-axis.

[0050] FIG. 4 is a diagram when viewing the FIG. 3B from
above and shows X-ray diffraction intensity distribution
obtained from the measurement points. In FIG. 4, the hori-
zontal axis indicates a position [mm] on the substrate in the
direction perpendicular to the b-axis, and the vertical axis
indicates the rotation angle w [deg] of the substrate. A region
with high dot density represents a high X-ray diffraction
intensity region and a curved line is formed by connecting the
respective peak positions of the X-ray diffraction profiles
obtained from the measurement points. On the horizontal
axis, positions on the substrate are located with reference to
the center of the substrate as the origin.

[0051] FIG. 5isagraph showing a curved line representing
a relation between a position on the substrate and a peak
position of the X-ray diffraction profile, and an approximate
line thereof obtained by linear approximation using the least
squares method. In FIG. 5, the horizontal axis indicates a
position [mm] on the substrate in the direction perpendicular
to the b-axis, and the vertical axis indicates the rotation angle
 [deg] of the substrate.

[0052] From FIG. 5, a difference in the rotation angle
between the peak position of the X-ray diffraction profile and
the approximate line is derived for each position on the sub-
strate, and the average value a is calculated therefrom. The
smaller the variation in peak positions of the X-ray diffraction
profiles in the direction perpendicular to the b-axis, the
smaller the value o, and thus the smaller the variation in
crystal structure of the substrate along the direction perpen-
dicular to the b-axis.

[0053] (Quality Evaluation Result of p-Ga,0;-Based
Single Crystal)
[0054] As Examples of the present embodiment, two plate-

shaped p-Ga,0;-based single crystals having a (-201) plane
as a main surface (crystals A and B) were grown at a Sn
doping concentration of 0.05 mol %. Then, a substrate includ-
ing a point 40 mm from a seed crystal as the center and a
substrate including a point 90 nun from a seed crystal as the
center were cut out from each of the crystals A and B. The
diameter of each substrate was 50 mm.

[0055] Likewise, as Comparative Examples, two plate-
shaped p-Ga,0;-based single crystals having a (-201) plane
as a main surface (crystals C and D) were grown at a Sidoping
concentration of 0.05 mol %. Then, a substrate including a
point 40 mm from a seed crystal as the center was cut out from
each of the crystals C and D. The diameter of each substrate
was 50 mm.

[0056] In addition, as other Comparative Examples, two
plate-shaped f-Ga,O;-based single crystals having a (-201)
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plane as amain surface (crystals E and F) were grown without
dopant. Then, a substrate including a point 40 mm from a seed
crystal as the center and a substrate including a point 90 mm
from a seed crystal as the center were cut out from each of the
crystals E and F. The diameter of each substrate was 50 mm.
[0057] The width (perpendicular to the crystal growth
direction) of the plate-shaped crystals A to F was 52 mm to
allow a 50 mm-diameter substrate to be cut out.

[0058] Using the above-mentioned evaluation method,
variation in crystal structure of substrate along the direction
perpendicular to the b-axis was evaluated for the four Sn-
doped $-Ga,0;-based single crystal substrates, the two Si-
doped p-Ga,O5-based single crystal substrates and the four
non-doped [3-Ga,O;-based single crystal substrates.

[0059] FIGS. 6A and 6B are diagrams illustrating X-ray
diffraction intensity distribution obtained from the measure-
ment points on the substrates which are respectively cut out
from the crystals A and B so as to include a point 40 mm from
a seed crystal as the center.

[0060] FIGS. 7A and 7B are diagrams illustrating X-ray
diffraction intensity distribution obtained from the measure-
ment points on the substrates which are respectively cut out
from the crystals C and D so as to include a point 40 mm from
a seed crystal as the center.

[0061] FIGS. 6A, 6B, 7A and 7B correspond to FIG. 4.
[0062] FIGS. 6A, 6B, 7A and 7B show that the substrates
cut out from the Sn-doped crystals A and B have smaller
variation in the peak position of X-ray diffraction intensity
profile in the direction perpendicular to the b-axis and thus
have smaller variation in crystal structure along the direction
perpendicular to the b-axis than the substrates cut out from the
Si-doped crystals C and D.

[0063] FIG. 8 is a diagram showing a variation in crystal
structures of the Sn-doped crystal A and B, the Si-doped
crystals C and D and the non-doped crystals E and F along the
direction perpendicular to the b-axis. In FIG. 8, the vertical
axis indicates a ratio of c of each crystal to . of a seed crystal.
The smaller a ratio means that variation in crystal structure
along the direction perpendicular to the b-axis is closerto that
of'the seed crystal and quality of crystal is higher.

[0064] Inthe sections with letters along the horizontal axis
on the bottom of FIG. 8, the upper line is the type of crystal
(the crystals A to F) from which the substrates are cut out, the
middle line is the type of the added dopant (Si, Sn or no
addition), and the lower line is a distance from the seed crystal
to the center of the substrate before being cut out from the
crystal.

[0065] FIG. 8 shows that the a ratio of the Sn-doped crystals
A and B is smaller than the a ratio of the Si-doped crystals C
and D and the crystals A and B have small variation in crystal
structure along the direction perpendicular to the b-axis. It is
also shown that the a ratio of the Sn-doped crystals A and B is
close to the a ratio of the non-doped crystals E and F, and
variation in crystal structure of the Sn-doped -Ga,O;-based
single crystal along the direction perpendicular to the b-axis
is close to that of the non-doped $-Ga,0O;-based single crys-
tal.

[0066] Generally, crystal quality of grown crystal decreases
with an increase in distance from the seed crystal. However,
variation in crystal structure along the direction perpendicu-
lar to the b-axis is smaller in a region of the Sn-doped crystals
A and B at a distance of 90 mm from the seed crystal than in
a region of the Si-doped crystals C and D at a distance of 40
mm from the seed crystal. This shows that it is possible to
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significantly reduce variation in crystal structure of the
[-Ga,O5-based single crystal along the direction perpendicu-
lar to the b-axis by adding Sn instead of Si.

[0067] Variation in crystal structure along the b-axis direc-
tion was also evaluated using the same evaluation method. As
a result, variation in crystal structure along the b-axis direc-
tion was hardly observed both in the Sn-doped B-Ga,O;-
based single crystals and the Si-doped p-Ga,O5-based single

crystals.
[0068] (Effects of the Embodiment)
[0069] According to the present embodiment, by using Sn

as a dopant to impart electrical conductivity to a p-Ga,O5-
based single crystal, a high-quality 3-Ga,0;-based single
crystal having small variation in crystal structure can be
grown in the b-axis direction.

[0070] As an example, when growing a plate-shaped
[-Ga;05-based single crystal which is doped with Sn and is
not less than 65 mm in length and 52 min in width, a 50
mm-diameter conductive substrate with excellent crystal
quality can be obtained from a region centered at a point 40
mm from a seed crystal.

[0071] The effects of the present embodiment do not
depend on the Sn doping concentration and it has been con-
firmed that variation in crystal structure of the f-Ga,0;-based
single crystal along the direction perpendicular to the b-axis
is substantially the same at least up to 1.0 mol %.

[0072] Although the embodiment of the invention has been
described, the invention is not intended to be limited to the
embodiment, and the various kinds of modifications can be
implemented without departing from the gist of the invention.
[0073] In addition, the invention according to claims is not
to be limited to the embodiment described above. Further, it
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should be noted that all combinations of the features
described in the embodiment are not necessary to solve the
problem of the invention.

INDUSTRIAL APPLICABILITY

[0074] A method for growing a f-Ga,O5-based single crys-
tal, which allows a high-quality f-Ga,O5-based single crystal
having small variation in crystal structure to grow in the
b-axis direction, is provided.

REFERENCE SIGNS LIST

[0075] 10: EFG CRYSTAL MANUFACTURING APPA-
RATUS

[0076] 20: SEED CRYSTAL

[0077] 25: B-Ga,05-BASED SINGLE CRYSTAL

1. A method for growing a $-Ga,O;-based single crystal,
comprising growing a plate-shaped Sn-doped p-Ga,O;-
based single crystal in a direction of a b-axis using a seed
crystal.

2. The method for growing a -Ga,0;-based single crystal
according to claim 1, wherein the 3-Ga,O,-based single crys-
tal is grown by EFG method.

3. The method for growing a 3-Ga,O,-based single crystal
according to claim 1, wherein a concentration of Sn doped
into the $-Ga,0;-based single crystal is not less than 0.005
mol % and not more than 1.0 mol %.

4. The method for growing a -Ga,;-based single crystal
according to claim 2, wherein a concentration of Sn doped
into the $-Ga,0;-based single crystal is not less than 0.005
mol % and not more than 1.0 mol %.
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