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(57) ABSTRACT

A group III nmitride semiconductor crystal substrate has a
diameter of at least 25 mm and not more than 160 mm. The
resistivity of the group 111 mitride semiconductor crystal sub-
strate is at least 1x10™* Q-cm and not more than 0.1 Q-cm.
The resistivity distribution 1n the diameter direction of the
group 11l nitride semiconductor crystal 1s at least -30% and
not more than 30%. The resistivity distribution 1n the thick-
ness direction of the group 111 nitride semiconductor crystal 1s
at least —16% and not more than 16%.
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GROUP III NI'TRIDE SEMICONDUCTOR
CRYSTAL SUBSTRATE AND
SEMICONDUCTOR DEVICE

BACKGROUND OF THE INVENTION

[0001] 1. Field of the Invention

[0002] The present invention relates to a group 111 nitride
semiconductor crystal substrate and a semiconductor device.
[0003] 2. Description of the Background Art

[0004] Gallium nitride (GaN) type semiconductor materi-
als are known to have superior properties such as a large
bandgap that 1s approximately 3 times that of silicon (S1), a
high breakdown electric field that 1s approximately 10 times
that of silicon, and also a high saturation electron velocity.
Research and development of the gallium nitride type semi-
conductor material for use 1n devices of high frequency and
high power output in the field of radio communication are
actively 1n progress, and has already come to the stage of
practical use 1n devices directed to base stations for cellular
phones. Moreover, the expectation of covering the two com-
peting demands of high breakdown voltage and low loss, 1.¢.
low ON-state resistance, that was difficult in conventional Si
power devices, has attracted attention in the application to
power devices. Since the logic value of the ON-resistance 1s
inversely proportional to the breakdown electric field raised
to the power of three, it may be possible to significantly
reduce the ON-resistance 1n a power device based on gallium
nitride to approximately “iooo that of a device based on sili-
con. Thus, group III nitride semiconductor crystals such as
gallium nitride crystals stand out to be a promising material
for optical devices such as an LED (Light Emitting Diode)
and for electronic devices such as a transistor.

[0005] With regards to such group III nitride semiconduc-
tor crystals, Japanese Patent Laying-Open No. 2006-193348
(Patent Document 1) discloses a group III nitride semicon-
ductor substrate having a specific resistance of at least 1x10*
(2-cm. In a fabrication method of the group III nitride semi-
conductor substrate, vapor phase growth such as HVPE (Hy-
dride Vapor Phase Epitaxy), MOCVD (Metal Organic
Chemaical Vapor Deposition), or MBE (Molecular Beam Epi-
taxy) 1s employed to grow epitaxially a group III nitride
semiconductor employing dichlorosilane (S1H,Cl,) and tet-
rachlorosilane (SiCl,: silicon tetrachloride) for the doping
raw material of silicon (S1) qualified as the impurity element.
[0006] Japanese National Patent Publication No. 2007-
519591 (Patent Document 2) discloses a monocrystalline
gallium nitride that has an average density of less than 1x10°
cm™* and a dislocation density standard deviation ratio of less
than 25%. In the fabrication method thereof, silane (S1H,,) and
the like are employed as the doping raw material of silicon.
[0007] Further, Japanese Patent Laying-Open No. 2005-
101475 (Patent Document 3) discloses a III-V group nitride
type semiconductor substrate characterized in that the carrier
concentration distribution at the outermost surface of the
substrate 1s substantially uniform. In a fabrication method
thereol, dichlorosilane 1s employed as the doping raw mate-
rial in HVPE.
[0008] When a group 111 nitride semiconductor crystal is to
be grown by vapor phase growth such as HVPE, MOCVD or
MBE, the concentration of n type impurities (dopant) in the
group III nitride semiconductor crystal must be controlled 1n
order to regulate the n type conductive property of the group
III nitride semiconductor crystal. Silane and dichlorosilane
employed as the doping gas 1n the alforementioned Patent
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Documents 1-3 to dope silicon qualified as the ntype impurity
may be decomposed belfore arriving at the underlying sub-
strate and adhere to the reaction tube at the growth tempera-
ture of the group III nitride semiconductor crystal.

[0009] The doping gas employed in the aforementioned
Patent Documents 1-3 may react with nitrogen gas or ammo-
nia gas to generate an S1,N_, (silicon nitride) type compound
(x and y are arbitrary integers).

[0010] Itwas difficultto control the concentration of silicon
in the doping gas if the doping gas directed to supplying
s1licon was decomposed or caused reaction prior to arriving at
the underlying substrate. As a result, the concentration of
s1licon taken 1nto the group III nitride semiconductor crystal
will vary, disallowing adjustment of the concentration of sili-
con taken into the group III nitride semiconductor crystal.
Therefore, 1t was difficult to control the resistivity of the
group III nitride semiconductor crystal with silicon as a
dopant. Particularly, this problem was further noticeable
when HVPE was employed since the decomposition of the
doping gas and/or reaction with another gas was significant
due to the entire heating of the reaction tube.

[0011] A possible consideration is to supply the doping gas
at high rate for the purpose of preventing thermal decompo-
sition of the doping gas or reaction with the raw material gas.
However, the concentration distribution of the doping gas
supplied to the underlying substrate will be degraded 11 the
doping gas 1s supplied at high rate, leading to significant
degradation 1n the in-plane distribution of the resistivity in the
group 111 nitride semiconductor crystal.

[0012] Thus, there was a problem that the property such as
the ON-resistance 1s degraded 1n the case where the resistivity
1s not regulated and a semiconductor device 1s fabricated
employing a group 111 nitride semiconductor crystal substrate
of high resistivity.

[0013] Further, 1n the case where a semiconductor device 1s
tabricated employing a group III nitride semiconductor crys-
tal substrate having poor resistivity in-plane distribution, the
yield was degraded since the property such as the ON-resis-
tance of the semiconductor device will vary.

SUMMARY OF THE INVENTION

[0014] In view of the foregoing, an object of the present
invention 1s to provide a group III nitride semiconductor
crystal substrate, allowing the resistivity to be reduced and
preventing degradation 1n the resistivity in-plane distribution.
[0015] Another object of the present invention 1s to provide
a semiconductor device that can have degradation 1n proper-
ties prevented and the yield improved.

[0016] As a result of diligent research on the doping con-
ditions of silicon, the inventors found that, by employing
silicon tetrafluoride gas as the doping gas, or by setting the
growth rate of a group III mitride semiconductor crystal sub-
strate to at least 200 um/h and not more than 2000 um/h based
on the usage of silicon tetrachloride gas as the doping gas,
decomposition of the doping gas can be prevented and reac-
tion per se of the doping gas with another gas can be sup-
pressed or the effect of the reaction reduced, at the stage of
doping silicon. Thus, there was obtained a group III nitride
semiconductor crystal substrate allowing the resistivity to be
reduced by readily controlling the resistivity and preventing
degradation in the resistivity in-plane distribution.

[0017] Specifically, the group III nitride semiconductor
crystal substrate of the present invention 1s directed to a group
I11 mitride semiconductor crystal substratet having a diameter
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of at least 25 mm and not more than 160 mm. The resistivity
of the group III nitride semiconductor crystal substrate 1s at
least 1x10™* ©Q-cm and not more than 0.1 Q-cm. The resistiv-
ity distribution in the diameter direction of the group III
nitride semiconductor crystal substrate 1s at least —=30% and
not more than 30%. The resistivity distribution 1n the thick-
ness direction of the group III nitride semiconductor crystal
substrate 1s at least —16% and not more than 16%.

[0018] By virtue of the resistivity being not more than 0.1
(2-cm, the group III nitride semiconductor crystal substrate of
the present invention can be conveniently selected as ann type
substrate employed in semiconductor devices such as an elec-
tronic device or light-emitting device, improved 1n properties
such as low ON-resistance and high breakdown voltage. Fur-
ther, since 1t 1s not necessary to dope silicon 1n high concen-
tration by virtue of the resistivity being at least 1x10™* Q-cm,
generation of a pit or defect as well as a crack can be sup-
pressed during growth of the group I nitride semiconductor
crystal. In the case where the resistivity distribution in the
diameter direction 1s at least —30% and not more than 30%
and the resistivity distribution 1n the thickness direction 1s at
least —16% and not more than 16% 1n the group III nitride
semiconductor crystal substrate, variation in properties can
be suppressed, when semiconductor devices are produced
using the group III nitride semiconductor crystal substrate.
Thus, the yield can be improved.

[0019] In the case where the diameter 1s at least 25 mm,
generation at a plane orientation different from the growing
plane can be suppressed. Therefore, a group 111 nitride semi-
conductor crystal substrate of favorable crystallinity can be
obtained. Since an underlying substrate having a diameter of
not more than 160 mm 1s readily available, a nitride semicon-
ductor crystal substrate having a diameter of not more than
160 mm can be obtained readily.

[0020] Preferably in the group III nitride semiconductor
crystal substrate set forth above, the resistivity distribution 1n
the diameter direction 1s at least —20% and not more than
20%, and the resistivity distribution in the thickness direction
1s at least —10% and not more than 10%.

[0021] Since the variation in properties, when semiconduc-
tor devices are produced using the group III nitride semicon-
ductor crystal substrate, can be further suppressed, the yield
can be further improved.

[0022] Preferably in the group III mitride semiconductor
crystal substrate set forth above, the thickness 1s at least 2 mm
and not more than 160 mm.

[0023] In the case where the thickness 1s at least 2 mm, a
plurality of group III nitride semiconductor crystal substrates
having a desired thickness can be obtained by slicing the
group III nitride semiconductor crystal substrate at the
required thickness. In the case where the thickness 1s not more
than 160 mm, a group III nitride semiconductor crystal sub-
strate can be grown readily 1n terms of facilities. Therefore,
the cost can be reduced.

[0024] The group III nitride semiconductor crystal sub-
strate set forth above preferably has a thickness of at least 100
um and not more than 1000 um.

[0025] Inthe case where the thickness 1s at least 100 um, a
group III nitride semiconductor crystal substrate having gen-
eration ol a crack during handling suppressed can be
obtained. In the case where the thickness 1s not more than
1000 um, the substrate 1s conveniently employed for a semi-
conductor device. Thus, the fabrication cost per one group 111
nitride semiconductor crystal substrate can be reduced.

Jul. 1, 2010

[0026] The group III nitride semiconductor crystal sub-
strate preferably has a resistivity of at least 1x107> Q-cm and
not more than 8x10™> Q-cm.

[0027] In the case where the resistivity is at least 1x10~°
(2-cm, 1t 1s not necessary to dope silicon in high concentra-
tion. Therefore, generation of a pit or defect as well as a crack
during growth of a group 111 nitride semiconductor crystal can
be suppressed. In the case where the resistivity 1s not more
than 8x107° Q-cm, the substrate can be conveniently selected
as an n type substrate used 1 semiconductor devices such as
an electronic device or light-emitting device.

[0028] In the group III nitride semiconductor crystal sub-
strate set forth above, the concentration of silicon 1s at least
5x10'° cm™ and not more than 5x10°° cm™, more preferably
at least 3x10"® cm™ and not more than 5x10"” cm”.

[0029] In the case where the concentration of silicon 1s at
least 5x10'°cm™, the concentration of silicon taken in can be
controlled readily. In the case where the concentration of
silicon is at least 3x10'® cm™, the concentration of silicon
taken 1n can be controlled more readily. In the case where the
silicon concentration is not more than 5x10°° cm™, genera-
tion of a pit or defect as well as a crack during growth of a
group III nitride semiconductor crystal can be suppressed. In
the case where the silicon concentration 1s not more than
5x10" ¢m™, a group III nitride semiconductor crystal sub-
strate of favorable crystallinity can be obtained.

[0030] The group III nitride semiconductor crystal sub-
strate set forth above preferably has a dislocation density of
not more than 1x10” cm™.

[0031] By employing the group III nitride semiconductor
crystal substrate 1n a semiconductor device such as an elec-
tronic device or light-emitting device, properties such as the
clectric property and optical property can be stabilized.
[0032] Preferably in the group III nitride semiconductor
crystal substrate set forth above, the main face has an angle of
at least -5 degrees and not more than 5 degrees relative to any

one of a (0001) plane, (1-100) plane, (11-20) plane and (11-
22) plane.

[0033] Accordingly, a group III mitride semiconductor
crystal of favorable crystallinity can be further grown on the
main face. Thus, a semiconductor device of more favorable
property can be obtained.

[0034] Preferably in the group III nitride semiconductor
crystal substrate set forth above, the full width at half maxi-
mum (FWHM) of the rocking curve 1n X-ray diffraction 1s at
least 10 arcsec and not more than 500 arcsec.

[0035] Accordingly, a group III mitride semiconductor
crystal of favorable crystallinity can be additionally grown on
the group III nitride semiconductor crystal substrate. There-
fore, a semiconductor device of more favorable property can
be obtained.

[0036] Preferably, the group I1I nitride semiconductor crys-
tal substrate set torth above 1s formed of an Al In Ga ,_ N
(0=x=1, 0=y=1, x+y=1) crystal. Preferably, the group III
nitride semiconductor crystal substrate set forth above 1s
formed of a gallium nitride crystal.

[0037] Accordingly, an extremely eflective group III
nitride semiconductor crystal can be grown.

[0038] A semiconductor device of the present invention
includes any of the group III nitride semiconductor crystal
substrate set forth above, and an epitaxial layer formed on the
group III nitride semiconductor crystal substrate.

[0039] According to the semiconductor device of the
present invention, the group I1I nitride semiconductor crystal
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substrate having the resistivity in-plane distribution sup-
pressed 1s employed, allowing varnation in properties to be
suppressed. Therefore, the yield can be improved. Further,
since the group III nitride semiconductor crystal substrate
having low resistivity 1s employed, degradation 1n properties
such as low ON-resistance and high breakdown voltage can
be prevented.

[0040] In the present invention, “group III” implies group
I1IB 1n the former IUPAC (The International Umon of Pure
and Applied Chemistry) system. Namely, a group III nitride
semiconductor crystal implies a semiconductor crystal
including nitrogen, and at least one element of boron (B),
aluminium (Al), gallium (Ga), indium (In) and thalltum (TT).
Further, “doping gas” implies gas used to dope impurities
(dopant).

[0041] According to the group III nitride semiconductor
crystal substrate ol the present invention, the resistivity can be
reduced, and degradation 1n the resistivity in-plane distribu-
tion can be prevented.

[0042] Further, according to the semiconductor device of
the present invention, degradation in properties can be pre-
vented, and the yield improved.

[0043] The foregoing and other objects, features, aspects
and advantages of the present mnvention will become more
apparent from the following detailed description of the
present invention when taken in conjunction with the accom-
panying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0044] FIG. 1 1s a schematic perspective view of a gallium
nitride crystal substrate according to a first embodiment of the
present invention.

[0045] FIG. 2 1s a schematic top view of a gallium nitride
crystal substrate of the first embodiment.

[0046] FIG. 3 1s a flowchart of a fabrication method of a
group III nmitride semiconductor crystal substrate of the first
embodiment.

[0047] FIG. 4 1s a schematic view representing a state of
growing a group I1I mitride semiconductor crystal in the first
embodiment.

[0048] FIG. 5 1s a schematic view of an HVPE apparatus
employed 1n a growing method of a group III nitride semi-
conductor crystal of the first embodiment.

[0049] FIG. 6 1s a schematic diagram of a group 111 nitride
semiconductor crystal representing a state of at least the
underlying substrate removed 1n the first embodiment.
[0050] FIG. 7 1s a schematic diagram of a grown state of a
group III nitride semiconductor crystal according to a first
modification of the first embodiment.

[0051] FIG. 8 1s a schematic diagram of a group III nitride
semiconductor crystal representing a state ol at least the
underlying substrate removed 1n the first modification of the
first embodiment.

[0052] FIG. 9 1s a schematic diagram of a group 111 nitride
semiconductor crystal representing a state ol at least the
underlying substrate removed 1n a second modification of the
first embodiment.

[0053] FIG. 101s a schematic view of another HVPE appa-
ratus employed in a growing method of a group III nitride
semiconductor crystal according to a second embodiment of
the present invention.

[0054] FIG. 11 1s a schematic perspective view of a group
I1I nitride semiconductor crystal substrate according to a third
embodiment of the present invention.
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[0055] FIG. 12 1s a flowchart of a fabrication method of a
group 111 nitride semiconductor crystal substrate of the third
embodiment.

[0056] FIG. 13 1s a schematic diagram of a group Il nitride
semiconductor crystal substrate representing a slicing state of
the third embodiment.

[0057] FIG. 14 1s a schematic diagram of a fabrication
method of a group 111 nitride semiconductor crystal substrate
according to a modification of the third embodiment.

[0058] FIG. 15 1s a schematic sectional view of a semicon-
ductor device according to a fourth embodiment of the
present 1nvention.

[0059] FIG. 16 15 a diagram representing the relationship
between the characteristic ON-resistance and reverse break-
down voltage of Schottky barrier diodes of Specimens 20-23
in Example 3.

[0060] FIG. 17 1s a diagram to describe the theoretical
threshold value of Example 3.
DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0061] Embodiments of the present invention will be
described hereinafter with reference to the drawings. In the
drawings, the same or corresponding elements have the same
reference characters allotted, and description thereotf will not
be repeated.

First Embodiment

[0062] A group III nitride semiconductor crystal substrate
according to an embodiment of the present invention will be
described hereinafter with reference to FIGS. 1 and 2. As
shown 1 FIGS. 1 and 2, a group 1II nitride semiconductor
crystal substrate 10 1s formed of a group III nitride semicon-
ductor crystal 12 (refer to FIG. 4) having silicon doped as the
impurity. Group Il nitride semiconductor crystal substrate 10
includes a main face 10a.

[0063] As shown mn FIGS. 1 and 2, a group III nitride
semiconductor crystal substrate 10 of the present embodi-
ment has a diameter R that 1s at least 25 mm and not more than
160 mm, preferably at least 45 mm and not more than 130
mm. A diameter R of at least 25 mm 1s advantageous 1n that
the crystallinity of group III nitride semiconductor crystal
substrate 10 1s rendered favorable since the occurrence of a
different plane orientation at main face 10a 1s prevented. In
the case where diameter R 1s at least 45 mm, the crystallinity
of group III nitride semiconductor crystal substrate 10 1s
rendered more favorable. A diameter R of 160 mm 1s advan-
tageous 1n that the cost can be reduced since the underlying
substrate 1s readily available. In the case where diameter R 1s
not more than 130 mm, the cost can be further reduced.

[0064] Group III nitride semiconductor crystal substrate 10
has a thickness D10 of at least 2 mm and not more than 160
mm, preferably at least 6 mm and not more than S0 mm. In the
case where D10 1s at least 2 mm, a plurality of group Il nitride
semiconductor crystal substrates having a desired thickness
can be obtained by slicing group III nitride semiconductor
crystal substrate 10 to the desired thickness. A thickness D10
of at least 6 mm 1s advantageous 1n that more group 111 nitride
semiconductor crystal substrates of a desired thickness can be
obtained from one group III nitride semiconductor crystal
substrate 10, leading to reduction in cost. In the case where
thickness D10 1s not more than 160 mm, a group III nitride
semiconductor crystal can be grown readily 1n terms of facili-
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ties. Therefore, the cost can be reduced. In the case where
thickness D10 1s at least 50 mm, the cost can be further
reduced.

[0065] The resistivity of group III nitride semiconductor
crystal substrate 10 is at least 1x10™* Q-cm and not more than
0.1 Q-cm, preferably at least 1x10™> Q-cm and not more than
1x107* Q-cm, more preferably at least 1x107° Q-cm and not
more than 8x107° Q-cm. The resistivity of at least 1x10™
(2-cm 1s at advantageous 1n that silicon does not have to be
doped 1n high concentration. Therefore, the generation of a pit
or defect, as well as a crack during growth of a group III
nitride semiconductor crystal can be suppressed. In the case
where the resistivity is at least 1x107° Q-cm, the generation of
a pit, defect, and crack can be further suppressed. In the case
where the resistivity 1s not more than 0.1 £2-cm, the substrate
1s conveniently employed 1n light-emitting devices and elec-
tronic devices. In the case where the resistivity 1s not more
than 1x107* Q-cm, the substrate is conveniently selected as an
n type substrate used in light-emitting devices and optical
devices, particularly power devices. In the case where the
resistivity is not more than 8x107° Q-cm, the substrate is
turther conveniently selected as an n type substrate used 1n
light-emitting devices and optical devices, particularly power
devices.

[0066] As used herein, “resistivity” 1s a value measured by
the method set forth below. First, main face 10a of group 111
nitride semiconductor crystal substrate 10 1s subjected to
polishing and dry etching. Then, the resistivity 1s measured at
cach site of the total o1 9 points such as the nine dots shown 1n
FIG. 2, 1.e. 5 points along an arbitrary diameter R1 including
one point around the center, two points around either ends,
and respective mtermediate points between the center and
either end (two points), and 4 points along a diameter R2
orthogonal to diameter R1, including two points around either
ends and respective intermediate points between the center
and either end (two points), by the four probe method at room
temperature. Then, the average value of the resistivity at these
nine points 1s calculated. Although a method of measuring the
resistivity with respect to main face 10q has been described,
the resistivity may be measured for another face. For
example, a face parallel to main face 10a 1s obtaimned by
slicing substantially the middle plane in the thickness direc-
tion between main face 10q and a face 1056 opposite surface to
main face 10a. Then, the resistivity at the nine points on the
obtained face 1s measured 1n a similar manner, from which the
resistivity average value can be calculated. Alternatively, the
resistivity ol nine points on a face orthogonal to main face 10a
may be measured, from which the resistivity average value
can be calculated.

[0067] The resistivity distribution in the diameter direction
of group III nitride semiconductor crystal substrate 10 1s at
least —30% and not more than 30%, preferably at least —20%
and not more than 20%, and more preferably at least —17%
and not more than 17%. The range of =30% to 30% 1s advan-
tageous 1n that, when semiconductor devices are produced
using group III mitride semiconductor crystal substrate 10,
variation of the performance 1n the diameter direction 1s sup-
pressed and the yield improved. The range of —20% to 20% 15s
advantageous 1n that, when semiconductor devices are pro-
duced, variation of the performance 1s suppressed and the
yield improved. Therange of —17% to 17% 1s advantageous in
that, when semiconductor devices are produced, variation of
the performance 1s further suppressed and the yield further
improved.
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[0068] As used herein, “resistivity distribution 1n the diam-
cter direction” refers to a value measured by a method set
forth below. First, main face 10a of group III nitride semi-
conductor crystal substrate 10 1s subjected to polishing and
dry etching. Then, the resistivity 1s measured at each site of
the total of 9 points such as the nine dots shown 1n FIG. 2, 1.¢.
S points along an arbitrary diameter R1 including one point
around the center, two points around either ends, and respec-
tive intermediate points between the center and either end
(two points), and 4 points along a diameter R2 orthogonal to
diameter R1, including two points around either ends and
respective intermediate points between the center and either
end (two points), by the four probe method at room tempera-
ture. Then, the average value of the resistivity at these nine
points 1s calculated. With regards to the values of resistivity at
the nine points, the value defined by (largest value-average
value)/average value 1s taken as the upper limit of the resis-
tivity distribution in the diameter direction, and the value
defined by (smallest value-average value)/average value 1s
taken as the lower limit of the resistivity distribution in the
diameter direction. Although a method of measuring the
resistivity with respect to main face 10a has been described,
the resistivity may be measured for another face.

[0069] Theresistivity distribution in the thickness direction
of group III nitride semiconductor crystal substrate 10 1s at
least —16% and not more than 16%, preferably at least —10%
and not more than 10%, more preferably at least —9% and not
more than 9%. The range of —16% to 16% 1s advantageous in
that, when semiconductor devices are produced using this
group III nitride semiconductor crystal substrate, variation of
the performance in the thickness direction can be suppressed
and the yield improved. The range of —10% to 10% 1s advan-
tageous 1n that, when semiconductor devices are produced,
variation of the performance can be suppressed and the yield
improved. The range of -9% to 9% 1s advantageous 1n that,
when semiconductor devices are produced, variation of the
performance 1s further suppressed and the yield further
improved.

[0070] As used herein, “resistivity distribution 1n the thick-
ness direction” refers to a value measured by a method set
forth below. First, main face 10a of group III nitride semi-
conductor crystal substrate 10 1s subjected to polishing and
dry etching. Then, the resistivity 1s measured at each site of
the total of 5 points at respective arbitrary thickness such as
the five dots shown 1n FIG. 1, 1.e. one point 1n the proximity
of main face 10a, one point 1n the proximity of a face 105
opposite to main face 10a, and 3 points between main face
10a and opposite tace 105, by the four probe method at room
temperature. The average of the 5 values of resistivity 1s
calculated. With regards to the values of resistivity at the five
points, the value defined by (largest value-average value)/
average value 1s taken as the upper limit of the resistivity
distribution 1n the thickness direction, and the value defined
by (smallest value-average value)/average value 1s taken as
the lower limit of the resistivity distribution in the thickness
direction.

[0071]
semiconductor crystal 12 is preferably at least 5x10'° cm

and not more than 5x10°° cm™, more preferably at least
3x10'® cm™ and not more than 5x10'” ¢cm™. In the case
where the silicon concentration is at least 5x10'° cm™, the
concentration of the silicon taken 1n can be readily controlled
since silicon 1s mtroduced ettectively. Therefore, a group 111
nitride semiconductor crystal substrate 10 containing silicon

The concentration of silicon i group III nitride
_3
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of high concentration can be obtained. In the case where the
silicon concentration is at least 3x10'® cm™, the concentra-
tion of silicon taken 1n can be controlled more readily. In the
case where the silicon concentration is not more than 5x10*°
cm™, generation of a pit or defect as well as a crack during
growth of a group III nitride semiconductor crystal can be
suppressed. In the case where the silicon concentration 1s not
more than 5x10"” cm™, the crystallinity is rendered further
favorable.

[0072] As used herein, “silicon concentration” refers to a
value measured by a method set forth below. First, main face
10a of group I1I mitride semiconductor crystal substrate 10 1s
subjected to polishing and dry etching. Then, the silicon
concentration 1s measured at each site of the total of 9 points
such as the nine dots shown 1n FIG. 2, 1.¢. 5 points along an
arbitrary diameter R1 including one point around the center,
two points around either ends, and respective intermediate
points between the center and either end (two points), and 4
points along a diameter R2 orthogonal to diameter R1, includ-
ing two points around erther ends and respective intermediate
points between the center and either end (two points), by
SIMS (Secondary Ion-microprobe Mass Spectrometer) at
room temperature. Then, the average value of the silicon
concentration at the nine points i1s calculated. Although a
method of measuring the silicon concentration with respect to
main face 10a has been described, the silicon concentration
may be measured at nine points 1n another face, or at arbitrary
9 points based on a combination of two or more faces.

[0073] Thedislocation density of group 111 nitride semicon-
ductor crystal substrate 10 is preferably not more than 1x10’
cm™?, more preferably not more than 1x10° cm™=. A disloca-
tion density of not more than 1x10” cm™ is advantageous in
that, when group III nitride semiconductor crystal substrate
10 1s employed 1n an electronic device, the electric property
can be improved, and when group III nitride semiconductor
crystal substrate 10 1s employed 1 an optical device, the
optical property can be improved. A semiconductor device of
more favorable property can be obtained. In the case where
the dislocation density is not more than 1x10° cm™, the
performance 1n usage of a semiconductor device can be fur-
ther improved. Although the dislocation density 1s preferably
as low as possible, the lower limait 1s, for example, at least
1x10° cm™*. In the case where the dislocation density is at

least 1x10° cm™>, group III nitride semiconductor crystal
substrate 10 can be produced at low cost.

[0074] As used herein, “dislocation density” 1s the etch pit
density obtained from the number of etch pits counted on an
etched surface of the nitride semiconductor crystal that has
been immersed 1 a KOH—NaOH (potassium hydroxide-
sodium hydroxide) mixture melt of 350° C., using the Nomar-
sk1 microscope or a scanning electron microscope (SEM).

[0075] The concentration of oxygen 1 group III nitride
semiconductor crystal substrate 10 is not more than 5x10"°
cm™, preferably not more than 2x10'°® cm™. Although gas
containing oxygen 1s not employed as doping gas in the
present embodiment, the oxygen 1n the reaction tube will be
taken 1nto the growing group 111 mitride semiconductor crystal
as a dopant. Although oxygen 1s an n type dopant, identical to
s1licon, the efficiency of being taken into the c-plane 1s poor.
Particularly, the introduction efficiency differs depending
upon the plane orientation. Oxygen 1s known to have poor
controllability as an n type dopant. By preventing the intro-
duction of oxygen down to the concentration of not more than
5%10'° cm™, silicon will become dominant in terms of the n
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type carrier concentration. Therefore, control over the silicon
concentration allows the carrier concentration of group III
nitride semiconductor crystal 12 to be controlled. The crys-
tallinity can be rendered further favorable by setting the oxy-
gen concentration to preferably not more than 2x10™° cm™.
Although the oxygen concentration 1s preferably as low as
possible, the lower limit is 5x10'> cm™ or above in consid-
cration of the lowest measurable level for detection 1n SIMS
analysis.

[0076] Main face 10a of group III nitride semiconductor
crystal substrate 10 1s preferably at the angle of at least -5
degrees and not more than 5 degrees relative to any one of a
(0001) plane, (1-100) plane, (11-20) plane and (11-22) plane.
A group III nitride semiconductor crystal of favorable crys-
tallinity can be additionally grown on such a main face 10aq.
Theretfore, the usage thereof 1 an electronic device and a
light-emitting device allows improvement in the electric
property and optical property, respectively. A semiconductor
device of further favorable property can be obtained.

[0077] Each individual plane 1s represented by ( ). More-
over, although it 1s crystallographically defined to attach “-”
(bar s1gn) above the numeral for a negative index, the negative
sign 1s attached 1n front of a numeral 1n the present specifica-
tion.

[0078] The full width at half maximum of the rocking curve
in the X-ray diffraction of group III nitride semiconductor
crystal substrate 10 1s preferably at least 10 arcsec and not
more than 500 arcsec, preferably at least 20 arcsec and not
more than 100 arcsec. The value of not more than 500 arcsec
1s advantageous 1n that a semiconductor device of further
tavorable property 1s obtained since a group 11l nitride semi-
conductor crystal of favorable crystallinity can be further
grown on main face 10a of group III nitride semiconductor
crystal substrate 10. In the case where the value 1s not more
than 100 arcsec, a group III nitride semiconductor crystal of
turther favorable crystallinity can be additionally grown on
main face 10a. In the case where the value 1s at least 10 arcsec,
the cost can be reduced since a group 111 nitride semiconduc-
tor crystal constituting group 111 nitride semiconductor crys-
tal substrate 10 can be readily grown. The cost can be further
reduced 1n the case where the value 1s at least 20 arcsec.
[0079] As used herein, “full width at half maximum of a
rocking curve” implies a measured value of the full width at
half maximum of a rocking curve at the (0004) plane by XRD
(X-ray diffraction), and becomes an index representing the
in-plane orientation. The lower value of the full width at half
maximum ol a rocking curve, the higher favorable crystallin-
ity.

[0080] The group III nitride semiconductor crystal consti-
tuting a group III mitride semiconductor crystal substrate 10 1s
preferably an Al In Ga,__ N (0=x=1, 0=y=1, x+y=1)
crystal, more preferably a gallium nitride crystal.

[0081] A fabrication method of a group 111 nitride semicon-
ductor crystal substrate of the present embodiment will be
described with reference to FIGS. 3 and 4. First, a growing
method of a group 111 nitride semiconductor crystal consti-
tuting a group III nitride semiconductor crystal substrate will

be described.

[0082] Asshownin FIGS. 3 and 4, an underlying substrate
11 1s prepared (step S1). Underlying substrate 11 1s a sub-
strate directed to growing group III nitride semiconductor
crystal 12 thereon.

[0083] Atthepreparing step (step S1), underlying substrate
11 preferably formed of a material including at least one type
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selected from the group consisting of silicon (S1), sapphire
(Al,O,), gallium arsemide (GaAs), silicon carbide (51C), gal-
lium nitride (GaN), and aluminium nitride (AIN) 1s prepared.
Alternatively, a spinel type crystal substrate such as MgAl,O,,
1s preferably prepared as underlying substrate 11. Moreover,
in order to reduce the difference in lattice constant, underly-
ing substrate 11 1s preferably formed of a composition 1den-
tical to that of group III mitride semiconductor crystal 12 to be
grown. For a gallium nitride substrate, the monocrystalline
gallium nitride substrate disclosed in Japanese Patent Laying-
Open No. 2001-102307, for example, can be employed.

[0084] Thepreparedunderlying substrate 11 has a diameter
of at least 25 mm and not more than 160 mm, preferably at
least 45 mm and not more than 130 mm. Underlying substrate
11 having a diameter of at least 25 mm 1s advantageous 1n that
group III nitride semiconductor crystal 12 of favorable crys-
tallinity can be grown since growing a group III nitride semi-
conductor crystal 12 constituting group III nitride semicon-
ductor crystal substrate 10 on a plane of a different plane
orientation can be prevented. In the case where the diameter
of underlying substrate 11 1s at least 45 mm, group I1I nitride
semiconductor crystal 12 of further favorable crystallinity
can be grown. In the case where the diameter of underlying
substrate 11 1s not more than 160 mm, the cost can be reduced
since 1t 1s available readily. In the case where the diameter of
underlying substrate 11 1s not more than 130 mm, the costcan

be turther reduced.

[0085] Then, a group III mitride semiconductor crystal 12
doped with silicon 1s grown on underlying substrate 11 by
vapor phase growth (step S2). For the doping gas, silicon
tetrafluoride gas, for example, may be employed. In the
present embodiment, silicon tetratluoride gas alone 1s
employed for the doping gas.

[0086] The growing method is not particularly limited as
long as it corresponds to vapor phase growth. For example,
HVPE, MOCVD, MBE, or the like can be employed to grow
group III nitride semiconductor crystal 12. In the present
embodiment, group III mitride semiconductor crystal 12 is
grown by HVPE. By virtue of the high crystal growth rate,
HVPE 1s advantageous in that a group 111 nitride semlconduc-
tor crystal 12 of great thickness D12 can be grown by con-
trolling the growing time.

[0087] An HVPE apparatus 100a employed in the growing
method of a group III nitride semiconductor crystal in the
present embodiment will be described with reference to FIG.
5. As shown 1n FI1G. 5, HVPE apparatus 100q includes a first
raw material gas cylinder 101, a doping gas cylinder 102, a
second raw material gas cylinder 103, a first gas introduction
pipe 104, a doping gas introduction pipe 105, a second gas
introduction pipe 106, a source boat 107, a susceptor 108, a
heater 109, a reaction tube 110, an exhaust pipe 111, and an
exhaust gas treatment device. HVPE apparatus 100q 1s based
on a horizontal type reaction tube, for example. Alternatively,
HVPE apparatus 100a may be a vertical type reaction tube.

[0088] Reaction tube 110 1s a vessel to hold underlying
substrate 11 therein and grow a group III nitride semiconduc-
tor crystal on underlying substrate 11. A quartz reaction tube,
for example, may be employed for reaction tube 110. Raw
material containing an element constituting a group Il nitride
semiconductor crystal to be grown 1s supplied to each of first
raw material gas cylinder 101, second raw material gas cyl-
inder 103 and source boat 107. Doping gas cylinder 102 1s
filled with gas containing silicon qualified as the dopant. In
the present embodiment, doping gas cylinder 102 1s filled
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with silicon tetratluoride gas as the doping gas. First gas
introduction pipe 104, doping gas introduction pipe 103, and
second gas introduction pipe 106 are provided at reaction tube
110 to introduce first raw material gas G1, doping gas G2, and
second raw material gas G3, respectively, from outside reac-
tion tube 110. Source boat 107 stores and holds a metal raw
material of the group III nitride semiconductor crystal, and 1s
disposed 1n second gas introduction pipe 106.

[0089] Susceptor 108 holds underlying substrate 11. In
reaction tube 110, susceptor 108 1s disposed such that the face
on which underlying substrate 11 1s held is located below first
gas mtroduction pipe 104, doping gas introduction pipe 105
and second gas introduction pipe 106. Susceptor 108 1s dis-
posed horizontally 1n reaction tube 110. Alternatively, sus-
ceptor 108 may be configured with underlying substrate 11
disposed vertically. HVPE apparatus 100a may further
include a local heating mechanism such as a resistance heater
for underlying substrate 11.

[0090] A heater 109 1s disposed outside reaction tube 110,
capable of heating the entire interior of reaction tube 110 to at
least 700° C. and not more than 13500° C., for example.
Exhaust pipe 111 1s provided at reaction tube 110 to output
the gas subsequent to reaction outside of reaction tube 110.
The exhaust gas treatment device 1s configured to allow dis-
posal of the gas subsequent to reaction from exhaust pipe 111
so as to reduce environmental load.

[0091] Inthe growing step (step S2), the prepared underly-
ing substrate 11 1s held on susceptor 108, as shown in FIG. 5.
At this stage, a plurality of underlying substrates 11 may be
held on susceptor 108.

[0092] First and second raw material gas cylinders 101 and
103 filled with first and second raw material gasses G1 and
(3, respectively, are prepared. In addition, the metal raw
matenal 1s supplied to source boat 107. First raw material gas
(1, second raw matenial gas G3 and the metal raw material
are the raw material for a group IIl nitride semiconductor
crystal 12 to be grown. When group 111 nitride semiconductor
crystal 12 to be grown 1s gallium nitride, ammonia (NH,) gas,
hydrogen chloride (HCI) gas, and gallium (Ga), for example,
may be employed for the first raw matenal gas, second raw
material gas, and the metal raw material supplied to source
boat 107, respectively. Further, a doping gas cylinder 102
filled with silicon tetrafluoride gas 1s prepared.

[0093] Then, source boat 107 1s heated. Reaction gas G7 1s
generated by the reaction of second raw material gas G3 from
second gas introduction pipe 106 with the raw material at
source boat 107. First raw material gas G1 from first gas
introduction pipe 104, doping gas G2, and reaction gas G7 are
delivered (supplied) to strike the surface of underlying sub-
strate 11 for reaction. At this stage, a carrier gas to carry these
gases to underlying substrate 11 may be employed. Inert gas
such as nitrogen (IN,) gas, hydrogen (H,) gas and argon (Ar)
gas may be employed for the carrier gas.

[0094] According to HVPE, the interior of reaction tube
110 1s heated by means of heater 109 to a temperature that
allows group Il nitride semiconductor crystal 12 to be grown
at an appropriate rate. The temperature for growing group 111
nitride semiconductor crystal 12 1s preferably at least 900° C.
and not more than 1300° C., more preferably atleast 1050° C.
and not more than 1200° C. In the case where group 111 nitride
semiconductor crystal 12 1s grown at the temperature of 900°
C. or higher, generation of a defect at group III nitride semi-
conductor crystal 12 can be prevented. In addition, develop-
ment at a plane orientation different from the plane orienta-
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tion for growth (for example, a pit or the like 1n the case of a
c-plane) can be suppressed. Namely, a group III nitride semi-
conductor crystal 12 of favorable crystallinity can be grown
stably with respect to the plane orientation of growth. In the
case where group III nitride semiconductor crystal 12 1is
grown at the temperature of 1030° C. or higher, the crystal-
linity can be rendered more favorable. In the case where
group III nmitride semiconductor crystal 12 1s grown at the
temperature of 1300° C. or lower, degradation 1n crystallinity
can be suppressed since decomposition of the growing group
I1I nitride semiconductor crystal 12 can be suppressed. In the
case where group III nitride semiconductor crystal 12 1s
grown at the temperature of 1200° C. or lower, degradation in
crystallinity can be further suppressed.

[0095] The partial pressure of silicon tetratluoride gas 1n
growing group III nitride semiconductor crystal 12 1s prefer-
ably at least 2.0x10~" atm and not more than 1.0x107> atm. In
the case where the partial pressure of silicon tetrafluoride 1s
2.0x1077 atm, silicon qualified as the n type dopant can be
taken 1 group III nitride semiconductor crystal 12 sudfi-
ciently. In the case where the partial pressure of silicon tet-
rafluoride is not more than 1.0x107> atm, silicon can be doped
with higher controllability since the generation of an S1, N,
(s1licon nitride) type compound can be further suppressed. In
consideration of the concentration of silicon doped into group
III nitride semiconductor crystal 12, the partial pressure of
silicon tetrafluoride gas is not more than 1.0x10™> atm. The
total of respective partial pressures (entirety) of each of the
raw material gas, carrier gas, doping gas, and the like in
reaction tube 110 1s 1 atm. The concentration of silicon tet-

rafluoride gas 1s proportional to the partial pressure.

[0096] By adjusting the flow rate of first raw material gas
(g1, the flow rate of second raw material gas G3, or the amount
of the raw material 1n source boat 107, the thickness of the
group III nitride semiconductor crystal to be grown can be
modified appropniately. Group III nitride semiconductor
crystal 12 1s preferably grown such that the thickness D12
thereot 1s at least 100 um and not more than 1100 um, for
example. By virtue of the high crystal growth rate in HVPE,
a group III nitride semiconductor crystal 12 having a large
thickness can be grown by controlling the growing time. In
the case where thickness D12 1s at least 100 um, a group 111
nitride semiconductor crystal 12 that can be employed singu-
larly as the substrate for various types of semiconductor
devices can be grown readily. By setting thickness D12 to not
more than 1100 pum, a group I1I nitride semiconductor crystal
substrate 10 having the alorementioned thickness D10 can be
obtained by the step of removing at least underlying substrate
11 (step S3) that will be described afterwards.

[0097] At the growing step (step S2), the doping gas is
supplied to underlying substrate 11 such that the concentra-
tion of silicon 1n group 111 nitride semiconductor crystal 12 1s
preferably at least 5x10'° cm™ and not more than 5x10°°
cm™, more preferably at least 3x10"® cm™ and not more than
5x10" cm™. In the case where the silicon concentration is at
least 5x10'° cm™, the concentration of silicon taken in group
I1I nitride semiconductor crystal 12 can be readily controlled
by adjusting the concentration of doping gas G2. In the case
where the silicon concentration is at least 3x10'® cm™, the
concentration of silicon taken i group III nitride semicon-
ductor crystal 12 can be controlled more readily. In the case
where the silicon concentration is not more than 5x10°° cm™,
generation of a pit or defect, as well as generation of a crack,

at group III mitride semiconductor crystal 12 during growth,
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can be suppressed. In the case where the silicon concentration
is not more than 5x10"'” cm™, generation of a pit or defect at
group III nitride semiconductor crystal 12, as well as genera-
tion of a crack, can be suppressed.

[0098] Inthe growing step (step S2), group I nitride semi-
conductor crystal 12 1s grown such that the resistivity 1s at
least 1x10™* Q-cm and not more than 0.1 Q-cm, preferably at
least 1x10™° Q-cm and not more than 1x107* £-cm, more
preferably at least 1x10™° €-cm and not more than 8x10°
Q-cm. In the case where the resistivity is at least 1x10™*
(2-cm, silicon does not have to be doped 1n high concentra-
tion. Therefore, the event of group III nitride semiconductor
crystal 12 rendered fragile due to impurities being taken n
can be suppressed. As a result, a group III nitride semicon-
ductor crystal 12 can be grown having generation of a pit or
defect, as well as a crack suppressed. In the case where the
resistivity 1s at least 1x10 £2-cm, a group 111 nitride semicon-
ductor crystal 12 further suppressed in the generation of a pit,
defect and crack can be grown. In the case where the resis-
tivity 1s not more than 0.1 €2-cm, a group III nitride semicon-

ductor crystal 12 that can be conveniently employed for an
clectronic device or light-emitting device can be grown. Inthe
case where the resistivity is not more than 1x107* Q-cm, a
group III nitride semiconductor crystal 12 conveniently
selected for an electronic device or light-emitting device,
particularly a power device, can be grown. In the case where
the resistivity is not more than 8x10™° Q-cm, a group III
nitride semiconductor crystal 12 further conveniently
selected for an electronic device or light-emitting device,
particularly a power device, can be grown.

[0099] In addition, group III nitride semiconductor crystal
12 1s grown such that the resistivity distribution 1n the diam-
cter direction 1s at least -30% and not more than 30%, pret-
erably at least —20% and not more than 20%, more preferably
at least —17% and not more than 17%. The range of —30% to
30% 1s advantageous in that, for producing semiconductor
devices, there can be grown group 111 nitride semiconductor
crystal 12 having variation of the performance 1n the diameter
direction suppressed and the yield improved. The range of
—20% to 20% 1s advantageous in that, when semiconductor
devices are produced, variation of the performance can be
suppressed and the yield improved. The range of —17% to
1'7% 1s advantageous 1n that, when semiconductor devices are
produced, variation of the performance can be further sup-
pressed and the yield further improved.

[0100] Group III nitride semiconductor crystal 12 1s grown
such that the resistivity distribution 1n the thickness direction
1s at least —16% and not more than 16%, preferably at least
—10% and not more than 10%, more preferably at least -9%
and not more than 9%. The range of —16% to 16% 1s advan-
tageous 1n that group III nitride semiconductor crystal 12 1s
grown such that, when used for producing semiconductor
devices, variation of the performance 1n the thickness direc-
tion can be suppressed and the yield improved. The range of
—-10% to 10% 1s advantageous 1n that group III nitride semi-
conductor crystal 12 1s grown such that, when used for pro-
ducing semiconductor devices, variation of the performance
in the thickness direction can be suppressed and the yield
improved. The range of -9% to 9% 1s advantageous 1n that,
group 111 nitride semiconductor crystal 12 1s grown such that,
when semiconductor devices are produced, variation of the
performance 1s further suppressed and the yield further
improved.
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[0101] Preferably in the growing step (step S2), group III
nitride semiconductor crystal 12 1s an Al In Gag,_ N
(0=x=1, 0=y=1, x+y=1) crystal, preferably a gallium
nitride crystal. Accordingly, an extremely efiective group 111
nitride semiconductor crystal 12 can be grown.

[0102] In the growing step (step S2), the doping gas is
supplied to underlying substrate 11 such that the concentra-
tion of oxygen in group 111 nitride semiconductor crystal 12 1s
not more than 5x10'° cm™. Although gas containing oxygen
1s not employed as doping gas 1n the present embodiment, the
oxygen 1n reaction tube 110 will be taken 1nto the growing
group III mitride semiconductor crystal 12. Although oxygen
1s an n type dopant, identical to silicon, the efficiency of being
taken into the c-plane 1s poor. Particularly, the introduction
eiliciency differs depending upon the plane orientation. Oxy-
gen 1s known to have poor controllability as an n type dopant.
By preventing the introduction of oxygen down to the con-
centration of not more than 5x10'°® cm™, more preferably
down to the concentration of not more than 2x10'° cm™", the
resistivity of group Il nitride semiconductor crystal 12 can be
controlled stably. Although the oxygen concentration 1s pret-
erably as low as possible, the lower limit is 5x10™ cm™ or
above 1n consideration of the lowest measurable level for
detection 1 SIMS analysis. In the growing step (step S2),
group III nitride semiconductor crystal 12 1s grown such that
the dislocation density of group III nitride semiconductor
crystal 12 is preferably not more than 1x10” cm?, more pref-
erably not more than 1x10° cm™. A dislocation density of not
more than 1x10’ cm™ is advantageous in that, when
employed 1n an electronic device, the electric property can be
improved, and when employed 1n an optical device, the opti-
cal property can be improved. A group III nitride semicon-
ductor crystal 12 of more favorable property can be obtained.
In the case where the dislocation density 1s not more than
1x10° cm™, the performance in usage of a semiconductor
device can be further improved. Although the dislocation
density 1s preferably as low as possible, the lower limait 1s, for
example, at least 1x10° cm™2. In the case where the disloca-
tion density is at least 1x10° cm™>, a group III nitride semi-
conductor crystal 12 can be produced at low cost.

[0103] Inthe growing step (step S2), group 111 nitride semi-
conductor crystal 12 1s grown such that the main face of group
I1I mitride semiconductor crystal 12 1s preferably at the angle
of at least -5 degrees and not more than 5 degrees relative to
any one of a (0001) plane, (1-100) plane, (11-20) plane and
(11-22) plane. A group III nitride semiconductor crystal of
tavorable crystallinity can be additionally grown on the main
tace. Therefore, the usage thereof 1n an electronic device and
a light-emitting device allows improvement in the electric
property and optical property, respectively. A semiconductor
device of further favorable property can be obtained.

[0104] Inthe growing step (step S2), group 111 mitride semi-
conductor crystal 12 1s grown such that the full width at half
maximum of a rocking curve 1n the X-ray diffraction 1s prei-
erably at least 10 arcsec and not more than 500 arcsec, more
preferably at least 20 arcsec and not more than 100 arcsec.
The value of not more than 500 arcsec 1s advantageous 1n that
a semiconductor device of further favorable property is
obtained since a group III nitride semiconductor crystal of
tavorable crystallinity can be further grown on group III
nitride semiconductor crystal 12. In the case where the value
1s not more than 100 arcsec, a group I1I nitride semiconductor
crystal of further favorable crystallinity can be additionally
grown thereon. In the case where the value 1s at least 10
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arcsec, the cost can be reduced since a group III nitride
semiconductor crystal 12 can be readily grown. The cost can
be further reduced in the case where the value 1s at least 20
arcsec.

[0105] Then, the heating by heater 109 1s stopped, and the
temperature of source boat 107, group III nitride semicon-
ductor crystal 12, and underlying substrate 11 1s reduced
down to approximately the room temperature. Then, under-
lying substrate 11 and group III nitride semiconductor crystal
12 are taken out from reaction tube 110.

[0106] Thus, a group III nitride semiconductor crystal 12
can be grown on underlying substrate 11 shown in FIG. 4.
[0107] Referring to FIG. 6, at least underlying substrate 11
1s removed to produce a group III nitride semiconductor
crystal substrate 10 constituted of group III nitride semicon-
ductor crystal 12 having a thickness D10 of at least 100 um
(step S3).

[0108] The crystallinity 1s often not favorable 1n the neigh-
borhood of the interface between group Il nitride semicon-
ductor crystal 12 and underlying substrate 11. It is therefore
preferable to fabricate a group I1I nitride semiconductor crys-
tal substrate 10 by further removing the region of group III
nitride semiconductor crystal 12 where the crystallinity 1s not
tavorable. Thus, a group. III nitride semiconductor crystal
substrate 10 having a main face 10q and a face 105 opposite
to main face 10a 1s produced, as shown in FIG. 6.

[0109] The removing method includes the method of, for
example, cutting, grinding, and the like. Cutting refers to
dividing (slicing) mechanically at least underlying substrate
11 from group III nitride semiconductor crystal 12 by means
of a slicer having a peripheral cutting edge of a diamond
clectrolytic deposited wheel or a wire saw. Grinding refers to
mechanically grinding away at least underlying substrate 11
by a grinding equipment with a diamond grindstone.

[0110] The face to be removed from group III mitride semi-
conductor crystal 12 1s not limited to a face parallel to the
surface of underlying substrate 11. For example, a face having,
an arbitrary inclination with respect to the surface may be
sliced. It 1s to be noted that main face 10a preferably has an
angle of at least -5 degrees and not more than 5 degrees
relative to any one of a (0001) plane, (1-100) plane, (11-20)
plane and (11-22) plane, as set forth above.

[0111] Main face 10a and opposite face 105 of group III
nitride semiconductor crystal substrate 10 may be further
subjected to polishing or surface treatment. The polishing
method or the surface treatment method 1s not particularly
limited, and an arbitrary method may be employed.

[0112] By carrving out the steps set forth above (steps
S1-S3), a group 111 nitride semiconductor crystal substrate 10
shown 1n FIGS. 1 and 2 can be fabricated. Namely, there 1s
obtained a group III nitride semiconductor crystal substrate
10 having a resistivity of at least 1x10™" ©-cm and not more
than 0.1 €2-cm, a resistivity distribution 1n the diameter direc-

tion of at least —30% and not more than 30%, and a resistivity
distribution 1n the thickness direction of at least —16% and not

more than 16%.
[0113] First Modification

[0114] A fabrication method of a group III nitride semicon-
ductor crystal substrate according to a first modification of the
present embodiment will be described herematter with refer-

ence to FIGS. 7 and 8.

[0115] As shown in FIG. 7, the growing method of a group
III nitride semiconductor crystal substrate of the present
modification 1s basically similar to that of the first embodi-
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ment set forth above, and differs 1in that two layers of group 111
nitride semiconductor crystal are grown at the growing step
(step S2).

[0116] Specifically, as shown in FIG. 7, group III nmitride
semiconductor crystal 12 doped with silicon by using silicon
tetrafluoride gas as the doping gas provided on underlying
substrate 11 by vapor phase growth 1s a first group III mitride
semiconductor crystal 12a. Then, a second group III mitride
semiconductor crystal 1256 doped with silicon by using silicon
tetrafluoride gas as the doping gas i1s grown 1n a similar
manner on first group III nitride semiconductor crystal 12a.
Thus, there are produced underlying layer 11, first group 111
nitride semiconductor crystal 12a on underlying substrate 11,
and second group III nitride semiconductor crystal 126 on
first group III nitride semiconductor crystal 12a.

[0117] Then, atleastunderlying substrate 11 1s removed, as
shown 1n FIG. 8, to fabricate a group III nitride semiconduc-
tor crystal substrate constituted of at least one of first and
second group III nitride semiconductor crystals 12q and 125
having a thickness D10 of at least 100 um. In the present
modification, a group III nitride semiconductor crystal sub-
strate constituted of second group III mitride semiconductor
crystal 126 1s fabricated by removing first group 111 nitride
semiconductor crystal 12a and a portion of second group 111
nitride semiconductor crystal 125. In this case, a group 111
nitride semiconductor crystal substrate 10 of further favor-
able crystallinity can be obtained by taking first group III
nitride semiconductor crystal 12q as a butfer layer directed to
matching with underlying substrate 11 1n the lattice constant,
and growing second group III nitride semiconductor crystal
125 of further favorable crystallinity thereon.

[0118] Second Modification

[0119] A fabrication method of a group 111 nitride semicon-
ductor crystal substrate according to a second modification of
the present embodiment will be described hereinafter with
reference to FI1G. 9.

[0120] As shown 1n FIG. 9, the fabrication method of a
group III nitride semiconductor crystal substrate of the
present modification 1s basically similar to the fabrication
method of a group 111 nitride semiconductor crystal substrate
in the first modification, and differs in that a group III nitride
semiconductor crystal substrate 10 including first and second
group 111 nitride semiconductor crystals 12aq and 125 1s fab-
ricated by removing a portion of first group III nitride semi-
conductor crystal 12aq in the step of removing at least the
underlying substrate (step S3).

[0121] In group III nitride semiconductor crystal substrate
10 of the present modification, the two layers of group III
nitride semiconductor crystals 12a and 1256 may be of the
same composition or of different compositions. Furthermore,
the growing method of a group III mitride semiconductor
crystal of the present invention 1s not particularly limited to
the method of growing one or two layers of group III nitride
semiconductor crystal. Three or more layers of a group III
nitride semiconductor crystal may be grown.

[0122] As set forth above, group III nitride semiconductor
crystal substrate 10 of the present embodiment and modifi-
cations thereof has a resistivity is at least 1x10™* Q-cm and
not more than 0.1 £2-cm, a resistivity distribution 1n the diam-
eter direction of at least =30% and not more than 30%, and a

resistivity distribution in the thickness direction of at least
—16% and not more than 16%.

[0123] In the present embodiment and modifications
thereot, silicon tetrafluoride gas 1s used as the doping gas in
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growing group III mitride semiconductor crystal 12 doped
with silicon under the condition that decomposition of the
doping gas 1s to be prevented and reaction per se with another
gas 1s suppressed. Silicon tetrafluoride gas 1s characterized 1n
that, as compared to other doping gases directed to doping
s1licon, the gas per se 1s not readily decomposed, and does not
casily react with another gas such as the raw material gas for
the group Il nitride semiconductor crystal and the carrier gas.
Particularly, 1t 1s to be noted that silane, disilane, chlorosilane,
dichlorosilane, monochlorosilane and tetrachlorosilane react
with ammonia gas that 1s the raw material of nitrogen (IN) at a
temperature in the vicinity of the room temperature, whereas
s1licon tetrafluoride gas does not react with ammeonia gas even
if raised up to 1200° C. Therefore, the event of the silicon
tetratluoride gas being decomposed prior to arrival at under-
lying substrate 11 to adhere to a region other than underlying
substrate 11 and/or generation of an S1 N, (silicon nitride)
type compound (X and y are arbitrary integers) caused by the
reaction of silicon 1n the silicon tetrafluoride can be sup-
pressed. Accordingly, control over the concentration of tet-
rafluoride gas qualified as the doping gas allows the concen-
tration of silicon serving as the dopant to be controlled
readily. As a result, the amount of silicon taken in group III
nitride semiconductor crystal 12 can be regulated at a con-
stant level. Thus, the resistivity of group 111 nitride semicon-
ductor crystal 12 can be readily controlled.

[0124] Since the amount of silicon 1n the silicon tetrafluo-
ride gas can be controlled readily, 1t 1s not necessary to supply
the silicon tetratluoride gas to underlying substrate 11 at a
high rate. Therefore, doping gas can be supplied uniformly to
underlying substrate 11 since first group 111 nitride semicon-
ductor crystal 12 can be grown by supplying doping gas at an
appropriate tflow rate directed to growing the crystal. There-
fore, degradation in the resistivity in-plane distribution of
group III nitride semiconductor crystal 12 to be grown can be
prevented.

[0125] Group III nitride semiconductor crystal substrate 10
ol the present embodiment and modifications thereof 1s based
on group III nitride semiconductor crystal 12 having the
resistivity reduced by readily controlling the resistivity and
degradation 1n the resistivity in-plane distribution prevented.
By virtue of the resistivity being not more than 0.1 €2-cm,
group I1I mtride semiconductor crystal substrate 10 1s conve-
niently selected as an n type substrate employed 1n electronic
devices and light-emitting devices improved in the properties
such as the low ON-resistance and high breakdown voltage.
Since the resistivity is at least 1x10™" ©-cm, it is not necessary
to dope silicon 1n high concentration. Therefore, generation
ol a pit or defect as well as a crack during growth of a group
III nmitride semiconductor crystal can be suppressed. In the
case where the resistivity distribution in the diameter direc-
tion 1s at least —30% and not more than 30% and the resistivity
distribution 1n the thickness direction of the group III nitride
semiconductor crystal substrate is at least —16% and not more
than 16%, varniation in the properties, when semiconductor
devices are produced using the group 111 mitride semiconduc-
tor crystal substrate, can be suppressed. Therefore, the yield
can be improved.

Second Embodiment

[0126] A group III nitride semiconductor crystal substrate
according to a second embodiment of the present invention 1s
similar to group III nitride semiconductor crystal substrate 10

of the first embodiment shown 1n FIGS. 1 and 2. The fabri-
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cation method of a group III nitrnde semiconductor crystal
substrate of the second embodiment differs from the fabrica-
tion method of a group 111 nitride semiconductor crystal of the
first embodiment.

[0127] Specifically, the fabrication method of the present
embodiment differs from the fabrication method of the first
embodiment 1n that silicon tetrachloride gas 1s used as the
doping gas to grow a group III nitride semiconductor crystal.

[0128] In detail, group 111 nitride semiconductor crystal 12
doped with silicon by using silicon tetrachloride gas as the
doping gas 1s grown on underlying substrate 11 by vapor
phase growth (step S2). In the present embodiment, silicon
tetrachloride gas alone 1s employed for the doping gas. Ele-
ments differing from those of the first embodiment will be
described 1n detail hereinafter.

[0129] Inthe case where the doping gas 1s silicon tetrachlo-
ride gas, the growth rate of group III nitride semiconductor
crystal 12 1s at least 200 um/h and not more than 2000 um/h,
preferably at least 300 um/h and not more than 600 pm/h. In
the case where the growth rate of group III nitride semicon-
ductor crystal 12 1s at least 200 um/h, group III nitride semi-
conductor crystal 12 1s grown to fill an S1, N_ layer of a minute
amount, when formed at the growing face of group III nitride
semiconductor crystal 12, since the growth rate of group 111
nitride semiconductor crystal 12 1s suificiently higher than the
growth rate ot the S1 N, layer. Theretore, the intluence of an
S1.N,, layer being formed can be suppressed. Accordingly,
control of the concentration of silicon qualified as the dopant
1s facilitated by adjusting the concentration of the silicon
tetrachloride gas. As a result, the concentration of silicon
taken 1n can be regulated at a constant level. Thus, the resis-
tivity of group III nitride semiconductor crystal 12 can be
readily controlled. In the case where the growth rate of group
I1I nitride semiconductor crystal 12 1s at least 300 um/h, the
resistivity of group Il nitride semiconductor crystal 12 can be
controlled more readily. In the case where the growth rate of
group III nitride semiconductor crystal 12 1s not more than
2000 um/h, degradation of the crystallinity of group 111 nitride
semiconductor crystal 12 to be grown 1s suppressed. In the
case where the growth rate of group 111 nitride semiconductor
crystal 12 1s not more than 600 um/h, degradation in the
crystallinity of group III nitride semiconductor crystal 12 can
be further suppressed.

[0130] The partial pressure of the silicon tetrachloride gas
during growing group III nitride semiconductor crystal 12 1s
preferably at least 1x107° atm and not more than 2x10~* atm.
In the case where the partial pressure of the silicon tetrachlo-
ride gas is at least 1x10~° atm, silicon qualified as the n dopant
can be sufficiently taken in group III nitride semiconductor
crystal 12. In the case where the partial pressure of the silicon
tetrachloride gas is not more than 2x10~* atm, silicon can be
doped with further favorable controllability since the genera-
tion ofan S1, N, (s1licon nitride) type compound can be further
suppressed. In consideration of the concentration of silicon
doped into group III nitride semiconductor crystal 12, the
partial pressure of silicon tetrachloride gas 1s not more than
1.0x10™> atm. The total of respective partial pressures (en-
tirety) of each ofthe gases in reaction tube 110 such as the raw
material gas, carrier gas, and doping gas 1s 1 atm. The con-
centration of the silicon tetrachloride gas 1s proportional to
the partial pressure.

[0131] Therate of supplying doping gas G2 1s preferably at
least 100 cm/min and not more than 1000 cm/min, more
preferably at least 250 cm/min and not more than 500
cm/min. By setting the rate within this range, variation in the
concentration distribution of doping gas G2 that 1s supplied
can be suppressed.
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[0132] Thus, group Il nitride semiconductor crystal 12 can
be grown on underlying substrate 11 shown in FI1G. 4. Using
this group III mitride semiconductor crystal 12, a group 111
nitride semiconductor crystal substrate 1s fabricated 1n a man-
ner similar to that of the first embodiment. Thus, there 1s
obtained a group III nitride semiconductor crystal substrate
having a resistivity of at least 1x10™* Q-cm and not more than
0.1 €2-cm, aresistivity distribution 1n the diameter direction of
at least —30% and not more than 30%, and a resistivity dis-
tribution 1n the thickness direction of at least —16% and not
more than 16%.

[0133] The remaining elements in the growing method of a
group 111 nitride semiconductor crystal 12 and the fabrication
method of a group 111 nitride semiconductor crystal substrate
are similar to those in the growing method of a group III
nitride semiconductor crystal 12 and the fabrication method
ol a group 111 nitride semiconductor crystal substrate 10 of the
first embodiment. The same elements have the same reference
characters allotted, and description thereof will not be
repeated.

[0134] The fabrication method of the present embodiment
1s applicable to, not only the first embodiment, but also to
modifications thereof.

[0135] In the growing method of a group III mitride semi-
conductor crystal 12 in the first modification of the first
embodiment shown 1n FIGS. 6 and 7, first group III nitride
semiconductor crystal 12a preferably has a relatively low
silicon concentration of not more than 1x10*" cm™, and
second group III nitride semiconductor crystal 1256 has a
relatively high silicon concentration exceeding 1x10'" cm™.
In this case, there can be obtained a second group III nitride
semiconductor crystal 126 having growth 1nhibition caused
by the formation of an S1, N, film prevented.

[0136] [Modification]

[0137] An HVPE apparatus 10056 shown in FIG. 10 has a
configuration basically similar to that of HVPE apparatus
100a set forth above, provided that doping gas introduction
pipe 105 has a smaller diameter, and that doping gas intro-
duction pipe 105 and second gas introduction pipe 106 inter-
connect each other at the exit side.

[0138] HVPE apparatus 1005 1s characterized in that the
flow rate of doping gas G2 is increased due to the smaller
diameter of doping gas introduction pipe 105. The diameter
of doping gas introduction pipe 105 1s set to realize a flow rate
of doping gas G2 that can maintain a favorable resistivity
in-plane distribution.

[0139] By the interconnection between doping gas intro-
duction pipe 105 and second gas introduction pipe 106, the
timing of the contact between doping gas G2 and first raw
material gas G1 1s delayed. HVPE apparatus 1005 1s charac-
terized in that the duration of doping gas G2 brought into
contact with first raw material gas G1 at a region A 1s short-
ened. In the case where second raw material gas G3 has low
reactivity with doping gas G2 and first raw matenial gas G1
has high reactivity with doping gas G2, reaction of doping gas
(G2 with first raw material gas G1 can be suppressed. Accord-
ingly, controllability 1n the concentration of the supplied sili-
con can be improved. Therefore, group III nitride semicon-
ductor crystal 12 1s preferably grown using HVPE apparatus
10056 of FIG. 10. HVPE apparatus 10056 of FIG. 10 1s conve-
niently selected 1n the case where silicon tetrachloride 1s
employed for the doping gas.

[0140] In the case where group III nitride semiconductor
crystal 12 1s grown 1n HVPE apparatus 1005, the supply rate
of doping gas G2 1s preferably at least 250 com/mun. In this
case, thermal decomposition of doping gas G2 atregion A can
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be suppressed when region A attains a high temperature of
800° C. or above in HVPE apparatus 1005.

[0141] This fabrication method of the present modification
can be applied to, not only the second embodiment, but also
the first embodiment and modifications thereof.

[0142] In the present embodiment and modification
thereol, silicon tetrachloride gas 1s employed as the doping
gas, and the growth rate of group III mitride semiconductor
crystal 12 constituting group I1I nitride semiconductor crystal
substrate 10 1s set to at least 200 um/h and not more than 2000
um/h 1 growing a group III nitride semiconductor crystal 12
doped with silicon under the condition that decomposition of
doping gas 1s prevented and the influence of reaction with
another gas 1s reduced when silicon 1s doped. Silicon tetra-
chloride gas 1s characterized 1n that, as compared to other
gases directed to doping silicon such as silane, disilane,
trichlorosilane, dichlorosilane and monochlorosilane, the gas
per se 1s not readily decomposed. Therefore, the event of the
silicon tetrachloride gas being decomposed betore reaching
underlying substrate 11 to adhere to a site other than under-
lying substrate 11 can be prevented.

[0143] The growth rate of group III mitride semiconductor
crystal 12 1s set to at least 200 um/h, for example, even in the
case where silicon tetrachloride gas reacts with another gas
such as first raw material gas G1 and/or the carrier gas of
group III nitride semiconductor crystal 12 to generate an
S1.N,, layer. Accordingly, a group III nitride semiconductor
crystal will grow laterally so as to fill an Si N, layer of a
minute amount, when formed at the growing face of group 111
nitride semiconductor crystal 12, since the growth rate of
group III nitride semiconductor crystal 12 1s sufficiently
higher than the growth rate of the Si, N, layer. Since the
influence of the formation of an Si N, layer can be sup-
pressed, control of the concentration of silicon that 1s the
dopant 1s facilitated by regulating the concentration of silicon
tetrachloride gas. As a result, the concentration of silicon
taken 1n can be regulated at a constant level. Thus, the resis-
tivity of the group III nitride semiconductor crystal can be
readily controlled.

[0144] Since the concentration of silicon 1n the silicon tet-
rachloride gas can be readily controlled, 1t 1s not necessary to
supply the silicon tetrachloride gas to underlying substrate 11
at high rate. Accordingly, group III nitride semiconductor
crystal 12 can be grown by supplying the silicon tetrachloride
gas at an appropriate rate, and the silicon tetrachloride gas can
be supplied uniformly to the underlying substrate as the dop-
ing gas. Therefore, degradation in the resistivity in-plane
distribution of group Il nitride semiconductor crystal 12 to be
grown can be prevented.

[0145] Thus, the group III nitride semiconductor crystal
substrate of the present embodiment 1s based on a group 111
nitride semiconductor crystal having the resistivity reduced
by readily controlling the resistivity, and degradation in the
resistivity in-plane distribution prevented. Thus, there can be
obtained a group III nitride semiconductor crystal substrate
having a resistivity of at least 1x10™* Q-cm and not more than
0.1 2-cm, aresistivity distribution 1n the diameter direction of
at least —30% and not more than 30%, and a resistivity dis-
tribution 1n the thickness direction of at least —16% and not
more than 16%.

Third Embodiment

[0146] A group III nitride semiconductor crystal according
to a third embodiment will be described with reference to

FIG. 11.

[0147] As shown in FIG. 11, a group III nitride semicon-
ductor crystal substrate 20a of the present embodiment 1s
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basically similar to group III nitride semiconductor crystal
substrate 10 of the first embodiment shown in FIG. 1, pro-
vided that the thickness D20a 1s at least 100 um and not more
than 1000 pum.

[0148] Thickness D20a of group III nitride semiconductor
crystal substrate 20q 1s at least 100 um and not more than
1000 um, preferably at least 60 um and not more than 300 um.
In the case where thickness D20a 1s at least 100 um, there can
be obtained a group III nitride semiconductor crystal sub-
strate 20a having generation of a crack during handling pre-
vented. In the case where thickness D20a 1s at least 60 um, a
group 111 nitride semiconductor crystal substrate 20a having
generation of a crack further prevented i1s obtained. In the case
where thickness D20a 1s not more than 1000 um, the substrate
can be conveniently employed for semiconductor devices.
Moreover, the fabrication cost per one group III nitride semi-
conductor crystal substrate 20a can be reduced. In the case
where thickness D20qa 1s not more than 300 um, the fabrica-
tion cost per one group III nitride semiconductor crystal sub-
strate 20a can be further reduced.

[0149] As used herein, “resistivity distribution 1n the thick-
ness direction” refers to a value measured by a method set
forth below. Specifically, the resistivity 1s measured at each
site of the total of 2 points at respective arbitrary thickness,
1.€. one point in the proximity of main face 10a, and one point
in the proximity of a face 1056 opposite to main face 10a, by
the four probe method at room temperature. The average of
the 2 values of resistivity 1s calculated. With regards to the
values of resistivity at the 2 points, the value defined by
(largest value—average value)/average value 1s taken as the
upper limit of the resistivity distribution in the diameter direc-
tion, and the value defined by (smallest value—-average value)/
average value 1s taken as the lower limit of the resistivity
distribution 1n the diameter direction.

[0150] Hereinafter, a fabrication method of a group III
nitride semiconductor crystal substrate according to the

present embodiment will be described herematter with refer-
ence to F1G. 12.

[0151] As shown in FIG. 12, a group III nitride semicon-
ductor crystal 12 1s grown according to the growing method of
group III nitride semiconductor crystal 12 (steps S1, S2) of
the first embodiment set forth above. Then, at least underlying
substrate 11 1s removed (step S3), likewise with the first
embodiment. Accordingly, a group 111 mitride semiconductor
crystal substrate 10 of the first embodiment 1s fabricated.

[0152] Then, group III nitride semiconductor crystal 12 1s
sliced 1n the thickness direction to produce a plurality of
group III nitride semiconductor crystal substrates 20a-20#:
constituted of a group III nitride semiconductor crystal 12
having a thickness of at least 100 um and not more than 1000
um (step S4).

[0153] As shown in FIG. 13, group III nitride semiconduc-
tor crystal substrate 10 1s worked 1nto a plurality of group III
nitride semiconductor crystal substrates 20a-20x having a
desired thickness. The slicing method 1s not particularly lim-
ited, and a slicer having an outer peripheral edge of a diamond
clectrolytic deposited wheel, a wire saw or the like may be
used.

[0154] Modification

[0155] A fabrication method of a group 111 nitride semicon-
ductor crystal substrate of the present modification 1s basi-
cally similar to the fabrication method of a group III nitride
semiconductor crystal substrate of the third embodiment,
provided that the order of the steps differs, as shown 1n FIG.

14.

[0156] Specifically, by carrying out a growing method of a
group III nitride semiconductor crystal substrate 1n a manner
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similar to that of the first embodiment, a group III mitride
semiconductor crystal 12 1s grown on underlying substrate
11. Then, by slicing group III nitride semiconductor crystal
12 1n the thickness direction, a plurality of group III mitride
semiconductor crystal substrates 20a-20m constituted of
group III nitride semiconductor crystal 12 having a thickness
of at least 100 um and not more than 1000 um are produced
(step S4). As a result, at least underlying substrate 11 1s
removed from group III mitride semiconductor crystal 12
(step S3). Namely, group III nitride semiconductor crystal
substrates 20a-20m are sliced prior to the removal of under-
lying substrate 11.

[0157] The remaining elements as to the configuration and
fabrication method of group III nitride semiconductor crystal
substrate 20a are similar to those of group III nitride semi-
conductor crystal substrate 10 of the first embodiment. The
same elements have the same reference characters allotted,
and description thereof will not be repeated.

[0158] The present embodiment and modification can be
applied to, not only the first embodiment, but also the modi-
fications of the first embodiment as well as the second
embodiment and modification thereof.

[0159] Group III nitride semiconductor crystal substrate
20a according to the present embodiment and modification
thereol, obtained by the fabrication method of group III
nitride semiconductor crystal substrate 20a set forth above,
has a resistivity of at least 1x10™* Q-cm and not more than 0.1
(2-cm, a resistivity distribution 1n the diameter direction of at
least —30% and not more than 30%, and a resistivity distribu-
tion 1n the thickness direction of at least —16% and not more

than 16%.

[0160] Thus, group III nitride semiconductor crystal sub-
strate 20a of the present embodiment and modification
thereol 1s fabricated under the conditions that decomposition
of the doping gas 1s suppressed and reaction with another gas
1s suppressed, or the effect of reaction 1s reduced 1n doping
s1licon 1n a group III nitride semiconductor crystal substrate
20a mcluding silicon as the impurity. Thus, there can be
obtained group III nitride semiconductor crystal substrates
20a-20m having the resistivity reduced by readily controlling
the resistivity, and degradation in the resistivity imn-plane dis-
tribution suppressed.

[0161] Although the foregoing ranges have been cited for
thickness D10, D20q and for diameter R of group III nitride
semiconductor crystal substrates 10 and 20aq in the first
embodiment, first and second modifications thereof, the sec-
ond embodiment and modification thereot, the thickness of
group III nitride semiconductor crystal substrate 10 of the
present invention 1s not particularly limited. Moreover, the
present invention 1s not particularly limited to the fabrication
method of group III mitride semiconductor crystal substrate
10 described 1n the first embodiment, first and second modi-
fications thereot, the second embodiment and modification
thereof.

[0162] The number of sample sites to be measured for the
resistivity distribution 1n the thickness direction corresponds
to S points 1n the case where the thickness of group 111 nitride
semiconductor crystal 12 or group III nitride semiconductor
crystal substrate 10 1s at least 2 mm, and corresponds to 2
points 1n the case where the thickness of group III nitride
semiconductor crystal 12 1s less than 2 mm.

Fourth Embodiment

[0163] Referring to FIG. 15, a Schottky barrier diode
(SBD) that 1s a semiconductor device of the present embodi-
ment 1includes group III nitride semiconductor crystal sub-
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strate 20a of the third embodiment, a drift layer 31 as an
epitaxial layer, a Schottky electrode 32, and an ohmic elec-
trode 33.

[0164] Drift layer 31 1s formed on group III nitride semi-
conductor crystal substrate 20a. Schottky electrode 32 1is
formed on drift layer 31. Ohmic electrode 33 1s formed on a
face opposite to the face where drift layer 31 1s provided 1n
group 111 nitride semiconductor crystal substrate 20a.

[0165] Although the present embodiment 1s described 1n
which the Schottky barrier diode includes group III nitride
semiconductor crystal substrate 20a of the third embodiment,
the Schottky barrier diode may include a group III nitride
semiconductor crystal substrate 10 of the first or second
embodiment.

[0166] Although a Schottky barrier diode 1s taken as an
example of a semiconductor device 1n the present embodi-
ment, the present invention 1s not particularly limited thereto.
For example, optical devices such as a light-emitting diode
and laser diode, electronic devices such as a Schottky barrier
diode, rectifier, bipolar transistor, field effect transistor,
HEMT (High Electron Mobility Transistor), semiconductor
sensors such as a temperature sensor, pressure sensor, radia-
tion sensor, and visible-ultraviolet photodetector, as well as a
SAW (Surface Acoustic Wave Device), transducer, resonator,
oscillator, MEMS component, and piezoactuator can be cited.
[0167] As set forth above, Schottky barrier diode 30 that 1s
an example of a semiconductor device of the present embodi-
ment 1includes group III nitride semiconductor crystal sub-
strate 20a of the third embodiment. Group III nitride semi-
conductor crystal substrates 10 and 20a-20m of the first to
third embodiments and modifications thereof can have the
resistivity reduced and degradation 1n the resistivity in-plane
distribution prevented. Since group I nitride semiconductor
crystal substrates 10 and 20a-20m having the resistivity 1n-
plane distribution suppressed are used, variation in properties
can be suppressed. Therefore, the vield can be improved.
Furthermore, since group III nitride semiconductor crystal
substrates 10 and 20a-20m having low resistivity are used,
properties such as low ON-resistance and high breakdown
voltage can be improved.

Example 1

[0168] Inthe present example, the conditions to fabricate a
group III nitride semiconductor crystal substrate of the
present mnvention were studied. Specifically, group III nitride
semiconductor crystal substrates of Specimens 1-18 were
tabricated according to the third embodiment. The resistivity,
the resistivity distribution 1n the diameter direction and thick-
ness direction, and the silicon concentration were measured.
Moreover, the surface state was observed.

[0169] [Specimens 1-18]

[0170] First, an underlying substrate 11 formed of gallium
nitride having a diameter of 105 mm and a thickness of 400
um was prepared (step S1). The main face of underlying
substrate 11 corresponds to the (0001) plane.

[0171] Then, a gallium nitride crystal was grown as a group
III nitride semiconductor crystal doped with silicon, using the
doping gas shown 1n Table 1 set forth below, on underlying
substrate 11 by HVPE as the vapor phase growth (step S2).

[0172] At step S2, the gallium nitride crystal was grown
using HVPE apparatus 100aq of FIG. 5. Ammonia gas and
hydrogen chloride gas were prepared as first raw material gas
(1 and second raw material gas G3, respectively. The gas set
forth in Table 1 was prepared as doping gas G2. Hydrogen
having the purity of at least 99.999% was prepared as carrier
gas. Carrier gas was 1ntroduced into reaction tube 110 from
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cach of first gas introduction pipe 104, second gas 1ntroduc-
tion pipe 106, and doping gas introduction pipe 1035. The
temperature of heater 109 was raised to 1100° C. Then, gal-
lium was supplied to source boat 107, and source boat 107
was heated. GaCl (gallium chloride) gas was generated as
reaction gas G7 by the reaction of hydrogen chloride gas
supplied from second gas introduction pipe 106 with the
galllum on source boat 107, as expressed by
Ga+HCl—=GaCl+1/2H.,,.

[0173] Then, ammonia gas that is first raw material gas G1
supplied from first gas introduction pipe 104 and gallium
chlonide gas were delivered together with the carrier gas to
strike the surface of underlying substrate 11 where a gallium
nitride crystal 1s to be grown, causing the reaction of GaCl+
NH,—=GaN+HCI+H, at the surface.

[0174] The conditions for growing a galllum nitride crystal
including the growth rate of gallium nitride crystal, the partial
pressure and the flow rate of supplying doping gas were as set
forth 1n Table 1. Thus, a group III nitride semiconductor
crystal 12 formed of a gallium nitride crystal having a diam-
cter of 105 mm and a thickness of 10 mm was grown.
[0175] Then, the underlying substrate was removed from
the gallium nitride crystal 1dentified as group III nitride semi-
conductor crystal 12 (step S3). The crystal was sliced 1n the
thickness direction (step S4). Then, working steps such as
orinding, polishing, dry etching, and the like were applied to
remove the denatured layer. Thus, thirteen group III nitride
semiconductor crystal substrates formed of gallium mtride
crystal having a diameter of 100 mm and a thickness of 400
um, were obtained. Among the thirteen group I nitride semi-
conductor crystal substrates, the group III nitride semicon-
ductor crystal substrate (group 111 nitride semiconductor crys-
tal substrate 20g 1n FIG. 13) located at the middle in the
thickness direction was taken as the group III nitride semi-
conductor crystal substrate for Specimens 1-18.

[0176] [Measurement Method]

[0177] The resistivity, the resistivity distribution in the
diameter direction, resistivity distribution in the thickness
direction, and the silicon concentration were measured by the
method set forth below for the galllum nitride crystal sub-
strates of Specimens 1-18. The results are shown in Table 1.
[0178] The surface of the group III nitride semiconductor
crystal substrate of Specimens 1-18 was mirror-polished, and

Partial
pressure Flow rate
of supplied of
Type of doping gas doping gas
No. doping gas (atm) (cm/min)
Examples 1 SiF, 2.0 x 1077 250
of Present 2 SiF, 2.0x 107° 250
Invention 3 SiF, 3.0x 107° 250
4 SiF, 1.0 x 107> 250
5 SiF, 4.0x%x 107 250
6 SiCl, 1.0 x 107° 250
7 SiCly, 1.0 x 107 250
8 SiCly, 2.0%x 107 250
9 SiCl, 5.0x 107 250
10 SiCl, 2.0 x 107 250
11 SiCl, 1.0x 107 250
12 SiCl, 1.0 x 107 250
Comparative 13 SiH,Cl, 2.0 x 107° 250
Examples 14 SiH,Cl, 2.0x 107 250
15  SiH,Cl, 5.0x 107~ 250
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any damage layer caused by polishing was removed by dry
ctching. Then, the resistivity was measured at each site of the
total of 9 points, 1.e. 5 points along a given diameter including
one point around the center, two points around either ends,
and respective intermediate points between the center and
either end (two points), and 4 points along a diameter
orthogonal to the given diameter including two points around
either ends and respective intermediate points between the
center and eirther end (two points), by the four probe method
at room temperature. The average of the mine points was taken
as the resistivity. The value defined by (largest value-average
value)/average value was taken as the upper limit of the resis-
tivity distribution in the diameter direction, and the value
defined by (smallest value-average value)/average value was
taken as the lower limit of the resistivity distribution in the
diameter direction. In Table 1, “+22” refers to the range from
—-22% to 22%.

[0179] Theresistivity distribution in the thickness direction
1s a value measured by a method set forth below. Likewise
with the above-described method, the top face and bottom
face of the group III nitride semiconductor crystal substrate
were subjected to surface polishing and dry etching. The
resistivity was measured at each site of the total of 2 points,
1.¢. one point 1n the proximity of the main face, and one point
in the proximity of the face opposite to the main face, by the
four probe method at room temperature. The average of the 2
values of resistivity was calculated. With regards to the values
of resistivity at the 2 points, the value defined by (largest
value—average value)/average value was taken as the upper
limit of the resistivity distribution in the thickness direction,
and the value defined by (smallest value-average value)/
average value was taken as the lower limit of the resistivity
distribution in the thickness direction. In Table 1, “+13” refers
to the range of —13% to 13%.

[0180] The silicon concentration was measured based on
the specimens directed to the 9-point measurement employed
for measuring the resistivity. The specimen was cut into S mm
square. The silicon concentration of the cut measurement
specimen was measured by SIMS. The average thereof was
taken as the average value of the silicon concentration.
[0181] The surface state of the main face of the gallium
nitride crystal substrate of Specimens 1-18 was observed
through a Nomarski microscope.

TABLE 1
Resistivity Resistivity
Growth S1 distribution distribution in
rate Resistivity Concentration 1n diameter thickness
(um/h) (€2 - ¢cm) (cm™) direction (%)  direction (%o)
300 1.0 x 1071 5.0 x 10'° <+15 <47
300 1.0 x 1072 2.0 x 1018 <+17 <+8
300 8.0x 10~ 3.0 x 10!° <+0 <+4
300 1.0 x 1073 5.0 x 1019 <+17 <+8
300 1.0 x 1074 5.0 x 10°° <+17 <+9
300 1.0 x 1071 5.0 x 10'¢ <+27 <+13
300 1.0 x 1072 2.0x 10! <+25 <+15
300 R.0x 1073 3.0 x 10'S <+26 <+15
300 1.0 x 10~ 5.0 x 101° <+25 <+12
300 1.0 x 107 5.0 x 10%° <427 <+14
200 8.0 x 1072 3.0 x 108 <422 <+12
2000 6.0 x 1072 4.5 x 1018 <+26 <+16
300 1.7 x 1071 3.7 x 101° <+16 <+R
300 1.2 x 1071 6.0 x 10%° <+2D <+17
300 1.1 x 1071 5.0 x 10'¢ <+24 <+18
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TABLE 1-continued
Partial
pressure Flow rate Resistivity Resistivity
of supplied of Growth S1 distribution distribution in
Type of doping gas doping gas  rate Resistivity Concentration 1n diameter thickness
No. doping gas (atm) (cm/min)  (um/h) (€2 - cm) (cm™) direction (%)  direction (%)
16 Si1H-,CL, 5.0x 107 1500 300 1.3 x 1072 1.9 x 101° <+80 <242
17 SiCl, 1.0x 107 250 100  immeasurable 1mmeasurable 1mmeasurable 1mmeasurable
18 SiCl, 1.0x 107 250 3000  immeasurable i1mmeasurable i1mmeasurable 1mmeasurable
[0182] [Measurement Results] by three or more orders of magnitude and a lower silicon

[0183] Itisappreciated from Table 1 that the gallium nitride
crystal substrates of Specimens 1-5 based on the grown gal-
lium nitride crystal using silicon tetrafluoride gas as doping
gas had a low resistivity of at least 1x10™* Q-cm and not more
than 0.1 €2-cm, low varniation of the resistivity distribution in
the diameter direction of at least —17% and not more than
17%, low variation of the resistivity distribution 1n the thick-
ness direction of at least —-9% and not more than 9%, and a
high silicon concentration of at least 5x10'® cm™ and not
more than 5x10°° cm™.

[0184] The gallium nitride crystal substrates of Specimens
6-12 having a gallium nitride crystal grown at the growth rate
of at least 200 um/h and not more than 2000 um/h, using
silicon tetrachloride gas as the doping gas, exhibited a low
resistivity of at least 1x10™* Q-cm and not more than 0.1
(2-cm, low vanation 1n the resistivity distribution in the diam-
eter direction of at least —=27% and not more than 27%, low
variation 1n the resistivity distribution 1n the thickness direc-
tion of at least —16% and not more than 16%, and a high
silicon concentration of at least 5x10'° ¢cm™ and not more

than 5x10°° ¢cm™.

[0185] The gallium nitride crystal for fabricating the gal-
llum nitride crystal substrates of Specimens 1-12 had a flat
surface with almost no unevenness observed at the growing
surface. The gallium nitride crystal exhibited no generation of
pits and was monocrystalline.

[0186] In contrast, Specimens 13-16 based on the usage of
dichlorosilane as the doping gas exhibited a high resistivity
exceeding 0.1 €2-cm.

[0187] As a matter of logic, the resistivity and the silicon
concentration in the grown gallium nitride crystal should be
identical between Specimen 13 and Specimen 2 since the
growth rate of gallium nitride as well as the partial pressure
and flow rate of the doping gas are the same as those of
Specimen 2. However, Specimen 13 based on the usage of
dichlorosilane as the doping gas exhibited a resistivity higher
than that of Specimen 2 and a silicon concentration lower than
that of Specimen 2 1n the gallium mitride crystal substrate. It
was therefore appreciated from such results that the silicon
dopant could not be taken in the growing galllum nitride
crystal sufficiently when dichlorosilane 1s used as the doping
gas due to the decomposition of dichlorosilane and reaction
with another gas.

[0188] Similarly as a matter of logic, the resistivity and
silicon concentration in the grown gallium nitride crystal
should be identical between Specimen 14 and Specimen 10
since the growth rate of the gallium nitride crystal as well as
the partial pressure and tlow rate of the doping gas are similar
therebetween. However, Specimen 14 based on the usage of
dichlorosilane as the doping gas exhibited higher resistivity

concentration than those of Specimen 10.

[0189] Specimen 16 based on the usage of dichlorosilane as
doping gas with the flow rate increased to 1500 cm/min for the
purpose of reducing the resistivity had the concentration dis-
tribution of the supplied doping gas degraded, although the
resistivity was reduced to 0.013 €2-cm. Therefore, Specimen
16 exhibited a great resistivity distribution 1n both diameter
direction and thickness direction. Vanation in the n-plane
resistivity was great.

[0190] Specimen 17 based on the usage of silicon tetrachlo-
ride as the doping gas corresponding to a growth rate of 100
um/h had S1, N, grown since the growth rate of S1,N,, was
more dominant than the growth of gallium nitride. Uneven-
ness occurred at the growing surface. Pits were also gener-
ated. The crystal was rendered polycrystalline, exhibiting
abnormal growth. Therefore, the resistivity, silicon concen-

tration, and the resistivity distribution could not be measured.

[0191] Specimen 18 based on the usage of silicon tetrachlo-
ride as the doping gas corresponding to a growth rate of 3000
um/h had unevenness at the surface since the growth rate of
gallium nitride was too high. Pits were also generated. The
crystal was rendered polycrystalline, exhibiting abnormal
growth. Therefore, the resistivity, silicon concentration, and
the resistivity distribution could not be measured.

[0192] In the case where silicon tetrafluoride gas 1s
employed as the doping gas, or in the case where silicon
tetrachloride gas 1s employed as the doping gas and the
growth rate 1s set to at least 200 um/h and not more than 2000
um/h for the present examples, the resistivity can be readily
controlled and degradation in the resistivity mn-plane distri-
bution can be prevented. Thus, 1t was confirmed that a group
IIT nitride semiconductor crystal substrate can be obtained,
having a resistivity of at least 1x10™* £2-cm and not more than
0.1 €2-cm, aresistivity distribution 1n the diameter direction of
at least —30% and not more than 30%, and a resistivity dis-
tribution 1n the thickness direction of at least —16% and not
more than 16%.

[0193] Although a galltum nitride crystal was grown as the
group III nitrnde semiconductor crystal in the present
examples, 1t was confirmed that a similar result can be
obtained based on a group III nitride semiconductor crystal of
another type (group Il nitride semiconductor crystal includ-
ing at least one element of a group 111 element of B (boron), Al
(aluminium), Ga (gallium), In (indium), and Ti (thallium).

Example 2

[0194] The eflect of improving the properties and yield of a
semiconductor device fabricated using the group III mitride
semiconductor crystal substrate of the present invention was
studied 1n the present example. Specifically, a Schottky bar-
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rier diode of Specimens 19-27 shown 1n FI1G. 15, described in
association with the fourth embodiment, was fabricated using
the group 111 nitride semiconductor crystal substrate ol Speci-
mens 1-5 and Specimens 13-16. The substrate sheet resis-
tance, characteristic ON-resistance, and yield were mea-
sured.

[0195] [Specimens 19-27]

[0196] First, group III nitride semiconductor crystal sub-
strates 20a of Specimens 1-5 and Specimens 13-16 were
prepared. On each group III nmitride semiconductor crystal
substrate 20a, an n type GaN layer having the thickness of 5
um was formed as drift layer 31 using trimethyl gallium
(TMGa) as the group III raw material, ammonia (NH,) as the
group V raw material, and silane (S1H,) as the doping gas,
based on MOCVD. The carrier concentration of drift layer 31
was 5x10" cm™.

[0197] Then, an epitaxial water with group 111 nitride semi-
conductor crystal substrate 20a and drift layer 31 thereon was
rinsed for one minute at room temperature, employing a
hydrochloric acid solution having hydrochloric acid and
deionized water mixed at the ratio of 1:1.

[0198] Then, an ohmic electrode 33 was formed at the back
side of group III nitride semiconductor crystal substrate 20a.
Specifically, the epitaxial water was rinsed with an organic
solvent at the face opposite to the side where drift layer 31 of
group III nitrnde semiconductor crystal substrate 20a 1s
formed. Then, 20 nm of T1 (titanium), 100 nm of Al, 20 nm of
T1, and 300 nm of Au (gold) were sequentially layered 1n the
cited order at the back side by EB (electron beam) evapora-
tion. Following deposition of a metal film layered as set forth
above, alloying was effected for one minute at 600° C. Thus,
a circular ohmic electrode 33 having a diameter of 700 um
was formed in planar configuration.

[0199] Then, Schottky electrode 32 was formed on dnit
layer 31. Specifically, a film formed of Au was deposited to
500 nm by resistance heating evaporation to produce Schot-
tky electrode 32.

[0200] By carrying out the steps set forth above, based on
one group III nitride semiconductor crystal substrate for each
of Specimens 1-5 and Specimens 13-16, thirty-six Schottky
barrier diodes for Specimens 19-27 were produced. One
Schottky barner diode had a flat configuration of 1 mm
square, and a thickness of 400 um. The parameters of the
Schottky barrier diodes were controlled such that the opti-

Group 111
nitride

SeImi- Substrate

conductor Type of sheet

crystal doping  resistance
substrate gas (Q - em?)
Examples 19 1 S1F, 4.0
ol Present 20 2 S1F, 0.4
Invention 21 3 S1F, 0.3
22 4 SiF, 0.04
23 5 SikF, 0.004
Comparative 24 13 S1H-5Cl, 6.8
Examples 25 14 S1H->Cl, 4.8
26 15 S1H,Cl5 4.4
27 16 S1H,Cl5 0.52

ON-resistance
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mum tradeolt between the characteristic ON-resistance and
breakdown voltage could be obtained 1n the semiconductor

device.
[0201] [Measurement Method]

[0202] The substrate sheet resistance, the characteristic
ON-resistance, the ratio of substrate sheet resistance to char-
acteristic ON-resistance, the in-plane distribution of charac-
teristic ON-resistance, the characteristic ON-resistance dis-
tribution between substrates, and yield were measured for the
Schottky barrier diodes of Specimens 19-27. The results are
shown 1n Table 2 set forth below.

[0203] Specifically, the resistivity of the group III nitride
semiconductor crystal substrate was measured by the four
probe method to obtain the substrate sheet resistance by the

following equation.

Substrate sheet resistance (mQ-cm?)=resistivityx

thickness

[0204] In addition, the characteristic ON-resistance 1s rep-
resented by the following equation.

Characteristic ON-resistance (mQ-cm?®)=substrate
sheet resistance+drift sheet resistance+electrode sheet
resistance drift sheet resistance

[0205] The characteristic ON-resistance was measured by
the Schottky barrier diode (current-voltage) characteristic.
The substrate sheet resistance was measured 1n advance by
the four probe measurement. The electrode sheet resistance
was measured by the TLM (Transmission Line. Model)
method. Accordingly, the drift sheet resistance was also
obtained. As used herein, 0.2 (m€2-cm?®) was taken as the drift
sheet resistance, and 0.05 (m€2-cm”) was taken as the elec-
trode sheet resistance.

[0206] The ratio of substrate sheet resistance to character-
1stic ON-resistance was obtained by the value (%) of dividing
the surface sheet resistance by the characteristic ON-resis-
tance.

[0207] The in-plane distribution of the characteristic ON-
resistance was measured by each I-V characteristic of the
Schottky barrier diode produced 1n plane.

[0208] The characteristic ON-resistance distribution
between substrates was measured from the average value of
the in-plane distribution of each substrate.

[0209] The vield was obtained by the ratio (%) of the sub-
strates having properties that are within 10% from the target

value of the characteristic ON-resistance as to the fabrication
of the 36 Schottky barrier diodes.

TABLE 2
Characteristic
Ratio of substrate In-plane ON-resistance
sheet resistance to  distribution of distribution
Characteristic characteristic characteristic between

ON-resistance ON-resistance substrates Yield
(Q - em”) (%0) (%) (%) (%)

4.25 94 14 7 92
0.65 62 10 5 99
0.57 56 10 5 100
0.29 14 2 1 100
0.25 2 0.3 0.1 100
7.05 96 15 8 89
5.05 95 21 16 69
4.65 95 23 17 04
0.77 0% >4 28 8
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[0210] (Measurement Results)

[0211] It 1s appreciated from Table 2 that the Schottky
barrier diode of Specimens 19-23 fabricated based on the
group III nitride semiconductor crystal substrate of the
present invention exhibited a low characteristic ON-resis-
tance of not more than 4.25 ©Q-cm” as compared to the Schot-
tky barrier diode fabricated based on the group III nitride
semiconductor crystal substrate ol the Comparative Example.
[0212] The characteristic ON-resistance and also the ratio
ol substrate sheet resistance to characteristic ON-resistance
also became lower as the resistivity of the employed group 111
nitride semiconductor crystal substrate was reduced. It was
therefore appreciated that, by reducing the resistivity of the
group III nitride semiconductor crystal substrate, the charac-
teristic ON-resistance can be reduced and the influence of the
resistivity distribution on the properties of the semiconductor
device became smaller.

[0213] The Schottky barrier diode of Specimens 19-23
exhibited a lower in-plane distribution of characteristic ON-
resistance and characteristic ON-resistance distribution
between substrates, as compared to Specimens 24-27. There-
fore, a high yield of at least 92% was exhibited.

[0214] In particular, Specimen 22 employing the group 111
nitride semiconductor crystal substrate of Specimen 4 exhib-
iting a resistivity of 1x107> Q-cm, a resistivity distribution in
the diameter direction of at least —17% and not more than
1'7% and a resistivity distribution in the thickness direction of
at least —8% and not more than 8%, as well as Specimen 23
employing the group III nitride semiconductor crystal sub-
strate of Specimen 5 exhibiting a resistivity of 1x107> Q-cm,
a resistivity distribution in the diameter direction of at least
—17% and not more than 17% and a resistivity distribution in
the thickness direction of at least —9% and not more than 9%
had the characteristic ON-resistance greatly reduced to not
more than 0.29 Q-cm?®. The yield could be improved as high
as to 100%.

[0215] Incontrast, the Schottky barrier diode of Specimens
24-26 tfabricated using the group III nitride semiconductor
crystal substrate of Specimens 13-15 having a higher resis-
tivity exceeding 0.1 €2-cm exhibited an extremely high char-
acteristic ON-resistance.

[0216] In addition, the Schottky barrier diode of Specimen
2’7 fabricated using Specimen 16 having a resistivity distri-
bution 1n the diameter direction outside the range of —30% to
30%, and a resistivity distribution 1n the thickness direction
outside the range of —16% to 16% exhibited an extremely
poor yield.

[0217] According to the present example, 1t was confirmed
that a semiconductor device fabricated using a group III
nitride semiconductor crystal substrate with a resistivity of at
least 1x10™* ©-cm and not more than 0.1 Q-cm, a resistivity
distribution in the diameter direction of at least —30% and not
more than 30%, and a resistivity distribution 1n the thickness
direction of at least —16% and not more than 16% exhibited a
low characteristic ON-resistance having varation sup-
pressed, and yield improved.

Example 3

[0218] The effect of improving the properties of a semicon-
ductor device fabricated using the group III nitride semicon-
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ductor crystal substrate of the present invention was studied.
Specifically, the ON-resistance and breakdown voltage of the
Schottky barnier diode of Specimens 20-23 fabricated 1n
Example 2 were measured.

[0219] The breakdown voltage was measured for Speci-
mens 20-23. Specifically, reverse voltage was applied, and the
current and voltage characteristics were measured. The
increased value of the leakage current 1n accordance with the
increase of the reverse voltage was taken as the reverse volt-
age. The results are shown 1n FIG. 16.

[0220] In FIG. 16, the vertical axis represents the charac-
teristic ON-resistance (unit: Q-cm*), and the horizontal axis
represents the breakdown voltage (unit: V). In FIG. 16, GaN-
limat, S1C-limit and Si-limit represent the theoretical thresh-
old value that 1s the current standard of each material. Spe-
cifically, as shown 1 FIG. 17, in the case where other
resistance components such as the substrate resistance and
clectrode resistance are so low that they can be neglected with
respect to the drniftresistance of the drift layer, the correspond-
ing ON-resistance 1s taken as each theoretical threshold value
since the ON-resistance will be the theoretical threshold value

(forexample, (11) M. Razeghi and M. Henini, Optoelectronic
Device: I1I-Nitrides (Elsevir, Oxiord, 2004), Chapter 12).

[0221] (Measurement Result)

[0222] As shown in FIG. 16, the Schottky barrier diode
tabricated using the group III mitride semiconductor crystal
substrate of Specimens 2-5 of the present example exhibited

a low characteristic ON-resistance, and maintained a high
breakdown voltage of 600V,

[0223] According to the present example, 1t was confirmed
that a Schottky barrier diode fabricated using a group III
nitride semiconductor crystal substrate with a resistivity of at
least 1x10™* Q-cm and not more than 0.1 Q-cm, a resistivity
distribution in the diameter direction of at least —30% and not
more than 30%, and a resistivity distribution 1n the thickness
direction of at least —16% and not more than 16% can have the
properties improved such as a low characteristic ON-resis-
tance and high breakdown voltage.

[0224] Although the present invention has been described
and 1llustrated 1n detail, 1t 1s clearly understood that the same
1s by way of illustration and example only and 1s not to be
taken by way of limitation, the scope of the present invention
being interpreted by the terms of the appended claims.

1-13. (canceled)

14. A group III nmitride semiconductor crystal substrate
having a diameter of at least 25 mm and not more than 160
mm and a thickness of at least 100 um, wherein

a resistivity is at least 1x10™* ©-cm and not more than 0.15
(2-m,

a resistivity distribution in a diameter direction 1s at least
-30% and not more than 30%, and

a resistivity distribution 1n a thickness direction 1s at least
—16% and not more than 16%.
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