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Compound Semiconductor Substrate and Compound Semiconductor Device

BACKGROUND OF THE INVENTION

TECHNOLOGICAL FIELD

[0001]

The present invention relates to a compound semiconductor substrate and a compound semiconductor
device. More specifically, the present invention relates to a compound semiconductor substrate and a compound

semiconductor device with an electronic traveling layer and a barrier layer.

DESCRIPTION OF THE RELATED ART

[0002]

In recent years, communication devices such as smartphones have become widely used. Along with this,
there is an increasing need to improve the communication capacity and communication speed between
communication devices in a mobile radio communication system. In recent mobile radio communication systems, the
LTE (Long Term Evolution) service, a communication standard for mobile phones, has been implemented. Practical
applications of next-generation communication standards after the LTE is also under consideration.

[0003]

HEMTs (High Electron Mobility Transistors) consisting of nitride semiconductors such as GaN (gallium
nitride) and AlGaN (aluminum gallium nitride) are attracting attention as a key technology in the mobile
communication systems. Technologies of HEMT made of nitride semiconductors has developed rapidly in recent
years.

[0004]

A HEMT includes an electronic traveling layer and a barrier layer formed on the electronic traveling layer.
The material forming the barrier layer has a band gap wider than the band gap of the material forming the electronic
traveling layer. In a HEMT, two-dimensional electron gas is formed near the boundary face with the barrier layer in
the electronic traveling layer. This two-dimensional electron gas is used for the HEMT operation. HEMTs consisting
of nitride semiconductors can generate a large amount of two-dimensional electron gas and have a large current
density, compared to field effect transistors consisting of GaAs (gallium arsenic) based semiconductor materials.

[0005]

As an example, the lattice constant value difference between AlGaN and GaN is greater than the lattice
constant value difference between AlGaAs (aluminum gallium arsenic) and GaAs. For this reason, an AlGaN layer in
the AlGaN/GaN laminated structure is greatly distorted compared to an AlGaAs layer in the AlIGaAs/GaAs laminated
structure. Therefore, a larger piezoelectric electric field is generated in the AlGaN layer in the AlIGaN/GaN laminated
structure than in the AlGaAs layer in the AlGaAs/GaAs laminated structure. Due to this large piezoelectric field, more
two dimensional electron gas is induced in the AlIGaN/GaN laminated structure than in the AIGaAs/GaAs laminated
structure. In addition, the AlGaN layer is highly spontaneously polarized, unlike the AlGaAs layer. A large amount of
two dimensional electron gas is induced in the GaN layer near the boundary with the AlGaN layer by the polarization
electric field caused by the spontaneous polarization of the AlGaN layer. As a result, HEMTs made of AIGaN/GaN

which is nitride semiconductors can produce about 10 times more two dimensional electron gas than field effect
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transistors made of GaAs series AlGaAs/GaAs.

[0006]

Therefore, HEMTs consisting of nitride semiconductors are expected as next-generation high-power
amplifiers because they can operate at high output and high efficiency.

[0007]

In order to use a HEMT consisting of nitride semiconductors as a high frequency amplifier in the above
mobile communication system, it is important to suppress the loss of the high frequency signals when high frequency
voltage is applied to the gate electrode of the HEMT. The main causes of this loss of the high frequency signal are the
parasitic capacity and the parasitic resistance of the semiconductor device. If the parasitic capacity of the
semiconductor device is large and the parasitic resistance component exists in parallel with the parasitic capacity,
these parasitic elements contribute to the loss of the high frequency signals and hinder the high-speed operation of the
semiconductor device.

[0008]

In order to suppress the attenuation of the high frequency signals due to the above-mentioned causes, it is
effective to configure the region around the two dimensional electron gas with a highly insulating material. By using
a semi-insulating substrate or a high resistance substrate as a substrate of the HEMT, the parasitic elements described
above can be reduced. On the other hand, when using a conductive substrate as a substrate of a HEMT, by interposing
a thick semi-insulating or high resistance compound semiconductor layer between the conductive substrate and the
semiconductor device components, the parasitic elements mentioned above can be reduced. From this point of view,
various structures have been conventionally proposed. For example, Patent Document 1 and Non-Patent Document 1
below disclose the structure shown in FIG. 22.

[0009]

FIG. 22 is a cross-sectional view schematically showing the first example of a conventional HEMT
structure.

[0010]

Referring to FIG. 22, the HEMT 1010 of the first example includes SiC (silicon carbide) substrate 1051 of
semi-insulating, nitride buffer layer 1052, electronic traveling layer made of GaN 1053, and barrier layer made of
AlGaN 1054, source electrode 1055, drain electrode 1056, and gate electrode 1057. A nitride buffer layer 1052 is
formed on SiC substrate 1051 of semi-insulating. An electronic traveling layer 1053 is formed on the nitride buffer
layer 1052. A barrier layer 1054 is formed on the electronic traveling layer 1053. A source electrode 1055, a drain
electrode 1056 and a gate electrode 1057 are formed on the barrier layer 1054. Source electrode 1055, drain electrode
1056 and gate electrode 1057 are formed being spaced apart from each other.

[0011]

In HEMT 1010, two dimensional electron gas 1053a is formed in electronic traveling layer 1053 near the
boundary between electronic traveling layer 1053 and barrier layer 1054. Electronic traveling layer 1053, nitride
buffer layer 1052, and SiC substrate 1051 are configured with highly insulating materials to configure the area around
two dimensional electron gas 1053a with highly insulating materials. However, the semi-insulating SiC substrate
have a problem that it is difficult to obtain a large size substrate. This is presumed to be due to the high difficulty of
growing a semi-insulating SiC crystal. In particular, it has been difficult to obtain semi-insulating SiC substrates with

a diameter greater than 4 inches. In addition, semi-insulating SiC substrates are expensive compared to other
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substrates.

[0012]

Therefore, as a technique that does not use the semi-insulating SiC substrate, the structures shown in FIGS.
23 and 24 have been proposed. The structure shown in FIG. 23 is disclosed in Non-Patent Document 2 below. The
structure shown in FIG. 24 is disclosed in Patent Document 2 and Non-Patent Document 3 below.

[0013]

FIG. 23 is a cross-sectional view showing the second example of a conventional HEMT structure.

[0014]

Referring to FIG. 23, HEMT 1020 as the second example differs from the structure shown in FIG. 22 in that
it uses a high resistance Fz-Si (silicon) substrate 1061 instead of a semi-insulating SiC substrate as a substrate. The
Fz-Si substrate is a Si substrate produced by the Fz method (Floating zone method). Also, the nitride buffer layer 1052
in the HEMT 1020 has a thickness of 1 micrometer, for example.

[0015]

According to the structure shown in FIG. 23, the electronic traveling layer 1053, the nitride buffer layer
1052 and the Fz-Si substrate 1061 are made of highly insulating material so that the area around the two dimensional
electron gas 1053a is made of highly insulating materials. In addition, the Fz-Si substrate 1061 is less expensive than
the semi-insulating SiC substrate.

[0016]

FIG. 24 is a cross-sectional view showing the third example of a conventional HEMT structure.

[0017]

Referring to FIG. 24, HEMT 1030, which is the third example, differs from the structure shown in FIG. 22
in that n-type SiC substrate 1062 is used instead of a semi-insulating SiC substrate as a substrate, and the nitride buffer
layer 1052 is thick. The n-type SiC substrate 1062 has a hexagonal crystal structure. Nitride buffer layer 1052 has a
thickness of 10 micrometers or more.

[0018]

According to the structure shown in FIG. 24, nitride buffer layer 1052 and electronic traveling layer 1053
are made of highly insulating materials so that the area around two dimensional electron gas 1053a is made of highly
insulating materials. Also, the nitride buffer layer 1052 is formed with a thickness exceeding 10 micrometers. In
addition, as compared to semi-insulating SiC substrates, n-type SiC substrate 1062 makes it easier to obtain

large-sized substrates. In particular, 6-inch diameter n-type SiC substrate 1062 is available.

[0019]
Prior Art Document

[Patent Document 1] Published Japanese translations of PCT international publication for patent
applications No. 2006-517726 (JP Patent No. 4990496)

[Patent Document 2] International publication 2007/116517 (JP Patent No. 5274245)

[0020]

[Non-patent document 1] S. T. Sheppard et al. "High-Power Microwave GaN/AlGaN HEMT's on
Semi-Insulating Silicon Carbide Substrates", IEEE Electron Device Lett., vol.20, No.4, pp.161-163, Apr 1999.

[Non-patent document 2] J. W. Johnson et al. "12 W/mm AIGaN-GaN HFETs on Silicon Substrates", IEEE

3



10

15

20

25

30

35

40

Electron Device Lett., vol.25, No.7, pp.459-461, Jul 2004.

[Non-patent document 3] Toshihide Kikkawa et al. "Highly Uniform AlGaN/GaN Power HEMT on a
3-inch Conductive N-SiC Substrate for Wireless Base Station Application", Technical Digest of IEEE CSIC 2005
Symposium, vol.25, No.7, pp.77-80.

SUMMARY OF THE INVENTION

[0021]

However, the structures shown in FIGS. 23 and 24 have the problem of poor quality.

[0022]

According to the HEMT 1020 shown in FIG. 23, an insulating Fz-Si substrate 1061 is used as the substrate.
The elastic limit of Fz-Si substrate 1061 is low. For this reason, during the growth of the nitride buffer layer 1052, the
stress received from the nitride buffer layer 1052 due to the difference in the lattice constant values between the Fz-Si
substrate 1061 and the nitride buffer layer 1052 made the substrate susceptible to plastic deformation. As a result,
there was a problem that the warpage of the substrate increased to an inappropriate level in the HEMT manufacturing
process. In addition, since Si has a smaller band gap than SiC, the resistance tends to be low at under high
temperatures. For this reason, when the temperature of the substrate rises due to the amplification operation of the
HEMT, the resistance of Si contained in the substrate is easily lowered, resulting in significant loss of high frequency
signals.

[0023]

The HEMT 1030 shown in FIG. 24 uses an n-type SiC substrate 1062 as the substrate. The conductivity of
this n-type SiC substrate 1062 is high. For this reason, it was necessary to thicken the nitride buffer layer 1052 in order
to construct the area around the two dimensional electron gas 1053a with a highly insulating material. When the
nitride buffer layer 1052 is thickened, there are problems that cracks are likely to occur in the nitride buffer layer 1052
and the warpage of the substrate increases. In addition, from the viewpoint of manufacturing cost, the merit of
replacing the semi-insulating SiC substrate with the n-type SiC substrate is offset by the demerit of forming a thick
nitride buffer layer. For this reason, in terms of manufacturing cost, the HEMT 1030 shown in FIG. 24 was no better
than the HEMT 1010 shown in FIG. 22.

[0024]

The present invention is to solve the above problems, and the object is to provide a compound
semiconductor substrate and a compound semiconductor device of high quality.

[0025]

According to one aspect of the present invention, a compound semiconductor substrate comprises: a Si
substrate with O concentration of 3*10'7/cm? or more and 3*10'8/cm? or less, a SiC layer formed on the Si substrate, a
first nitride semiconductor layer made of Al\Ga;N (0.1 =x=1), formed on the SiC layer and including an insulating
or semi-insulating layer, a second nitride semiconductor layer formed on the first nitride semiconductor layer and
including a main layer comprising of insulating or semi-insulating Al,Ga;yN (0=y<0.1), an electronic traveling layer
formed on the second nitride semiconductor layer and made of Al,Ga,,N (0=z<0.1), and a barrier layer formed on the
electronic traveling layer and having a wider band gap than a band gap of the electronic traveling layer, wherein a sum
total thickness of the first and second nitride semiconductor layers and the electronic traveling layer is 6 micrometers

or more and 10 micrometers or less.
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[0026]

Preferably, according to the compound semiconductor substrate, the second nitride semiconductor layer
further includes one or more intermediate layer formed at least one of inside of the main layer and on the main layer,
the intermediate layer comprising of AlyGa;yN (0.5=y=1), and the main layer has at least one of C concentration
higher than that of the electronic traveling layer and Fe concentration higher than that of the electronic traveling layer.

[0027]

Preferably, according to the compound semiconductor substrate, the intermediate layer is two or more
layers, and each of the two or more intermediate layers has a thickness of 10 nanometers or more and 30 nanometers or
less, and is formed at intervals of 0.5 micrometers or more and 10 micrometers or less.

[0028]

Preferably, according to the compound semiconductor substrate, the Si substrate contains B, and has p type
conductivity and a resistivity of 0.1 mQcm or more and 100 mQcm or less.

[0029]

Preferably, according to the compound semiconductor substrate, the SiC layer has a thickness of 0.5
micrometers or more and 2 micrometers or less.

[0030]

Preferably, according to the compound semiconductor substrate, Si concentration, O concentration, Mg
concentration, C concentration and Fe concentration of the electronic traveling layer are all greater than 0 and less than
or equal to 1*#10'” atoms/cm?.

[0031]

Preferably, according to the compound semiconductor substrate, the first nitride semiconductor layer
includes at least one of a first region made of AlyGa;«N (0.4<x=1) and a second region made of Al\Ga;N (0.1=x
=0.4) having a thickness of 0.5 micrometer or more, the first region has Si concentration of 0 atoms/cm? or more and
5%10" atoms/cm® or less, O concentration of 0 atoms/cm® or more and 5*10'7 atoms/cm® or less, and Mg
concentration of 0 atoms/cm? or more and 5*10'7 atoms/cm?® or less, the second region has Si concentration of 0
atoms/cm?® or more and 2*10'¢ atoms/cm? or less, O concentration of 0 atoms/cm? or more and 2*10'° atoms/cm? or
less, and Mg concentration of 0 atoms/cm? or more and 2*10'® atoms/cm? or less, at least one of C concentration and
Fe concentration in the second region is higher than any of Si concentration, O concentration, and Mg concentration in
the second region, and 5*10'° atoms/cm? or less, the main layer has Si concentration of 0 atoms/cm® or more and
2%10'® atoms/cm® or less, O concentration of 0 atoms/cm® or more and 2*10'® atoms/cm® or less, and Mg
concentration of 0 atoms/cm’ or more and 2*10'¢ atoms/cm?® or less, at least one of C concentration and the Fe
concentration in the second nitride semiconductor layer is higher than any of Si concentration, O concentration, and
Mg concentration in the second nitride semiconductor layer and is 5*10'° atoms/cm? or less the main layer includes a
region where concentration of activated donor ions is 0 atoms/cm?® or more and 2*10'* atoms/cm? or less, and the
electronic traveling layer has Si concentration of 0 atoms/cm? or more and 1*10'¢ atoms/cm? or less, O concentration
of 0 atoms/cm?® or more and 1*#10'® atoms/cm® or less, and Mg concentration of 0 atoms/cm® or more and 1*10'°
atoms/cm’ or less, C concentration of 0 atoms/cm? or more and 1¥10'7 atoms/cm? or less, and Fe concentration of 0
atoms/cm?® or more and 1*¥10'7 atoms/cm? or less.

[0032]

Preferably, according to the compound semiconductor substrate, the first nitride semiconductor layer
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includes both the first region and the second region, and a distance between the first region and the SiC layer is less
than a distance between the second region and the SiC layer.

[0033]

Preferably, according to the compound semiconductor substrate, the first nitride semiconductor layer has a
thickness less than or equal to a thickness of the second nitride semiconductor layer.

[0034]

Preferably, according to the compound semiconductor substrate, the electronic traveling layer has a
thickness of 0.3micrometers or more.

[0035]

Preferably, according to the compound semiconductor substrate, stipulating a least squares plane of a top
surface of the compound semiconductor substrate, when a sum total value of distance from the least squares plane to a
highest point of the top surface of the compound semiconductor substrate and distance from the least squares plane to
a lowest point of the top surface of the compound semiconductor substrate is defined as a warpage amount, the
warpage amount is 0 or more and 50 or less micrometers.

[0036]

Preferably, according to the compound semiconductor substrate, regions other than an area where a distance
from an outer edge of a top surface of the compound semiconductor substrate is 5 millimeters or less do not contain
cracks.

[0037]

Preferably, according to the compound semiconductor substrate, the compound semiconductor substrate
has a disk shape and a diameter of 100 millimeters or more and 200 millimeters or less.

[0038]

Preferably, according to the compound semiconductor substrate, a top surface of the compound
semiconductor substrate does not contain traces of meltback etching.

[0039]

According to another aspect of the present invention, a compound semiconductor substrate comprises: a
conductive SiC substrate with resistivity of 0.1 Qcm or more and less than 1#10° Qcm, a first nitride semiconductor
layer made of AlyGa;«N (0.1 =x=1), formed on the SiC layer and including an insulating or semi-insulating layer, a
second nitride semiconductor layer formed on the first nitride semiconductor layer and containing a main layer
comprising of insulating or semi-insulating Al,Ga;.,N (0=y<0.1), an electronic traveling layer formed on the second
nitride semiconductor layer and made of Al,Ga;.,N (0=z<0.1), and a barrier layer formed on the electronic traveling
layer and having a wider band gap than a band gap of the electronic traveling layer, wherein a sum total thickness of
the first and second nitride semiconductor layers and the electronic traveling layer is 6 micrometers or more and 10
micrometers or less, the second nitride semiconductor layer further includes one or more intermediate layer formed at
least one of inside the main layer and on the main layer, the intermediate layer comprising of Al,Ga;.,N (0.5=y=1),
and the main layer has at least one of C concentration higher than that of the electronic traveling layer and Fe
concentration higher than that of the electronic traveling layer.

[0040]

According to another aspect of the present invention, a compound semiconductor device comprises: the

compound semiconductor substrate above mentioned, first and second electrodes formed on the barrier layer, and a
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third electrode which is formed on the barrier layer and controls current flowing between the first electrode and the

second electrode according to applied voltage.

[0041]
According to the present invention, a compound semiconductor substrate and a compound semiconductor

device having high quality can be provided.

BRIEF DESCRIPTION OF THE DRAWINGS

[0042]

FIG. 1 is a cross-sectional view showing the configuration of compound semiconductor device DC1 and
compound semiconductor substrate CS1 in the first embodiment of the present invention.

FIG. 2 is a diagram showing the distribution of the Al composition ratio inside the first nitride
semiconductor layer 4 in the first embodiment of the present invention.

FIG. 3 is a diagram schematically showing two-dimensional growth of GaN forming the C-GaN layer 51.

FIG. 4 is a plan view showing the configuration of compound semiconductor substrate CS1 according to the
first embodiment of the present invention.

FIG. 5 is a cross-sectional view showing the configuration of compound semiconductor device DC2 and
compound semiconductor substrate CS2 according to the second embodiment of the present invention.

FIG. 6 is a diagram showing distribution of the Al composition ratio inside first nitride semiconductor layer
4 in the first modification of the first and second embodiments of the present invention.

FIG. 7 is a diagram showing distribution of the Al composition ratio inside first nitride semiconductor layer
4 in the second modification of the first and second embodiments of the present invention.

FIG. 8 is a cross-sectional view showing the configuration of compound semiconductor device DC3 and
compound semiconductor substrate CS3 in the third embodiment of the present invention.

FIG. 9 is a cross-sectional view showing the configuration of compound semiconductor device DC4 and
compound semiconductor substrate CS4 in the fourth embodiment of the present invention.

FIG. 10 is a diagram showing the distribution of the warpage amount of each top surface of samples 1 to 3
in the first example of the present invention.

FIG. 11 is a laser scattering image of the top surface of each of samples 1 and 7 in the first example of the
present invention.

FIG. 12 is a laser scattering image of the top surface of each of samples 2 and 8 in the first example of the
present invention.

FIG. 13 is a partial enlargement figure of the laser scattering image shown in FIG. 12.

FIG. 14 is laser scattering images of the top surface of each of samples 3 and 9 in the first example of the
present invention.

FIG. 15 is a diagram showing the relationship between the cutoff frequency and the gate length of
compound semiconductor device DC4 manufactured using sample 3 in the first example of the present invention.

FIG. 16 is a diagram showing the frequency characteristics of the S parameter S11 of sample 2 in the first
example of the present invention.

FIG. 17 is a diagram showing the frequency characteristics of the S parameter S11 of sample 3 in the first
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example of the present invention.

FIG. 18 is a diagram showing values of concentration error AC calculated in the second example of the
present invention.

FIG. 19 is a diagram showing values of the film thickness error AW calculated in the second example of the
present invention.

FIG. 20 is a cross-sectional view showing a method of measuring intrinsic breakdown voltage in the second
example of the present invention.

FIG. 21 is a diagram showing the values of the defect density measured in the second example of the present
invention.

FIG. 22 is a cross-sectional view schematically showing the first example of a conventional HEMT
structure.

FIG. 23 is a cross-sectional view schematically showing the second example of a conventional HEMT
structure.

FIG. 24 is a cross-sectional view schematically showing the third example of a conventional HEMT

structure.

DETAILED DESCRIPTION OF EMBODIMENTS

[0043]

Hereinafter, embodiments of the present invention will be described with reference to the drawings.

[0044]

[First embodiment]

[0045]

FIG. 1 is a cross-sectional view showing configurations of a compound semiconductor device DC1 and a
compound semiconductor substrate CS1 in the first embodiment of the present invention.

[0046]

Referring to FIG. 1, compound semiconductor device DC1 (an example of a compound semiconductor
device) in the present embodiment includes a HEMT structure. The compound semiconductor device DC1 includes
compound semiconductor substrate CS1 (an example of a compound semiconductor substrates), source electrode 11
(an example of a first electrode), drain electrode 12 (an example of a second electrode), and gate electrode 13 (an
example of a third electrode). The source electrode 11, the drain electrode 12, and the gate electrode 13 are formed on
barrier layer 8 of the compound semiconductor substrate CS1. Gate electrode 13 controls current flowing between
source electrode 11 and drain electrode 12 by applied voltage.

[0047]

Compound semiconductor substrate CS1 includes Si substrate 1 (an example of a Si substrate), a SiC layer
2 (an example of a SiC layer), first nitride semiconductor layer 4 (an example of a first nitride semiconductor layer),
second nitride semiconductor layer 5 (an example of a second nitride semiconductor layer), electronic traveling layer
6 (an example of an electrons traveling layer), and a barrier layer 8 (an example of a barrier layer).

[0048]

Si substratel was produced by the Cz method (Czochralski method). According to the Cz method, a Si seed

crystal is gradually pulled up from molten Si in a quartz crucible into a predetermined atmosphere such as Ar. Si
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adhering to the seed crystal is cooled in the atmosphere and becomes a crystal. As a result, a single-crystal of Si is
obtained. According to the Cz method, when Si crystallizes, O (oxygen) contained in the quartz material forming the
crucible is taken into the crystal. For this reason, Si substrate 1 has a higher O concentration than a Si substrate
prepared by the Fz method. In particular, Si substrate 1 has an O concentration of 3*10'7 to 3*10'® atoms/cm?. Since
the Si substrate 1 has a high O concentration, it has a higher elastic limit than a Si substrate prepared by the Fz method.
Alarge size Si substrates 1 (e.g., 8-inch diameter) is readily available and inexpensive, compared to SiC substrates and
the like.

[0049]

The Si substrate 1 is made of, for example, p* type Si. Si substrate 1 may not be intentionally doped. The
(111) plane is exposed on the top surface of Si substrate 1. The top surface of the Si substrate 1 has an off angle of 0 to
1 degree, preferably 0.5 degrees or less. Si substrate 1 preferably has a single-crystal diamond structure.

[0050]

When the Si substrate 1 contains B (boron) and has a p type conductivity, the Si substrate 1 has a resistivity
of, for example, 0.1 mQcm or more and 100 mQcm or less. The Si substrate 1 preferably has a resistivity of 0.5 mQcm
or more and 20 mQcm or less, more preferably 1 mQcm or more and 5 mQcm or less.

[0051]

Preferably, Si substrate 1 has a diameter of approximately 50 millimeters (47 millimeters to 53 millimeters
as an example) and a thickness of 270 micrometers or more and 1600 micrometers or less. Si substrate 1 has a
diameter of about 50.8 millimeters (47.8 to 53.8 millimeters as an example) and a thickness of 270 micrometers or
more and 1600 micrometers or less. Si substrate 1 has a diameter of about 75 millimeters (72 millimeters to 78
millimeters as an example) and a thickness of 350 micrometers or more and 1600 micrometers or less. Si substrate 1
has a diameter of approximately 76.2 millimeters (73.2 millimeters to 79.2 millimeters as an example) and a thickness
of 350 micrometers or more and 1600 micrometers or less. Si substrate 1 has a diameter of approximately 100
millimeters (97 millimeters to 103 millimeters as an example) and a thickness of 500 micrometers or more and 1600
micrometers or less. Si substrate 1 has a diameter of about 125 millimeters (122 to 128 millimeters as an example) and
a thickness of 600 micrometers or more and 1600 micrometers or less. Si substrate 1 has a diameter of about 150
millimeters (147 to 153 millimeters as an example) and a thickness of 600 micrometers or more and 1600 micrometers
or less. Alternatively, Si substrate 1 has a diameter of approximately 200 millimeters (197 millimeters to 203
millimeters as an example) and a thickness of 700 micrometers or more and 2100 micrometers or less.

[0052]

More preferably, Si substrate 1 has a diameter of about 100 millimeters (99.5 to 100.5 millimeters as an
example) and a thickness of 700 micrometers or more and 1100 micrometers or less. Si substrate 1 has a diameter of
about 125 millimeters (124.5 to 125.5 millimeters as an example) and a thickness of 700 micrometers or more and
1100 micrometers or less. Si substrate 1 has a diameter of approximately 150 millimeters (149.8 millimeters to 150.2
millimeters as an example), and Si substrate 1 has a thickness of 900 micrometers or more and 1100 micrometers or
less. Alternatively, Si substrate 1 has a diameter of approximately 200 millimeters (199.8 millimeters to 200.2
millimeters as an example) and a thickness of 900 micrometers or more and 1600 micrometers or less.

[0053]

The Si substrate 1 may have an n type conductivity. The (100) plane or (110) plane may be exposed on the

top surface of the Si substrate 1.
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[0054]

SiC layer 2 is in contact with Si substratel and is formed on Si substrate 1. SiC layer 2 consists of 3C-SiC,
4H-SiC, 6H-SiC or the like. In particular, when SiC layer 2 was epitaxially grown on Si substrate 1, typically, SiC
layer 2 is made of 3C-SiC.

[0055]

SiC layer 2 may be formed by homoepitaxial growth of SiC with the MBE (Molecular Beam Epitaxy)
method, the CVD (Chemical Vapor Deposition) method, the LPE (Liquid Phase Epitaxy) method, or the like on a
foundation layer consisting of SiC obtained by carbonizing the top surface of Si substrate 1. SiC layer 2 may be
formed only by carbonizing the top surface of Si substrate 1. Further, SiC layer 2 may be formed by heteroepitaxial
growth on the top surface of Si substrate 1 (or interposing a buffer layer between SiC layer 2 and Si substrate 1). SiC
layer 2 is doped with, for example, N (nitrogen) and has conductivity type of n type. SiC layer 2 may have p type
conductivity or may be semi-insulating.

[0056]

SiC layer 2 has a thickness of, for example, 0.5micrometer or more and 2 micrometer or less. By setting the
thickness of the SiC layer 2 to 0.5 micrometers or more, reaction (meltback etching) between Si in the Si substrate 1
and Ga (gallium) contained in the upper layer of the Si substrate 1 can be suppressed. Further, the state of the top
surface of SiC layer 2 can be made suitable for the growth of the material that constitutes first nitride semiconductor
layer 4. By setting the thickness of the SiC layer 2 to 2 micrometers or less, the occurrence of cracks into the SiC layer
2 can be suppressed, and the occurrence of warpage of the Si substrate 1 caused by the SiC layer 2 can be suppressed.
SiC layer 2 preferably has a thickness of 0.7 micrometer or more and 1.5 micrometer or less. More preferably, SiC
layer 2 has a thickness of 0.9 micrometer or more and 1.2 micrometer or less.

[0057]

The first nitride semiconductor layer 4 is in contact with and formed on SiC layer 2. The first nitride
semiconductor layer 4 is made of AlGa <N (0.1 =x=1). The first nitride semiconductor layer 4 functions as a buffer
layer that reduces the difference in lattice constant values between the SiC layer 2 and the second nitride
semiconductor layer 5. First nitride semiconductor layer 4 has a thickness of, for example, 600 nanometers or more
and 4 micrometers or less, preferably 1 micrometer or more and 3 micrometers or less, more preferably 1.5
micrometers or more and 2.5 micrometers or less. The first nitride semiconductor layer 4 is formed using the
MOCVD (Metal Organic Chemical Vapor Deposition) method. At this time, as Al (aluminum) source gas, for
example, TMA (Tri Methyl Aluminum), TEA (Tri Ethyl Aluminum) or the like is used. As Ga source gas, for example,
TMG (Tri Methyl Gallium), TEG (Tri Ethyl Gallium), etc. are used. NH3; (ammonia), for example, is used as the N
source gas. First nitride semiconductor layer 4 preferably has a thickness equal to or less than a thickness of second
nitride semiconductor layer 5, which will be described later.

[0058]

The first nitride semiconductor layer 4 has insulating or semi-insulating properties. However, a region
(lower layer) of the first nitride semiconductor layer 4 near the SiC layer 2 may have extremely low crystallinity. For
this reason, the region of the first nitride semiconductor layer 4 close to the SiC layer 2 may not have insulating or
semi-insulating properties locally. Even in this case, the region (upper layer) of the first nitride semiconductor layer 4
near the electronic traveling layer 6 has insulating or semi-insulating properties. The first nitride semiconductor layer

4 consists of an unintentionally doped layer (uid layer), a layer doped with C (carbon), a layer doped with transition

10



10

15

20

25

30

35

40

metal, or the like.

[0059]

The uid layer means a layer in which impurity is not intentionally introduced at the time of formation of the
layer. The uid layer contains a small amount of impurity (impurity in the atmosphere during the layer formation) that
was unintentionally introduced during formation of the layer.

[0060]

As described below, first nitride semiconductor layer 4 may be composed of a plurality of layers made of
different materials. The first nitride semiconductor layer 4 includes at least one of a first region made of AliGa;xN
(0.4<x=1) and a second region made of Al\Ga;xN (0.1 =x=0.4) having a thickness of 0.5 micrometer or more.
Preferably, first nitride semiconductor layer 4 contains both the first region and the second region, and the distance
between the first region and SiC layer 2 is less than the distance between the second region and SiC layer 2.

[0061]

When first nitride semiconductor layer 4 is a uid layer, the first region of first nitride semiconductor layer 4
has a Si concentration of 0 atoms/cm? or more and 5¥10'7 atoms/cm? or less, an O concentration of 0 atoms/cm? or
more and 5*10'7 atoms/cm? or less, and a Mg concentration of 0 atoms/cm? or more and 5*10'7 atoms/cm? or less. The
second region of first nitride semiconductor layer 4 has a Si concentration of 0 atoms/cm? to 2*10'® atoms/cm?, an O
concentration of 0 atoms/cm? to 2*10'® atoms/cm?, and a Mg concentration of 0 atoms/cm? to 2*10'® atoms/cm?.
Further, at least one of C concentration and Fe concentration in the second region of first nitride semiconductor layer 4
is higher than all the Si concentration, the O concentration and the Mg concentration in the second region of first
nitride semiconductor layer 4, and is 5*10' atoms/cm? or less. This can improve the insulation of the first nitride
semiconductor layer.

[0062]

The second nitride semiconductor layer 5 is in contact with first nitride semiconductor layer 4 and is formed
on first nitride semiconductor layer 4. Second nitride semiconductor layer 5 is formed between first nitride
semiconductor layer 4 and electronic traveling layer 6. C or Fe is preferably introduced intentionally into the second
nitride semiconductor layer 5. In this case, at least one of the C concentration and the Fe concentration in the second
nitride semiconductor layer 5 is preferably higher than all the Si concentration, the O concentration, and the Mg
concentration in the second nitride semiconductor layer 5 and is 5*10' atoms/cm? or less. The second nitride
semiconductor layer 5 includes C-GaN layer 51 (an example of a main layer) and intermediate layer 52 (an example of
an intermediate layer).

[0063]

The C-GaN layer 51 is a GaN layer containing C (a GaN layer into which C is intentionally introduced). C
plays a role in enhancing the insulating properties of GaN. In the C-GaN layer 51, no impurities other than C are
intentionally introduced during formation of the layer. In this case, the C-GaN layer 51 has a Si concentration of 0
atoms/cm? to 2*10'® atoms/cm?, an O concentration of 0 atoms/cm? to 2*10'® atoms/cm?, and a Mg concentration of O
atoms/cm? to 2*10'® atoms/cm?. In addition, C-GaN layer 51 includes a region in which the concentration of activated
donor ions is 0 atoms/cm? or more and 2#10'* atoms/cm? or less.

[0064]

The main layer constituting the second nitride semiconductor layer 5 is not limited to the C-GaN layer 51,

and may be made of insulating or semi-insulating AlyGa;.yN (0=y<0.1). The main layer forming the second nitride
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semiconductor layer 5 preferably has at least one of C concentration higher than the C concentration of the electronic
traveling layer 6 and Fe concentration higher than the Fe concentration of the electronic traveling layer 6. On the other
hand, it is preferable that the main layer constituting the second nitride semiconductor layer 5 is not intentionally
introduced with impurities other than the aforementioned C and Fe during layer formation.

[0065]

The intermediate layer 52 is formed inside the C-GaN layer 51 and/or on the C-GaN layer 51. The
intermediate layer 52 consists of AlyGa; N (0.5=y=1). The intermediate layer 52 is preferably made of AIN.
Intermediate layer 52 should be 1 layer or more. The intermediate layer 52 is preferably two layers or less, more
preferably one layer.

[0066]

Second nitride semiconductor layer 5 of the present embodiment includes two intermediate layers 52a and
52b. Intermediate layers 52a and 52b are formed inside C-GaN layer 51. Intermediate layers 52a and 52b divide the
C-GaN layer 51 into three C-GaN layers 51a, 51b and 51c. The C-GaN layer 51a is the lowest layer among the layers
constituting the second nitride semiconductor layer 5 and is in contact with the first nitride semiconductor layer 4.
Intermediate layer 52a is in contact with C-GaN layer 51a and is formed on C-GaN layer 51a. The C-GaN layer 51b is
in contact with the intermediate layer 52a and formed on the intermediate layer 52a. Intermediate layer 52b is in
contact with C-GaN layer 51b and is formed on C-GaN layer 51b. C-GaN layer 51c is in contact with intermediate
layer 52b and is formed on intermediate layer 52b. The C-GaN layer 51c is the uppermost layer among the layers
constituting the second nitride semiconductor layer 5 and is in contact with the electronic traveling layer 6.

[0067]

In C-GaN layer 51 (in this embodiment, each of the C-GaN layers 51a, 51b, and 51c), the average carbon
concentration in the depth direction at center PT1 (FIG. 4) is 3*10'® atoms/cm? or more and 5*10%° atoms/cm?® or less,
and preferably 3*10'® atoms/cm? or more and 2*10'° atoms/cm® or less. If the C-GaN layer 51 is divided into a
plurality of C-GaN layers, each of the plurality of C-GaN layers may have the same average carbon concentration or
different average carbon concentrations. Among the plurality of the C-GaN layers, the uppermost C-GaN layer
preferably has C concentration higher than that of the electronic traveling layer 6.

[0068]

If the C-GaN layer 51 is divided into multiple C-GaN layers, each of the plurality of C-GaN layers has a
thickness of, for example, 550 nanometers or more and 3000 nanometers or less, preferably 800 nanometers or more
and 2500 nanometers or less. Each of the plurality of C-GaN layers may have the same thickness or different
thicknesses.

[0069]

If there are two or more layers of intermediate layer 52 (in this embodiment, intermediate layers 52a and
52b) constituting second nitride semiconductor layer 5, each of the two or more layers of the intermediate layer may
have the same thickness or may have different thicknesses. Each of the two or more intermediate layers preferably has
a thickness of 10 nanometers or more and 30 nanometers or less. Each of the two or more intermediate layers is
preferably formed at intervals of 0.5 micrometers or more and 10 micrometers or less.

[0070]

The second nitride semiconductor layer 5 is formed using the MOCVD method. Typically, when forming a

C-GaN layer, the growth temperature of the GaN layer is set lower than a growth temperature of a GaN layer in which
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C is not incorporated (in particular, about 300 degrees Celsius lower temperature than the growth temperature of the
GaN layer which is not intentionally doped with C is set). As a result, C contained in Ga source gas is incorporated
into the GaN layer, and the GaN layer becomes C-GaN layer. On the other hand, when the growth temperature of the
GaN layer is lowered, the quality of the C-GaN layer is lowered, and the in-plane uniformity of the C concentration in
the C-GaN layer is lowered.

[0071]

Accordingly, the inventors of the present application have found a method of introducing hydrocarbon as a
C source gas (C precursor) into the reaction chamber together with Ga source gas and N source gas when forming the
C-GaN layer. According to this method, since incorporation of C into the GaN layer is promoted, the C-GaN layer can
be formed while setting the growth temperature of GaN to a high temperature (in particular, a temperature
approximately 200 degrees Celsius lower than a growth temperature of a GaN layer which is not intentionally doped
with C is set). As a result, the quality of the C-GaN layer is improved, and the in-plane uniformity of the C
concentration of the C-GaN layer is improved.

[0072]

Specifically, hydrocarbon such as methane, ethane, propane, butane, pentane, hexane, heptane, octane,
ethylene, propylene, butene, pentene, hexene, heptene, octene, acetylene, propyne, butin, pentin, hexin, heptin, or
octyne is used as C source gas. In particular, hydrocarbon containing a double bond or a triple bond is preferred due to
its high reactivity. As C source gas, only one type of hydrocarbon may be used, or two or more types of hydrocarbon
may be used.

[0073]

First nitride semiconductor layer 4 preferably has a thickness less than or equal to that of second nitride
semiconductor layer 5. When the MOCVD is used to form an Al-containing nitride layer, Al organometallic gas and
source gas containing ammonia are introduced over substrate. At this time, when the flow rate of source gas is large,
organic metal gas of Al reacts unnecessarily with ammonia to generate particles in the gas phase. For this reason, the
flow rate of source gas cannot be increased, and it takes a long time to form a nitride layer containing Al. The Al
composition ratio of first nitride semiconductor layer 4 is higher than that of the main layer of second nitride
semiconductor layer 5. For this reason, since the first nitride semiconductor layer 4 has a thickness equal to or less
than the thickness of the second nitride semiconductor layer 5, the time required for forming the films of the first
nitride semiconductor layer 4 and the second nitride semiconductor layer 5 can be shortened.

[0074]

Between first nitride semiconductor layer 4 and second nitride semiconductor layer 5, another layer such as
a GaN layer (uid-GaN layer), which is a uid layer, may be interposed. Second nitride semiconductor layer 5 may
include layer(s) other than the intermediate layer, and the intermediate layer may be omitted.

[0075]

Electronic traveling layer 6 is in contact with second nitride semiconductor layer 5 and is formed on second
nitride semiconductor layer 5. Electronic traveling layer 6 consists of Al,Ga;.,N (0=z<0.1). Electronic traveling
layer 6 is preferably a uid layer, and preferably impurity to make it n type, p type, or semi-insulating is not
intentionally introduced when forming the layer. In this case, the Si concentration, O concentration, Mg concentration,
C concentration, and Fe concentration of electronic traveling layer 6 are all greater than 0 and 1*#10'7 atoms/cm?® or less.

Electronic traveling layer 6 has more preferably Si concentration of 0 atoms/cm? to 1*#10'6 atoms/cm?, O concentration
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of 0 atoms/cm® to 1*¥10'® atoms/cm®, Mg concentration of 0 atoms/cm? to 1*¥10'® atoms/cm?, C concentration of 0
atoms/cm? to 1*#10'” atoms/cm?, and Fe concentration of 0 atoms/cm? to 1*10'7 atoms/cm®. Electronic traveling layer
6 has a thickness of, for example, 0.3 micrometer or more and 5 micrometers or less. Electronic traveling layer 6 is
formed using the MOCVD method.

[0076]

In particular, a region within 0.5 micrometer from the boundary with barrier layer 8 in the electronic
traveling layer 6 preferably has C concentration of 0 or more and 1*10'7 atoms/cm?® or less. If the area within 0.5
micrometer from the boundary with barrier layer 8 in electronic traveling layer 6 has the above C concentration, a
region within 3 micrometers from the boundary with the barrier layer 8 in the electronic traveling layer 6 preferably
has C concentration of 0 or more and 1*10'® atoms/cm? or less. By setting the C concentration in the region near the
two dimensional electron gas 6a within the above range, current collapse can be suppressed, and deterioration of the
high frequency characteristics of the HEMT can be suppressed.

[0077]

The sum total thickness W of the first nitride semiconductor layer 4, the second nitride semiconductor layer
5, and the electronic traveling layer 6 is 6 micrometers or more and 10 micrometers or less. The thickness W is
preferably 7.5 micrometers or more and 8.5 micrometers or less.

[0078]

The barrier layer 8 is in contact with the electronic traveling layer 6 and is formed on the electronic traveling
layer 6. The barrier layer 8 is made of a nitride semiconductor with a band gap wider than the band gap of the
electronic traveling layer 6. The barrier layer 8 is made of a nitride semiconductor containing Al, for example, and is
made of a material represented by Al,Ga;..N (0<a=1), for example. The barrier layer 8 preferably consists of
Al,Ga..N (0.17=a=0.27), more preferably Al,Ga;..N (0.19=a=0.22). The barrier layer 8 has a thickness of, for
example, 10 nanometers or more and 50 nanometers or less. The barrier layer 8 preferably has a thickness of, for
example, 25 nanometers or more and 34 nanometers or less. When the barrier layer 8 is made of a material represented
by Al,Ga,..N (0<a=1), the growth temperature for forming the barrier layer 8 is, for example, 1000 degrees Celsius or
more and 1100 degrees Celsius or less. The barrier layer 8 is formed using the MOCVD method.

[0079]

A spacer layer or the like may be interposed between the electronic traveling layer 6 and the barrier layer 8.
A cap layer or a passivation layer may be formed on the barrier layer 8 .

[0080]

FIG. 2 is a diagram showing the distribution of the Al composition ratio inside the first nitride
semiconductor layer 4 in the first embodiment of the present invention.

[0081]

Referring to FIG. 2, the Al composition ratio inside the first nitride semiconductor layer 4 decreases from
bottom to top. The first nitride semiconductor layer 4 includes an AIN layer 40 and an AlGaN layer 4a. AIN layer 40
is in contact with SiC layer 2 and is formed on SiC layer 2.

[0082]

AlGaN layer 4a is in contact with AIN layer 40 and is formed on AIN layer 40. The Al composition ratio
inside AlGaN layer 4a decreases from the bottom to the top. AlGaN layer 4a is composed of Alg75Gag2sN layer 41 (an
AlGaN layer with the Al composition ratio of 0.75), AlosGaosN layer 42 (an AlGaN layer with the Al composition
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ratio of 0.5), and Alp5Gag.75N layer 43 (an AlGaN layer with the Al composition ratio of 0.25). Alg75Gag2sN layer 41
is in contact with AIN layer 40 and is formed on AIN layer 40. AlgsGaosN layer 42 is in contact with Alp.75Gag.2sN
layer 41 and is formed on Alo75Gao2sN layer 41. Alp2sGao7sN layer 43 is in contact with AlpsGaosN layer 42 and is
formed on AlgsGaosN layer 42.

[0083]

Each of AIN layer 40, Alp75Gao2sN layer 41, and AlosGaosN layer 42 corresponds to a first region of first

nitride semiconductor layer 4 made of AlyGa <N (0.4<x=1). Aly25Gag 75N layer 43 corresponds to a second region of

first nitride semiconductor layer 4 consisting of AlyGa;«N (0.1 =x=0.4).

[0084]

The Al composition ratio inside first nitride semiconductor layer 4 is arbitrary. If first nitride
semiconductor layer 4 is composed of multiple layers, the lowest layer is preferably an AIN layer.

[0085]

In the present embodiment, the sum total thickness W of the first nitride semiconductor layer 4, the second
nitride semiconductor layer 5, and the electronic traveling layer 6 is 6 micrometers or more and 10 micrometers or less.
Since the thickness W is 6 micrometers or more, the substrate side direction viewed from the two dimensional electron
gas 6a is thickly covered with an insulating or semi-insulating layer. As a result, high frequency loss due to the
parasitic capacity and the parasitic resistance of the substrate can be suppressed, and high frequency characteristics of
the HEMT can be improved. Since the thickness W is 10 micrometers or less, it is possible to suppress the occurrence
of cracks and warpage of the substrate due to the increase in the sum total thickness of the first nitride semiconductor
layer 4, the second nitride semiconductor layer 5, and the electronic traveling layer 6. In particular, the warpage
amount of the compound semiconductor substrate CS1 can be suppressed within a range of greater than 0 and 50
micrometers or less.

[0086]

Also, Si substrate 1 is produced by the Cz method. For this reason, Si substrate 1 has a high O concentration
of 5*¥10'7 to 1*10'° atoms/cm> and has a high elastic limit. By using Si substrate 1 prepared by the Cz method,
warpage of the substrate caused by the first nitride semiconductor layer 4, the second nitride semiconductor layer 5,
and the electronic traveling layer 6 formed with the sum total thickness W of 6 micrometers or more and 10
micrometers or less can be suppressed. By forming SiC layer 2 between Si substrate 1 and first nitride semiconductor
layer 4, meltback etching caused by the reaction between Ga contained in the layer formed on the Si substrate 1 and Si
in the Si substrate 1 can be suppressed. By forming SiC layer 2 between Si substrate 1 and first nitride semiconductor
layer 4, the SiC layer 2 serves as a buffer layer between the Si substrate 1 and the first nitride semiconductor layer 4
and can suppress cracks from occurring into the first nitride semiconductor layer 4. As a result, a compound
semiconductor substrate and a compound semiconductor device having high quality can be provided.

[0087]

According to this embodiment, by forming intermediate layer 52 at least one of inside C-GaN layer 51 and
on C-GaN layer 51 in second nitride semiconductor layer 5, the occurrence of warpage of Si substrate 1 can be
suppressed, and the occurrence of cracks into C-GaN layer 51 or electronic traveling layer 6 on intermediate layer 52
can be suppressed. This will be described below.

[0088]

When intermediate layer 52 is formed inside C-GaN layer 51, the foundation of intermediate layer 52 is
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C-GaN layer 51, and the layer formed on intermediate layer 52 is also C-GaN layer 51. If intermediate layer 52 is
formed on C-GaN layer 51, the foundation of intermediate layer 52 is C-GaN layer 51, and the layer formed on
intermediate layer 52 is electronic traveling layer 6.

[0089]

AlyGa;yN (0.5=y=1) forming the intermediate layer 52 epitaxially grows on the C-GaN layer 51 in an

unconformity state (a state in which sliding has occurred) to crystals of GaN (Generalizing, AlyGa;.,N (0=y<0.1) that
constitutes the main layer) that constitutes C-GaN layer 51, which is a foundation. On the other hand, GaN
constituting C-GaN layer 51 on intermediate layer 52 or Al,Ga,,N (0=z<0.1) constituting electronic traveling layer 6
is affected by crystals of AlyGa;yN (0.5=y=1) that constitutes intermediate layer 52 which is a foundation. That is,
GaN constituting C-GaN layer 51 on intermediate layer 52 or Al,Ga;.N (0=z<0.1) constituting electronic traveling
layer 6 epitaxially grows on intermediate layer 52 so as to take over the crystal structure of AlyGa;yN (0.5=y=1) that
composes intermediate layer 52. Since lattice constant values of GaN and Al,Ga;,N (0=z<0.1) is greater than the
lattice constant value of AlyGa; N (0.5=y=1), the horizontal lattice constant values in FIG. 1 of GaN and Al,Ga..N
(0=2<0.1) on intermediate layer 52 is smaller than the generic (without compressive strain) lattice constant value of
GaN and Al,Ga;,N (0=2z<0.1). In other words, C-GaN layer 51 on intermediate layer 52 or electronic traveling layer
6 contains compressive strain inside.

[0090]

When temperature drop after formation of C-GaN layer 51 and electronic traveling layer 6, due to the
difference in thermal expansion coefficient between GaN and Al,Ga;.N (0=2z<0.1), and Si, the C-GaN layer 51 and
electronic traveling layer 6 receive stress from the intermediate layer 52, which is the foundation. This stress can
cause warpage in the Si substrate 1 and cause cracks into the C-GaN layer 51 and electronic traveling layer 6.
However, this stress is mitigated by compressive strain introduced inside C-GaN layer 51 on intermediate layer 52 or
electronic traveling layer 6 when forming C-GaN layer 51 and electronic traveling layer 6. As a result, it can suppress
the occurrence of warpage of Si substratel, and the occurrence of cracks into C-GaN layer 51 or electronic traveling
layer 6 can be suppressed.

[0091]

Compound semiconductor substrate CS1 contains C-GaN layer 51, intermediate layer 52, and first nitride
semiconductor layer 4 with higher insulation breakdown voltage than GaN's insulation breakdown voltage. As a
result, the vertical withstand voltage of the compound semiconductor substrate can be improved.

[0092]

According to this embodiment, since compound semiconductor substrate CS1 contains first nitride
semiconductor layer 4 between Si substrate 1 and electronic traveling layer 6, difference between the lattice constant

value of Si and the lattice constant value of Al,Ga;.,N (0=2z<0.1) of electronic traveling layer 6 can be relaxed. This is
because the lattice constant value of AlGa;«N (0.1=x=1) in the first nitride semiconductor layer 4 has a value
between the lattice constant value of Si and the lattice constant value of Al,Ga;.,N (0=2z<0.1). As aresult, the crystal

quality of electronic traveling layer 6 can be improved. Further, it can suppress the occurrence of warpage of Si
substrate 1, and the occurrence of cracks into C-GaN layer 51 and electronic traveling layer 6 can be suppressed.
[0093]

According to this embodiment, since occurrence of warpage in Si substrate 1 and occurrence of cracks into
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electronic traveling layer 6 can be suppressed as described above, the film of electronic traveling layer 6 can be
thickened.

[0094]

Further, compound semiconductor substrate CS1 contains SiC layer 2 as a foundation layer of electronic
traveling layer 6. The lattice constant value of SiC is closer to the lattice constant value of Al,Ga;,N (0=2z<0.1) in
electronic traveling layer 6 compared to the lattice constant value of Si. Since C-GaN layer 51 and electronic traveling
layer 6 are formed on SiC layer 2, the crystal quality of C-GaN layer 51 and electronic traveling layer 6 can be
improved.

[0095]

According to this embodiment, as described above, by separating the functions of the first nitride
semiconductor layer 4, the second nitride semiconductor layer 5, and the SiC layer 2, the effect of suppressing the
occurrence of warpage in Si substrate 1 and the occurrence of cracks into C-GaN layer 51 and electronic traveling
layer 6 are suppressed, the effect of improving the withstand voltage of the compound semiconductor substrate CS1,
and the effect of improving the crystal quality of the C-GaN layer 51 and the electronic traveling layer 6 can be
increased. In particular, according to this embodiment, by using SiC layer 2 as the foundation layer, the contribution
of improving the crystal quality of electronic traveling layer 6 is large.

[0096]

According to this embodiment, with SiC layer 2 and improved crystal quality of C-GaN layer 51 and
electronic traveling layer 6, intermediate layer 52 in second nitride semiconductor layer 5 can more effectively
suppress the occurrence of warpage and cracks. Further, since C-GaN layer 51 and electronic traveling layer 6 can be
thickened with SiC layer 2 and improved crystal quality of C-GaN layer 51, withstand voltage can be further improved.
The performance of the HEMT can also be improved.

[0097]

According to this embodiment, second nitride semiconductor layer 5 contains one or more layers of
intermediate layer 52 formed inside C-GaN layer 51 and/or on C-GaN layer 51 as intermediate layer 52 consisting of
AlyGa;yN (0.5=y=1). C-GaN layer 51 has at least one of C concentration higher than that of electronic traveling
layer 6 and Fe concentration higher than that of electronic traveling layer 6. Hence, while increasing the insulation of
the nitride semiconductor layer, the occurrence of warpage and cracks can be suppressed.

[0098]

According to this embodiment, in a compound semiconductor substrate with a disk shape and a diameter of
100 millimeters or more and 200 millimeters or less (a compound semiconductor substrate with a large diameter), the
warpage amount as defined below can be between 0 and 50 micrometers. In addition, areas other than the area where
the distance from the outer edge of the top surface of the compound semiconductor substrate is 5 millimeters or less
can be configured not to include cracks. Further, the top surface of the compound semiconductor substrate can be
made to contain no trace of meltback etching.

[0099]

When forming C-GaN layer 51, by introducing hydrocarbon as C source gas, C-GaN layer 51 can be
formed while setting the GaN growth temperature to a high temperature. Since growth temperature of GaN becomes
high temperature, the quality of C-GaN layer 51 is improved.

[0100]
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FIG. 3 is a diagram schematically showing two-dimensional growth of GaN forming the C-GaN layer 51.
FIG. 3(a) shows growth when GaN growth temperature is at low temperature, and FIG. 3(b) shows growth when GaN
growth temperature is at high temperature.

[0101]

Referring to FIG. 3(a), when growth temperature of GaN is low temperature, since the two-dimensional
growth (horizontal direction in FIG. 3) of C-GaN layer 51 is slow, defects DF such as pits that existed in the lower
layer of C-GaN layer 51 were not covered by C-GaN layer 51, and defects DF spreads easily inside C-GaN layer 51.

[0102]

Referring to FIG 3(b), according to this embodiment, since growth temperature of GaN becomes high
temperature, the two-dimensional growth of GaN is accelerated, and the defects DF such as pits existing under the
C-GaN layer 51 are covered with the C-GaN layer 51. As aresult, the defect density in C-GaN layer 51 can be reduced,
and situations in which defects DF penetrate the compound semiconductor substrate in the vertical direction and the
voltage endurance of the compound semiconductor substrate drops significantly can be avoided.

[0103]

FIG. 4 is a plan view showing the configuration of compound semiconductor substrate CS1 according to the
first embodiment of the present invention.

[0104]

With reference to FIG. 4, the planar shape of compound semiconductor substrate CS1 is optional. If the
compound semiconductor substrate CS1 has a circular planar shape, the diameter of the compound semiconductor
substrate CS1 is 6 inches or more. When viewed in a plane, the center of compound semiconductor substrate CS1 is
center PT1, and the position 71.2 millimeters away from center PT1 (corresponding to a position 5 millimeters away
from the outer peripheral edge of the substrate with a diameter of 6 inches) is edge PT2.

[0105]

As aresult of the improved quality of C-GaN layer 51, the in-plane uniformity of the film thickness of the
C-GaN layer 51 is improved, and the in-plane uniformity of the C concentration of the C-GaN layer 51 is improved.
The vertical intrinsic breakdown voltage value of compound semiconductor substrate CS1 is improved, and the defect
density of the C-GaN layer 51 is reduced. As a result, the in-plane uniformity of current-voltage characteristics in the
vertical direction can be improved.

[0106]

In particular, when the carbon concentration of the center position in the depth direction (the vertical
direction in FIG. 1) at center PT1 of C-GaN layer 51 is the density C1 and the carbon density of the center position in
the depth direction at edge PT2 of C-GaN layer 51 is the density C2, concentration error AC represented by AC (%) =
|C1-C2|*100/C1 is 0 or more and 50% or less, preferably 0 or more and 33% or less.

[0107]

When the film thickness at center PT1 of C-GaN layer 51 is the film thickness W1 and the film thickness at
edge PT2 of C-GaN layer 51 is the film thickness W2, film thickness error AW expressed as AW(%) =
|[W1-W2|*100/W1 is greater than 0 and less than or equal to 8%, preferably greater than 0 and less than or equal to 4%.

[0108]

The vertical intrinsic breakdown voltage value of compound semiconductor substrate CS1 is 1200V or

more and 1600V or less. The defect density at center PT1 of C-GaN layer 51 causing dielectric breakdown at a voltage
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value equal to or less than 80% of this intrinsic breakdown voltage value is greater than 0 and less than or equal to 100
pieces/cm?, preferably greater than 0 and 2 pieces/cm? or less. The defect density at edge PT2 of C-GaN layer 51
causing dielectric breakdown at a voltage value equal to or less than 80% of this intrinsic breakdown voltage value is
greater than 0 and no greater than 7 pieces/cm?, preferably greater than 0 and no greater than 2 pieces/cm?.

[0109]

[Second Embodiment]

[0110]

FIG. 5 is a cross-sectional view showing the configuration of compound semiconductor device DC2 and
compound semiconductor substrate CS2 according to the second embodiment of the present invention.

[0111]

Referring to FIG. 5, compound semiconductor device DC2 (an example of a compound semiconductor
device) in the present embodiment has compound semiconductor substrate CS2 (an example of a compound
semiconductor substrates) instead of compound semiconductor substrate CS1. Compound semiconductor substrate
CS2 has a different internal configuration of second nitride semiconductor layer 5 compared to compound
semiconductor substrate CS1. In particular, second nitride semiconductor layer 5 in this embodiment contains only
one layer of intermediate layer 52. Intermediate layer 52 is formed on C-GaN layer 51. Intermediate layer 52 is the
uppermost layer among the layers constituting second nitride semiconductor layer 5 and is in contact with electronic
traveling layer 6. The thickness of electronic traveling layer 6 is made thicker than the thickness of the electronic
traveling layer in the first embodiment in order to compensate for the reduction in thickness W due to the reduction in
the number of layers constituting second nitride semiconductor layer 5.

[0112]

Since the configurations of compound semiconductor device DC2 and compound semiconductor substrate
CS2 other than those described above are the same as the configurations of compound semiconductor device DC1 and
compound semiconductor substrate CS1 in the first embodiment, the same members are given the same numerals, the
description will not be repeated.

[0113]

According to this embodiment, effects similar to those of the first embodiment can be obtained. In addition,
since the number of layers constituting second nitride semiconductor layer 5 is reduced, a compound semiconductor
substrate and a compound semiconductor device has a simpler structure.

[0114]

[Modifications on the First and Second embodiments]

[0115]

In this modification, the configuration of modification in first nitride semiconductor layer 4 in each of
compound semiconductor substrates CS1 and CS2 is explained.

[0116]

FIG. 6 is a diagram showing distribution of the Al composition ratio inside first nitride semiconductor layer
4 in the first modification of the first and second embodiments of the present invention.

[0117]

Referring to FIG. 6, first nitride semiconductor layer 4 in this modification includes AIN layer 40, AlIGaN
layer 4a, AIN layer 44 and AlGaN layer 4b. AIN layer 40 is in contact with SiC layer 2 and is formed on SiC layer 2.
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[0118]

AlGaN layer 4a is in contact with AIN layer 40 and is formed on AIN layer 40. AlGaN layer 4a consists of
Alg75Gag2sN layer 41 (an AlGaN layer with the Al composition ratio of 0.75). Al composition ratio inside AlGaN
layer 4a is constant.

[0119]

AIN layer 44 is in contact with and formed on AlGaN layer 4a. AlGaN layer 4b is in contact with and
formed on AIN layer 44. Al composition ratio inside AlGaN layer 4b decreases from the bottom to the top. AlGaN
layer 4b is composed of AlpsGaosN layer 42 (AlGaN layer with an Al composition ratio of 0.5) and Alp25Gao.7sN layer
43 (AlGaN layer with an Al composition ratio of 0.25). AlysGagsN layer 42 is in contact with and formed on AIN
layer 44. Alo25Gao75N layer 43 is in contact with Alp5GaosN layer 42 and is formed on Alp5sGaosN layer 42.

[0120]

Each of AIN layers 40 and 44, Aly75Gao2sN layer 41, and AlysGagsN layer 42 corresponds to a first region

in first nitride semiconductor layer 4 consisting of Al\Ga;«N (0.4<x=1). Alp25Gag7sN layer 43 corresponds to a

second region in first nitride semiconductor layer 4 consisting of AlyGa;xN (0.1 =x=0.4).

[0121]

FIG. 7 is a diagram showing distribution of the Al composition ratio inside first nitride semiconductor layer
4 in the second modification of the first and second embodiments of the present invention.

[0122]

Referring to FIG. 7, first nitride semiconductor layer 4 in this modification includes AIN layer 40, AlIGaN
layer 4a, AIN layer 44 and AlGaN layer 4b. AIN layer 40 is in contact with SiC layer 2 and is formed on SiC layer 2.

[0123]

AlGaN layer 4a is in contact with AIN layer 40 and is formed on AIN layer 40. The Al composition ratio
inside AlGaN layer 4a decreases from the bottom to the top. AlGaN layer 4a is composed of Alp75Gag2sN layer 41
(AlGaN layer with the Al composition ratio of 0.75) and AlpsGaosN layer 42 (AlGaN layer with an Al composition
ratio of 0.5). Alo.75Gao2sN layer 41 is in contact with AIN layer 40 and is formed on AIN layer 40. AlpsGaosN layer 42
is in contact with Alp.75Gao2sN layer 41 and is formed on Alo75Gao 25N layer 41.

[0124]

AIN layer 44 is in contact with and formed on AlGaN layer 4a. AlGaN layer 4b is in contact with and
formed on AIN layer 44. AlGaN layer 4b consists of Alg25Gag7sN layer 43 (AlGaN layer with an Al composition ratio
of 0.25). Al composition ratio inside AlGaN layer 4b is constant.

[0125]

Each of AIN layers 40 and 44, Alp75Gao2sN layer 41, and AlosGaosN layer 42 corresponds to the first

region in first nitride semiconductor layer 4 consisting of Al\Ga;xN (0.4<x=1). Alp25Gao.7sN layer 43 corresponds to

the second region of first nitride semiconductor layer 4 consisting of Al;Ga;.«\N (0.1=x=0.4).

[0126]

Since the configurations other than the above in each of compound semiconductor substrate of the first and
second modifications is the same as the configuration in the above-described embodiment, the same members are
given the same numerals, the description will not be repeated.

[0127]

AIN layer 44 serves the function of giving rise to compressive strain to AlGaN layer 4b. By providing AIN
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layer 44 like the first and second modifications, warpage and cracks can be further suppressed.

[0128]

[Third embodiment]

[0129]

FIG. 8 is a cross-sectional view showing the configuration of compound semiconductor device DC3 and
compound semiconductor substrate CS3 in the third embodiment of the present invention.

[0130]

Referring to FIG. 8, compound semiconductor device DC3 (an example of a compound semiconductor
device) in the present embodiment has compound semiconductor substrate CS3 (an example of a compound
semiconductor substrates) instead of compound semiconductor substrate CS1. In compound semiconductor substrate
CS3, first nitride semiconductor layer 4 includes AIN layer 40, Alp75Gag2sN layer 41, AIN layer 44, AlosGaosN layer
42, AIN layer 45, and Alp25Gao.7sN layer 43. AIN layer 40 is in contact with SiC layer 2 and formed on SiC layer 2.
Alo75Gag2sN layer 41 is in contact with AIN layer 40 and is formed on AIN layer 40. AIN layer 44 is in contact with
and formed on Alo75Gao2sN layer 41. AlpsGaosN layer 42 is in contact with and formed on AIN layer 44. AIN layer
45 is in contact with and formed on AlgsGaosN layer 42. Alp25Gao7sN layer 43 is in contact with and formed on AIN
layer 45.

[0131]

Each of AIN layers 40, 44, and 45, Aly75Gao2sN layer 41 and AlosGaosN layer 42 corresponds to the first

region in first nitride semiconductor layer 4 consisting of Al\Ga;xN (0.4<x=1). Alp2sGao7sN layer 43 corresponds to

the second region of first nitride semiconductor layer 4 consisting of AlGa;xN (0.1 =x=0.4).

[0132]

Since the configurations of compound semiconductor device DC3 and compound semiconductor substrate
CS3 other than those described above are the same as the configurations of compound semiconductor device DC1 and
compound semiconductor substrate CS1 in the first embodiment, the same members are given the same numerals, the
description will not be repeated.

[0133]

According to this embodiment, effects similar to those of the first embodiment can be obtained.

[0134]

[Fourth embodiment]

[0135]

FIG. 9 is a cross-sectional view showing the configuration of compound semiconductor device DC4 and
compound semiconductor substrate CS4 in the fourth embodiment of the present invention.

[0136]

Referring to FIG. 9, compound semiconductor device DC4 (an example of a compound semiconductor
device) in the present embodiment has compound semiconductor substrate CS4 (an example of a compound
semiconductor substrates) instead of compound semiconductor substrate CS1. In compound semiconductor substrate
CS4, first nitride semiconductor layer 4 has the same structure as the first nitride semiconductor layer in compound
semiconductor substrate CS3 in the third embodiment. In particular, first nitride semiconductor layer 4 includes AIN
layer 40, Alo75Gao2sN layer 41, AIN layer 44, AlosGaosN layer 42, AIN layer 45, and Alo2sGao7sN layer 43. AIN
layer 40 is in contact with SiC layer 2 and formed on SiC layer 2. Alo75Gao 25N layer 41 is in contact with AIN layer 40
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and is formed on AIN layer 40. AIN layer 44 is in contact with and formed on Alg75Gag2sN layer 41. AlpsGagsN layer
42 is in contact with and formed on AIN layer 44. AIN layer 45 is in contact with and formed on AlgsGaosN layer 42.
Alg25Gag.7sN layer 43 is in contact with and formed on AIN layer 45.

[0137]

Each of AIN layers 40, 44, and 45, Alo75Gag2sN layer 41 and AlosGaosN layer 42 corresponds to the first

region in first nitride semiconductor layer 4 consisting of Al\Ga;xN (0.4<x=1). Alp25Gao7sN layer 43 corresponds to

the second region of first nitride semiconductor layer 4 consisting of Al;Ga;.«N (0.1 =x=0.4).

[0138]

In compound semiconductor substrate CS4, second nitride semiconductor layer 5 has the same structure as
the second nitride semiconductor layer in compound semiconductor substrate CS2 in the second embodiment. In
particular, second nitride semiconductor layer 5 contains only one layer of intermediate layer 52. Intermediate layer
52 is formed on C-GaN layer 51. Intermediate layer 52 is the uppermost layer among the layers constituting second
nitride semiconductor layer 5 and is in contact with electronic traveling layer 6.

[0139]

Since the configurations of compound semiconductor device DC4 and compound semiconductor substrate
CS4 other than those described above are the same as the configurations of compound semiconductor device DC1 and
compound semiconductor substrate CS1 in the first embodiment, the same members are given the same numerals, the
description will not be repeated.

[0140]

According to this embodiment, effects similar to those of the first embodiment can be obtained.

[0141]

[Examples]

[0142]

As the first examples, the inventors of the present application have produced each of samples 1 to 3 having
the configurations described below as samples.

[0143]

Sample 1 (an example of the present invention): Using a 6-inch Si substrate made by the Cz method, a
structure similar to compound semiconductor substrate CS3 shown in FIG. 8 was fabricated. The sum total thickness
W of first nitride semiconductor layer 4, second nitride semiconductor layer 5, and electronic traveling layer 6 was set
to 7 micrometers.

[0144]

Sample 2 (an example of the present invention): Using a 6-inch Si substrate made by the Cz method, a
structure similar to compound semiconductor substrate CS3 shown in FIG. 8 was fabricated. The sum total thickness
W of first nitride semiconductor layer 4, second nitride semiconductor layer 5, and electronic traveling layer 6 was set
to 8 micrometers.

[0145]

Sample 3 (an example of the present invention): Using a 6-inch Si substrate made by the Cz method, a
structure similar to compound semiconductor substrate CS4 shown in FIG. 9 was fabricated. The sum total thickness
W of first nitride semiconductor layer 4, second nitride semiconductor layer 5, and electronic traveling layer 6 was set

to 8 micrometers.
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[0146]

Sample 4 (a comparative example): Except for using a 6 inch Si substrate made by the Fz method, a
structure similar to compound semiconductor substrate CS3 shown in FIG. 8 was fabricated. The sum total thickness
W of first nitride semiconductor layer 4, second nitride semiconductor layer 5, and electronic traveling layer 6 was set
to 7 micrometers.

[0147]

Sample 5 (a comparative example): Except for using a 6 inch Si substrate made by the Fz method, a
structure similar to compound semiconductor substrate CS3 shown in FIG. 8 was fabricated. The sum total thickness
W of first nitride semiconductor layer 4, second nitride semiconductor layer 5, and electronic traveling layer 6 was set
to 8 micrometers.

[0148]

Sample 6 (a comparative example): Except for using a 6 inch Si substrate made by the Fz method, a
structure similar to compound semiconductor substrate CS4 shown in FIG. 9 was fabricated. The sum total thickness
W of first nitride semiconductor layer 4, second nitride semiconductor layer 5, and electronic traveling layer 6 was set
to 8 micrometers.

[0149]

Sample 7 (a comparative example): Except for omitting the SiC layer 2, a structure similar to compound
semiconductor substrate CS3 shown in FIG. 8 was fabricated. This comparative example uses a 6 inch Si substrate
made by the Cz method. The sum total thickness W of first nitride semiconductor layer 4, second nitride
semiconductor layer 5, and electronic traveling layer 6 was set to 7 micrometers.

[0150]

Sample 8 (a comparative example): Except for omitting the SiC layer 2, a structure similar to compound
semiconductor substrate CS3 shown in FIG. 8 was fabricated. This comparative example uses a 6 inch Si substrate
made by the Cz method. The sum total thickness W of first nitride semiconductor layer 4, second nitride
semiconductor layer 5, and electronic traveling layer 6 was set to 8 micrometers.

[0151]

Sample 9 (a comparative example): Except for omitting the SiC layer 2, a structure similar to compound
semiconductor substrate CS4 shown in FIG. 9 was fabricated. This comparative example uses a 6 inch Si substrate
made by the Cz method. The sum total thickness W of first nitride semiconductor layer 4, second nitride
semiconductor layer 5, and electronic traveling layer 6 was set to 8 micrometers.

[0152]

For the surface measurement, the inventors of the present application performed the CV measurement for
each of the obtained samples 1 to 3 using a surface two-probe type mercury probe. Then, the depth direction
distribution of donor ion concentrations in each of samples 1 to 3 was obtained from the obtained CV data. For this
CV measurement, "CV92M Manual Mercury Prober (registered trademark)" manufactured by "Four Dimensions
(registered trademark)" and "E4980A LCR meter (registered trademark) manufactured by "Keysight Technologies
(registered trademark)" were used. As a result, sufficiently high resistance or semi-insulating region with donor ion
concentration of 2#10'* atoms/cm? or less was confirmed within C-GaN layer 51 (main layer) in any of samples 1 to 3.

[0153]

The inventors of the present application measured the warpage amount for each of the obtained samples 1-6.
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For the measurement of the warpage amount, a flatness measuring machine called "Flatmaster" manufactured by
"Corning Tropel (registered trademark)" was used. The warpage amount was calculated according to the standard
called SORI. In particular, the least squares plane of the top surface of the sample was calculated (prescribed). Then,
the sum total of the absolute value of distance to the highest point of the top surface of the sample from the least
squares plane calculated and the absolute value of distance to the lowest point of the top surface of the sample from the
least squares plane calculated was calculated as the warpage amount.

[0154]

FIG. 10 is a diagram showing the distribution of the warpage amount of each top surface of samples 1 to 3
in the first example of the present invention. FIG. 10(a) is a diagram showing the distribution of the warpage amount
of the top surface of sample 1. FIG. 10(b) is a diagram showing the distribution of the warpage amount of the top
surface of sample 2. FIG. 10(c) is a diagram showing the distribution of the warpage amount of the top surface of
sample 3.

[0155]

Referring to FIG. 10, the warpage amount of sample 1 was 34.260 micrometers. The warpage amount of
sample 2 was 13.461 micrometers. The warpage amount of sample 3 was 19.526 micrometers. The inventors of the
present application produced a plurality of sample as sample 1, and calculated the warpage amount for each of the
obtained plurality of sample 1. The inventors of the present application produced a plurality of sample as sample 2,
and calculated the warpage amount for each of the obtained plurality of sample 2. Further, the inventors of the present
application produced a plurality of sample as sample 3, and calculated the warpage amount for each of the obtained
plurality of sample 3. As a result, the warpage amounts of samples 1 to 3 were all 0 or more and 50 or less
micrometers. On the other hand, the warpage amount of samples 4 to 6 all exceeded 50 micrometers. From this result,
it can be seen that the warpage amount is suppressed more in samples 1-3 than in samples 4-6.

[0156]

Next, the inventors of the present application confirmed the occurrence of cracks and the occurrence of
meltback etching for each of the obtained samples 1-3 and 7-9. A laser beam was irradiated to the top surface of the
samples, and a laser scattering image was created based on the received scattered light. The presence or absence of
occurrence of cracks and the occurrence of meltback etching were confirmed from the created laser scattering image.
"CANDELA (registered trademark)" manufactured by "KLA-TENCOR (registered trademark)" was used to create the
laser scattering image.

[0157]

FIG. 11 is a laser scattering image of the top surface of each of samples 1 and 7 in the first example of the
present invention. FIG. 10(a) is a laser scattering image of the top surface of sample 1. FIG. 10(b) is a laser scattering
image of the top surface of sample 7.

[0158]

Referring to FIG. 11, each thickness W of samples 1 and 7 is 7 micrometers. A slight occurrence of cracks
was observed in the area near the peripheral end (an area where the distance from the peripheral end is 5 millimeters or
less) of the top surface in sample 1. No occurrence of cracks was observed in other areas. No trace of meltback
etching was found on the top surface of sample 1. On the other hand, in the area near the peripheral end of the top
surface of sample 7, huge cracks having a length of 10 millimeters or more were observed.

[0159]
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FIG. 12 is a laser scattering image of the top surface of each of samples 2 and 8 in the first example of the
present invention. FIG. 12(a) is a laser scattering image of the top surface of sample 2. FIG. 12(b) is a laser scattering
image of the top surface of sample 8.

[0160]

Referring to FIG. 12, each thickness W of samples 2 and 8 is 8 micrometers. A slight occurrence of cracks
was observed in the area near the peripheral end (an area where the distance from the peripheral end is 5 millimeters or
less) of the top surface of sample 2. No occurrence of cracks was observed in other areas. On the other hand, huge
cracks occurred throughout on the top surface of sample 8.

[0161]

FIG. 13 is a partial enlargement figure of the laser scattering image shown in FIG. 12. FIG. 13(a) is a partial
enlargement figure of the laser scattering image shown in FIG. 12(a). FIG. 13(b) is a partial enlargement figure of the
laser scattering image shown in FIG. 12(b).

[0162]

Referring to FIG. 13, no trace of meltback etching was found on the top surface of sample 2. On the other
hand, metallized Si was exposed at the bottom of the cracks near the peripheral end of the top surface of sample 8 (the
portion indicated by the arrows in FIG. 13(b)). Metallized Si is a trace of meltback etching generated.

[0163]

FIG. 14 is laser scattering images of the top surface of each of samples 3 and 9 in the first example of the
present invention. FIG. 14(a) is a laser scattering image of the top surface of sample 3. FIG. 14(b) is a laser scattering
image of the top surface of sample 9.

[0164]

Referring to FIG. 14, each thickness W of samples 3 and 9 is 8 micrometers. A slight occurrence of cracks
was observed in the area near the peripheral end (an area where the distance from the peripheral end is 5 millimeters or
less) of the top surface of sample 3. No occurrence of cracks was observed in other areas. No trace of meltback
etching was found on the top surface of sample 3. On the other hand, huge cracks occurred throughout on the top
surface of sample 9.

[0165]

From the results of FIGS. 11 to 14, according to samples 1 to 3, even if the thickness W is 6 micrometers or
more, it is possible to suppress the occurrence of cracks into areas other than the area where the distance from the
peripheral end is 5 millimeters or less of the top surface of the compound semiconductor substrate. It can be seen that
samples 1 to 3 can suppress the occurrence of meltback etching over the entire top surface of the compound
semiconductor substrate.

[0166]

Next, the inventors of the present application produced compound semiconductor device DC4 using the
obtained sample 3. Then, cutoff frequency of the produced compound semiconductor device DC4 was measured at
room temperature. Here, the composition of barrier layer 8 is Alg26Gao.74N.

[0167]

Compound semiconductor device DC4 was produced by the following method. First, the peripheral region
of the device was isolated. For this element isolation, the sample 3 was deep mesa etched from the surface of the

sample 3 to a depth of 300 nanometers using BCI3 plasma-based reactive ion etching (RIE) technology.
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[0168]

Subsequently, ultraviolet (UV) photolithography and electron beam deposition method were used to deposit
Ti/Al/Ni/Au metal stacks. Hence, source electrode 11 and drain electrode 12 were formed. The ohmic contacts
between each of source electrode 11 and drain electrode 12, and the surface of sample 3 was made by performing the
rapid thermal annealing (RTA) in N, atmosphere with 850 degrees Celsius, 30 seconds. Gate electrode 13 as a
Schottky electrode was formed by depositing a Ni/Au metal stack using the electrons beam deposition method.

[0169]

The gate pad was formed in the area deep mesa-etched from the surface of sample 3 to a depth of 300
nanometers. For this reason, the effective nitride layer thickness corresponding to S-parameter measurements of the
open-gate pad described below is 7.7 micrometers.

[0170]

When measuring cutoff frequency, a device in which two gate electrodes 13 were formed in parallel was
used. The gate electrode 13 had a gate length of 2 micrometers and a gate width of 50 micrometers. The cutoff
frequency was measured using "P5400A vector network analyzer (registered trademark)" manufactured by "Keysight
Technologies (registered trademark)". The measurement system was accurately calibrated with
open-short-load-through calibration standards.

[0171]

The cutoff frequency measurements were performed within the frequency range of 0.5-20 GHz, with the
device turned on (ON) by applying a drain voltage of 10V and a gate voltage of -0.8V. Hence, a frequency dependence
curve of the current gain (JH21|) was obtained. Next, data plotting the values of |[H21[* against the logarithm of
frequency were linearly extrapolated, and the frequency at which [H21|=0 dB was determined as the cutoff frequency.

[0172]

FIG. 15 is a diagram showing the relationship between the cutoff frequency and the gate length of
compound semiconductor device DC4 manufactured using sample 3 in the first example of the present invention. FIG.
15 also shows the relationship between the cutoff frequency and the gate length of a conventional compound
semiconductor device for high frequency applications. The circle plots in FIG. 15 shows the relationship between the
cutoff frequency and the gate length of the compound semiconductor device DC4 produced using sample 3. The
diamond-shaped plots in FIG. 15 shows the relationship between the cutoff frequency and the gate length of the
HEMT 1010 shown in FIG. 22. The triangular plots in FIG. 15 show the relationship between the cutoff frequency and
the gate length of the HEMT 1020 shown in FIG. 23. The square plots in FIG. 15 shows the relation between the
cutoff frequency and the gate length of the HEMT 1020 shown in FIG. 23 with a thin SiC layer added between Fz-Si
substrate 1061 and nitride buffer layer 1052.

[0173]

Referring to FIG. 15, straight line L connecting multiple plots showing the relationship between the cutoff
frequency and the gate length of the compound semiconductor device for conventional high-frequency applications
was drawn. Plotted dots showing the relationship between the cutoff frequency and the gate length of compound
semiconductor device DC4 fabricated using sample3 is on the straight line L. From this result, it can be seen that
compound semiconductor device DC4 has high frequency characteristics comparable to compound semiconductor
devices for conventional high-frequency applications.

[0174]
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Next, the inventors prepared each of compound semiconductor devices DC3 and DC4 using each of
samples 2 and 3 in the same manner as for the measurement of cutoff frequency (the case shown in FIG. 15). Then, the
small signal characteristics change by temperature of each of the fabricated compound semiconductor devices DC3
and DC4 was evaluated. In particular, the S parameter S11 for the gate open pad structure was measured at each
temperature of 25 degrees Celsius, 50 degrees Celsius, 75 degrees Celsius, 100 degrees Celsius, and 125 degrees
Celsius. The measurement of S parameters was performed using "P5400A vector network analyzer (registered
trademark)" manufactured by "Keysight Technologies (registered trademark)". The measurement system was
accurately calibrated with open-short-load-through calibration standards.

[0175]

When measuring the S parameter S11, a device in which only the gate pads were formed without gate
electrodes on the electronic traveling layer, that is, a gate open pad structured device was used. The area of the gate
pad region was 4.9%107 cm?.

[0176]

The gate pad was formed in the area deep mesa-etched from the surface of sample 3 to a depth of 300
nanometers. For this reason, the effective nitride layer thickness for the open gate pad S-parameter measurements is
7.7 micrometers.

[0177]

FIG. 16 is a diagram showing the frequency characteristics of the S parameter S11 of sample 2 in the first
example of the present invention. FIG. 17 is a diagram showing the frequency characteristics of the S parameter S11
of sample 3 in the first example of the present invention. In FIGS. 16 and 17, only the S-parameters S11 at
temperatures of 25 degrees Celsius and 125 degrees Celsius respectively are shown.

[0178]

Referring to FIGS. 16 and 17, the frequency dependence curves of the S parameter S11 were obtained in the
frequency domain of 0.5 to 20GHz using the gate open pad structured device described above, and plotted on a Smith
chart.

[0179]

As is clear from FIGS. 16 and 17, the S parameters S11 of samples 2 and 3 exhibited substantially constant
behavior regardless of temperature. From this result, it can be seen that, unlike the conventional HEMT 1020 shown
in FIG. 23 and the like, the compound semiconductor devices DC3 and DC4 exhibit less attenuation of high frequency
signals even at high temperatures, as at room temperature.

[0180]

Further, a simple RC series circuit fitted to the data in FIG. 17 yielded the measured pad capacitance and
resistance values of 0.059 pF and 9.5 Q, respectively. The pad resistance of 9.5Q is a sufficiently high resistance per
unit area when normalized by the area of the gate pad region of 4.9%10 cm?. From this, it can be seen that in sample
3, parasitic conduction elements that lead to deterioration of high frequency characteristics are sufficiently suppressed.

[0181]

The capacitance of the pad was normalized by the area of the gate pad, and using the normalized value, the
thickness of the highly insulating portion of the nitride was estimated as the thickness of the dielectric layer of the pad
capacitance. As aresult, the estimated value was 7.1 micrometers. This value is close to 7.7 micrometers, which is the

effective nitride layer thickness for the S-parameter measurements of the gate pad. From this, it can be seen that in
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sample 3, most of the nitride layer maintains the properties of a dielectric layer (that is, semi-insulating or sufficiently
high resistance).

[0182]

In this way, when a thick nitride layer is formed on a thick SiC layer in the configuration of the present
application, most of the nitride layer can maintain properties of a dielectric layer, that is, semi-insulating or sufficiently
high resistance. Further, by providing a SiC layer underneath the nitride layer, the nitride layer can be made
sufficiently thick so that the degradation of high frequency characteristics is small. As a result, high frequency
performance of the device can be improved. Further, the attenuation of high frequency signals can be reduced at high
temperatures as well as at room temperature.

[0183]

As a second example, the inventors of the present application manufactured a structure similar to that of
compound semiconductor substrate CS3 shown in FIG. 8 under two different manufacturing conditions, and obtained
samples 10 and 11, respectively. Samples 10 and 11 were manufactured using a 6 inch Si substrate made by the Cz
method.

[0184]

Sample 10: When forming each of the C-GaN layers 51a, 51b, and 51c, the film forming temperature was
set to a high temperature (about 200 degrees Celsius lower temperature than growth temperature of a GaN layer which
is not doped with C) and hydrocarbon was introduced as C source gas. The sum total thickness W of first nitride
semiconductor layer 4, second nitride semiconductor layer 5, and electronic traveling layer 6 was set to 7 micrometers.

[0185]

Sample 11: When forming each of the C-GaN layers 51a, 51b, and 51c, the film forming temperature was
set to a low temperature (about 300 degrees Celsius lower temperature than growth temperature of a GaN layer which
is not doped with C) and C source gas was not introduced. The sum total thickness W of first nitride semiconductor
layer 4, second nitride semiconductor layer 5, and electronic traveling layer 6 was set to 7 micrometers.

[0186]

Subsequently, the inventors of the present application visually confirmed the presence or absence of cracks
into compound semiconductor substrate CS3. As a result, cracks did not occur in any of samples 10 and 11.

[0187]

Subsequently, the inventors of the present application confirmed the presence or absence of meltback
etching (a phenomenon that a crystal is altered by the reaction between Si and Ga) to Si substrate 1 of compound
semiconductor substrate CS3 by observation with an optical microscope. As a result, meltback etching did not occur
in any of samples 10 and 11 (Both of samples 10 and 11 satisfied meltback-free on the entire surface of the substrate).

[0188]

Next, for each of C-GaN layers 51a, 51b, and 51c of compound semiconductor substrate CS3, the inventors
of the present application measured the carbon concentration distribution in the depth direction at center PT1 and the
carbon concentration distribution in the depth direction at edge PT2. SIMS (Secondary Ion Mass Spectrometry) was
used for this measurement. Next, based on the measured carbon concentration distribution, concentration C1 that is
the carbon concentration at the center position in the depth direction at center PT1 and concentration C2 that is the
carbon concentration at the center position in the depth direction at edge PT2 were calculated. Next, concentration

error AC represented by AC (%) = |C1-C2|*100/C1 was calculated based on the calculated concentrations C1 and C2.
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[0189]

FIG. 18 is a diagram showing values of concentration error AC calculated in the second example of the
present invention.

[0190]

Referring to FIG. 18, in sample 10, the range of the carbon concentration in the depth direction at center
PT1 of each of C-GaN layers 51a, 51b, and 51c is 4*10'® atoms/cm? or more and 8*10'8 atoms/cm? or less, and the
range of the carbon concentration in the depth direction at edge PT2 is 4.3*10'® atoms/cm? or more and 7*10'8
atoms/cm? or less. In sample 10, the carbon concentration of center PT1 and the carbon concentration of edge PT2 are
almost the same value, and concentration errors AC of C-GaN layers 51a, 51b and 51c are 33%, 21% and 0%
respectively. The inventors of the present application manufactured a plurality of sample 10 and measured the
concentration errors AC of the obtained plurality of sample 10 by the method described above. As a result, all sample
10 had concentration error AC values within the range of 0 or more and 50% or less.

[0191]

On the other hand, in sample 11, the range of the carbon concentration in the depth direction at center PT1
of each of C-GaN layers 51a, 51b, and 51¢ was 5*10'8/cm? or more and 1.5*10'%/cm? or less, and the range of the
carbon concentration in the depth direction at edge PT2 was 2.3*10'°/cm? or more and 4.2%10"/cm? or less. In sample
11, the carbon concentration of edge PT2 was higher than the carbon concentration of center PT1, and concentration
errors AC of C-GaN layer 51a, 51b, and 51c were 448%, 312%, and 258%, respectively.

[0192]

From the above results, it can be seen that the in-plane uniformity of the carbon concentration of the C-GaN
layer is improved in sample 10, as compared to sample 11.

[0193]

Next, the inventors measured each of film thickness W1 which is the film thickness at center PT1 and film
thickness W2 which is the film thickness at edge PT2 for each of C-GaN layers 51a, 51b, and 51c of compound
semiconductor substrate CS3. This measurement was performed by observing the cross section of compound
semiconductor substrate CS3 using a TEM (Transmission Electron Microscope). Next, film thickness error AW
expressed as AW (%) = [W1-W2|*100/W1 was calculated based on the measured film thicknesses W1 and W2.

[0194]

FIG. 19 is a diagram showing values of the film thickness error AW calculated in the second example of the
present invention.

[0195]

Referring to FIG. 19, in sample 10, the film thickness errors AW of each of C-GaN layers 51a, 51b and 51c
are 3.9%, 1.8% and 1.2% respectively, all of which are small values. The inventors of the present application
manufactured a plurality of sample 10 as samples 10, and measured the film thickness errors AW of each of the
obtained plurality of samples 10 by the method described above. As a result, for all samples 10, the film thickness
error AW was within the range of 0 to 8%.

[0196]

On the other hand, as for sample 11, the film thickness errors AW of each of C-GaN layers 51a, 51b, and 51c
were 9%, 11%, and 11%, respectively, all of which were large values.

[0197]
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From the above results, it can be seen that in-plane uniformity of the film thickness of the C-GaN layer is
improved for sample 10, as compared to sample 11.

[0198]

Next, the inventors measured intrinsic breakdown voltage of each of samples 10 and 11. Measurement of
intrinsic breakdown voltage was performed by the following method.

[0199]

FIG. 20 is a cross-sectional view showing a method of measuring intrinsic breakdown voltage in the second
example of the present invention.

[0200]

Referring to FIG. 20, sample compound semiconductor substrate CS3 to be measured was fixed on copper
plate 22 attached on glass plate 21. An electrode 23 made of Al was provided on the barrier layer 8 of the fixed
compound semiconductor substrate CS3 so as to be in contact with the barrier layer 8.

[0201]

Using an electrode with a sufficiently small area as electrode 23 (specifically, an electrode with a diameter
of 0.1 cm), electrode 23 is brought into contact with four different positions on the surface of barrier layer 8 in
compound semiconductor substrate CS3 in order. The density of the current flowing between the copper plate 22 and
the electrode 23 (current flowing through the sample in the vertical direction) was measured when the electrode 23
was brought into contact with each of the positions. When the density of the measured current reached 1*10!
A/millimeter?, the sample was considered to have dielectric breakdown, and the voltage between the copper plate 22
and the electrode 23 at this time was measured. The highest and lowest values among the obtained four voltages were
excluded, and the average value of the remaining two values was taken as the intrinsic breakdown voltage. A plurality
of samples were prepared as samples 10, and the intrinsic breakdown voltage of each sample was measured. As a
result, the intrinsic breakdown voltages of all samples 10 were 1200V or more and 1600V or less.

[0202]

Furthermore, the inventors of the present application measured the defect density of the GaN layers (any of
GaN layers 51a, 51b, and 51c) of the compound semiconductor substrate CS3 by the following method. First, the
electrode 23 is sequentially brought into contact with five different positions near the center PT1 on the surface of the
barrier layer 8 of the compound semiconductor substrate CS3, and the density of current flowing between the copper
plate 22 and the electrode 23 (current flowing through the sample in the vertical direction) when the electrode 23 is
brought into contact with each position was measured. When the density of the measured current reached 1*10!
A/millimeter?, it was assumed that the sample had dielectric breakdown, and the voltage between the copper plate 22
and the electrode 23 at this time was taken as the insulation breakdown voltage of center PT1. Next, the position
where the measured insulation breakdown voltage was 80% or less of the intrinsic insulation breakdown voltage was
judged to be the position where the defect was present. The ratio of the number of positions having a defect to the five
positions where the insulation breakdown voltages were measured was calculated as the defect density D of center
PT1.

[0203]

Calculation of the above-mentioned defect density D at center PT1 was performed using each of the
electrodes with four different areas S (0.283 cm?, 0.126 cm?, 0.031 cm?, 0.002 cm?). As a result, four pairs of the area

S of the electrode and the defect density D at the center PT1 were obtained.
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[0204]

Next, the yield Y for each of the four different areas S was calculated using Equation (1), which is a general
Poisson equation showing the relationship among the yield Y, the electrode area S, and the defect density D.

[0205]

Y =exp(-S*D) ... (1)

[0206]

Next, an electrode with area S whose calculated yield Y is closest to 50% was determined as an optimal
electrode for the defect density calculation, and defect density D corresponding to optimal electrode area S was
adopted as the defect density of center PT1.

[0207]

Also, the position to contact electrode 23 was changed to 5 different positions near edge PT2 on the surface
of barrier layer 8, and the defect density at edge PT2 was measured in the same manner as described above.

[0208]

FIG. 21 is a diagram showing the values of the defect density measured in the second example of the present
invention.

[0209]

Referring to FIG. 21, the defect density at center PT1 of sample 10 was 1.8/cm?, and the defect density at
edge PT2 of sample 10 was 1.8/cm?. The inventors of the present application manufactured a plurality of samples 10
and measured the defect densities at the center PT1 and edge PT2 of each of the obtained plurality of samples 10 by the
method described above. As aresult, all samples 10 had defect densities in the range of 0 to 7/cm?. On the other hand,
the defect density at center PT1 of sample 11 was 207/cm?, and the defect density at edge PT2 of sample 11 was
7.1/cm?.

[0210]

From the above results, it can be seen that sample 10 has a lower defect density in the GaN layer than
sample 11.

[0211]

[Others]

[0212]

The compound semiconductor substrates of the above embodiments are not limited to high frequency
device applications, but are also suitable for power device applications. When the compound semiconductor
substrates of the above embodiments are used for power devices, vertical leakage current can be reduced.

[0213]

In each of compound semiconductor substrates CS1, CS2, CS3, and CS4, Si substrate 1 and SiC layer 2 may
be replaced with a conductive SiC substrate having a resistivity of 0.1 Qcm or more and less than 1#10° Qcm. Also in
this case, due to the action of the C-GaN layer 51 and the intermediate layer 52, while increasing the insulation of the
nitride semiconductor layer, the occurrence of warpage and cracks can be suppressed. As a result, a compound
semiconductor substrate and a compound semiconductor device having high quality can be provided.

[0214]

The configurations and manufacturing methods in above embodiments, modifications and examples can be

combined as appropriate. For example, the configurations of FIG. 2, FIG. 6, FIG. 7, or FIG. 8 may be applied as first
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nitride semiconductor layer 4 of each of compound semiconductor substrates CS1, CS2, CS3, and CS4. As second
nitride semiconductor layer 5 of each of compound semiconductor substrates CS1, CS2, CS3, and CS4, the
configuration of FIG. 1, the configuration of FIG. 5, or the like may be applied.

[0215]

The above-described embodiments, modifications, and examples should be considered illustrative in all
respects and not restrictive. The scope of the present invention is shown not by the above description but by the scope
of the claims, and is intended to include meanings equivalent to the scope of the claims and all modifications within
the scope.

[Explanation of symbols]

[0216]

1 Si (silicon) substrate (an example of a Si substrate)

2 SiC (silicon carbide) layer (an example of a SiC layer)

4 first nitride semiconductor layer (an example of a first nitride semiconductor layer)

4a, 4b AlGaN (aluminum gallium nitride) layer

5 second nitride semiconductor layer (an example of a second nitride semiconductor layer)
6, 1053  electronic traveling layer (an example of an electrons traveling layer)

6a, 1053a two dimensional electron gas

8, 1054 a barrier layer (an example of a barrier layer)

11, 1055 source electrode (an example of a first electrode)

12, 1056 drain electrode (an example of a second electrode)

13, 1057 gate electrode (an example of a third electrode)

21 glass plate

22 copper plate

23 electrode

40, 44, 45 AIN (aluminum nitride) layer
41 Alg75Gag2sN layer

42 AlgsGaosN layer

43 Alo25Gaog 75N layer

51, 51a,51b,51lc  C-GaN (gallium nitride) layer (an example of a main layer)

52, 52a, 52b intermediate layer (an example of an intermediate layer)

1051 SiC substrate

1052 nitride buffer layer

1061 Fz-Si substrate

1062 n-type SiC substrate

CS1, CS2, CS3, CS4 compound semiconductor substrate (an example of a compound
semiconductor substrates)

DCI1, DC2, DC3, DC4 compound semiconductor device (an example of a compound
semiconductor device)

PT1 center

PT2 edge
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WHAT IS CLAIMED IS:

1. A compound semiconductor substrate comprising:

a Si substrate with O concentration of 3*10'7/cm? or more and 3*10'8/cm? or less,

a SiC layer formed on the Si substrate,

a first nitride semiconductor layer made of AlyGa;«N (0.1 =x=1), formed on the SiC layer and including
an insulating or semi-insulating layer,

a second nitride semiconductor layer formed on the first nitride semiconductor layer and including a main
layer comprising of insulating or semi-insulating Al,Ga;.,N (0=y<0.1),

an electronic traveling layer formed on the second nitride semiconductor layer and made of Al,Ga;.,N (0=
z<0.1), and

a barrier layer formed on the electronic traveling layer and having a wider band gap than a band gap of the
electronic traveling layer, wherein

a sum total thickness of the first and second nitride semiconductor layers and the electronic traveling layer

is 6 micrometers or more and 10 micrometers or less.

2. The compound semiconductor substrate according to claim 1, wherein

the second nitride semiconductor layer further includes one or more intermediate layer formed at least one
of inside of the main layer and on the main layer, the intermediate layer comprising of Al;Ga;.yN (0.5=y=1), and

the main layer has at least one of C concentration higher than that of the electronic traveling layer and Fe

concentration higher than that of the electronic traveling layer.

3. The compound semiconductor substrate according to claim 2, wherein
the intermediate layer is two or more layers, and each of the two or more intermediate layers has a thickness
of 10 nanometers or more and 30 nanometers or less, and is formed at intervals of 0.5 micrometers or more and 10

micrometers or less.

4. The compound semiconductor substrate according to claim 1, wherein
the Si substrate contains B, and has p type conductivity and a resistivity of 0.1 mQcm or more and 100

m&cm or less.

5. The compound semiconductor substrate according to claim 1, wherein

the SiC layer has a thickness of 0.5 micrometers or more and 2 micrometers or less.

6. The compound semiconductor substrate according to claim 1, wherein
Si concentration, O concentration, Mg concentration, C concentration and Fe concentration of the

electronic traveling layer are all greater than 0 and less than or equal to 1*10'7 atoms/cm?.

7. The compound semiconductor substrate according to claim 6, wherein
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the first nitride semiconductor layer includes at least one of a first region made of AlyGai.«N (0.4<x=1) and
a second region made of AlxGa;«N (0.1 =x=0.4) having a thickness of 0.5 micrometer or more,

the first region has Si concentration of 0 atoms/cm? or more and 5*10'7 atoms/cm?® or less, O concentration
of 0 atoms/cm?® or more and 5*10'” atoms/cm?® or less, and Mg concentration of 0 atoms/cm® or more and 5*10"
atoms/cm’ or less,

the second region has Si concentration of 0 atoms/cm® or more and 2*10'® atoms/cm® or less, O
concentration of 0 atoms/cm? or more and 2*10'® atoms/cm? or less, and Mg concentration of 0 atoms/cm? or more and
2*%10'6 atoms/cm? or less,

at least one of C concentration and Fe concentration in the second region is higher than any of Si
concentration, O concentration, and Mg concentration in the second region, and 5*10'° atoms/cm? or less,

the main layer has Si concentration of 0 atoms/cm? or more and 2*10'¢ atoms/cm? or less, O concentration
of 0 atoms/cm?® or more and 2*10'® atoms/cm® or less, and Mg concentration of 0 atoms/cm® or more and 2*10'°
atoms/cm’ or less,

at least one of C concentration and the Fe concentration in the second nitride semiconductor layer is higher
than any of Si concentration, O concentration, and Mg concentration in the second nitride semiconductor layer and is
5*%10'° atoms/cm? or less,

the main layer includes a region where concentration of activated donor ions is 0 atoms/cm? or more and
2*%10' atoms/cm? or less, and

the electronic traveling layer has Si concentration of 0 atoms/cm? or more and 1*10'® atoms/cm? or less, O
concentration of 0 atoms/cm? or more and 1*10'® atoms/cm? or less, and Mg concentration of 0 atoms/cm? or more and
1*#10'% atoms/cm? or less, C concentration of 0 atoms/cm?® or more and 1#10'7 atoms/cm? or less, and Fe concentration

of 0 atoms/cm? or more and 1*10'7 atoms/cm? or less.

8. The compound semiconductor substrate according to claim 7, wherein
the first nitride semiconductor layer includes both the first region and the second region, and
a distance between the first region and the SiC layer is less than a distance between the second region and

the SiC layer.

9. The compound semiconductor substrate according to claim 1, wherein
the first nitride semiconductor layer has a thickness less than or equal to a thickness of the second nitride

semiconductor layer.

10. The compound semiconductor substrate according to claim 1, wherein

the electronic traveling layer has a thickness of 0.3micrometers or more.

11. The compound semiconductor substrate according to claim 1, wherein

stipulating a least squares plane of a top surface of the compound semiconductor substrate, when a sum total
value of distance from the least squares plane to a highest point of the top surface of the compound semiconductor
substrate and distance from the least squares plane to a lowest point of the top surface of the compound semiconductor

substrate is defined as a warpage amount, the warpage amount is 0 or more and 50 or less micrometers.
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12. The compound semiconductor substrate according to claim 1, wherein
regions other than an area where a distance from an outer edge of a top surface of the compound

semiconductor substrate is 5 millimeters or less do not contain cracks.

13. The compound semiconductor substrate according to claim 1, wherein
the compound semiconductor substrate has a disk shape and a diameter of 100 millimeters or more and 200

millimeters or less.

14. The compound semiconductor substrate according to claim 1, wherein

a top surface of the compound semiconductor substrate does not contain traces of meltback etching.

15. A compound semiconductor substrate comprising:

a conductive SiC substrate with resistivity of 0.1 Qcm or more and less than 1#10° Qcm,

a first nitride semiconductor layer made of AlyGa;«N (0.1 =x=1), formed on the SiC layer and including
an insulating or semi-insulating layer,

a second nitride semiconductor layer formed on the first nitride semiconductor layer and containing a main
layer comprising of insulating or semi-insulating Al,Ga;.,N (0=y<0.1),

an electronic traveling layer formed on the second nitride semiconductor layer and made of Al,Ga;.,N (0=
z<0.1), and

a barrier layer formed on the electronic traveling layer and having a wider band gap than a band gap of the
electronic traveling layer, wherein

a sum total thickness of the first and second nitride semiconductor layers and the electronic traveling layer
is 6 micrometers or more and 10 micrometers or less,

the second nitride semiconductor layer further includes one or more intermediate layer formed at least one
of inside the main layer and on the main layer, the intermediate layer comprising of Al;Ga;.yN (0.5=y=1), and

the main layer has at least one of C concentration higher than that of the electronic traveling layer and Fe

concentration higher than that of the electronic traveling layer.

16. A compound semiconductor device comprising:

the compound semiconductor substrate according to claim 1,

first and second electrodes formed on the barrier layer, and

a third electrode which is formed on the barrier layer and controls current flowing between the first

electrode and the second electrode according to applied voltage.
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