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(57) ABSTRACT

There is provided a nitride crystal substrate constituted by
group-11II nitride crystal, containing n-type impurities, with
an absorption coefficient o being approximately expressed
by equation (1) by a least squares method in a wavelength
range of at least 1 um or more and 3.3 um or less.

=N, K A% (where 1.5%1079 < K <6.0x107'%, a=3), (1

here, a wavelength is A (um), an absorption coefficient of
the nitride crystal substrate at 27° C. is o (cm™), a
carrier concentration in the nitride crystal substrate is
N, (cm™), and K and a are constants, wherein an error
of an actually measured absorption coefficient with
respect to the absorption coefficient o obtained from
equation (1) at a wavelength of 2 um is within +0.1c,
and in a reflection spectrum measured by irradiating the
nitride crystal substrate with infrared light, there is no
peak with a peak top within a wavenumber range of
1,200 cm™! or more and 1,500 cm™ or less.




Patent Application Publication @ May 19, 2022 Sheet 1 of 9 US 2022/0154367 A1

FIG. 1A

18

FI1G. 1B




Patent Application Publication = May 19, 2022 Sheet 2 of 9 US 2022/0154367 A1

FIG.2 @

10/

Peak wavelength (pim) of black hody radiation

8 500 1600 1500 2000
Black body temparatare (O



Patent Application Publication

May 19, 2022 Sheet 3 of 9

US 2022/0154367 Al

FIG. 3

e 2

b da

Absorptivn vorfficient {rm

23

N =20 R0 %oy
NoST2%10%em™ e

]
8

FIG.4

Wavelengh, A (um)

el s
,w'”ww" w &
J iconie i .
..... PRI, ORI o e : Senstc e SRR g
4.8 i 1.5 2 35

b3

Z 8 r
{*4
g 8
2 ;
o 7 F
5 E 6
““‘(e
|
N = 5 G
IS >
@
£ 4 +
=
& 3 -
&
2 »
i
]

500

760 900 1108

Temperature (°C)

1300



Patent Application Publication = May 19, 2022 Sheet 4 of 9 US 2022/0154367 A1

FIG. 5A

E0E04

g D ¥ N1 doping i fasiy ment

AN E

kR £

Alsatrption cosficisnt,

LOBEGY 3 :
LY (RS RRE SIS (Eucitiad

5

Carter concenbation #, { ot}

FIG. 5B

LORE04

e o
& LAUERRS
i

10080

%
Lt

tienny oot

LD

Absorp

1408 - oo
LE0ETY £ 00813 S OREHIE 00

%

Carter concentiadion, i, { oy



Patent Application Publication @ May 19, 2022 Sheet 5 of 9 US 2022/0154367 A1

it

Lorente-Drude

10%emd | o E
a1 %746 omt
w560 cmy?
Fie®1. 87 em? 46
= 201 ooyt
¥ =354 cm

icie

A%

Extinction coeff

vd
o

ive in

-

o

"

E S

Refract
3

<

0 1000 2000 3000
Wavenumber, @ (cm™)

onih
Lo

10
Lorentz-Drude .
2x10% om?

@ S T4E oy .

w560 eyt : A

T =127 e’ &

wy, = 3904 omt

¥ =432.6 em?
£,58.35
1,58 318

FIG. 6B

0

5

o

o

Refractive index, n
v .-

Extinction coeff

w.

{1

0 1000 2000 3000
Wavenumber, w {cm)



Patent Application Publication = May 19, 2022 Sheet 6 of 9 US 2022/0154367 A1

FI1G. 7 N, By ot
N, g};m T
d,
W
FIG. 8 1
e FE IR signal
0.8 e Fitting

Ngoe = ’?.331":% {}13 Cm'““?"

0.4 + N 1.38x10% om?
R R Moo = 347.6 cm¥V.8
“m 0.2 v = 350.8 cmPiV.s
0 .
0 1000 2000

Wavenumber o (cm™)



Patent Application Publication = May 19, 2022 Sheet 7 of 9 US 2022/0154367 A1

ok B Ak ’;
F1G. 9 .‘} e FT-IR signal
, ] wesnn Fiiting
X o8 | N
Q;: ﬁb’ﬁiﬁ{: = 1. 4510 cm
g NiR = 1,28x10"8 ¢m3
& 06 | | Heiee = 360.3 cmV s
‘g [ | g = 3449 cmiVs
- 04
ol
0.2
A
ﬁ 3 : : ; i ; § i i
0 1000 2000 3000
Wavenumber @ {cm™)
FIG, 10 e
$HG v Growth step
§130 Sticing step
3% -4  Inspection step




May 19, 2022 Sheet 8 of 9 US 2022/0154367 Al

Patent Application Publication

YT PigE
M \\«\;...\,\.&..mevw
oo Qivd
L GALE
“atrAa

i s - e PEDE

AT I
YEVE

- SEY

207
seapmeR

EZR AT
appdeadl pamorg:

AN - /1\, =
S BETER
{ {
902 C7E7 4

WYT BLPT

117914



Patent Application Publication @ May 19, 2022 Sheet 9 of 9 US 2022/0154367 A1

FIG. 12A

F1G, 128

W

- At 14




US 2022/0154367 Al

NITRIDE CRYSTAL SUBSTRATE AND
METHOD FOR MANUFACTURING THE
SAME

TECHNICAL FIELD

[0001] The present invention relates to a nitride crystal
substrate and a method for manufacturing the same.

DESCRIPTION OF RELATED ART

[0002] Group-III nitride hereinafter sometimes referred to
as nitride) is widely used as a material for constituting a
semiconductor device such as a light emitting device and an
electronic device. As a substrate for growing a nitride
semiconductor layer constituting the semiconductor device,
a nitride crystal substrate is preferably used. For example, in
growing a nitride semiconductor on a nitride crystal sub-
strate, a step of heating the substrate is performed (for
example, see patent document 1).

[0003] Patent document 1: Japanese Patent Laid-Open
Publication No. 2015-185576

[0004] As will be described later in detail, an absorption
coeflicient of the nitride crystal substrate in an infrared
region is an important physical property value that affects,
for example, the heating characteristics of the substrate, or,
affects, for example, a shape of a reflection spectrum of the
substrate measured by a Fourier Transform Infrared Spec-
troscopy (FTIR) method. However, in a conventional art, the
absorption coefficient of the nitride crystal substrate in the
infrared region cannot be well controlled due to, for
example, dislocation scattering.

[0005] An object of the present invention is to provide a
nitride crystal substrate, constituted by group-III nitride
crystal, wherein an absorption coefficient in an infrared
region is well controlled, and therefore a quality of crystal
constituting the substrate can be properly inspected based on
a reflection spectrum measured by irradiating the substrate
with infrared light.

[0006] According to an aspect of the present invention,
there is provided a nitride crystal substrate constituted by
group-11I nitride crystal, containing n-type impurities, with
an absorption coefficient a being approximately expressed
by equation (1) by a least squares method in a wavelength
range of at least 1 pm or more and 3.3 um or less.

a=N, K A° (69)

(where 1.5x107<K=6.0x107"°, a=3),

[0007] here, a wavelength is A (um), an absorption coef-
ficient of the nitride crystal substrate at 27° C. is ¢ (cm™),
a carrier concentration in the nitride crystal substrate is Ne
(cm™), and K and a are constants,

[0008] wherein an error of an actually measured absorp-
tion coeflicient with respect to the absorption coefficient o
obtained from equation (1) at a wavelength of 2 um is within
+0.1a, and

[0009] in a reflection spectrum measured by irradiating the
nitride crystal substrate with infrared light, there is no peak
with a peak top within a wavenumber range of 1,200 cm™
or more and 1,500 cm™! or less.

[0010] According to another aspect of the present inven-
tion, there is provided a nitride crystal substrate constituted
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by group-HI nitride crystal, containing n-type impurities,
with an absorption coefficient o being approximately
expressed by equation (1) by a least squares method in a
wavelength range of at least 1 um or more and 3.3 um or
less.

a = N,KA¢ (9]

(where 1.5x107°<K=6.0x10"'?, a=3)

[0011] here, a wavelength is A (1), an absorption coeffi-
cient of the nitride crystal substrate at 27° C. is o (cm™), a
carrier concentration in the nitride crystal substrate is N,
(cm™), and K and a are constants,

[0012] wherein an error of an actually measured absorp-
tion coeflicient with respect to the absorption coefficient o
obtained from equation (1) at a wavelength of 2 um is within
+0.1a, and

[0013] inareflection spectrum measured by irradiating the
nitride crystal substrate with infrared light, there is a peak
with a peak top within a wavenumber range of 1,200 cm™
or more and 1,500 cm™" or less, and a peak height which is
a difference between an intensity reflectance of a peak top of
the peak and an intensity reflectance of a baseline of the
reflection spectrum is 35% or less.

[0014] According to another aspect of the present inven-
tion, there is provided a method for manufacturing a nitride
crystal substrate, including:

[0015] preparing a nitride crystal substrate constituted by
group-11II nitride crystal, containing n-type impurities, with
an absorption coefficient o being approximately expressed
by equation (1) by a least squares method in a wavelength
range of at least 1 um or more and 3.3 um or less.

a = N,KA° (9]

(where 1.5x107<K=6.0x107"°, a=3)

[0016] here, a wavelength is A (um), an absorption coef-
ficient of the nitride crystal substrate at 27° C. is a (cm™),
a carrier concentration in the nitride crystal substrate is N,
(cm™), and K and a are constants, wherein an error of an
actually measured absorption coefficient is within +0.1a
with respect to the absorption coefficient @ obtained from
equation (1) at a wavelength of 2 pm, and

measuring a reflection spectrum by irradiating the nitride
crystal substrate with infrared light, and inspecting whether
there is a peak with a peak top within a wavenumber range
0f 1,200 cm™" or more and 1,500 cm™" or less.

[0017] There is provided a nitride crystal substrate which
is constituted by group-IIl nitride crystal, wherein an
absorption coefficient in an infrared region is well con-
trolled, and therefore a quality of crystal constituting the
substrate can be properly inspected based on a reflection
spectrum measured by irradiating the substrate with infrared

light.
BRIEF DESCRIPTION OF THE DRAWINGS

[0018] FIG. 1A is a schematic plan view showing a nitride
crystal substrate 10 according to an embodiment of the
present invention, and FIG. 1B is a schematic cross-sec-
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tional view showing the nitride crystal substrate 10 accord-
ing to an embodiment of the present invention.

[0019] FIG. 2 is a view showing a Wien’s displacement
rule.
[0020] FIG. 3 is a view showing free electron concentra-

tion dependence of an absorption coefficient measured at
room temperature (27° C.) in GaN crystal manufactured by
a manufacturing method according to an embodiment of the
present invention.

[0021] FIG. 4 is a graph showing an intrinsic carrier
concentration with respect to a temperature of GaN crystal.
[0022] FIG. 5A is a view showing a relationship between
an absorption coefficient at a wavelength of 2 um and the
free electron concentration in the GaN crystal manufactured
by the manufacturing method according to an embodiment
of the present invention, and FIG. 5B is a view comparing
the relationship between the free electron concentration and
the absorption coefficient at a wavelength of 2 pm.

[0023] FIG. 6A and FIG. 6B are explanatory views show-
ing specific examples of calculation results for refractive
index n and extinction coefficient k according to a Lorentz-
Drudet model, wherein FIG. 6A is a view showing a
calculation result when the carrier concentration is 7x10"
cm™ and FIG. 6B is a view showing a calculation result
when the carrier concentration is 2x10'® cm™.

[0024] FIG. 7 is a schematic view showing an example of
a single-layer optical model,

[0025] FIG. 8 shows a reflectance spectrum of a main
surface of the nitride crystal substrate 10 measured by
reflective FTIR method, and a reflectance spectrum of the
main surface of the nitride crystal substrate 10 fitted by
Lorentz-Drude model, according to an embodiment of the
present invention, and shows a case where no point defect-
caused peak is observed.

[0026] FIG. 9 shows a reflectance spectrum of a main
surface of the nitride crystal substrate 10 measured by
reflective FTIR method, and a reflectance spectrum of the
main surface of the nitride crystal substrate 10 fitted by
Lorentz-prude model, according to an embodiment of the
present invention, and shows a case where point defect-
caused peak is observed.

[0027] FIG. 10 is a flowchart showing a schematic pro-
cedure of a method of manufacturing the nitride crystal
substrate 10 according to an embodiment of the present
invention.

[0028] FIG. 11 is a schematic block view of an HVPE
apparatus 200.
[0029] FIG. 12A is a view showing how the GaN crystal

film 6 is grown thick on a seed crystal substrate 5, and FIG.
12B is a view showing how a plurality of nitride crystal
substrates 10 are obtained by slicing a thickly grown GaN
crystal film 6.

DETAILED DESCRIPTION OF THE
INVENTION

An Embodiment of the Present Invention

[0030] An embodiment of the present invention will be
described hereafter, with reference to the drawings.

(1) Nitride Crystal Substrate

[0031] A nitride crystal substrate 10 (hereinafter also
referred to as a substrate 10) according to the present
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embodiment will be described with reference to FIGS. 1A
and 1B. FIG. 1A is a schematic plan view showing the
nitride crystal substrate 10, and FIG. 1B is a schematic
cross-sectional view showing the nitride crystal substrate 10.
[0032] In the following, a main surface of a substrate or
the like may be referred to as mainly an upper main surface
of the substrate or the like, and may also be referred to as a
surface of the substrate or the like. A back surface of the
substrate or the like may be referred to as mainly a lower
main surface of the substrate or the like.

[0033] The substrate 10 is constituted as a disk-like sub-
strate used when manufacturing a semiconductor laminate or
a semiconductor device or the like. The substrate 10 is
constituted by a group-Ill nitride single crystal, and in the
present embodiment, is constituted by, for example, a single
crystal of gallium nitride (GaN).

[0034] A plane orientation of the main surface of the
substrate 10 is, for example, a (0001) plane (+c plane, Ga
polar plane). However, for example, it may be 000-1 plane
(-c plane, N-polar plane). The GaN crystal constituting the
substrate 10 may have a predetermined off-angle with
respect to the main surface of the substrate 10. The off-angle
refers to the angle between a normal direction of the main
surface of the substrate 10 and a main axis (c-axis) of the
GaN crystal constituting the substrate 10. Specifically, the
off-angle of the substrate 10 is, for example, 0° or more and
1.2° or less. It is also conceivable that the angle is larger than
these angles and can be 2° or more and 4° or less. Further,
for example, a so-called double off having the off-angle in
each of a-direction and m-direction may be acceptable.
[0035] Further, a dislocation density on the main surface
of the substrate 10 is, for example, 5x10%cm? or less. If the
dislocation density on the main surface of the substrate 10 is
more than 5x10%cm?, a local breakdown voltage may be
reduced in the semiconductor layer formed on the substrate
10. In contrast, according to the present embodiment, since
the dislocation density on the main surface of the substrate
10 is 5x10%cm? or less, reduction of the local breakdown
voltage can be suppressed in the semiconductor layer
formed on the substrate 10.

[0036] The main surface of the substrate 10 is an epi ready
surface, and a surface roughness (arithmetic mean roughness
Ra) of the main surface of the substrate 10 is, for example,
10 nm or less, preferably 5 nm or less.

[0037] Further, although a diameter D of the substrate 10
is not particularly limited, the diameter D is 25 mm or more.
When the diameter D of the substrate 10 is less than 25 mm,
productivity at the time of manufacturing a semiconductor
device using the substrate 10 is likely to be reduced.
Therefore, the diameter D of the substrate 10 is preferably
25 mm or more. Further, a thickness T of the substrate 10 is,
for example, 150 pm or more and 2 mm or less. If the
thickness T of the substrate 10 is less than 150 pm, a
mechanical strength of the substrate 10 may be reduced,
which may make it difficult to maintain a freestanding state.
Therefore, the thickness T of the substrate 10 is preferably
150 um or more. Here, for example, the diameter D of the
substrate 10 is 2 inches, and the thickness T of the substrate
10 is 400 pm.

[0038] Further, the substrate 10 contains, for example,
n-type impurities (donor). Examples of the n-type impurities
contained in the substrate 10 include silicon (Si) and ger-
manium (Ge). Further, examples of the n-type impurities,
are oxygen (0O), O and Si, O and Ge, O, Si and Ge, etc., in
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addition to Si and Ge. Since the substrate 10 is doped with
the n-type impurities, free electrons having a predetermined
concentration are generated in the substrate 10.

[0039] As will be described in detail below, the substrate
10 has an infrared absorption coefficient that satisfies a
predetermined requirement. Thereby, the substrate 10 can be
favorably heated when the semiconductor layer is grown on
the substrate 10 or the like. Further, thereby a reflection
spectrum measured by the reflection Fourier transform infra-
red spectroscopy (FTIR) method for the substrate 10 can be
acquired with a shape that almost matches the reflection
spectrum obtained from a theoretical formula, and therefore
the quality of the GaN crystal that constitutes the substrate
10 can be properly inspected using the FTIR method.

(Regarding Absorption Coefficient Etc.)

[0040] In the present embodiment, the substrate 10 satis-
fies predetermined requirements for the absorption coeffi-
cient in an infrared region. Details will be described here-
after.

[0041] When manufacturing a nitride semiconductor lami-
nate or when manufacturing a semiconductor device using
the nitride semiconductor laminate, for example, a step of
heating the substrate 10 is performed, such as a step of
epitaxially growing a semiconductor layer on the substrate
10, a step of activating impurities in the semiconductor
layer, and the like. For example, when the substrate 10 is
heated by irradiating the substrate 10 with infrared light, it
is important to set a heating condition based on the absorp-
tion coefficient of the substrate 10.

[0042] Here, FIG. 2 is a view showing a Wien’s displace-
ment rule. In FIG. 2, the horizontal axis indicates a black
body temperature (° C.), and the vertical axis indicates a
peak wavelength (um) of black body radiation. According to
Vienna’s displacement law shown in FIG. 2, the peak
wavelength of the black body radiation is inversely propor-
tional to the black body temperature. The peak wavelength
and the temperature have a relationship of A=2,896/(T+273),
Here, the peak wavelength is A (um) and the temperature is
T (° C.). If radiation from a predetermined heating source in
the step of heating the substrate 10 is assumed to be the black
body radiation, the substrate 10 is irradiated with an infrared
ray having a peak wavelength corresponding to the heating
temperature from the heating source. For example, when the
temperature is about 1,200° C., the peak wavelength A of the
infrared light is 2 pm, and when the temperature is about
600° C., the peak wavelength A of the infrared light is 3.3
pm.

[0043] When the substrate 10 is irradiated with the infra-
red light having such a wavelength, free electron absorption
(free carrier absorption) occurs in the substrate 10. Thus, the
substrate 10 is heated.

[0044] Therefore, in the present embodiment, the absorp-
tion coeflicient of the substrate 10 in the infrared region
satisfies the following predetermined requirements based on
the free carrier absorption of the substrate 10.

[0045] FIG. 3 is a view showing free electron concentra-
tion dependence of an absorption coefficient measured at
room temperature (27° C.) in GaN crystal manufactured by
a manufacturing method according to an embodiment of the
present invention. FIG. 3 also shows the measurement
results of a substrate constituted by a GaN crystal manufac-
tured by Si doping by a manufacturing method described
later. In FIG. 3, the horizontal axis indicates a wavelength
(nm), and the vertical axis indicates an absorption coefficient
o (cm™!) of the GaN crystal. Further, as shown in FIG. 3, in
the GaN crystal manufactured by a manufacturing method
described later, the absorption coefficient o in the GaN
crystal tends to increase (monotonously increases) toward a
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long wavelength, due to free carrier absorption in a wave-
length range of at least 1 m or more and 3.3 um or less.
Further, the free carrier absorption tends to increase in GaN
crystal as the free electron concentration N, in the GaN
crystal increases.

[0046] Since the substrate 10 of the present embodiment is
constituted by GaN crystal manufactured by the manufac-
turing method described later, the substrate 10 is in a state
of having small crystal distortion, and hardly containing
impurities other than oxygen (O) and n-type impurities (for
example, impurities, etc., for compensating n-type impuri-
ties). Thereby, the free electron concentration dependency of
the absorption coefficient like the above FIG. 3 is shown. As
a result, in the substrate 10 of the present embodiment, the
absorption coefficient in the infrared region can be approxi-
mately expressed as a function of the concentration of free
carriers and the wavelength as follows.

[0047] Specifically, in the substrate 10 of the present
embodiment, the absorption coefficient a in the wavelength
range of at least 1 um or more and 3.3 pum or less (preferably
1 um or more and 2.5 pum or less) is approximately expressed
by equation (1):

a = N,KA° (9]

(wherein, 1.5x107°<K=6.0x107'°, a=3),

[0048] here, the wavelength is A (um), the absorption
coefficient of the substrate 10 at 27° C. is o. (cm™"), the free
electron concentration in the substrate 10 is N, (cm™>), and
K and a are constants.

[0049] “The absorption coefficient o is approximately
expressed by equation (1)” means that the absorption coef-
ficient o is approximately expressed by equation (1) by a
least square method. That is, the above definition includes
not only a case where the absorption coeflicient completely
matches equation (1) (i.e., equation (1) is satisfied) but also
a case where equation (1) is satisfied within a predetermined
error range. The predetermined error is, for example, within
+0.1q, preferably within £0.01a at a wavelength of 2 um.
[0050] The absorption coefficient . in the above wave-
length range may be considered to satisfy formula (1").

1.5x10719 N3 <0 <6.0%10710 N,23 1)

[0051] Further, among the substrates 10 which satisty the
above-described definition, particularly, in a substrate of
very high crystal purity (that is, low impurity concentration)
where crystal distortion is extremely small, the absorption
coefficient « in the above wavelength range is approxi-
mately expressed by the formula (1") (which satisfies the
formula (1")).

a=22x1071N,2%. ")

[0052] Similarly to the above-described definition, the
definition that “the absorption coefficient a is approximately
expressed by the equation (1')” includes not only a case
where the absorption coefficient completely matches the
formula (1) (i.e., the formula (1') is satisfied) but also a case
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where the formula (1') is satisfied within a predetermined
error range. The predetermined error is, for example, within
+0.1q, preferably within £0.01a at a wavelength of 2 um.

[0053] In the above-described FIG. 3, actual measurement
values of the absorption coefficient a in the GaN crystal
manufactured by the manufacturing method described later
are indicated by a thin line. Specifically, the measurement
value of the absorption coeflicient a is indicated by a thin
solid line when the free electron concentration N, is 1.0x
10'7 cm™3, the measurement value of the absorption coef-
ficient o is indicated by a thin dotted line when the free
electron concentration N, is 1.2x10'® cm™, and the mea-
surement value of the absorption coefficient « is indicated
by a thin one dot chain line when the free electron concen-
tration N, is 2.0x10'® cm™. On the other hand, in the
above-described FIG. 3, the function of the above equation
(1) is indicated by a thick line. Specifically, the function of
equation (1) is indicated by a thick dotted line when the free
electron concentration N, is 1.2x10'® cm™>, and the function
of equation (1) is indicated by a thick one dot chain line
when the free electron concentration N, is 2.0x10'® cm™. As
shown in FIG. 3, the measured value of the absorption
coeflicient a in the Gall crystal manufactured by the below-
described manufacturing method can be fitted with high
accuracy by the function of equation (1), In the case of FIG.
3 (in the case of Si doping), the absorption coefficient o is
accurately approximately expressed by equation (1) when
K=2.2x107"°.

[0054] Thus, since the absorption coefficient o of the
substrate 10 is approximately expressed by equation (1), the
absorption coefficient a can be designed with high accuracy
based on the concentration N, of the free electrons in the
substrate 10. Namely, the variation of the absorption coef-
ficient o of the substrate 10 with respect to the free electron
concentration N, in the substrate 10 can be suppressed. The
suppression of the variation of the absorption coefficient @
means that the variation of a below-described extinction
coeflicient k is suppressed (a=4nk/A). Accordingly, since the
substrate 10 of the present embodiment is used, a reflection
spectrum measured by the reflection type FTIR method for
the main surface of the substrate 10 can be excellently
matched with the reflection spectrum obtained from a theo-
retical formula that includes the extinction coefficient k.

[0055] Further, in the present embodiment, for example,
the absorption coefficient o of the substrate 10 satisfies
equation (2) in a wavelength range of at least 1 pm or more
and 3.3 um or less,

01583 <a<62? 2

[0056] In the case of a<0.15)>, infrared rays cannot be
sufficiently absorbed by the substrate 10, and heating of the
substrate 10 may become unstable. In contrast, by satisfying
0.15A\%<a., the infrared rays can be sufficiently absorbed by
the substrate 10, and the substrate 10 can be stably, heated.
On the other hand, in the case of 6A;<a, this case corre-
sponds to a case where the concentration of the n-type
impurity in the substrate 10 is more than a predetermined
value (more than 1x10'° at-cm™) as described later, and
crystallinity of the substrate 10 may be reduced. In contrast,
in the case of a=6A>, this case corresponds to a case where
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the concentration of the n-type impurity in the substrate 10
is a predetermined value or less, and good crystallinity of the
substrate 10 can be secured.

[0057] The absorption coefficient o of the substrate 10
preferably satisfies formula (2') or formula (2"),

0152 < o = 32° @)

0158 < < 1223 2"

[0058] Thereby, better crystallinity of the substrate 10 can
be secured while enabling stable heating of the substrate 10,
[0059] Further, in the present embodiment, for example,
Ao (cm™) satisfies equation (3) in a wavelength range of 1
pm or more and 3.3 pum or less,

Ae<10 3)

[0060] here, a difference between a maximum value and a
minimum value of the absorption coefficient @ in a main
surface of the substrate 10 is Aa. (the difference between the
maximum value and the minimum value, hereinafter also
referred to as “in-plane absorption coefficient difference of
the substrate 107).

[0061] In the case of Ac>1.0, there is a possibility that a
heating efficiency by irradiation of the infrared rays becomes
non-uniform within the main surface of the substrate 10. In
contrast, by satisfying Aa<1.0, the heating efficiency by
irradiation of the infrared rays can be uniform in the main
surface of the substrate 10.

[0062] It is preferable that Aa satisty formula (3").
Ax <05 3)
[0063] By satisfying Aa=<0.5, the heating efficiency by

irradiation of the infrared rays can be stabilized uniformly in
the main surface of the substrate 10.

[0064] The definitions of formulas (2) and (3) regarding
the absorption coefficient o and A can be replaced, for
example, with the definitions at a wavelength of 2 um.

[0065] Namely, in the present embodiment, for example,
the absorption coeflicient at the wavelength of 2 um in the
substrate 10 is 1.2 cm™ or more and 48 cm™" or less. The
absorption coefficient at the wavelength of 2 um in the
substrate 10 is preferably 1.2 cm™ or more and 24 cm™" or
less, and more preferably 1.2 cm®! * or more and 9.6 cm™"
or less.

[0066] Further, in the present embodiment, for example,
the difference between the maximum value and the mini-
mum value of the absorption coeflicient at the wavelength of
2 um in the main surface of the substrate 10 is within 1.0
cm™!, preferably within 0.5 cm™.

[0067] Although an upper limit value of the in-plane
absorption coefficient difference of the substrate 10 has been
described, the smaller the lower limit value of the in-plane
absorption coefficient difference of the substrate 10, the
better. Therefore, zero is preferable. Even if the in-plane
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absorption coefficient difference of the substrate 10 is 0.01
cm™, the effects of the present embodiment can be suffi-
ciently obtained.

[0068] Here, a requirement for the absorption coeflicient
of the substrate 10 was defined at the wavelength of 2 pm,
which corresponds to the infrared peak wavelength when the
temperature is approximately 1200° C. However, the effect
of satisfying the above requirements for the absorption
coeflicient of the substrate 10 is not limited to a case of
setting the temperature to about 1,200° C. This is because
the spectrum of the infrared rays emitted from the heating
source has a predetermined wavelength width in accordance
with Stefan-Boltzmann’s law, and has a component with a
wavelength of 2 pm even if the temperature is other than
1,200° C. Therefore, if the absorption coefficient of the
substrate 10 satisfies the above requirement at a wavelength
of 2 um corresponding to the temperature of 1,200° C., the
absorption coeflicient of the substrate 10 and the difference
between the maximum value and the minimum value of the
absorption coeflicient in the main surface of the substrate 10
fall within a predetermined range, even at wavelengths
where the temperature corresponds to other than 1,200.
Thereby, the substrate 10 can be stably heated, and the
heating efficiency for the substrate 10 can be made uniform
in the main surface, even if the temperature is not 1,200° C.
[0069] The above-described FIG. 3 is the result of mea-
suring the absorption coefficient of the GaN crystal at room
temperature (27° C.). Therefore, when considering the
absorption coefficient of the substrate 10 under predeter-
mined temperature conditions in heating the substrate 10, it
is necessary to consider how does the free carrier absorption
of GaN crystal under a predetermined temperature condition
change relative to the free carrier absorption of GaN crystal
under a temperature condition of room temperature.

[0070] FIG. 4 is a view showing an intrinsic carrier
concentration with respect to a temperature of GaN crystal.
As shown in FIG. 4, in the GaN crystal constituting the
substrate 10, the higher the temperature, the higher the
concentration of the intrinsic carrier concentration Ni that is
thermally excited between bands (between the valence band
and the conduction band). However, even if the temperature
of the GaN crystal is around 1,300° C., the concentration of
the intrinsic carrier concentration Ni that is thermally
excited between the bands of the GaN crystal is less than
7x10" cm™>, and is sufficiently lower than the concentration
of free carriers (e.g., 1x10'7 ¢m™>) generated in the GaN
crystal by doping with n-type impurities. Namely, it can be
said that the concentration of free carriers in the GaN crystal
falls in a so-called extrinsic region in which the concentra-
tion of free carriers is determined by doping with n-type
impurities under a temperature condition where the tem-
perature of the GaN crystal is less than 1,300° C.

[0071] The temperature conditions in the manufacturing
step of the semiconductor laminate or the semiconductor
device are, for example, room temperature (27° C.) or more
and 1.250° C. or less. Therefore, the concentration of
intrinsic carriers thermally excited between the bands of the
substrate 10 is lower (for example, V10 times or less) than the
concentration of free electrons generated in the substrate 10
by the doping of n-type impurities under the temperature
condition of room temperature, Therefore it can be consid-
ered that the concentration of free carriers of the substrate 10
under the predetermined temperature condition in the step of
heating the substrate 10 is approximately equal to the
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concentration of free carriers of the substrate 10 under the
room temperature condition, and it can be considered that
the free carrier absorption under a predetermined tempera-
ture condition is approximately equal to the free carrier
absorption at room temperature. Namely, as described
above, when the absorption coefficient of the substrate 10 in
the infrared region satisfies the predetermined requirements
at room temperature, it can be considered that the absorption
coeflicient of the substrate 10 in the infrared region substan-
tially maintains the predetermined requirements described
above under a predetermined temperature condition as well.
[0072] Further, in the substrate 10 according to the present
embodiment, the absorption coefficient a in the wavelength
range of at least 1 um or more and 3.3 pum or less is
approximately expressed by equation (1). Therefore, the
absorption coefficient o of the substrate 10 has a substan-
tially proportional relationship to the free electron concen-
tration N, at a predetermined wavelength A.

[0073] FIG. 5A is a view showing a relationship between
an absorption coefficient at a wavelength of 2 um and the
free electron concentration in the GaN crystal manufactured
by the manufacturing method according to an embodiment
of the present invention. In FIG. 5A, a lower solid line
(0=1.2x107*® n) is a function obtained by substituting K=1.
5x107'? and A=2.0 into equation (1), and an upper solid line
(0=4.8x107'® n) is a function obtained by substituting K=6.
0x107"° and A=2.0 into equation (1). FIG. 5A also shows not
only GaN crystal doped with Si, but also GaN crystal doped
with Ge. FIG. 5A also shows the result of measuring the
absorption coeflicient by transmission measurement and the
result of measuring the absorption coeflicient by spectro-
scopic ellipsometry. As shown in FIG. 5A, when the wave-
length A is 2.0 um, the absorption coefficient o of the GaN
crystal manufactured by the below-described manufacturing
method has a relationship substantially proportional to the
free electron concentration N,. Further, the measured value
of the absorption coefficient a in the GaN crystal manufac-
tured by the below-described manufacturing method can be
fitted with high accuracy in many cases by the function of
equation (1), within a range of 1.5x107'°<K=6.0x107'°. The
GaN crystal manufactured by the below-described manu-
facturing method has high purity (that is, low impurity
concentration) and good thermal and electrical properties.
Therefore, the measured value of the absorption coeflicient
a can be fitted with high accuracy in many cases by the
function of equation (1) when K=2.2x107"°, ie, by a~=1.8x
107 n.

[0074] In the present embodiment, the free electron con-
centration N, in the substrate 10 satisfies the following
predetermined requirements, based on the fact that the
absorption coefficient o of the substrate 10 described above
is proportional to the free electron concentration N,.
[0075] In the present embodiment, for example, the free
electron concentration N, in the substrate 10 is 1.0x10"®
cm™ or more and 1.0x10" cm™ or less. Thereby, from the
equation (1), the absorption coefficient of the substrate 10 at
a wavelength of 2 um can be 1.2 cm™ or more and 48 cm™"
or less. The free electron concentration N, in the substrate 10
is preferably 1.0x10'® cm™ or more and 5.0x10'® cm™ or
less, and is more preferably 1.0x10'® cm™ or more and
2.0x10"® cm™ or less. Thereby, the absorption coefficient at
a wavelength of 2 um in the substrate 10 can be preferably
1.2 cm™! or more and 24 cm™! or less, and more preferably
1.2 em™ or more and 9.6 cm™" or less.
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[0076] Further, as described above, equation (4) can be
obtained by differentiating equation (1):

Aa = 8KAN, 4

[0077] wherein the difference between the maximum
value and the minimum value of the absorption coefficient o
in the main surface of the substrate 10 is Ac., the difference
between the maximum value and the minimum value of the
free electron concentration N, in the main surface of the
substrate 10 is AN_, and the wavelength A is 2.0 um.

[0078] In the present embodiment, for example, the dif-
ference AN, between the maximum value and the minimum
value of the free electron concentration N, in the main
surface of the substrate 10 is within 8.3x10'” cm™ m, and
preferably within 4.2x10 17 cm™>, Thereby, from the equa-
tion (4), the difference Ao between the maximum value and
the minimum value of the absorption coefficient at a wave-
length of 2 um can be within 1.0 cm™, preferably within 0.5
cm™.

[0079] The upper limit value of AN, has been described,
and a lower limit value of AN, is preferably zero, because
the smaller the better. Even if AN, is 8.3x10'*> cm™>, the
effects of the present embodiment can be sufficiently
obtained.

[0080] In the present embodiment, the free electron con-
centration N, in the substrate 10 is equal to the concentration
of n-type impurities in the substrate 10, and the concentra-
tion of n-type impurities in the substrate 10 satisfies the
following predetermined requirements.

[0081] In the present embodiment, for example, the con-
centration of the n-type impurities in the substrate 10 is
1.0x10'® atem™ or more and 1.0x10' atcm® or less.
Thereby, the free electron concentration N, in the substrate
10 can be 1.0x10'® cm™ or more and 1.0x10" cm™ or less.
The concentration of the n-type impurities in the substrate
10 is preferably 1.0x10'® at-cm™ or more and 5.0x10'®
atcm™ or less, and more preferably 1.0x10'® at-cm™ or
more and 2.0x10"® at-cm™ or less. Thereby, the free electron
concentration N, in the substrate 10 can be preferably
1.0x10*® cm™ or more and 5.0x10'® cm™> or less, and more
preferably 1.0x10"® cm™ or more and 2.0x10"® cm? or less.

[0082] Further, in the present embodiment, for example,
the difference between the maximum value and the mini-
mum value of the concentration of the n-type impurities in
the main surface of the substrate 10 (hereinafter, also
referred to as in-plane concentration difference of the n-type
impurities) is within 8.3x10'7 at-em™, preferably within
4.2x10"7 at-cm™>. Thereby, the difference AN, between the
maximum value and the minimum value of the free electron
concentration N, in the main surface of the substrate 10 can
be equal to the in-plane concentration difference of the
n-type impurities, and can be 8.3x10"7 cm™ or less, pref-
erably 4.2x10'7 cm™ or less.

[0083] The upper limit value of the in-plane concentration
difference of n-type impurities has been described, and a
lower limit value of in-plane concentration difference of the
n-type impurity is preferably zero, because the smaller the
better. Even if the in-plane concentration difference of the
n-type impurities is 8.3x10*® at-cm®, the effects of the
present embodiment can be sufficiently obtained.
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[0084] Further, in the present embodiment, the concentra-
tion of each element in the substrate 10 satisfies the follow-
ing predetermined requirements.

[0085] In the present embodiment, among Si, Ge and O
used as n-type impurities, the concentration of O is
extremely low, whose control of an amount of addition is
relatively difficult, and the concentration of n-type impuri-
ties in the substrate 10 is determined by a total concentration
of Si and Ge whose control of an amount of addition is
relatively easy.

[0086] Namely, the concentration of O in the substrate 10
is negligibly low, for example, Y10 or less relative to a total
concentration of Si and Ge in the substrate 10. Specifically,
for example, the concentration of 0 in the substrate is less
than 1x10'7 at-cm~>, and meanwhile the total concentration
of Si and Ge in the substrate 10 is 1x10'® at-cm™ or more
and 1.0x10" at-cm® or less. Thereby, the concentration of
n-type impurities in the substrate 10 can be controlled by the
total concentration of Si and Ge, whose control of an amount
of addition is relatively easy. As a result, the free electron
concentration N, in the substrate 10 can be controlled
accurately so as to be equal to the total concentration of Si
and Ge in the substrate 10, and the difference AN, between
the maximum value and the minimum value of the concen-
tration of free electrons in the main surface of the substrate
10 can be controlled accurately so as to satisfy predeter-
mined requirements.

[0087] Further, in the present embodiment, the concentra-
tion of impurities other than n-type impurities in the sub-
strate 10 is negligibly low, for example, Yio or less relative
to the concentration of n-type impurities in the substrate 10
(namely, the total concentration of Si and Ge in the substrate
10). Specifically, for example, the concentration of impuri-
ties other than n-type impurities in the substrate 10 is less
than 1x10'7 at-em™. Thereby, an inhibiting factor for the
generation of free electrons from n-type impurities can be
reduced. As a result, the free electron concentration N, in the
substrate 10 can be accurately controlled so as to be equal to
the concentration of n-type impurities in the substrate 10,
and the difference AN, between the maximum value and the
minimum value of the concentration of free electrons in the
main surface of the substrate 10 can be controlled so as to
satisfy predetermined requirements.

[0088] The inventor of the present invention confirms as
follows: since a later-described manufacturing method is
adopted, the concentration of each element in the substrate
10 can be stably controlled so as to satisfy the above
requirements.

[0089] According to the manufacturing method described
later, it is found that each concentration of O and carbon (C)
in the substrate 10 can be reduced to less than 5x10%°
at-cm™, and further each concentration of iron (Fe), chro-
mium (Cr), boron (B), etc., in the substrate 10 can be
reduced to less than 1x10'> at-cm™>. Further, according to
this method, it is found that each concentration of elements
other than the above elements can also be reduced to
concentrations below the lower limit of detection by sec-
ondary ion mass spectrometry (SIMS) measurement.
[0090] Further, in the substrate 10 manufactured by a
later-described manufacturing method according to the pres-
ent embodiment, it is estimated that mobility (i) is higher in
the substrate 10 of the present embodiment than that of a
conventional substrate, because the absorption coeflicient
due to free carrier absorption is smaller than that of the
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conventional substrate, Thereby, even if the concentration of
free electrons in the substrate 10 of the present embodiment
is equal to the concentration of free electrons in the con-
ventional substrate, resistivity (p=1/eN_u) of the substrate
10 of the present embodiment is lower than the resistivity of
the conventional substrate. Specifically, when the free elec-
tron concentration N, in the substrate 10 is 1.0x10'® cm™ or
more and 1.0x10'° cm™ or less, the resistivity of the
substrate 10 is, for example, 2.2 mQ-cm or more and 17.4
m&-cm or less.

(Regarding Derivation, Etc., of a Reflection Spectrum by
Theoretical Formula)

[0091] A method of obtaining a reflection spectrum of the
substrate 10 from a theoretical formula will be described, the
substrate 10 being measured by a reflection type FTIR
method. Further, a method of obtaining the carrier concen-
tration N, and the mobility L, of the substrate 10 based on
a reflectance of the main surface measured by the reflection
type FTIR method will be described. Hereinafter, a reflec-
tion spectrum measured by irradiating the substrate 10 with
infrared light is referred to as “a measured reflection spec-
trum”, and a reflection spectrum obtained from the theoreti-
cal formula is referred to as “a calculated reflection spec-
trum” in some cases. In order to obtain the calculated
reflection spectrum, an optical model that represents a
structure of the substrate 10 and a dielectric function model
that represents a dielectric function of the substrate 10 are
used.

[0092] As a dielectric function model used for analysis of
an optical model, for example, Lorentz-Drude model is
known. In the Lorentz-Drude model, not only free carrier
absorption but also the coupling of LO phonons with plas-
mons is taken into consideration.

[0093] Specifically, a dielectric constant (complex dielec-
tric constant) € in the Lorentz-Drude model is obtained by
equation (5).

[Formula 1]
who - w* —iwlLo wf, &
=2 - -
why —w? —iwlry (W +iy)
[0094] Here, e is a high frequency dielectric constant,

070 Wro and w, are, respectively, LO phonon frequency,
TO phonon frequency and plasma frequency, and 'O, I'TO
and y are respectively a LO phonon damping constant, a TO
phonon damping constant and a free carrier damping con-
stant.

[0095] Further, the plasma frequency w, is obtained by
equation (6).

[Formula 2]
5 Nce2 (6)
ws =
P em
[0096] Here, Nc, e, m* are carrier concentration, elemen-

tary charge, and effective mass of free carrier, respectively.
[0097] Further, free carrier attenuation constant vy is
obtained by equation (7).
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[Formula 3]
¢ O]

[0098] Here, p is mobility.

[0099] Wherein the dielectric constant & of the equation
(5) is defined as e=¢, +ie,. Further, complex refractive index
N is defined as N=n-ik. Here, n is a refractive index and k
is an extinction coefficient. Note that k>0.

[0100] The refractive index n is obtained by equation (8)
using €, and &,.

[Formula 4]
2_.91+\/.9f+s§ ®
=
[0101] Extinction coefficient k is obtained by equation (9)

using €, and &,.

[Formula 5]
2
[0102] FIG. 6A and FIG. 6B are explanatory views show-

ing specific examples of calculation results for refractive
index n and extinction coefficient k according to a Lorentz-
Drudet model, wherein FIG. 6A is a view showing a
calculation result when the carrier concentration is 7x10*?
cm™ and FIG. 6B is a view showing a calculation result
when the carrier concentration is 2x10'® cm™.

[0103] Here, in the GaN crystal, the following equations
are satisfied.

£, =5.35,
my* =0.22 my,
wro =735 em™,
wro = 557 em™,
[0 =12 cm™
[70=6cm™!,
y=354 cm™ in FIG. 6A

y=132.6 cm™! in FIG. 6B

[0104] As shown in FIG. 6A and FIG. 6B, refractive index
n and extinction coeflicient k are different in a near infrared
region (600 to 2,500 cm™") and in a far infrared region (0 to
500 cm™), depending on carrier concentration Nc and
mobility p. These differences will be reflected in the reflec-
tance.

[0105] Next, an optical model of FIG. 7 is considered on
the assumption of a reflection on a main surface of the
substrate 10. FIG. 7 is a schematic view showing an example
of a single-layer optical model. In FIG. 7, medium N, is the
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atmosphere or a vacuum, and medium N is the substrate 10.
Further, r,; is an amplitude reflection coefficient of light
incident from the medium N, toward the medium N, and
reflected from the medium N, toward the medium Ni.
[0106] The reflection of light depends on a complex
refractive index of a medium. Further, light is differentiated
into p-polarized light and s-polarized light depending on a
direction of an electric field when it enters the medium. The
p-polarized light and the s-polarized light show different
reflections. A plane perpendicular to an interface between
media and containing incident light and reflected light is
called an “incident plane”, and the p-polarized light is a
polarization in which the electric field oscillates in the plane
of incidence, and the s-polarized light is a polarization in
which the electric field oscillates perpendicularly to the
plane of incidence.

[0107] Amplitude reflection coefficient r, of the p-polar-
ized light can be obtained by equation (10).

[Formula 6]
N,%cos@; - \/N,Z‘ — sin26; (10)
rp= A X H T N, = NN
NZcost; + \/N,Z‘ — sin?6;
[0108] On the other hand, amplitude reflection coeflicient

r, of the s-polarized light can be obtained by equation (11),

[Formula 7]
costy — \ N} —sin?6; N = NN )
Vs = ———F—, Vi = INJIV}
cosf; + N2 —sin%6;
[0109] Here, in equations (10) and (11), 0, is an incident

angle of light from the medium N,. Further, N,, is a complex
refractive index of light incident on medium t from medium
i

[0110] Intensity reflectance is obtained by equation (12).

[Formula 8]
R_r§+r§_Rp+RS 12)
-2 T2
[0111] In the case of vertical incidence (8i=0), the inten-

sity reflectance is obtained by equation (13).

[Formula 9]

=P +K (13)
T+ 1R ek2

[0112] In FIG. 7, intensity reflectance R of the light
reflected at the interface between the medium N, and the
medium N, is obtained by the following procedure. First,
g0, m*, w; 5, Wy, 17, and 'y, in the GaN crystal as
medium N, are substituted into equations (5) to (7), to obtain
dielectric constant & of the medium N, . After obtaining the
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dielectric constant & of the medium N, refractive index n
and extinction coefficient k of the medium N, are obtained
by equations (8) and (9). Medium N, is assumed to be a
vacuum, and n and k are set to n=1 and k=0. After obtaining
refractive index n and extinction coefficient k, in each of
equation (10) and equation (11), i and t are set to i=0 and t=1,
and N, and N, are substituted into equation (10) and equa-
tion (11), to obtain ry, , and ry, .. After obtaining 1, , and
o1, » Tor, , and 1y, are substituted into equation (12).
Thereby, intensity reflectance R is obtained. Carrier concen-
tration N, (free electron concentration N,) and mobility p in
the medium N, become fitting parameters described later.

[0113] Here, fitting of the reflectance spectrum of the
substrate 10 will be described with reference to FIG. 8. FIG.
8 shows a reflectance spectrum of a main surface of the
nitride crystal substrate 10 measured by reflective FTIR
method (measured reflection spectrum), and a reflectance
spectrum of the main surface of the nitride crystal substrate
10 fitted by Lorentz-Drude model (calculated reflection
spectrum), according to an embodiment of the present
invention. In the measurement of the reflectance spectrum in
FIG. 8, 8,=30°.

[0114] As shown in FIG. 8, a measured reflectance spec-
trum (solid line in the figure) of the main surface of the
substrate 10 is obtained by measurement of the reflection
type FTIR method. After obtaining the measured reflectance
spectrum, intensity reflectance R obtained from the above
theoretical formula, that is, the calculated reflection spec-
trum (broken line in the figure) is fitted to the measured
reflectance spectrum, using carrier concentration N_ and
mobility p as fitting parameters in the substrate 10 as
medium N,. As a result of the fitting, carrier concentration
N, and mobility p in the substrate 10 are obtained, at the time
of a best match between the measured reflectance spectrum
and the calculated reflectance spectrum. Thus, carrier con-
centration N, and mobility p,; of the substrate 10 are
obtained by the reflection type FTIR method.

[0115] The present inventor confirms the validity of carrier
concentration N, and mobility ,;; measured by the reflec-
tion type FTIR method, by also performing an electrical
measurement. Carrier concentration N, and mobility L.
of the substrate 10 by the electrical measurement are
obtained by the following method.

[0116] Mobility pi,,,. of the substrate 10 is measured by an
eddy current method. The resistance of the substrate 10 is
measured by a stylus resistance meter. Further, the thickness
of the substrate 10 is measured by a micrometer. After
obtaining the resistance (sheet resistance) of the substrate 10
and the thickness of the substrate 10, they are converted to
resistivity p. By substituting mobility ;.. and resistivity p
of the substrate 10 into equation (14), mobility i, . and
resistivity p being obtained by the above measurements,
carrier concentration N, . of the substrate 10 is obtained.

Up =e NEwc UEtec a4

[0117] The present inventor also confirms that carrier
concentration N,,. and mobility pz,.. of the substrate 10
obtained by the above-described method matches the carrier
concentration and the mobility obtained by Hall measure-
ment of Van der Pauw method.
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[0118] As shown in FIG. 8, since the substrate 10 of the
present embodiment is used, the measured reflection spec-
trum and the calculated reflection spectrum can be approxi-
mately matched by fitting. Thereby, as described above,
carrier concentration N and mobility i, of the substrate 10
can be obtained with high accuracy. Also from this fact, the
following advantages can be obtained. If there is some factor
on the substrate 10 that causes a deviation from the calcu-
lated reflection spectrum, such as a point defect etc., the
peak caused by the factor (hereinafter, also referred to as
“point defect-caused peak” or simply “peak”) can be clearly
detected as a deviation from the calculated reflection spec-
trum in the measured reflection spectrum.

[0119] FIG. 8 shows the measured reflection spectrum in
a case where no point defect-caused peak is observed. FIG.
9 shows the measured reflection spectrum in a case where a
point defect-caused peak is observed. In FIG. 9 as well, the
measured reflection spectrum is shown as a solid line and the
calculated reflection spectrum is shown as a broken line. The
measured reflection spectrum shown in FIG. 9 has a promi-
nent peak having a peak top at a wavenumber of about 1,400
cm™ (hereinafter also referred to as a peak at a wavenumber
of about 1,400 cm™!), and a minute peak having a peak top
at a wavenumber of about 2,600 cm™ (hereinafter also
referred to as a peak at a wavenumber of about 2,600 cm™),
and the measured reflection spectrum almost matches the
calculated reflection spectrum in the wavenumber range
other than the area where these peaks are observed.

[0120] The reflection spectrum, that is, a baseline of the
measured reflection spectrum in the case where no point
defect-caused peak is observed, can be expressed by the
calculated reflection spectrum. The peak height of a given
peak is defined as a difference between intensity reflectance
at the peak top of this peak and intensity reflectance at a
baseline at the wavenumber corresponding to this peak top.
In the example shown in FIG. 9, the intensity reflectance at
the peak top is 33%, and the baseline intensity reflectance
corresponding thereto is 12% for a peak with a wavenumber
of about 1,400 cm™, and therefore the peak height is 21%.
Further, the peak top intensity reflectance at the peak top is
16% and the baseline intensity reflectance corresponding
thereto is 14% for a peak with a wavenumber of about 2,600
cm™, and therefore the peak height is 2%.

[0121] A lower limit value of the peak height may be
provided in order to determine presence or absence of the
peak. For example, when there is a peak height of 1% or
more as the deviation of the intensity reflectance from the
calculated reflectance spectrum in the measured reflectance
spectrum, it may be determined that the measured reflection
spectrum has a peak, and when there is no peak height of 1%
or more, it may be determined that the measured reflection
spectrum does not have a peak.

[0122] Inthe baseline of the measured reflection spectrum,
change in intensity reflectance is gradual within a wavenum-
ber range of 1,000 cm™" or more (for example, 3,000 cm™
or less). Accordingly, the peak appearing in this wavenum-
ber range is easy to detect, and can be easily used as an index
for inspecting the quality of the GaN crystal constituting the
substrate 10.

[0123] When the inventor of the present application mea-
sures the reflection spectra for a plurality of substrates 10,
there is also a substrate 10 that shows a reflection spectrum
without peaks, as shown in FIG. 8, and there is also a
substrate 10 that shows a reflection spectrum with peaks as
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shown in FIG. 9. In the substrate 10 that shows a reflection
spectrum having a peak, peaks having wavenumbers of
various peak tops are observed. Among them, a peak having
a peak top at a wavenumber of about 1,400 cm™! (a peak at
a wavenumber of about 1,400 cm™) as shown in FIG. 9 is
noteworthy as it has been found that observed frequency is
high and the peak height can be as high as 30% or more.
[0124] Details are unknown but as one possibility, the
peak at the wavenumber of about 1,400 cm™ is considered
to be caused by any point defect generated in the GaN
crystal constituting the substrate 10, for example, is consid-
ered to be caused by infrared absorption by single bond
(C—N) between carbon (C) that enter into a gallium (Ga)
site, and nitrogen (N). The wavenumber range in which
infrared absorption by C—N appears is said to be 1,220
cm™ or more and 1,416 cm™! or less, and is close to the
wavenumber range in which the peak at a wavenumber of
about 1,400 cm™! is observed on the substrate 10. Based on
such finding, here, the peak at the wavenumber of about
1,400 cm™ in the substrate 10 is defined as a peak having a
peak top within a wavenumber range of 1,200 cm™" or more
and 1,500 cm™" or less. It is theoretically shown that the
intensity reflectance R is increased, as the infrared absorp-
tion at a certain wavenumber is increased.

[0125] In the substrate 10, it is most preferable that the
peak at the wavenumber of about 1,400 cm™" is not detected.
However, even if such a peak is detected, it is acceptable if
the peak height is not excessive. As described above, the
concentration of C in the substrate 10 can be reduced to less
than 5x10'® at-cm™. In the reflection spectra measured for
a plurality of substrates 10 having such C concentration, it
is found that the maximum of the peak height of the peak at
the wavenumber of about 1,400 cm™ is, for example, 32%
(peak reflectance 44% at peak top, intensity reflectance 12%
at baseline). Based on such finding, the peak height of the
peak at the wavenumber of about 1,400 cm™ is, for
example, preferably 35% or less, more preferably 30% or
less, and still more preferably 25% or less. In order to
quantitatively detect nondestructively and noncontactly C at
a concentration of less than 5x10'® at-cm™ contained in the
substrate 10, the peak may be used. From a viewpoint of
making the quality of the substrate 10 uniform in the plane,
the variation of the peak height in the main surface of the
substrate 10 is preferably 1.5 times or less as described later,
for example.

[0126] If there is no point defect that is considered to be
the cause of the peak at a wavenumber of about 1,400 cm™,
it is assumed that the peak does not occur, and it is assumed
that the peak height of the peak is increased as the point
defect density is increased. Accordingly, based on this peak
height of the peak, it is considered possible to estimate a
point defect density which is the cause of the peak.

(2) Method of Manufacturing a Nitride Crystal Substrate

[0127] Next, a method of manufacturing the substrate 10
according to the present embodiment will be described. As
shown in FIG. 10, the method of manufacturing the substrate
10 of the present embodiment includes a growth step S110,
a slicing step S120, and an inspection step S130.

(2-1) Growth Step

[0128] In the growth step S110, the GaN crystal that
constitutes the substrate 10 is grown, for example, using a
hydride vapor phase growth apparatus (HIM apparatus) 200.
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(Configuration of HVPE Apparatus)

[0129] Here, the configuration of the HVPE apparatus 200
used to manufacture the substrate 10 will be described in
detail with reference to FIG. 11.

[0130] The HVPE, apparatus 200 includes an airtight
container 203 in which a film forming chamber 201 is
constituted. In the film forming chamber 201, an inner cover
204 is provided, and a susceptor 208 as a base on which a
seed crystal substrate (hereinafter, also referred to as a “seed
substrate”) 5 is disposed at a position surrounded by the
inner cover 204. The susceptor 208 is connected to a rotation
shaft 215 of a rotation mechanism 216, and is constituted to
be rotatable according to a drive of the rotation mechanism
216.

[0131] A gas supply pipe 232a for supplying hydrogen
chloride (HCI) gas into a gas generator 233a, a gas supply
pipe 2325 for supplying ammonia (NH;) gas into the inner
cover 204, a gas supply pipe 232¢ for supplying a doping gas
described later into the inner cover 204, a gas supply pipe
2324 for supplying mixed gas (N,/H, gas) of nitrogen (N,)
gas and hydrogen (H,) gas as a purge gas into the inner cover
204, and a gas supply pipe 232¢ for supplying N, gas as a
purge gas into the film forming chamber 201, are connected
to one end of the airtight container 203. Flow controllers
241a to 241e and valves 243a to 243 are provided, respec-
tively on the gas supply pipes 232a to 232e, sequentially
from an upstream side. A gas generator 233a containing Ga
melt as a raw material is provided on a downstream of the
gas supply pipe 232a, A nozzle 249a is provided in the gas
generator 233a, for supplying gallium chloride (GaCl) gas
generated by a reaction of HCI gas and Ga melt toward the
seed substrate 5 and the like disposed on the susceptor 208.
Nozzles 2495 and 249c¢ are connected respectively on the
downstream of the gas supply pipes 2325 and 232¢, for
supplying various gases supplied from these gas supply
pipes toward the seed substrate 5 and the like disposed on
the susceptor 208. The nozzles 2494 to 249¢ are disposed to
flow the gas in a direction intersecting the surface of the
susceptor 208. Doping gas supplied from the nozzle 249¢ is
a mixed gas of a doping source gas and a carrier gas such as
N,/H, gas. The doping gas may be flowed together with HCI
gas for the purpose of suppressing a thermal decomposition
of a halide gas of a doping material. As a doping source gas
constituting the doping gas, for example, dichlorosilane
(SiH,Cl,) gas or silane (SiH,) gas in the case of silicon (Si)
doping, dichlorogermane (GeCl,) gas or germane (GeH,)
gas in the case of germanium (Ge) doping, may be respec-
tively used. However, the present invention is not limited to
these gases.

[0132] An exhaust pipe 230 is provided at the other end of
the airtight container 203, for exhausting inside of the film
forming chamber 201. A pump (or blower) 231 is provided
on the exhaust pipe 230. Zone heaters 207a and 2075 are
provided on the outer periphery of the airtight container 203,
for heating the seed substrate 5 or the like in the gas
generator 233a or on the susceptor 208 to a desired tem-
perature for each region. Further, a temperature sensor (not
shown) is provided in the airtight container 203, for mea-
suring the temperature in the film forming chamber 201,
[0133] The constituent members of the HVPE apparatus
200 described above, particularly, the respective members
for forming the flow of the various gases, are constituted for
example as described below, in order to enable crystal
growth with low impurity concentration as described later.
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[0134] Specifically, as shown distinguishably by hatching
types in it is preferable to use a member containing quartz-
free and boron-free materials, as a member constituting a
region heated to a crystal growth temperature (for example,
1,000° C. or more) by receiving radiation from the zone
heaters 207a and 2075, which is a region where gas supplied
to the seed substrate 5 comes into contact. Specifically, for
example, it is preferable to use a member containing silicon
carbide (SiC)-coated graphite, as a member constituting the
high temperature region. On the other hand, in a relatively
low temperature region, it is preferable to configure the
member using high-purity quartz. Namely, in the high
temperature region where it is relatively hot and in contact
with HO gas etc., each member is constituted using the
SiC-coated graphite without using the high-purity quartz.
Specifically, the inner cover 204, susceptor 208, rotating
shaft 215, gas generator 233a, nozzles 249a to 249c¢, etc., are
constituted using the SiC-coated graphite. Since a furnace
core tube constituting the airtight container 203 can only be
quartz, the inner cover 204 is provided in the film forming
chamber 201, for surrounding the susceptor 208, the gas
generator 233a, and the like. The wall part at the both ends
of the airtight container 203, the exhaust pipe 230, etc., may
be constituted using metal materials, such as stainless steel.

[0135] For example, “Polyakov et al. J. Appl. Phys. 115,
183706 (2014)” discloses that growth at 950° C. enables
growth of a low impurity concentration GaN crystal. How-
ever, such a low-temperature growth leads to a decrease in
the quality of the crystal obtained, and it is not possible to
obtain a good thermal property, electrical property, and the
like.

[0136] In contrast, according to the above-described
HYPE apparatus 200 of the present embodiment, each
member is constituted using the SiC-coated graphite in the
high temperature region where it is relatively hot and in
contact with HCI gas, etc. Thereby, for example, even in a
temperature range suitable for the growth of GaN crystal of
1,050° C. or more, supply of impurities to a crystal growth
portion can be blocked, the impurities being Si, O, C, Fe, Cr,
Ni, etc., derived from quartz, stainless steel, and the like. As
a result, it is feasible to grow the GaN crystal having high
purity and excellent properties in thermophysical properties
and electrical properties.

[0137] Each member included in the HVPE apparatus 200
is connected to a controller 280 constituted as a computer,
and a processing procedure and a processing condition
described later are controlled by a program executed on the
controller 280.

[0138] The growth step S110 includes a loading step, a
crystal growth step, and an unloading step. Details are
described below.

(Loading Step)

[0139] In this step, first, a furnace port of the reaction
vessel 203 is opened, and the seed substrate 5 is placed on
the susceptor 208. The seed substrate 5 placed on the
susceptor 208 becomes a base (seed) for manufacturing the
substrate 10, and is a plate constituted by a single crystal of
GaN which is an example of a nitride semiconductor.

[0140] In placing the seed substrate 5 on the susceptor
208, the surface of the seed substrate 5 placed on the
susceptor 208, namely, the main surface (crystal growth
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surface, base surface) on the side facing the nozzles 249a to
249¢ is (0001) plane of the GaN crystal, namely, +C plane
(Ga polar plane).

(Crystal Growth Step)

[0141] In this step, after loading of the seed substrate 5
into the reaction chamber 201 is completed, the furnace port
is closed, and supply of H, gas or H, gas and N, gas into the
reaction chamber 201 is started while heating and exhaust-
ing inside of the reaction chamber 201. Then, supply of HCI
gas and NH; gas is started from the gas supply pipes 232a
and 2325 in a state where temperature and pressure inside of
the reaction chamber 201 reaches a desired processing
temperature and processing pressure, and atmosphere in the
reaction chamber 201 becomes a desired atmosphere, and
GaCl gas and NH; gas are respectively supplied to the
surface of the seed substrate 5.

[0142] Thereby, as shown in a sectional view in FIG. 12A,
the GaN crystal is epitaxially grown on the surface of the
seed substrate 5 in the c-axis direction, and GaN crystal 6 is
formed. At this time, by supplying SiH,Cl, gas, it is possible
to add Si as an n-type impurity into the GaN crystal 6.
[0143] In this step, in order to prevent thermal decompo-
sition of the GaN crystals constituting the seed substrate 5,
it is preferable to start supply of the NH; gas into the
reaction chamber 201 when the temperature of the seed
substrate 5 reaches 500° C. or before that time. Further, in
order to improve the in-plane uniformity of the film thick-
ness of the GaN crystal 6, this step is preferably performed
with the susceptor 208 rotated.

[0144] In this step, the temperature of the zone heaters
207a and 207b is preferably set to, for example, to a
temperature from 700 to 900° C. in the heater 2074 that
heats an upstream portion in the reaction chamber 201
including the gas generator 233a, and is preferably set to, for
example, a temperature from 1,000 to 1,200° C. in the heater
2075 that heats a downstream portion in the reaction cham-
ber 201 including the susceptor 208. Thereby, the tempera-
ture of the susceptor 208 is adjusted to a predetermined
temperature of 1,000 to 1,200° C. In this step, an internal
heater (not shown) may be used in off state, but temperature
control may be performed using an internal heater, as long
as the temperature of the susceptor 208 is in a range from
1,000 to 1,200° C.

[0145]
below.

Other processing conditions of this step are shown

Processing pressure: 0.5 to 2 atm

GaCl gas partial pressure: 0.1 to 20 kPa

NH, gas partial pressure/GaCl gas partial pressure: 1 to 100
H, gas partial pressure/GaCl gas partial pressure: 0 to 100
SiH,Cl, gas partial pressure: 2.5x107° to 1.3x107> kPa

[0146] Further, when supplying GaCl gas and NH; gas to
the surface of the seed substrate 5, N, gas as a carrier gas
may be added from each of the gas supply pipes 2324 to
232b. Since N, gas is added and the flow rate of the gas
supplied from the nozzles 249a to 2495 is adjusted, the
distribution of a supply amount of the source gas on the
surface of the seed substrate 5 is appropriately controlled,
and a uniform growth rate distribution can be realized over
an entire surface. A rare gas such as Ar gas or He gas may
be added instead of N, gas.
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(Unloading Step)

[0147] When the GaN crystal 6 having a desired thickness
is grown on the seed substrate 5, supply of the HCI gas to
the gas generator 233a, supply of the H, gas into the reaction
chamber 201, and heating by the zone heaters 2074 and 2075
are respectively stopped, while supplying NH; gas and N,
gas into the reaction chamber 201, with the reaction chamber
201 exhausted. Then, when the temperature in the reaction
chamber 201 is lowered to 500° C. or less, supply of the NH;
gas is stopped, and the atmosphere in the reaction chamber
201 is replaced with N, gas to return to the atmospheric
pressure. Then, the temperature inside of the reaction cham-
ber 201 is lowered to, for example, to 200° C. or less,
namely, to a temperature at which the crystal ingot of GaN
(seed substrate 5 with the GaN crystal 6 formed on the main
surface) can be unloaded from the reaction vessel 203.
Thereafter, the crystal ingot is unloaded from the reaction
chamber 201 to outside.

(2-11) Slicing Step

[0148] After the growth step S110, a slicing step S120 is
performed. In the slicing step S120, the unloaded crystal
ingot is sliced, for example, in a direction parallel to a
growth surface of the GaN crystal 6. Thereby, as shown in
FIG. 12B, one or more substrates 10 can be obtained. Since
various compositions and various physical properties of the
substrate 10 are as described above, description thereof is
omitted. A slicing process can be performed using, for
example, a wire saw or an electric discharge machine, etc.
The thickness of the substrate 10 is 250 um or more, for
example, about 400 um. Thereafter, by performing a prede-
termined polishing process on the surface (+c plane) of the
substrate 10, this surface becomes an epi-ready mirror
surface.

[0149] The substrate 10 having the above-described rela-
tionship represented by formula (1) between the carrier
concentration and the absorption coefficient in the infrared
region, can be produced through the growth step S110 and
the slicing step S120. In the inspection step S130 described
below, a step of inspecting whether the substrate 10 has the
above relationship may be added. The growth step S110 and
the slicing step S120 may be collectively considered as a
preparation step of preparing the substrate 10 to be inspected
in the inspection step S130.

(2-iii) Inspection Step

[0150] In the inspection step S130, the quality of the GaN
crystal constituting the substrate 10 is inspected using a
reflective FTIR method. The inspection step S130 includes
a measurement step and a determination step. Details are
described below.

(Measurement Step)

[0151] By irradiating each of the plurality of produced
substrates 10 with infrared light, a reflection spectrum is
measured by the reflection type FTIR method. The reflection
spectrum is measured at least at one position in the main
surface of each substrate 10. Fitting as described above is
performed to the measured reflection spectrum, to thereby
obtain the carrier concentration N, and mobility i, of the
substrate 10. Further, it is examined whether or not the
measured reflection spectrum has a peak having a peak top
(peak having a wave number of about 1,400 cm™") within a
wave number range of 1,200 cm™ to 1,500 cm™. When the
peak is detected, its peak height is measured. The point
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defect density of the substrate 10 may be obtained based on
the peak height. If necessary, inspection for the presence of
peaks, measurement of peak height, and the like may be
performed for peaks other than the peak at the wave number
of about 1,400 cm™".

[0152] When inspecting the in-plane distribution of the
quality of each substrate 10 in the main surface, the reflec-
tion spectrum measured at each of a plurality of positions in
the main surface of each substrate 10, and based on the
reflection spectrum measured at each of the plurality of
positions, various physical properties representing the qual-
ity of the substrate 10 are measured (carrier concentration
N,z and mobility p,, peak presence/absence, peak height,
etc.).

(Determination Step)

[0153] Next, it is determined whether the carrier concen-
tration N, and mobility uR of each substrate 10 are within
a predetermined allowable range, and the substrate 10 hav-
ing the carrier concentration N and the mobility p,; within
the allowable range is selected. Further, it is determined
whether or not the measured reflection spectrum of each
substrate 10 has a peak at a wave number of about 1,400
cm™, and the substrate 10 having no peak, and the substrate
10 having a peak height within a predetermined allowable
range even if it has the peak, are selected. The substrate 10
having no peak may be selected as a best product.

[0154] When the in-plane distribution is inspected, small
and large of the variation of a focused physical property in
the main surface of each substrate 10 is determined, and the
substrate 10 that does not have excessive variation is
selected. The variation of the physical property in the main
surface is evaluated as follows, for example. The variation
is defined by, for example, the ratio of a maximum physical
property value to a minimum physical property value in the
main surface, and when this ratio is, for example, 1.5 times
or less, it is determined that the variation is not excessive.
For example, when the variation of the peak height of a peak
at a wave number of about 1,400 cm™ is evaluated, peak
heights obtained at each of a plurality of positions in the
main surface of each substrate 10 are compared, and it is
determined whether the ratio of the maximum to the mini-
mum peak height is 1.5 times or less.

[0155] The inspection result obtained by the inspection
step S130 may be used for determining suitability of various
processing conditions when manufacturing the substrate 10,
and determining whether or not there is an abnormality in an
apparatus such as the HVPE apparatus 200 used for manu-
facturing the substrate 10.

[0156] In this way, the substrate 10 of the present embodi-
ment is manufactured. Thereafter, a semiconductor laminate
is manufactured by growing a semiconductor layer on the
substrate 10 selected as a non-defective product. Further, a
semiconductor device is manufactured by performing a step
of forming an electrode on the semiconductor laminate.
When the semiconductor device is manufactured using the
substrate 10, the substrate 10 is heated by infrared irradia-
tion, for example, in a semiconductor layer growth, activa-
tion annealing, protective film formation, ohmic alloy steps,
etc. The semiconductor device to be manufactured is not
particularly limited, and for example, a Schottky barrier
diode (SBD), a light emitting diode, a laser diode, a junction
barrier Schottky diode (JBS), a bipolar transistor, or the like
may be used. The configuration of the semiconductor lami-
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nate may be appropriately selected according to the semi-
conductor device to be manufactured. Further, a method for
growing the semiconductor layer for forming the semicon-
ductor laminate may also be selected as appropriate.

(3) Effect Obtained by the Present Embodiment

[0157] According to the present embodiment, one or more
of the following effects can be obtained.

(a) The substrate 10 manufactured by the manufacturing
method of the present embodiment has a small crystal strain,
and is in a state where impurities other than O and n-type
impurities (for example, impurities that compensate for the
n-type impurities) are hardly included. Thereby, in the
substrate 10 of the present embodiment, the absorption
coeflicient o in the wavelength range of at least 1 um or
more and 3.3 pum or less can be approximately expressed by
equation (1) (a=N_KA\?) using the predetermined constant K
and constant a.

[0158] As aresult, heating conditions in the step of heating
the substrate 10 by irradiating the substrate 10 with at least
infrared rays can be easily, set, and the substrate 10 can be
heated with high accuracy and good reproducibility.

(b) As a result, the reflectance spectrum measured by the
FTIR method on the substrate 10 and the reflection spectrum
calculated from theoretical formula, can be fitted with high
accuracy. Thereby, the carrier concentration N, and the
mobility i, of the substrate 10 can be accurately, measured.
Further thereby, the above-described point defect-caused
peak can be detected clearly as a deviation of the measured
reflection spectrum from the calculated reflection spectrum.
Thus, by using the substrate 10 of the present embodiment,
the quality of the GaN crystal constituting the substrate 10
can be properly inspected based on the measured reflection
spectrum.

[0159] Among the point defect-caused peaks that can
appear in the measured reflection spectrum, for example, a
peak having a peak top in a wave number range of 1,200
cm™" or more and 1,500 cm™ or less (a peak at a wave
number of about 1,400 cm™) can be given as a prominent
one. It is most preferable that the peak at a wave number of
about 1,400 cm™! is not detected. However, even if the peak
is detected, such a peak is allowed if the peak height is not
excessive (for example, 35% or less).

[0160] For your reference, in the GaN crystal manufac-
tured by conventional manufacturing method, it is difficult to
approximately express the absorption coefficient a by equa-
tion (1) with high accuracy using the above-defined constant
K and constant a.

[0161] Here, FIG. 5B is a view for comparing the rela-
tionship of the absorption coefficient at a wavelength of 2
um with respect to the free electron concentration. FIG. 5B
shows not only the absorption coefficient of the GaN crystal
manufactured by the manufacturing method of the present
embodiment, but also the absorption coefficient of the GaN
crystal described in the papers (A) to (D).

Paper (A): A. S. Barker Physical Review B 7 (973) p 743
FIG. 8

[0162] Paper (B): Perlin, Physics’ Review Letter 75 (995)
p 296 FIG. 1 Estimated from 0.3 GPa curve.
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Paper (C): G. Bentoumi, Material Science Engineering B50
(1997) p 142-147, FIG. 1

Paper (D): S. M. Porowski, J. A. Crystal Growth 189-190
(19.98) p. 153-158 FIG. 3 However, T=12 K

[0163] As shown in FIG. 5B, the absorption coefficient
in the conventional GaN crystal described in the papers (A)
to (D) was larger than the absorption coeflicient . of the
GaN crystal manufactured by the manufacturing method of
the present embodiment. Further, the slope of the absorption
coeflicient a in the conventional GaN crystal was different
from the slope of the absorption coefficient . of the GaN
crystal manufactured by the manufacturing method of the
present embodiment. In the papers (A) and (C), it was also
seen that the slope of the absorption coefficient o changed as
the free electron concentration N, increased. Therefore, in
the conventional GaN crystal described in the papers (A) to
(D), it has been difficult to accurately approximately express
the absorption coeflicient a by equation (1) using the above
defined constant K and constant a. Specifically, for example,
there is a possibility that the constant K is higher than the
above-described defined range, or the constant a is a value
other than 3.

[0164] This is considered to be due to the following
reasons. It is considered that a large crystal strain occurred
in the conventional GaN crystal due to the manufacturing
method. When the crystal strain occurs in the GaN crystal,
dislocations increase in the GaN crystal. Therefore, in the
conventional GaN crystal, it is considered that dislocation
scattering occurred and the absorption coefficient o was
increased or varied due to the dislocation scattering. Or, in
the GaN crystal manufactured by the conventional manu-
facturing method, it is considered that the concentration of
O that was mixed unintentionally was high. When O is
mixed at a high concentration in the GaN crystal, the lattice
constants a and ¢ of the GaN crystal increase (Reference:
Chris G. Van de Walle, Physical Review B vol. 68, 165209
(2003)). Therefore, in the conventional GaN crystal, a local
lattice mismatch occurs between a portion contaminated by
O and a relatively pure portion, and it is considered that the
crystal strain occurred in the GaN crystal. As a result, in the
conventional GaN crystal, it is considered that the absorp-
tion coefficient o increases or varies. Or, in the GaN crystal
manufactured by the conventional manufacturing method, it
is considered that the p-type compensation impurity for
compensating the n-type impurity was mixed unintention-
ally and the concentration of the compensation impurity was
high. If the concentration of the compensation impurity is
high, a high concentration of n-type impurities is required in
order to obtain a predetermined free electron concentration.
Therefore, in the conventional GaN crystal, it is considered
that a total impurity concentration including the compensa-
tion impurity and the n-type impurity is increased, and the
crystal strain is increased. As a result, in the conventional
GaN crystal, it is considered that the absorption coeflicient
a increases or varies. In a GaN free-standing substrate
actually containing O and having a lattice strain, it has been
confirmed that the absorption coefficient a is high (low
mobility) compared to the substrate 10 of the present
embodiment having the same free electron concentration.
[0165] For this reason, in the conventional GaN crystal, it
has been difficult to accurately approximately express the
absorption coefficient o by equation (1) using the above
defined constant K and constant a. Namely, in the conven-
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tional GaN crystal, it is difficult to design the absorption
coeflicient with high accuracy based on the free electron
concentration N,. Therefore, in the substrate constituted by
the conventional GaN crystal, heating efficiency easily var-
ies depending on the substrate, and it has been difficult to
control a substrate temperature in the step of heating the
substrate by irradiating the substrate with at least infrared
rays. As a result, there was a possibility that the temperature
reproducibility for each substrate would be low. Further, if
the absorption coefficient o becomes excessively large or
varies in this way, the extinction coefficient k becomes
excessively large or varies. Therefore, in the conventional
GaN crystal, the reflection spectrum measured by the FTIR
method cannot be obtained in the shape almost matches the
reflection spectrum calculated from the theoretical formula,
due to the variation of the extinction coefficient k.

[0166] In contrast, the substrate 10 manufactured by the
manufacturing method of the present embodiment is in a
state where crystal strain is small and almost no impurities
other than O and n-type impurities are contained. The
absorption coefficient of the substrate 10 of the present
embodiment is less affected by scattering due to crystal
strain (dislocation scattering) and mainly depends on ionized
impurity scattering. Thereby, variation of the absorption
coeflicient @ of the substrate 10 can be reduced, and the
absorption coeflicient c of the substrate 10 can be approxi-
mately expressed by the above equation (1) using the
predetermined constant K and constant a.

[0167] Since the absorption coefficient o of the substrate
10 can be approximately expressed by the equation (1), the
absorption coefficient of the substrate 10 can be designed
with high accuracy based on the concentration N, of the free
electrons generated by doping the substrate 10 with n-type
impurities. Since the absorption coefficient of the substrate
10 can be designed with high accuracy based on the free
electron concentration N,, the heating condition can be
easily set, and the temperature of the substrate 10 can be
controlled with high accuracy in the step of heating the
substrate 10 by irradiating the substrate 10 with at least
infrared rays. As a result, the temperature reproducibility for
each substrate 10 can be improved. Thus, in the present
embodiment, it becomes possible to heat the substrate 10
with high precision and good reproducibility.

[0168] Further, since the absorption coefficient of the
substrate 10 is approximately expressed by equation (1) with
high accuracy, the variation of the absorption coefficient o
of the substrate 10 with respect to the free electron concen-
tration N, in the substrate 10 can be suppressed. The sup-
pression of the variation of the absorption coefficient o of
the substrate 10 means that the variation of the extinction
coeflicient k is suppressed (a=4nk/A). Accordingly, since the
substrate 10 of the present embodiment is used, the reflec-
tion spectrum measured by the FTIR method can be appro-
priately obtained in a shape that substantially matches the
reflection spectrum calculated from the theoretical formula.
Then, based on the properly acquired reflection spectrum,
the quality of the GaN crystal constituting the substrate 10
can be properly inspected.

(c) The in-plane absorption coeflicient difference A of the
substrate 10 of the present embodiment preferably satisfies
Aa=1.0, Thereby, heating efficiency by infrared irradiation
can be made uniform in the main surface of the substrate 10
in the step of heating the substrate 10, and therefore the
quality of the semiconductor laminate manufactured using
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the substrate 10 can be made uniform in the main surface of
the substrate 10. As a result, the quality and yield of the
semiconductor device manufactured using the semiconduc-
tor laminate can be improved.

[0169] Then, due to the high uniformity of the absorption
coeflicient . in the main surface, it is possible to suppress
the variation of the shape of the measured reflection spec-
trum in the main surface of the substrate 10, namely, the
variation of a baseline shape of the reflection spectrum.
Further, thereby, it becomes easy to compare point defect-
caused peaks detected at a plurality of positions in the main
surface.

OTHER EMBODIMENTS

[0170] The embodiments of the present invention have
been specifically described above. However, the present
invention is not limited to the above-described embodiment,
and various modifications can be made without departing
from the scope of the invention.

[0171] The above-described embodiment shows a case of
using the reflection type FUR method to measure the infra-
red spectrum of the substrate 10. However, as a method other
than the reflection type FTIR method, the same measure-
ment can be performed by using a spectroscopic ellipsom-
etry method.

[0172] The above-described embodiment shows a case of
constituting the substrate 10 by GaN. However, the substrate
10 may also be constituted not only by GaN, but also by
group-1II nitrides such as AIN, aluminum gallium nitride
(AlGaN), indium nitride (InN), indium gallium nitride (In-
GaN), aluminum indium gallium nitride (AllnGaN), namely,
group-HI nitride represented by a composition formula of
Al In Ga, , N (0=x<l, O<y=<l, O=x+y=l).

[0173] The above-described embodiment shows a case of
manufacturing the substrate 10 using the seed substrate 5
constituted by GaN single crystal. However, the substrate 10
may be manufactured by the following method. For
example, a GaN layer provided on a heterogeneous substrate
such as a sapphire substrate is used as an underlayer, then,
a crystal ingot on which the GaN layer is grown thickly
through a nanomask or the like is peeled off from the
heterogeneous substrate, and a plurality of substrates 10 may
be cut out from the crystal ingot.

Preferred Aspects of the Present Invention

(Supplementary Description 1)

[0174] There is provided a nitride crystal substrate con-
stituted by group-Ill nitride crystal, containing n-type impu-
rities, with an absorption coefficient a being approximately
expressed by equation (1) by a least squares method in a
wavelength range of at least 1 um or more and 3.3 um or less

= N,K\? (69)

(where 1.5x107°<K=6.0x107'%, a=3),

[0175] here, a wavelength is A (um), an absorption coef-
ficient of the nitride crystal substrate at 27° C. is o (cm™),
a carrier concentration in the nitride crystal substrate is N,
(cm™), and K and a are constants,
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[0176] wherein an error of an actually measured absorp-
tion coeflicient with respect to the absorption coefficient o
obtained from equation (1) at a wavelength of 2 um is within
+0.1a, and

[0177] inareflection spectrum measured by irradiating the
nitride crystal substrate with infrared light, there is no peak
with a peak top within a wavenumber range of 1,200 cm™
or more and 1,500 cm™ or less.

(Supplementary Description 2)

[0178] There is provided a nitride crystal substrate con-
stituted by group-I1II nitride crystal, containing n-type impu-
rities, with an absorption coefficient ac being approximately
expressed by equation (1) by a least squares method in a
wavelength range of at least 1 um or more and 3.3 um or
less.

a = N,KA¢ (9]

(where 1.5x107°<K=6.0x10"'?, a=3)

[0179] here, a wavelength is A (um), an absorption coef-
ficient of the nitride crystal substrate at 27° C. is ¢ (cm™),
a carder concentration in the nitride crystal substrate is N,
(cm™), and K and a are constants,

[0180] wherein an error of an actually measured absorp-
tion coeflicient with respect to the absorption coefficient o
obtained from equation (1) at a wavelength of 2 pm and is
within +0.1a, and

[0181] in areflection spectrum measured by irradiating the
nitride crystal substrate with infrared light, there is a peak
with a peak top within a wavenumber range of 1,200 cm™
or more and 1,500 cm™" or less, and a peak height which is
a difference between an intensity reflectance of a peak top of
the peak and an intensity reflectance of a baseline of the
reflection spectrum is 35% or less, more preferably 30% or
less, still more preferably 25% or less.

(Supplementary Description 3)

[0182] There is provided the nitride crystal substrate
according to supplementary description 2, wherein a ratio of
a maximum to a minimum of the peak height is 1.5 times or
less in a main surface of the nitride crystal substrate.

(Supplementary Description 4)

[0183] There is provided the nitride crystal substrate
according to any one of the supplementary descriptions 1 to
3, wherein A satisfies equation (3) in a wavelength range
of 1 um or more and 3.3 um or less,

Ae<10 3)

[0184] here, a difference between a maximum value and a
minimum value of the absorption coefficient @ in a main
surface of the nitride crystal substrate is Ac.

(Supplementary Description 5)

[0185] There is provided the nitride crystal substrate
according to any one of the supplementary descriptions 1 to
4, wherein
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[0186] the baseline of the measured reflection spectrum
can be represented by a calculated reflection spectrum, using
an optical model representing a configuration of the nitride
crystal substrate, and a dielectric function model represent-
ing a dielectric function of the nitride crystal substrate, and
the calculated reflection spectrum is the reflection spectrum
obtained by setting a carrier concentration and mobility of
the nitride crystal substrate in the optical model and the
dielectric function model so that the calculated reflection
spectrum is fitted to the measured reflection spectrum.

(Supplementary Description 6)

[0187] There is provided the nitride crystal substrate
according to the supplementary description 5, wherein the
dielectric function model is a Lorentz-prude model.

(Supplementary Description 7)

[0188] There is provided the nitride crystal substrate
according to any one of the supplementary descriptions 1 to
6, wherein the group-III nitride is GaN.

(Supplementary Description 8)

[0189] There is provided a method for manufacturing a
nitride crystal substrate, including:

[0190] preparing a nitride crystal substrate constituted by
group-11I nitride crystal, containing n-type impurities, with
an absorption coefficient a being approximately expressed
by equation (1) by a least squares method in a wavelength
range of at least 1 pm or more and 3.3 um or less.

=N, K¢ (69)

(where 1.5x107°<K=6.0x107'°, a=3)

[0191] here, a wavelength is A (um), an absorption coef-
ficient of the nitride crystal substrate at 27° C. is o (cm™),
a carrier concentration in the nitride crystal substrate is N,
(cm™), and K and a are constants, wherein an error of an
actually measured absorption coefficient is within 0.1
with respect to the absorption coeflicient o obtained from
equation (1) at a wavelength of 2 pm; and

[0192] measuring a reflection spectrum by irradiating the
nitride crystal substrate with infrared light, and inspecting
whether there is a peak with a peak top within a wavenumber
range of 1,200 cm™" or more and 1,500 cm™" or less.

(Supplementary Description 9)

[0193] There is provided the method for manufacturing a
nitride crystal substrate according to the supplementary
description 8, including: measuring the reflection spectrum
for each of a plurality of positions in a main surface of the
nitride crystal substrate; obtaining a peak height, which is a
difference between an intensity reflectance of the peak top of
the detected peak and an intensity reflectance of a baseline
of the reflection spectrum; and comparing the peak heights
calculated for each of the plurality of positions.

(Supplementary Description 10)

[0194] There is provided the method for manufacturing a
nitride crystal substrate according to supplementary descrip-
tion 8 or 9, wherein a point defect density of the nitride
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crystal substrate is estimated based on the peak height,
which is the difference between the intensity reflectance of
the peak top of the detected peak and the intensity reflec-
tance of the baseline of the reflection spectrum.

(Supplementary Description 11)

[0195] There is provided the method for manufacturing a
nitride crystal substrate according to any one of the supple-
mentary descriptions 8 to 10, wherein the group III nitride
is GaN,

What is claimed is:

1. (canceled)

2. A GaN free-standing substrate constituted by GaN
single crystal, containing n-type impurities, with an absorp-
tion coeflicient a being approximated by equation (1) by a
method of least squares in a wavelength range of at least 1
pm or more and 3.3 pum or less:

a =N, KA%, equation (1)

where 1.5x1077<K<6.0x107%, a=3,

a wavelength being A (um), an absorption coefficient of
the GaN free-standing substrate at 27° C. being o
(cm™), a carrier concentration in the GaN free-stand-
ing substrate being N, (cm™), and K and a being
constants,

wherein an error of an actually measured absorption
coeflicient with respect to the absorption coefficient o
obtained from equation (1) at a wavelength of 2 pm is
within +0.1a, and

in a reflection spectrum measured by irradiating the GaN
free-standing substrate with infrared light, there is a
peak within a wavenumber range of 1,200 cm™ or
more and 1,500 cm™" or less, and a peak height which
is a difference between an intensity reflectance of the
peak and an intensity reflectance of a baseline of the
reflection spectrum is 35% or less.

3. The GaN free-standing substrate according to claim 2,
wherein a ratio of a maximum to a minimum of the peak
height is 1.5 times or less in a main surface of the GaN
free-standing substrate.

4. (canceled)

5. The GaN free-standing substrate according to claim 2,
wherein Aa satisfies equation (3) in a wavelength range of
1 um or more and 3.3 pum or less,

Aa=1.0 equation (3)

a difference between a maximum value and a minimum
value of the absorption coefficient o in a main surface
of the GaN free-standing substrate is Ac.

6. A method for manufacturing a GaN free-standing

substrate, comprising:

preparing a GaN free-standing substrate constituted by
GaN single crystal, containing n-type impurities, with
an absorption coefficient o being approximated by
equation (1) by a method of least squares in a wave-
length range of at least 1 pm or more and 3.3 pm or less:

a =N, KA%, equation (1)
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where 1.5x1077<K<6.0x107'%, a=3,

a wavelength being A (um), an absorption coefficient of
the GaN free-standing substrate at 27° C. being o
(cm™), a carrier concentration in the GaN free-stand-
ing substrate being N, (cm™), and K and a being
constants,

wherein an error of an actually measured absorption
coeflicient is within +0.1a with respect to the absorp-
tion coefficient o obtained from equation (1) at a
wavelength of 2 um; and

measuring a reflection spectrum by irradiating the GaN
free-standing substrate with infrared light, and inspect-
ing whether there is a peak within a wavenumber range
0f 1,200 cm™" or more and 1,500 cm™" or less.

7. The method for manufacturing a GaN free-standing
substrate according to claim 6, comprising: measuring the
reflection spectrum for each of a plurality of positions in a
main surface of the GaN free-standing substrate; obtaining
a peak height, which is a difference between an intensity
reflectance of the detected peak and an intensity reflectance
of a baseline of the reflection spectrum; and comparing the
peak heights obtained for each of the plurality of positions.

8. The method for manufacturing a GaN free-standing
substrate according to claim 6, wherein a point defect
density of the GaN free-standing substrate is estimated
based on a peak height, which is a difference between an
intensity reflectance of the detected peak and an intensity
reflectance of a baseline of the reflection spectrum.

#* #* #* #* #*



