DESCRI PTI ON

TI TLE OF I NVENTI ON: METHOD FOR PRODUCI NG NI TRI DE
SEM CONDUCTOR WAFER AND NI TRI DE SEM CONDUCTOR WAFER

TECHNI CAL FI ELD
[ 0001]

The present invention relates to a nmethod for
producing a nitride sem conductor wafer and a nitride

sem conduct or waf er.

BACKGROUND ART
[ 0002]

Nitride sem conductors such as GaN and Al N are
expected to be applied as sem conductor devices for
hi gh-frequency applications, since these make the
fabrication of high electron nobility transistors
(HEMTs) using two-di nensional electron gas possible. In
addi tion, the above-nmentioned nitride sem conductor is
al so a piezoelectric material with excellent nechanica
properties, and is expected to be used in high-frequency
filters for comunication, sensors, energy harvesters,
and the |ike.

Cl TATI ON LI ST

PATENT LI TERATURE

[ 0003]

Pat ent Docunent 1: WO 2005/038899 Al
Pat ent Docunment 2: JP 2012-79952 A
Pat ent Docunment 3: JP 2011-103380 A

SUMMARY OF | NVENTI ON
TECHNI CAL PROBLEM



[ 0004]

However, it is difficult to produce wafers of these
nitride sem conductors. For industrial applications,
nitride sem conductor thin films formed by vapor phase
growth on sapphire, SiC, and silicon substrates are
used. In particular, the production of nitride
sem conductor thin film by vapor phase growth on silicon
substrates is considered prom sing because it allows the
use of | arge-dianeter substrates conpared to sapphire
and SiC, resulting in high productivity and an advant age
in terns of heat dissipation properties. Patent Docunent
1 discloses use of a high resistance silicon wafer as a
support substrate for a high-frequency communi cati on
devi ce.

[ 0005]

I n addition, in high-frequency devices, in order to
i nprove high-frequency characteristics, it is necessary
to reduce parasitic capacitance of the device, its
support substrate, and peripheral packages. It is
considered that the using of a silicon substrate with a
| ow oxygen concentration and a high resistance as a
support substrate or a package for the purpose of the
reduction of the parasitic capacity can inmprove the
characteristics and have an advantage in terns of cost.

[ 0006]

On the other hand, device manufacturing process
i ncl udes processes such as epitaxial growth on the
substrate, heat treatnment, and bonding. There is a risk
of plastic deformation resulting fromthe stress caused
In the substrate due to differences in lattice constant
and thermal expansion coefficient between different
mat eri als. When plastic deformati on occurs, the wafer is

greatly distorted and cannot return to its original



shape. There is a possibility that warpage abnormality
or bonding failure nay occur.
[ 0007]

In particular, a silicon substrate with a high
resistivity and a | ow oxygen concentration has a | ow
mechani cal strength because it contains an extrenely
smal | amount of inpurities such as dopants and oxygen
Therefore, when a nitride sem conductor is epitaxially
grown, war page increases and plastic deformation tend to
occur resulting fromstress due to difference in lattice
constant and thermal expansion coefficient, so stress
relaxation is performed by growth conditions and
rel axati on | ayers. Patent Docunent 2 discloses a gallium
nitride-based conpound sem conductor substrate in which
peri odi c-deposition |ayers are formed by lamnating a
plurality of conposite |layers on a silicon single
crystal substrate in order to reduce the warpage of the
substr at e.

[ 0008]

Furt her, Patent Docunent 3 discloses a GaN Si
substrate using a silicon substrate with a high
resistivity of 5000 Q-cm, but the amount of warpage
i ncreases as the oxygen concentration decreases.
However, it is desirable that the amount of warpage is
50 um or less for use in a general device-manufacturing
process, and it cannot be said that sufficient
count er measures have been taken.

[ 0009]

The present invention has been nade to sol ve the
above problens, and the object of the present invention
is to provide a nethod for producing a nitride
sem conductor wafer in which plastic defornmation and

war page are suppressed even in the case a silicon single



crystal substrate with high resistivity and | ow oxygen
concentration, especially ultra-low oxygen
concentration, which is prom sing as a support substrate

for high-frequency devices, is used.

SOLUTI ON TO PROBLEM
[ 0010]

The present invention has been nade to achieve the
above objects, and provides a nethod for producing a
nitride sem conductor wafer in which a nitride
sem conductor thin filmis grown on a silicon single
crystal substrate by vapor phase growth, conprising, by
using a silicon single crystal substrate having a
resistivity of 1000 Q-cm or more, an oxygen
concentration of less than 1x1017 atons/cn? and a
thickness of 1000 um or more, growing the nitride
sem conductor thin filmon the silicon single crysta
substrate by vapor phase growt h.

[0011]

According to such a nmethod for manufacturing a
nitride sem conductor wafer, even when using a silicon
single crystal substrate with | ow mechanical strength,
hi gh resistivity, and an ultra-|low oxygen concentration
of less than 1x1017 atons/cn®, a nitride sem conduct or
wafer in which plastic deformati on and war page are
suppressed can be produced.

[ 0012]

At this tinme, after the nitride sem conductor thin
filmis grown by vapor phase growth, surface of the
silicon single crystal substrate opposite to the surface
on which the nitride sem conductor thin filmis grown is
polished to thin the silicon single crystal substrate.

[ 0013]



By polishing and thinning the silicon single
crystal substrate on the back surface after vapor phase
growth in this way, plastic deformation during high-
tenperature growh can be prevented, and wafers having
smal | war page can be obtained even if the substrate is
processed to a thickness suitable for device
manuf acturing after cooling.

[ 0014]

At this time, it provides a nitride sem conductor
waf er having a nitride sem conductor thin filmon a
silicon single crystal substrate, wherein the silicon
single crystal substrate has a resistivity of 1000 Q-cm
or nore, an oxygen concentration of less than 1 x 1017
atoms/cn®, and a thickness of 1000 pum or nore.

[ 0015]

According to such a nitride sem conductor wafer, it
beconmes that plastic deformati on and war page are
suppressed even when a silicon single crystal substrate
havi ng | ow nmechani cal strength, high resistivity and
ul tra-1 ow oxygen concentration is used as the support

substrate.

ADVANTAGEQUS EFFECTS OF | NVENTI ON
[ 0016]

As descri bed above, according to the nitride
sem conductor wafer and the nmethod for producing the
same according to the present invention, even a silicon
single crystal substrate with a high resistivity and an
ultra-1 ow oxygen concentration, which is extrenely
prom sing as a support substrate for a high frequency
device, a nitride sem conductor wafer in which plastic

def ormati on and war page are suppressed can be provided.



BRI EF DESCRI PTI ON OF DRAW NGS
[0017]
FIG 1 is a schematic cross-sectional view
conceptual |y showi ng an exanple of a nitride
sem conductor wafer according to the present invention,
FIG 2 is a schematic cross-sectional view show ng
a case where a HEMI structure is formed as an
application exanple of the nitride sem conduct or wafer
according to the present invention,
FIG 3 is a graph show ng changes in curvature of a
nitride sem conductor wafer during vapor phase grow h.

DESCRI PTI ON OF EMBODI MENTS

[ 0018]
The present invention will be described in detail
bel ow, but the present invention is not limted to
t hese.
[ 0019]

As descri bed above, there has been a demand for
nitride sem conductor wafers and nmet hods of producing
t he same of which plastic deformation and war page are
suppressed even when using a silicon single crystal
substrate with high resistivity and | ow oxygen
concentration, which is prom sing as a support substrate
for high frequency devices but has | ow nmechani cal
strength.

Silicon single crystals having the | ow oxygen
concentration, in particular, ultra-|low oxygen
concentration of less than 1 x 1017 atons/cn®, and even
0.5 x 1017 atons/cn? or |less, and high resistivity can
reliably reduce parasitic capacitance, and inprove the
hi gh-frequency characteristics of the high-frequency

devi ces. Therefore, such silicon single crystals is



hi ghly expected to be applied as sem conduct or devices
that will be required for high-frequency applications
with higher-performance in the future.

However, in case of ultra-low oxygen, the amunt of
oxygen inpurities is particularly low, so the nechanica
strength is extremely |l ow, and warpage and plastic
def ormation are likely to becone extrenely |arge during
epi t axi al growt h.

[ 0020]

Silicon single crystal substrates for high
frequency devices are required to have a high
resistivity of 1000 Q-cm or more. Further, by setting
t he oxygen concentration to 7 x 1017 atons/cn® or | ess,
particularly less than 1 x 1017 atons/cn?, the effect of
t hermal donors on resistivity can be conpletely
suppressed. However, when the resistivity is high and
t he oxygen concentration is extremely |ow, the Young's
nodul us when di sl ocations occur is |lower than that of a
normal | ow-resistivity substrate, and the substrate is
extrenely susceptible to plastic deformati on. Under this
circunmstance, the inventors of the present invention
have found that plastic deformati on can be suppressed by
using a silicon single crystal substrate having a wafer
thickness of 1000 um or more.

[ 0021]

That is, as a result of extensive studies on the
above problens, the inventors of the present invention
have found by a nmethod for producing a nitride
sem conductor wafer in which a nitride sem conductor
thin filmis grown on a silicon single crystal substrate
by vapor phase growth, including, by using a silicon
single crystal substrate having a resistivity of 1000

Q-cm or more, an oxygen concentration of less than 1x1017



atons/ cn? and a thickness of 1000 um or more, growing the
nitride sem conductor thin filmon the silicon single
crystal substrate by vapor phase growth, a nitride

sem conductor wafer in which plastic deformation and

war page are suppressed even when using a silicon single
crystal substrate with a high resistivity and an ultra-

| ow oxygen concentration can be produced and have

conpl eted the present invention.

[ 0022]

Furthernore, the inventors of the present invention
al so have found that plastic deformati on and war page are
suppressed by a nitride sem conductor wafer having a
nitride sem conductor thin filmon a silicon single
crystal substrate, wherein the silicon single crystal
substrate has a resistivity of 1000 Q-cm or more, an
oxygen concentration of less than 1 x 1017 atons/cn?, and
a thickness of 1000 pum or nore.

[ 0023]

Description will be nade below with reference to
t he draw ngs.

[ 0024]

FIG 1 is a schematic cross-sectional view
conceptual |y showi ng an exanple of a nitride
sem conductor wafer according to the present invention.
A nitride sem conductor wafer 10 according to the
present invention shown in FIG 1 has a device |ayer 16
made of a nitride sem conductor thin filmon a silicon
single crystal substrate 12. A silicon single crystal
substrate having a resistivity of 1000 Q-cm or more, an
oxygen concentration of |ess than 1x1017 atons/cn® and a
thickness of 1000 um or more is used as the silicon
single crystal substrate 12.

[ 0025]



The reason why the silicon single crystal substrate
has a resistivity of 1000 Q:cm or more is to achieve a
| evel required as a substrate for high-frequency
devices. Since the resistivity of the silicon single
crystal substrate is preferable as high as possible, the
upper limt is not particularly limted and nmay be
infinite. As for the oxygen concentration, if it exceeds
7x1017 atonms/cn® (JEIDA), the influence of thermal donors
on resistivity cannot be ignored, so 7x1017 atons/cn?
(JEIDA) is set as the upper |limt. In addition, in order
to conpletely elimnate the influence of resistivity due
to thermal donors, to reliably reduce parasitic
capaci tance, and inprove the high-frequency
characteristics of high-frequency devices, and then make
t he wafer applicable for sem conductor devices which are
required for future high-frequency applications with
hi gher performances, an oxygen concentration is set |ow,
in particular, an ultra-low oxygen concentration of |ess
than 1 x 1017 atoms/cn®, even 0.5 x 1017 atons/cn® or
|l ess. This can al nost conpletely elimnate the influence
of oxygen concentration. The oxygen concentration is
preferable as | ow as possible, and although the | ower
limt is not particularly limted, it can be
substantially O like a FZ single crystal.

On the other hand, by setting the thickness of the
silicon single crystal substrate to 1000 uym or more, it
is possible to prevent plastic deformation during growth
of the nitride sem conductor and reduce war page.

Al t hough the upper Iimt of the thickness of the silicon
single crystal substrate is not particularly limted, it
is preferably about 1500 um or less. If the thickness is
within such a range, it is possible to suppress an
increase in cost, to performepitaxial growh of the



nitride sem conductor thin filmnore stably, and to
polish the silicon single crystal substrate in a post-
process making it thinner as described |ater, the
decrease of productivity can be suppressed.
[ 0026]

Further, as shown in FIG 1, an internedi ate | ayer
14 made of nitride sem conductor, netal, or the |like may
be provi ded between the silicon single crystal substrate
12 and the device |ayer 16. The internedi ate | ayer 14
may act as a buffer layer inserted for inproving the
crystallinity of the device layer 16 and controlling
stress. By having an appropriate buffer |layer during
nitride sem conductor growth, the stress fromthe thin
filmdue to the difference in thernmal expansion
coefficient and lattice constant after cooling can be
controlled. At this time, if the internediate |ayer 14
is made of a nitride sem conductor, it is desirable that
it can be made with the same equi pnent as the device
| ayer 16. When the internediate layer 14 is nade of a
nitride sem conductor, the conposition nmay be different
fromor the same as the conposition of the nitride
sem conductor thin filmformng the device | ayer 16.
Further, in this case, it can be said that the
i ntermedi ate | ayer 14 and the device |layer 16 constitute
a nitride sem conductor thin film The conposition of
the internmediate | ayer 14 nmay be changed during the
growth. If there is no need to inprove stress or
crystallinity, the internediate |ayer 14 acting as a
buffer |layer or the like can be omtted. In addition,
the internmediate |ayer 14 may be made of a netal that
can be used as a sacrificial |ayer for creating a space
or as an electrode in ternms of the structure of a device

such as a high-frequency filter.
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[0027]

In addition, a trap-rich layer that reduces the
lifetinme of carriers may be fornmed on the surface of the
silicon single crystal substrate 12 (the interface with
the internediate layer 14 in FIG 1).

[ 0028]

A device layer 16 made of a nitride sen conductor
thin filmis provided on the silicon single crystal
substrate 12 (on the internediate |ayer 14 when the
intermediate |layer 14 is fornmed on the silicon single
crystal substrate 12). As the nitride sem conductor of
t he device | ayer, for exanple, GaN, AN, InN, Al GaN,
InGaN, AllInN, etc. can be used.

[ 0029]

As an application exanple of the nitride
sem conductor wafer according to the present invention,
FIG 2 shows a case where a high electron nmobility
transi stor (HEMI) structure is formed. As shown in FIG
2, for exanple, in a high electron nobility transistor
(HEMT) structure, the device |layer 16 is conposed of a
galliumnitride (GaN) layer 17 and an el ectron supply
| ayer 18 made of Al GaN formed thereon. The device | ayer
16 is desirably a crystal with few crystal defects and
few impurities such as carbon and oxygen in order to
i nprove device characteristics.

[ 0030]

Glliumnitride (GaN) has lattice constant
difference of 17% and thermal expansion coefficient
di fference of 116% from Si (111) single crystal, and
stresses are applied to the thin film and substrate
during growth at high tenperature. In addition, since
the wafer is heated to 1000 °C or higher during growth,
when stress is applied to the wafer, it does not undergo

11



brittle fracture but exhibits ductility, generates
di sl ocati ons, and undergoes pl astic deformati on.
[ 0031]

Therefore, according to the present invention, by
using a silicon single crystal substrate 12 having a
thickness of 1000 um or more, it is possible to prevent
di sl ocati on propagation in the silicon single crystal
substrate 12 and prevent plastic deformation. By
preventing plastic deformation, abnormal warpage can be
reduced, and the yield of producing the nitride
sem conductor wafer 10 can be inproved. In addition,
since the silicon single crystal substrate 12 can
wi t hstand stress, the filmthickness of the nitride
sem conductor thin filmthat beconmes the device | ayer 16
can be increased by vapor phase growth, and the degree
of freedomin designing the device is inproved.
[ 0032]

Next, a nmethod for producing a nitride
sem conductor wafer according to the present invention
wi Il be described. Referring to FIG 1, in the method of
producing a nitride senm conductor wafer according to the
present invention, first, a silicon single crystal
substrate 12 is provided, and then a nitride
sem conductor thin filmthat becomes a device |ayer 16
Is grown on the silicon single crystal substrate 12 by
vapor phase growh. In the present invention, a silicon
single crystal substrate having a resistivity of 1000
Q-cm or more, an oxygen concentration of less than 1x10717
atonms/ cn® and a thickness of 1000 pum or more is used as
the silicon single crystal substrate 12. Thus, by making
the silicon single crystal substrate thicker than 1000
um, it is possible to prevent plastic deformation during

hi gh tenperature grow h.
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[ 0033]

A met hod for producing such a silicon single
crystal substrate having a thickness of 1000 pm or more
I's not particularly limted, and it can be produced by a
known nethod. By slicing, polishing, cleaning, etc., a
silicon ingot formed by the CZ nethod or the FZ nethod,
a silicon single crystal substrate having a thickness of
1000 pum or more may be produced, or a silicon single
crystal substrate having a thickness of 1000 pm or more
may be formed by formng a silicon epitaxial growth
| ayer on a silicon single crystal substrate having a
thickness of less than 1000 um.

[ 0034]

An internmedi ate | ayer 14 may be fornmed on the
silicon single crystal substrate 12 before the growth of
the nitride sem conductor thin filmthat becones the
device |ayer 16, and the nitride sem conductor thin film
t hat becones the device |layer 16 may be grown on the
I ntermedi ate | ayer 14.

[ 0035]

Furthernmore, a trap-rich layer may be formed on the
surface of the silicon single crystal substrate 12 (the
interface with the internediate layer 14 in FIG 1) to
reduce the lifetine of carriers. The trap-rich layer can
be fornmed by ion inplantation or irradiation with
ionizing radiation such as electron beam, X-ray, and y-
ray, but is not limted to these.

[ 0036]

On the silicon single crystal substrate 12 (on the
i ntermedi ate | ayer 14 when the internediate layer 14 is
formed on the silicon single crystal substrate 12), a
devi ce | ayer 16 made of a nitride sem conductor thin

filmis produced by vapor phase growth such as MOVPE
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(nmetal organic chem cal vapor phase epitaxy) method or
sputtering nmethod. The nitride sem conductor thin film
can be 1-10 um thick and can be designed for the device.
[ 0037]

In the high electron nobility transistor (HEM)
structure shown in FIG 2, the device layer 16 is
desirably a crystal layer with few crystal defects and
few inpurities such as carbon and oxygen in order to
I nprove device characteristics, and can be made at 900°C
to 1350°C by using MOVPE net hod for exanple.

[ 0038]

As descri bed above, plastic deformation during
hi gh-tenperature growt h can be prevented by neking the
silicon single crystal substrate thicker than 1000 pum. A
wafer with small warpage can be obtained, even if after
the nitride sem conductor thin filmis grown by vapor
phase growth, and after cooling, the substrate is
thinned to have a suitable thickness for device
production by polishing the surface of the silicon
single crystal substrate opposite to the surface on
which the nitride sem conductor thin filmis grown, or
the like. In this case, even if the silicon single
crystal substrate is thinned, plastic deformation does
not occur in the substrate, so that a nitride
sem conductor wafer having a device |ayer on a thinned
silicon single crystal substrate wi thout plastic

deformati on can be obtai ned.

EXAMPLE
[ 0039]
The present invention will be specifically
descri bed below with reference to Exanpl es and Reference

Exanpl es, but these are not intended to |limt the scope
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of the present invention.
[ 0040]
(Reference Exanple 1)

A silicon single crystal substrate having a
di ameter of 150 mm an axial orientation of <111>, a
resistivity of 1000 Q-cm, an oxygen concentration of 5 x
1017 atoms/cn®, and a thickness of 1000 um was provi ded.
An epitaxial layer of a nitride sem conductor thin film
having a total thickness of 2.8 um was grown on the
provided silicon single crystal substrate at growth
tenperature of 1200 °C in a MOVPE furnace.
[ 0041]

FIG 3 shows changes in curvature of a nitride
sem conductor wafer during epitaxial growh. In
Ref erence Exanple 1, al nost no change in curvature was
observed as conpared with Reference Exanple 2, which
will be described later. Moreover, no plastic
def ormati on occurred during the epitaxial growth, and
the warpage after the growth was 11.3 um. Wafer bow
represents the deviation fromthe reference plane at the
center. The sign defines a downwardly convex shape as
positive and an upwardly convex shape as negative
war page.
[ 0042]
(Reference Exanple 2)

A nitride sem conductor wafer was produced under
t he same conditions as in Reference Exanple 1, except
that thickness of the silicon single crystal substrate
was 675 um.
[ 0043]

I n Reference Exanple 2, the curvature changed
significantly during the epitaxial growth. Moreover,

pl astic deformation occurred during the epitaxial
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growth, and the bow after growth was as large as —-233.2
um, resulting in a failure.
[ 0044]

From Reference Exanples 1 and 2, it was found that
if the thickness of the silicon single crystal substrate
12 with an oxygen concentration of 5x1017 atonms/cn? was
1000 um or more, the occurrence of plastic deformation
coul d be suppressed and the warpage could be reduced.

[ 0045]
(Ref erence Exanple 3)

A nitride sem conductor was epitaxially grown under
t he same conditions as in Reference Exanple 1, except
that a thickness of the silicon single crystal substrate
was 1200 um, but plastic deformation did not occur in
the substrate as in Reference Exanmple 1
[ 0046]

(Ref erence Exanple 4)

A nitride sem conductor wafer was produced under
t he same conditions as in Reference Exanple 1, except
t hat an oxygen concentration of the silicon single
crystal substrate was 1x1017 atons/ cn?.

As a result, no plastic deformation occurred during
epi taxial growth, and the warpage after growth was 20.0
um.

[ 0047]
(Exanple 1)

A nitride sem conductor wafer was produced under
t he same conditions as in Reference Exanple 1, except
t hat an oxygen concentration of the silicon single
crystal substrate was 0.8 x 1017 at ons/ cn?.

As a result, no plastic deformation occurred during
epi taxial growth, and the warpage after growth was 32.0

um.
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[ 0048]
(Exanpl e 2)

A nitride sem conductor wafer was produced under
t he same conditions as in Reference Exanple 1, except
that the silicon single crystal substrate had an oxygen
concentration of 0.5x1017 atoms/cn? and a thickness of
1200 um.

As a result, no plastic deformation occurred during
epi taxial growth, and the warpage after growth was 22.0
um.

[ 0049]

As descri bed above, in the exanples, even if the
oxygen concentration of the silicon single crystal
substrate was set to ultra-low oxygen concentrati on of
|l ess than 1 x 1017 atons/cn®, plastic deformation did not
occur, and the warpage after growth could be 50 um or
| ess, which was significantly smaller than that of
Ref erence Exanple 2.

Therefore, the nitride sem conductor wafer of the
present invention can be applied to senm conductor
devices that is required for feature high-frequency
appl ications with higher-performnce.

[ 0050]

The present invention is not limted to the above
enbodi mrents. The above-descri bed enbodi nents are just
exanpl es, and any exanples that substantially have the
sanme configuration and denonstrate the sane functions
and effects as those in the technical concept disclosed
in the claims of the present invention are included in

t he technical scope of the present invention.
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CLAI M5

1. A nmethod for producing a nitride sem conduct or
wafer, in which a nitride sem conductor thin filmis
grown on a silicon single crystal substrate by vapor
phase growth, conpri sing,

by using a silicon single crystal substrate having
a resistivity of 1000 Q-cm or more, an oxygen
concentration of less than 1x1017 atons/cn? and a
thickness of 1000 um or more, growing the nitride
sem conductor thin filmon the silicon single crysta
substrate by vapor phase growt h.

2. The nmethod for producing a nitride sem conduct or
wafer according to claim1l, wherein after the nitride
sem conductor thin filmis grown by vapor phase grow h,
surface of the silicon single crystal substrate opposite
to the surface on which the nitride sem conductor thin
filmis grown is polished to thin the silicon single
crystal substrate.

3. A nitride sem conductor wafer having a nitride
sem conductor thin filmon a silicon single crysta
substr at e,

wherein the silicon single crystal substrate has a
resistivity of 1000 Q-cm or more, an oxygen
concentration of less than 1 x 1017 atons/cn?, and a

t hi ckness of 1000 pm or nore.

18



