DESCRI PTI ON

TI TLE OF I NVENTION : SI LI CON SI NGLE CRYSTAL SUBSTRATE
FOR VAPOR PHASE GROWH, VAPOR PHASE GROWIH SUBSTRATE AND
METHODS FOR PRODUCI NG THEM

TECHNI CAL FI ELD
[ 0001]

The present invention relates to a silicon single
crystal substrate for vapor phase growth, a vapor phase
growt h substrate, and nmethods for producing them

BACKGROUND ART
[ 0002]

Hi gh frequency devices are being devel oped to
i ntegrate devices such as antennas, anplifiers, swtches,
and filters in order to reduce the size and cost.
Further, as the frequency becomes higher, the circuit
becones nore conplicated, and the materials of the
devi ces used are various such as silicon CMOS, devices
using Il1-V sem conductors and nitride sem conductors,
and filters using piezoelectric materi als.
[ 0003]

As a substrate used as the base of these devices,
it is considered that a silicon single crystal substrate,
which is inexpensive and has a | arge diameter wafer on
the market, is suitable. In particular, as the substrate
for the high frequency devices, a silicon single crystal
substrate (also referred to as “FZ substrate”) nade of
FZ crystals produced by the FZ (Fl oati ng-Zone) method,
whi ch has high resistivity and shows little change in
resistivity due to thermal donor, is considered suitable.
[ 0004]



However, the high resistivity FZ substrate has
poor mechani cal properties as conpared with a | ow
resistivity CZ substrate, and has a problemthat plastic
deformation is likely to occur due to the propagation of
di sl ocations. In particular, in the growmth of GaN on a
silicon single crystal substrate, since the stress due
to the difference in lattice constant and the difference
in thermal expansion coefficient tends to cause an
I ncrease in warpage and plastic deformation, stress
reduction is perfornmed by the growth conditions and the
rel axation | ayer.

[ 0005]

For exanmple, in Patent Docunment 1, stress
relaxation is perfornmed by using an internmedi ate | ayer
of galliumnitride based conmpound sem conductors that
are periodically lamnated a plurality of layers, and a

waf er having smal | warpage and cracks is produced.

Cl TATI ON LI ST

PATENT LI TERATURE

[ 0006]

Pat ent Docunent 1: JP 2012-79952 A

SUMVARY OF | NVENTI ON
TECHNI CAL PROBLEM
[ 0007]

However, in the technique described in Patent
Docunment 1, there is a concern that the growth tine
becones | ong and the degree of freedomin design is
reduced by producing a conplicated internediate | ayer.
[ 0008]

Further, particularly in high frequency devices,

it is necessary to reduce the parasitic capacitance of



the device, its supporting substrate, and peri pheral
packages in order to inprove the high frequency
characteristics. In order to reduce the parasitic
capacitance, if a high resistivity FZ silicon single
crystal substrate that does not generate thermal donor
I's used as a support substrate or a package, it is
considered that the characteristics are inproved and
there is a nmerit in ternms of cost.

[ 0009]

On the other hand, the device manufacturing
process includes steps such as epitaxial growh on a
substrate, heat treatnment, and bonding, and in the
process, stress is generated in the substrate due to the
difference in lattice constant and the difference in
t hermal expansion coefficient between different
materials. However, the FZ substrate has a denerit that
the Young's nmodulus at the time of first dislocation
generation is |low and plastic deformation is likely to
occur as conpared with a normal low resistivity CZ
substrate. When plastic deformati on occurs, the wafer is
greatly distorted and its shape cannot be restored,
whi ch may cause warpage abnormality or bonding failure.
[ 0010]

It is conceivable to increase the nitrogen
concentration of the FZ substrate to inprove the
mechani cal properties, but there has been a problemthat
it is difficult to obtain a single crystal with a high
ni trogen concentration in the bulk in the production of
a silicon single crystal by the FZ nethod, and the yield
s | ow.

[0011]
The present invention has been nade to solve the

above problens, it is an object of the present invention



to provide a silicon single crystal substrate for vapor
phase growth, which is difficult to be plastically

def ormed, a vapor phase growth substrate with the

pl astic deformati on suppressed and net hods for producing
themin order to suppress the occurrence of warpage
abnormal ity and bonding failure.

SOLUTI ON TO PROBLEM
[0012]

The present invention has been nade to achieve the
above object, and provides a silicon single crystal
substrate for vapor phase growth, conprising the silicon
single crystal substrate being nade of an FZ crystal
having a resistivity of 1000 Qcm or more, wherein the
surface of the silicon single crystal substrate is
provided with a high nitrogen concentration |ayer having
a nitrogen concentration higher than that of other
regions and a nitrogen concentration of 5 x 1015
atonms/ cn® or more and a thickness of 10 to 100 um.

[ 0013]

A silicon single crystal substrate for vapor phase
growth composed of such a high resistivity FZ crystal is
suitable for a substrate for high frequency devices
because the parasitic capacitance is reduced. Since it
contains a high concentration of nitrogen at the surface
of the substrate, it has excellent nmechanical properties.
When form ng a vapor phase growth | ayer of a
sem conductor single crystal, plastic deformation is
unli kely to occur, and the occurrence of warpage
abnormal ity and bonding failure is suppressed.

[ 0014]
At this tinme, a vapor phase growh substrate can

be the silicon single crystal substrate having a vapor



phase growth | ayer of a sem conductor single crystal on
it.
[ 0015]

Such a vapor phase grow h substrate is suitable
for high frequency devices, and since the surface of the
substrate for vapor phase growth contains a high
concentration of nitrogen, plastic deformation is
suppressed, and occurrence of warpage abnormality and
bonding failure is suppressed.

[ 0016]

At this time, the vapor phase growth substrate can
have a vapor phase growh |ayer of the sem conductor
single crystal containing a nitride sem conductor.

[0017]

This makes the substrate nore suitable for high
frequency devices. Further, in particular, the effect of
t he present invention is remarkable in a vapor phase
growth substrate in which a nitride sem conductor such
as GaN is forned on a silicon single crystal substrate,
which is prone to increase in warpage and plastic
deformation due to stress due to a difference in lattice
constant and a difference in thermal expansion
coefficient.

[ 0018]

The present invention also provides a nethod for
producing a silicon single crystal substrate for vapor
phase growth, wherein a silicon single crystal substrate
having a resistivity of 1000 Qcm or more manufactured by
the FZ method is subjected to RTA treatnent in a
ni trogen-contai ni ng gas atnosphere, to forma high
ni trogen concentration | ayer having a nitrogen
concentration higher than that of other regions and a

ni trogen concentration of 5 x 1015 atons/cn® or nore and



a thickness of 10 to 100 um at the surface of the
silicon single crystal substrate.
[ 0019]

According to such a nethod for producing a
substrate for vapor phase growth, the substrate for
vapor phase growh, that is suitable for a substrate for
a high frequency device, has excellent mechanica
properties due to the surface of a silicon single
crystal substrate for vapor phase growth contains a high
concentration of nitrogen, and the substrate for vapor
phase growth is resistant to plastic deformati on when
form ng a vapor phase growth |l ayer of a sem conductor
single crystal and can suppress the occurrence of
war page abnormality and bonding failure, can be produced
easily.

[ 0020]

At this tinme, it can be a nethod for producing a
vapor phase growth substrate, in which a sen conductor
single crystal |layer is vapor phase deposited on the
substrate for vapor phase growh produced by the above
menti oned nmet hod for producing a substrate for vapor
phase growt h.

[ 0021]

This makes it possible to easily produce a vapor
phase growt h substrate in which warpage and plastic
def ormati on are suppressed.

[ 0022]

At this tinme, it can be the nmethod for producing a
vapor phase growth substrate in which the sem conductor
single crystal |ayer contains a nitride sem conductor
[ 0023]

This makes it possible to easily produce a vapor
phase growt h substrate in which warpage and plastic



def ormati on are suppressed, which is extrenely suitable

for producing a high frequency device.

ADVANTAGEOUS EFFECTS OF | NVENTI ON
[ 0024]

As descri bed above, according to the silicon
single crystal substrate for vapor phase growth of the
present invention, it is suitable for a substrate for
hi gh frequency devi ces because the parasitic capacitance
I's reduced, and has excell ent nechanical properties, and
when t he vapor phase growh |ayer of a sem conduct or
single crystal is formed, it is difficult to be
pl astically deforned, and it is possible to suppress the
occurrence of abnormal warpage and bonding failure.
Further, according to the nmethod for producing a silicon
single crystal substrate for vapor phase growth of the
present invention, that is suitable for a substrate for
a high frequency device, and the substrate for vapor
phase growth is resistant to plastic deformation when
form ng a vapor phase growth |l ayer of a sem conductor
single crystal and can suppress the occurrence of
war page abnormality and bonding failure, can be produced

easily.

BRI EF DESCRI PTI ON OF DRAW NGS

[ 0025]

FIG 1 shows a conceptual diagram of a silicon single
crystal substrate for vapor phase growth according to
the present invention.

FIG 2 shows a conceptual diagram of a vapor phase
growth substrate according to the present invention.
FIG 3 shows a conceptual diagram of another exanple

(HEMT) of a vapor phase growth substrate according to



the present invention.

FIG 4 shows a conparison of the curvatures of the
epi t axi al substrates according to Exanples 1 and 2 and
Conparative Exanples 1 and 2 at which plastic
deformation starts.

DESCRI PTI ON OF EMBODI MENTS
[ 0026]

Herei nafter, the present invention will be
described in detail, but the present invention is not
limted thereto.

[ 0027]

As descri bed above, in order to suppress the
occurrence of warpage abnormality and bonding failure, a
silicon single crystal substrate for vapor phase growth
that is hard to be plastically defornmed has been
required.

[ 0028]

As a result of diligent studies on the above
probl enms, the inventors of the present invention have
found that a silicon single crystal substrate for vapor
phase growth, conprising the silicon single crystal
substrate being made of an FZ crystal having a
resistivity of 1000 Qcm or more, wherein the surface of
the silicon single crystal substrate is provided with a
hi gh nitrogen concentration |ayer having a nitrogen
concentration higher than that of other regions and a
ni trogen concentration of 5 x 1015 atons/cn® or nore and
a thickness of 10 to 100 um, 1is suitable for substrates
for high frequency devices since the substrate reduces
parasitic capacitance, and because the surface of the
substrate contains a high concentration of nitrogen, it

has excel |l ent nmechani cal properties when a vapor phase



growth | ayer of sem conductor single crystals is forned,
pl astic deformation is unlikely to occur, and the
occurrence of warpage abnormality and bonding failure is
suppressed and conpl eted the present invention.

[ 0029]

The inventors of the present invention also have
found that a method for producing a silicon single
crystal substrate for vapor phase growth, wherein a
silicon single crystal substrate having a resistivity of
1000 Qcm or more manufactured by the FZ method is
subjected to RTA treatnent in a nitrogen-containing gas
at nosphere, to forma high nitrogen concentration |ayer
having a nitrogen concentration higher than that of
ot her regions and a nitrogen concentration of 5 x 1015
atons/ cn® or more and a thickness of 10 to 100 um at the
surface of the silicon single crystal substrate, that is
suitable for a substrate for a high frequency device,
and the surface of the silicon single crystal substrate
for vapor phase growth contains a high concentration of
nitrogen, it has excell ent mechani cal properties, when a
vapor phase growth | ayer of sem conductor single
crystals is fornmed, it is resistant to plastic
def ormati on and it can suppress the occurrence of
war page abnormality and bonding failure, can be produced
easily and conpl eted the present invention.

[ 0030]

Herei nafter, an enbodi nent of a silicon single
crystal substrate for vapor phase growth, a vapor phase
growt h substrate, and methods for producing them

according to the present invention will be described
with reference to FIGS. 1 to 3.
[ 0031]

(Silicon single crystal substrate for vapor phase
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gr owt h)

FIG 1 shows a conceptual diagram of a silicon
single crystal substrate for vapor phase growth
according to the present invention. As the silicon
single crystal substrate 10 for vapor phase growth
according to the present invention, in order to reduce
t he | eakage current through the substrate, a single
crystal ingot manufactured by the FZ method, which is
| ess affected by the thermal donor, is sliced into a
waf er shape, and a silicon single crystal substrate
conposed of a FZ crystal and having a resistivity of
1000 Qcm or more is used. Here, the upper limit of the
resistivity of the silicon single crystal substrate is
not particularly limted, but my be, for exanple, 10
kQcm or less. Further, the silicon single crystal
substrate 10 for vapor phase growth according to the
present invention has a high nitrogen concentration
| ayer 1 at the front surface, which has higher nitrogen
concentration than that of other regions (bulk or back
surface), and the nitrogen concentration is 5 x 1015
atoms/cn® or nore, and the thickness of the high
nitrogen concentration layer 1 is 10 to 100 um. The
upper limt of the nitrogen concentration of the high
ni trogen concentration |layer 1 can be 5 x 1016 at ons/cn®.
Further, a plurality of high nitrogen concentration
| ayers 1 may be formed by changing the concentration. A
trap-rich |ayer that degrades the carrier lifetinme my
be fornmed on the surface of the silicon single crystal
substrate 10.

[ 0032]
(Vapor phase growth substrate)

FIG 2 shows a conceptual diagram of a vapor phase
growth substrate according to the present invention. The
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vapor phase growth substrate 20 according to the present
i nvention has the vapor phase growth |layer 2 of the
sem conductor single crystal on the high nitrogen
concentration |layer 1 of the silicon single crystal
substrate 10. The vapor phase growth |layer 2 is formed
by vapor phase growth such as a thermal CVD nethod, a
MOVPE net hod, an MBE net hod, a vacuum vapor deposition
met hod, and a sputtering nmethod, and functions as a
devi ce | ayer, for exanple.
[ 0033]

The conposition, filmthickness, or the |ike of
t he vapor phase growth |layer 2 of the sem conductor
single crystal are not particularly limted. For exanple,
silicon thin film silicon carbide, and nitride (group
[11-V) sem conductors such as GaN, AIN, InN, Al GN,
InGaN, AllnN, and Al ScN can be used. The filmthickness
can be, for example, 1 to 10 um, and can be designed
according to the device.
[ 0034]

Further, as shown in FIG 2, an internedi ate | ayer
3 may be provided. The intermediate |ayer 3 functions as
a buffer layer inserted for inproving the crystallinity
of the device |layer and controlling the stress. The
i ntermedi ate | ayer 3 may be omtted when there is no
need to i nmprove stress or crystallinity, such as silicon
hono-epitaxial. On the other hand, due to the
configuration of a device such as a high frequency
filter, it my be made of a netal that can be used as a
sacrificial layer for creating a spacer or an el ectrode.
[ 0035]

FIG 3 shows a conceptual diagram of another
exanpl e of a vapor phase growth substrate 30 accordi ng

to the present invention. For exanple, in the high
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mobility transistor (HEMI) structure shown in FIG 3,

t he vapor phase growth |layer 2 that functions as a
device | ayer is conposed of a galliumnitride 2a and an
el ectron supply | ayer 2b nade of Al GaN forned on the
galliumnitride 2a. The vapor phase growth layer 2 is
preferably a crystal having few crystal defects and few
i npurities such as carbon and oxygen in order to inprove
devi ce characteristics.

[ 0036]

Galliumnitride has a lattice constant difference
of 17% and a thermal expansion coefficient difference of
116% fromthat of a silicon (111) single crystal, and
stress is applied to a thin filmor a substrate during
the growth at a high tenperature. Further, since the
wafer is usually heated to 1000 °C or higher during the
growt h, when the wafer is stressed, it does not break
brittlely and exhibits ductility, causing dislocations
and plastic deformation.

[ 0037]

The silicon single crystal substrate according to
t he present invention is suitable as a substrate for
hi gh frequency devi ces because the parasitic capacitance
is reduced. Further, since the surface of the substrate
contains a high concentration of nitrogen, it has
excel | ent nechani cal properties. Therefore, when form ng
a vapor phase growth | ayer of a sem conductor single
crystal, it is possible to prevent the propagation of
di sl ocations of the silicon single crystal substrate and
prevent plastic deformation. Then, by preventing the
plastic deformation, it is possible to reduce the warp
abnormality and i nprove the yield. In addition, since
the substrate can withstand stress, the filmthickness

of the vapor phase growh |ayer can be increased, and
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t he degree of freedomin device design is inproved.

[ 0038]

(Met hod for producing a silicon single crystal substrate
for vapor phase growth)

In the silicon single crystal substrate 10 for
vapor phase growth as descri bed above, first, a silicon
single crystal ingot having a resistivity of 1000 Qcm or
nore is manufactured by the FZ nmethod, and the ingot is
sliced into wafers to forma silicon single crystal
substrate. The substrate is produced by a nethod of
I njecting nitrogen by perform ng RTA (Rapid Ther nmal
Anneal ing) treatnment in a nitrogen-containing gas
at nosphere such as ammmoni a gas. The conditions for the
RTA treatnent are not particularly limted, and may be
any conditions as long as the nitrogen concentrati on and
t hi ckness of the high nitrogen concentration |layer 1 are
within the above ranges.

[ 0039]

When t he above treatnent is perforned, a silicon
nitride layer by RTA treatnment is formed on the high
ni trogen concentration layer 1, and this silicon nitride
| ayer can be renoved by etching or polishing. In the
next step, it is essential to renmove the nitride |ayer
by etching or polishing on the side where the
i nternedi ate | ayer or the vapor phase growth | ayer of
t he sem conductor single crystal is formed, but the
silicon nitride layer may remain on the back surface and
t he edge surface, or it may be renoved. Further, when
the trap-rich layer is fornmed, the nethod for form ng
the trap-rich layer is not particularly limted, but it
can be fornmed by ion inplantation or irradiation with
ionizing radiation such as electron beam, X-ray, and y-

ray.
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[ 0040]
(Met hod for producing a vapor phase growth substrate)

The vapor phase growth substrate 20 according to
t he present invention can be produced by perform ng
vapor phase growth, such as thermal CVD nethod, MOVPE
met hod, MBE net hod, vacuum vapor deposition nethod, and
sputtering nmethod, a sem conductor single crystal vapor
phase growth | ayer 2 on the high nitrogen concentration
| ayer 1 of the silicon single crystal substrate 10 via
an internediate layer 3 if necessary. In the above-
menti oned HEMI exanple, when GaN or AlGaN is formed as
t he vapor phase growth layer 2, it can be produced at a
growth tenmperature of 900 °C to 1350 °C by using, for
exanmpl e, the MOVPE net hod. These vapor phase growth
conditions may be carried out under generally used
condi tions.

EXAMPLE
[ 0041]

Herei nafter, the present invention will be
specifically described with reference to exanples, but
this does not limt the present invention.

[ 0042]

First, two types of wafers, which were silicon
single crystal substrates conposed of FZ crystals having
a diameter of 6 inches (150 mm, a plane orientation
(111), and a resistivity of 1000 Qcm or more, and having
different nitrogen concentrations, were prepared. As a
result of analyzing each nitrogen concentration by FT-IR
and SI MS nmeasurenent, the substrate having a | ow
ni trogen concentration was 3.0 x 1014 atoms/cn®?, and the
substrate having a high nitrogen concentration was 2.0 x
1015 at oms/ cn®.

[ 0043]
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(Exanple 1)

A silicon single crystal substrate having a
ni trogen concentration of 3.0 x 104 atonms/cn? was used,
and nitrogen was injected into the surface |ayer by heat
treatnment by the RTA method. The RTA treatnment
conditions were 1250 °C and 10 sec in an NHz and Ar
at nosphere, and a high nitrogen concentration |ayer
having a nitrogen concentration of 5 x 1015 /cn® and a
thickness of 38 um was formed at the surface layer of
the silicon single crystal substrate. After the RTA
treatnment, the silicon nitride filmwas renoved by HF
cl eaning. Then, GaN, as a nitride sem conductor, was
epitaxially grown by the MOVPE net hod. An epitaxial
layer having a total film thickness of 4.5 pm was grown
at a growth tenperature of 1000 to 1200 °C. For
epitaxial growth, the growth substrates prepared in each
of Exanple 1, Exanple 2 and Conparative Exanples 1 and 2
descri bed bel ow were carried out in the same MOVPE
furnace.
[ 0044]
(Exanpl e 2)

An epitaxial layer of GaN, as a nitride
sem conductor, was forned in the sane manner as in
Exanpl e 1 except that a silicon single crystal substrate
having a nitrogen concentration of 2.0 x 1015 at ons/cn®
was used.
[ 0045]
(Conpar ati ve Exanpl e 1)

Using the sanme silicon single crystal substrate as
i n Exanple 1, an epitaxial layer was fornmed w thout
perform ng RTA treatnment (wi thout form ng a high
ni trogen concentration | ayer).
[ 0046]
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(Conpar ati ve Exanpl e 2)

Using the sanme silicon single crystal substrate as
in Exanple 2, an epitaxial |ayer was fornmed w thout
perform ng RTA treatnment (w thout form ng a high
ni trogen concentration | ayer).

[ 0047]
( Eval uati on)

For the vapor phase growth substrates of Exanples
1 and 2 and Conparative Exanples 1 and 2 in which the
epi taxial layer was formed as descri bed above, the
curvatures at which plastic deformation started were
conpared. For this evaluation, EpiCurve TT manufactured
by LAYTEC was used as a neasuring device, and the
curvature of the wafer during the growth was neasured by
i ncident two | aser beans in parallel into the chanber
and changing the position of the reflected | aser spot.

[ 0048]

The results are shown in FIG 4. As shown in FIG
4, it was found that regardl ess of the nitrogen
concentration in the bulk, by perform ng the RTA
treatment to forma high nitrogen concentration | ayer,

t he curvature at which plastic deformation started

during the vapor phase growth of the sem conductor

single crystal |ayer becane |large and the yield stress
becanme | arge. In particular, a large inprovenment was

seen in the sanples with | ow bulk nitrogen concentrati on.
[ 0049]

The present invention is not limted to the above
enbodi mrent. The above-descri bed enbodi nent is an exanple,
and any exanpl es having substantially the sane structure
and having the sanme effect as the technical idea
described in the clainms of the present invention are

i ncluded in the technical scope of the present invention.
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CLAI M5

1. A silicon single crystal substrate for vapor phase
gr owt h,

conprising the silicon single crystal substrate
bei ng made of an FZ crystal having a resistivity of 1000
Qcm or more,

wherein the surface of the silicon single crystal
substrate is provided with a high nitrogen concentration
| ayer having a nitrogen concentration higher than that
of other regions and a nitrogen concentration of 5 x

1015 atonms/cn? or more and a thickness of 10 to 100 um.

2. A vapor phase growth substrate, wherein a vapor
phase growth | ayer of a sem conductor single crystal is
provided on the silicon single crystal substrate

according to claiml.

3. The vapor phase growth substrate according to
claim 2, wherein the vapor phase growth |ayer of the
sem conductor single crystal contains a nitride

sem conduct or .

4. A nmethod for producing a silicon single crystal
substrate for vapor phase growth

wherein a silicon single crystal substrate having
a resistivity of 1000 Qcm or more manufactured by the FZ
met hod i s subjected to RTA treatnent in a nitrogen-
cont ai ni ng gas atnosphere, to forma high nitrogen
concentration |ayer having a nitrogen concentration
hi gher than that of other regions and a nitrogen
concentration of 5 x 1015 atoms/cn? or nore and a

thickness of 10 to 100 um at the surface of the silicon



18

single crystal substrate.

5. A nmet hod for producing a vapor phase growth
substrate, which conprises growi ng a sem conduct or
single crystal layer in vapor phase on the substrate for
vapor phase growth produced by the nethod for producing

a substrate for vapor phase growth according to claim4.

6. The nethod for produci ng a vapor phase growth
substrate according to claim5, wherein the
sem conduct or single crystal |ayer contains a nitride

sem conduct or .



