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EPITAXIAL WAFER MANUFACTURING
METHOD AND EPITAXIAL WAFER

Matter enclosed in heavy brackets [ ]| appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue; a claim printed with strikethrough
indicates that the claim was canceled, disclaimed, or held
invalid by a prior post-patent action or proceeding.

The present application 1s a Reissue of U.S. patent appli-

cation Ser. No. 15/996,924, now U.S. Pat. No. 10,453,682,
which is a Divisional Application of U.S. application Ser.
No. 15/104,692, filed on Jun. 15, 2016, which 1s a U.S.
National Stage Application of International Patent Applica-
tion No. PCT/JP2014/006163 filed on Dec. 10, 2014, which
claims priority to Japanese Application No. 2014-001074
filed on Jan. 7, 2014. The disclosures of U.S. application Ser.
No. 15/104,692 and International Patent Application No.
PCT/1P2014/006163 are incorporated by reference herein 1n

their entireties.

TECHNICAL FIELD

The present disclosure relates to a method of manufac-
turing an epitaxial waler and an epitaxial wafer, and espe-
cially relates to a method of manufacturing an epitaxial
waler having an excellent gettering capability while sup-
pressing formation ol epitaxial defects.

BACKGROUND

In recent years, due to the development of increasingly
mimaturized silicon devices, a device forming region 1s
required not to have crystal defects which may cause an
increase in leak current and a decrease in lifetime of a
carrier. To meet the requirement, an epitaxial water, 1n which
an epitaxial layer 1s grown on a silicon wafer, 1s produced,
and the surface epitaxial layer 1s used as the device forming
region.

Meanwhile, one problem 1n the process of manufacturing,
such a silicon device may be contamination of heavy metals
into the wafer. For example, the waler contaminated with
heavy metals, such as cobalt, copper, and nickel, will cause
harmiul effects on the device characteristics, including poor
pose time, poor retention, poor junction leak, and nsulation
breakage of an oxide film. In view of the above, a gettering,
method 1s typically adopted to suppress diffusion of the
heavy metals into the device forming region.

Examples of a gettering method include an intrinsic
gettering method (IG method) of precipitating oxygen 1n the
waler to use the formed oxide precipitates as a gettering site,
and an extrinsic gettering method (EG method) of applying
mechanical strain to a back surface of the water by a sand
blast process or the like or of forming, as a gettering site, a
polycrystalline silicon film or the like on the back surtace.

However, due to the lowered temperature at the device
formation process and the increased diameter of the silicon
waler, the problem that the silicon wafer, and thus the
epitaxial waler are not imparted with a suflicient gettering
capability has occurred. That 1s to say, the lowered tempera-
ture at the formation process has made 1t diflicult to form
oxide precipitates 1n the water. Furthermore, 1n cases of the
silicon wafer having a diameter of 300 mm or more,
typically, not only the main surface but also the back surface
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1s subject to mirror-polishing processing, and therefore,
mechanical strain cannot be applied to the back surface of
the waler, and a polycrystalline silicon film cannot be
formed thereon. Thus, at the present, imparting a gettering
capability to the wafer 1s diflicult.

Under the above background, Patent Literature 1 pro-
poses, as a method of imparting a gettering capability to an
epitaxial water, the technology of producing an epitaxial
waler having an excellent gettering capability by implanting,
carbon 10ons mto a surface of a silicon watler, producing a
silicon water in which a gettering layer, including a region
(hereinafter, called the “high concentration carbon region’™)
containing high concentration carbon, 1s formed on a surface
portion of the silicon wafer, and subsequently forming an
epitaxial layer on the surface of the produced silicon water.

However, when contaminating metals attach to the sur-
face of the water at the time of forming the epitaxial layer
on the silicon waler or forming a device element on the
device forming region, the contaminating metals are unable
to detach from the device forming region due to the lowered
temperature at the device forming process, thereby possibly
failing to be captured by the gettering sites located deep
beneath the surface of the water.

Moreover, to form the gettering layer by implanting
carbon 10ons at a high concentration into the location deep
beneath the surface of the waler, acceleration voltage of the
carbon 10ns needs to be increased. This may lead to degra-
dation of crystallinity on the surface of the water, resulting
in the problem of defects of the epitaxial layer grown
thereon.

As a method for solving the problems, Patent Literature 2
describes the technology of manufacturing an epitaxial
waler that solves the problem of degradation of crystallinity
on the surface of the water and that also has an improved
gettering capability, by forming a modifying layer as the
gettering layer including the high concentration carbon
region by irradiating the waler with 10ons of cluster of a
plurality of atoms or molecules into a shallow location very
close to the surface of the silicon water.

CITATION LIST

Patent Literature

PTL 1: HOS152304A
PTL 2: WO2012017162

SUMMARY
Technical Problem

The modifying layer formed by cluster 1on 1rradiation as
described 1n Patent Literature 2 has a better gettering capa-
bility than the gettering layer formed by the 10n implantation
process as described 1n Patent Literature 1. However, as
described above, the development of increasingly miniatur-
1zed devices have generated increasingly severe demands for
countermeasures against metal contamination, and further
improvement 1n gettering capability 1s sought for.

To improve the gettering capability of the epitaxial waler
in the cluster 1on 1rradiation technology described in Patent
Literature 2, a dose of cluster 1ons to be irradiated may be
increased. However, the present inventors have tried to
produce an epitaxial waler by 1rradiating the silicon water
with cluster 1ons at an increased dose in an attempt to
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improve the gettering capability, and found that crystal
defects (1.e., epitaxial defects) formed 1n the epitaxial layer

are increased.

In this way, improvement in gettering capability and
decrease 1n epitaxial defects have a trade-ofl relation 1n
imparting a gettering capability to the epitaxial water by
using the cluster 1on irradiation technology, and there 1s a
need for establishing a way to manufacture an epitaxial
waler having an excellent gettering capability while sup-
pressing formation of epitaxial defects.

Accordingly, the present disclosure 1s to provide a method
of manufacturing an epitaxial waler having an excellent

gettering capability while suppressing formation of epitaxial
defects.

Solution to Problem

The present mnventors have conducted earnest studies on

a way 1o solve the above problem. Consequently, the present

inventors have found that lowering a resistivity of the silicon

waler, which 1s a substrate of the epitaxial wafer, 1s eflective
for suppressing formation of defects in the epitaxial layer to
provide the epitaxial waler having an improved gettering,
capability by using the cluster 1on irradiation technology.

However, generally speaking, the epitaxial water in which
the epitaxial layer having a higher resistivity than the silicon
waler 1s formed by using the silicon wafer having a low
resistivity faces the problem that the resistivity of the
epitaxial layer may vary due to dopants and oxygen in the
silicon waler being diflused into the epitaxial layer by, for
example, heat treatment 1n the device forming process.

The present mventors have conducted experiments and
found that wrradiating the silicon waler having a low resis-
tivity with cluster 1ons 1n a predetermined dose range
suppresses diffusion of dopants from the silicon water into
the epitaxial layer and also suppresses diffusion of oxygen
from the silicon wafer into the epitaxial layer, and thus,
achieved the present disclosure.

In detail, features of the present disclosure are as follows.

(1) A method of manufacturing an epitaxial water, including:
a cluster 1on wrradiation step of irradiating a surface of a
silicon waler having a resistivity of from 0.001 Q-cm to
0.1 Q-cm with cluster 10ns containing at least carbon at a
dose of from 2.0x10'* atoms/cm” to 1.0x10"° atoms/cm”
to form, on a surface portion of the silicon wafer, a
modilying layer composed of a constituent element of the
cluster 1ons 1n the form of a solid solution; and an
epitaxial layer forming step of forming, on the modifying
layer on the silicon wafer, an epitaxial layer having a
resistivity that 1s higher than the resistivity of the silicon
walfer.

(2) The method of manufacturing an epitaxial water accord-
ing to (1), wherein the cluster 10ons includes two or more
clements 1including carbon as a constituent element.

(3) The method of manufacturing an epitaxial water accord-
ing to (1) or (2), wherein the resistivity of the silicon
waler 1s adjusted by addition of boron.

(4) The method of manufacturing an epitaxial water accord-
ing to any one of (1) to (3) further including: a heat
treatment step, performed after the cluster 10n 1rradiation
step and before the epitaxial layer forming step, of per-
forming heat treatment 1n a non-oxidizing atmosphere at
a temperature of from 500° C. to 1100° C.

(5) An epitaxial water, including: a silicon water having a
resistivity of from 0.001 Q-cm to 0.1 Q-cm; and a modi-
tying layer formed on a surface portion of the silicon
waler and composed of a predetermined element 1nclud-
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4

ing at least carbon, 1n the form of a solid solution 1n the
silicon water; and an epitaxial layer having a resistivity
that 1s higher than the resistivity of the silicon wafer,
wherein a concentration profile of the predetermined
clement 1n the moditying layer 1n a depth direction thereof
has a full width halt maximum of 100 nm or less, and the
concentration profile 1n the modifying layer has a peak
concentration of from 9.0x10'® atoms/cm’ to 1.0x10%*
atoms/cm”.

(6) The epitaxial water according to (5), wherein the con-
centration profile 1 the modifying layer has a peak
located 1n the range at a depth of 150 nm or less from a
surface of the silicon wafer.

(7) The epitaxial water according to (35) or (6), wherein the
predetermined element includes two or more elements
including carbon.

(8) The epitaxial water according to any one of (5) to (7),
wherein the resistivity of the silicon water 1s adjusted by

addition of boron.

Advantageous Eflects

According to the present disclosure, since the silicon
waler having a low resistivity 1s used as the substrate of the
epitaxial waler, the epitaxial waler having an excellent
gettering capability 1s achieved while formation of epitaxial
defects 1s suppressed.

Furthermore, since the cluster 1ons are 1rradiated at a dose
in the appropriate range to the aforementioned silicon wafer
having a low resistivity, the diffusion of oxygen and dopants
from the silicon wafer into the epitaxial layer 1s suppressed.,
and a variation in resistivity of the epitaxial layer 1s sup-
pressed.

BRIEF DESCRIPTION OF THE DRAWINGS

In the accompanying drawings:

FIGS. 1A to 1D are schematic sectional views 1llustrating,
a method of manufacturing an epitaxial wafer according to
the present disclosure;

FIG. 2 1llustrates a relation between a dose of cluster 1ons
and the eflect of suppressing boron from being diflused into
an epitaxial layer;

FIG. 3 1llustrates the eflect that the diflusion of oxygen 1n
a silicon wafer into an epitaxial layer 1s suppressed by a
method of manufacturing an epitaxial water according to the
present disclosure; and

FIGS. 4A and 4B each illustrate the effect that a variation
in resistivity 1n a silicon water 1s suppressed by a method of
manufacturing an epitaxial water according to the present
disclosure.

DETAILED DESCRIPTION

Method of Manutacturing Epitaxial Water

Embodiments of the present disclosure will be described
below with reference to the drawings. FIG. 1 1s a schematic
sectional view illustrating a method of manufacturing an
epitaxial waler according to the present disclosure. The
method of manufacturing an epitaxial water 100 1llustrated
in the figure includes a cluster 1on 1rradiation step (FIGS. 1A
to 1C) of irradiating a surface 10A of a silicon water 10 with
cluster 1ons 16 containing at least carbon to form, on a
surface portion of the silicon water 10, a modifying layer 18
composed of a constituent element of the cluster 1ons 16 1n
the form of a solid solution, and an epitaxial layer forming
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step (FIG. 1D) of forming, on the modifying layer 18 on the
silicon wafer 10, an epitaxial layer 20 having a higher
resistivity than the silicon water 10. Herein, 1t 1s essential
that the silicon water 10 have a resistivity of from 0.001
Q-cm to 0.1 Q-cm and that the cluster 1ons 16 be rradiated
at a dose of from 2.0x10™* atoms/cm® to 1.0x10"°® atoms/
cm®.

By thus increasing a dose of the cluster 1ons when
irradiating the silicon water with the cluster 1ons to impart
a gettering capability to the epitaxial waler, the gettering
capability of the epitaxial watfer 1s improved. Furthermore,
by using the silicon water having a low resistivity, formation
ol defects 1n the epitaxial layer 1s suppressed. The reason
appears to be that addition of high concentration dopants
reduces the heat conductivity of the silicon wafer per se, and
heat generated when the cluster 1ons collide with the surface
of the silicon wafer 1s less likely to be removed, and
accordingly, damages caused by irradiation of the cluster
ions on the surface of the silicon watfer tend to be recovered
by the heat generated by 1rradiation of the cluster ions.

Thus, 1n the cluster 10n 1rradiation technology, the use of
the silicon water having a resistivity of from 0.001 Q-cm to
0.1 Q-cm allows manufacturing of an epitaxial water having
an excellent gettering capability, while formation of epi-
taxial defects 1s suppressed. Meanwhile, a resistivity of
higher than 0.1 Q-cm will not provide a satisfactory effect of
suppressing formation of epitaxial defects due to high resis-
tance, and a resistivity of lower than 0.001 Q-cm will hinder
growth of silicon crystal per se.

Furthermore, by setting a dose of the irradiated cluster
ions to be 2.0x10'* atoms/cm” or more, diffusion of dopants
and oxygen 1n the silicon wafer into the epitaxial layer 1s
suppressed even alter heat treatment in the device forming
process, and a variation in resistivity of the epitaxial layer 1s
suppressed. The reason appears to be that, although inter-
stitial silicon enhances diffusion of dopants, high concen-
tration carbon in the irradiated cluster 1ons 1s bonded to
interstitial silicon and reduces the concentration of intersti-
tial silicon, and consequently, suppresses diflusion of dop-
ants. However, a dose of greater than 1.0x10'° atoms/cm®
might increase disturbance of crystallinity on the outermost
surface of the silicon watfer, possibly increasing the number
of defects formed in the epitaxial layer during epitaxial
growth processing.

Thus, the use of the silicon wafer having a resistivity of
from 0.001 Q-cm to 0.1 Q-cm and the irradiation of the
cluster ions at a dose of from 2.0x10'* atoms/cm” to 1.0x
10"° atoms/cm” provide an epitaxial wafer having an excel-
lent gettering capability that suppressed diflusion of dopants
and oxygen in the silicon wafer into the epitaxial layer
during heat treatment in the device forming process while
suppressing formation of epitaxial defects. The following
describes steps mcluded 1n the method of manufacturing an
epitaxial waler according to present disclosure.

Firstly, as the substrate of the epitaxial water 100, the
silicon wafer 10 having a resistivity of from 0.001 Q-cm to
0.1 Q-cm 1s prepared (FIG. 1A). A resistivity herein may be
measured by any measurement method, such as the Spread-
ing Resistance Analysis (SR) method and the four point
probe method.

Such a single-crystal silicon 1ngot as the material of the
silicon waler 10 may be produced by, for example, the
Czochralski (CZ) method. In detail, seed crystal 1s immersed
in a molten liquid of silicon contained in a quartz crucible,
and the seed crystal 1s pulled up while the quartz crucible
and the seed crystal are rotated, and thus, a single-crystal
s1licon ingot may be produced.
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The resistivity may be set to the alorementioned range by
adjusting the amount of dopants poured into the quartz
crucible. As the dopants, for example, any of boron, phos-
phorus, antimony, and arsenic dopants, whether p-type or
n-type, may be used. Additionally, arsenic and antimony
evaporate very easily, and this makes 1t dithicult to satisfac-
torily increase the concentration of the dopants 1n silicon
crystal and raises the 1ssue of difliculty 1n manufacturing
silicon crystal having a low resistivity. On the other hand,
boron and phosphorus have a segregation coetlicient that 1s
closer to 1 and allows manufacturing of the silicon wafer
having a low resistivity. Accordingly, boron or phosphorus
1s preferably used. Especially, boron, when used, offers an
advantage that the gettering effect with respect to, for
example, Fe, whose diffusion rate 1s relatively low, may be
enhanced.

Secondly, cluster 10ns 16, 1.e., an 1onized cluster contain-
ing at least carbon, are irradiated on the surface 10A of the
prepared silicon water 10 having a low resistivity (FIG. 1B).
The 1rradiation of the cluster 1ons 16 allows a constituent
clement of the cluster 10ns 16 to be introduced to the surface
portion of the silicon water 10 at a lower energy than that of
monomer 10ns, and therefore, allows a location at which the
concentration of the constituent element of the cluster 10ns
16 including carbon, 1s maximum to be positioned closer to
the surtace 10A compared with cases where monomer 10ns
are 1implanted. The irradiation of the cluster 1ons 16 also
narrows the range 1n the depth direction of the wafer in
which the constituent element of the cluster ions 16 1s
distributed, and therefore, increase the maximum concen-
tration of the constituent element of the cluster ions 16.
Furthermore, since the cluster 1ons 16 are irradiated at a low
energy, a decrease in crystallinity on the surface of the
silicon watfer 10 1s suppressed.

Herein, as a carbon source of the cluster 1ons, ethane,
methane, propane, dibenzyl (C,.H,,), carbon dioxide
(CO,), or the like may be used. Due to easiness 1n forming,
small-sized cluster 1on beams, clustered C H_ (3=n=<16,
3=m=10) formed from pyrene (C,H,,), dibenzyl (C, H, ).
or the like 1s preferably used.

A dose of the cluster ions 16 is from 2.0x10'* atoms/cm”
to 1.0x10%° atoms/cm?. As described above, with a dose of
less than 2.0x10"* atoms/cm”, the diffusion of dopants and
oxygen 1n the silicon water 1nto the epitaxial layer cannot be
suppressed. On the other hand, with a dose of greater than
1.0x10'® atoms/cm®, degradation of crystallinity on the
outermost surface of the silicon wafer might be increased
excessively, possibly causing defects to occur in the epi-
taxial layer during epitaxial growth processing. When the
cluster ions are irradiated at a dose of from 2.0x10'*
atoms/cm” to 1.0x10"°® atoms/cm?, a concentration profile of
the constituent element 1n the moditying layer 18 in the
depth direction thereof has a peak concentration of from
9.0x10'® atoms/cm” to 1.0x10*" atoms/cm”.

Additionally, when the constituent element includes two
or more elements, the “concentration profile of the constitu-
ent element 1n the depth direction” herein refers to an
individual profile of each element, not of the elements 1n
total.

In 1rradiation of the cluster 1ons, the depth location of the
moditying layer 18 as the gettering layer depends on the
acceleration voltage and cluster size of the cluster ions 16.
For formation of the moditying layer 18 on the surface
portion of the silicon watfer 10, the acceleration voltage of
the cluster 1ons 16 1s from greater than 0 keV/atom to less
than or equal to 50 keV/atom. Preferably, the acceleration
voltage 1s 40 keV/atom or less. The cluster size 1s 2 or more
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and 1s preferably 50 or less. Herein, the “cluster size™ refers
to the number of atoms or molecules constituting a single
cluster.

Furthermore, the cluster 1ons pretferably includes two or
more elements including carbon as a constituent element, in
other words, includes one or more element in addition to
carbon. The reason 1s that types of metals that may be
gettered effectively vary according to types of precipitated
clements, and a wider variety of metal contamination may be
addressed by forming a solid solution of two or more
clements. For example, hydrogen, phosphorus, boron, or the
like, 1n addition to carbon, may be included. For example,
when carbon 1s included, nickel and copper may be gettered
cllectively, and when boron 1s included, copper and iron may
be gettered eflectively.

In this way, the modifying layer 18 as the gettering layer
including the high concentration carbon region 1s formed on
the surface portion of the silicon wafer 10, and the silicon
waler 10 having an excellent gettering capability 1s
obtained.

Subsequently, the epitaxial layer 20 1s formed on the
surface 10A of the silicon water 10 (FIG. 1D). The epitaxial
layer 20 herein 1s, for example, a silicon epitaxial layer. The
epitaxial layer 20 has a resistivity that i1s higher than the
resistivity of the silicon water 10 and the value of the
resistivity 1s, for example 1n the range higher than 0.01 Q-cm
to 100 Q-cm. Preferably, the resistivity of the epitaxial layer
20 1s more than 10 times of the resistivity of the silicon wafer
10. The epitaxial layer 20 also has a thickness that may be
determined at will according to design, and the thickness 1s
preferably from 1 um to 15 um.

The epitaxial layer 20 may be formed by a general method
that 1s well-known. For example, with hydrogen being used
as a carrier gas, source gases, such as dichlorosilane, trichlo-
rosilane, and the like may be introduced into a chamber and
epitaxially grown on the silicon water 10 by the Chemical
Vapor Deposition (CVD) method at a temperature of
approximately from 1000 to 11350° C.

The atorementioned method of manufacturing an epi-
taxial watler according to the present disclosure may further
include, after the cluster 1on 1rradiation step and before the
epitaxial layer forming step, recovery heat treatment by
using a heat treatment apparatus that 1s different from an
epitaxial apparatus. The recovery heat treatment may be
performed at a temperature of from 500° C. to 1100° C. for
a time period of from 10 seconds or more to 1 hour or less.
The heat treatment temperature 1s set to be from 500° C. to
1100° C. because a temperature of less than 500° C. 1s
unlikely to provide a crystallinity recovery eflect, whereas a
temperature of greater than 1100° C. will cause slip due to
high-temperature heat treatment and increase heat load to
the apparatus. The heat treatment time period 1s set to be
from 10 seconds or more to 1 hour or less because a time
period of less than 10 seconds 1s unlikely to provide the
crystallinity recovery eflect, whereas a time period of greater
than 1 hour will lead to a decrease in productivity and
increase heat load to the apparatus.

Such recovery heat treatment may be performed by using,
for example, a heat treatment apparatus, such as a RTA and
a RTO, with rapid heating up and down, and a batch-type
heat treatment apparatus (a vertical heat treatment apparatus
and a horizontal heat treatment apparatus). Since adopting a
heating system using irradiation of a lamp, the former 1s not
suited for long-time processing in terms of the apparatus
configuration and 1s suited for heat treatment within 15
minutes. On the other hand, although requiring a long time
period to increase temperature to a predetermined tempera-
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ture, the latter 1s capable of processing a plurality of waters
at once. Furthermore, the latter adopts a heating system
using resistance and 1s capable of long-time heat treatment.
The heat treatment apparatus to be used may be selected
suitably 1n consideration of conditions of irradiation of the
cluster 1ons 16.

Epitaxial Waler

Next, a description 1s given of the epitaxial water 100
according to the present disclosure. The epitaxial water 100
according to the present disclosure illustrated in FIG. 1D
includes the silicon wafer 10 having a resistivity of from
0.001 Q-cm to 0.1 Q-cm, the moditying layer 18 formed on
the surface portion of the silicon water 10 and composed of
the predetermined element including at least carbon, 1n the
form of a solid solution 1n the silicon wafer 10, and the
epitaxial layer 20 having a resistivity that 1s higher than that
of the silicon water 10. Herein, a concentration profile of the
predetermined element in the modilying layer 18 in the
depth direction has a full width half maximum of 100 nm or
less, and the concentration profile in the modifying layer 18
has a peak concentration of from 9.0x10'® atoms/cm” to
1.0x10°" atoms/cm”.

Since the epitaxial water 100 uses, as the substrate, the
silicon wafer 10 having a low resistivity, the number of
epitaxial defects formed in the epitaxial layer 1s reduced
compared with cases where a silicon waler having a high
resistivity (such as 10 Q-cm) 1s used. On the surface portion
of the silicon wafer 10, that 1s to say, right below the
epitaxial layer 20, the epitaxial water 100 also includes the
moditying layer 18 including the high concentration carbon
region containing carbon whose concentration profile has a
peak concentration of from 9.0x10'® atoms/cm” to 1.0x10°"
atoms/cmy,.

The “concentration profile 1n the depth direction™ herein
refers to the distribution of concentration in the depth
direction measured by Secondary Iron Mass Spectrometry
(SIMS). In consideration of accuracy ol measurement, when
the thickness of the epitaxial layer 1s greater than 1 um, the
“full width half maximum of the concentration profile of the
predetermined element 1n the depth direction” refers to a full
width half maximum of the concentration profile of the
predetermined element measured by SIMS 1n the state where
the epitaxial layer i1s thinned to 1 um.

From the perspective of achieving an even better gettering
capability 1n the above epitaxial waler according to the
present disclosure, the concentration profile 1n the modify-
ing layer 18 preferably has a peak located in the range at a
depth of 150 nm or less the surface of the silicon water 10.

As described previously, the at least one predetermined
clement preferably includes two or more elements, including
carbon.

Furthermore, the thickness of the modifying layer 18 1n
the depth direction may be 1n the range approximately from

30 to 400 nm.

Thus, the epitaxial water 100 according to the present
disclosure 1s an epitaxial waler having an excellent gettering
capability that exhibits few epitaxial defects and that also
suppresses dopants and oxygen in the silicon wafer from
being diffused into the epitaxial layer during heat treatment
in the device forming process.
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EXAMPLES

Examples 1 to 3

Examples of the present disclosure are described below.

Firstly, as substrates of epitaxial waters, silicon waters
cach having a diameter of 300 mm, a thickness of 775 and
a resistivity of approximately 0.003 Q-cm was prepared.
Secondly, C;H: cluster 10ns as a cluster 1ons were generated
using a cluster 10on generator (model: CLARIS manufactured
by Nissin Ion Equipment Co., Ltd.) and irradiated on a
surtace of each silicon waler under the condition that the
acceleration voltage per carbon atom was 23.4 keV/atom. At
this time, a dose of the cluster 1ons was varied to three levels,
namely, 1.0x10" atoms/cm® (Example 1), 5x10'° atoms/
cm” (Example 2), and 2x10™* atoms/cm” (Example 3). Sub-
sequently, the silicon wafer was transferred into a single
waler processing epitaxial growth apparatus (produced by
Applied Materials, Inc.) and subjected to hydrogen baking at
1120° C. for 30 seconds 1n the apparatus. After that, a silicon
epitaxial layer (thickness: 4.0/um, dopant: boron, resistivity:
approximately 0.3 Q-cm) was epitaxially grown on the
silicon water by CVD at 1130° C. using hydrogen as a
carrier gas and trichlorosilane as a source gas, and thus, the

epitaxial walers according to the present disclosure were
obtained.

Comparative Examples 1 to 4

An epitaxial waler of Comparative Example 1 was pre-
pared in the same manner as Example 1 (1.e., with a dose of
1.0x10" atoms/cm®), except for that a silicon wafer having
a resistivity of approximately 10 Q-cm was used as the
substrate.

An epitaxial waler of Comparative Example 2 was pre-
pared 1n the same manner as Example 2 (1.e., with a dose of
5x10" atoms/cm”, except for that a silicon wafer having a
resistivity of approximately 10 Q-cm was used as the sub-
strate.

An epitaxial waler of Comparative Example 3 was pre-
pared 1n the same manner as Example 1, except for that
cluster 1ons were not wrradiated on the silicon water.

An epitaxial waler of Comparative Example 4 was pre-
pared in the same manner as Example 1, except for that a
dose of the cluster 1ons was changed to a reduced dose of
1x10'* atoms/cm”.

Evaluation of Epitaxial Defects

The number of epitaxial defects formed 1n the epitaxial
layer was evaluated for each of the atorementioned epitaxial
walers of Examples 1 to 3 and Comparative Examples 1 to
4. In detail, by using a surface defect detection apparatus
(SURFSCAN SP-1 manufactured by KLLA-Tencor Corpora-
tion), occurrence condition of Light Point Defects (LPDs)
was observed for evaluation. At this time, an observation
mode was set to a Dark Field Composite Normal (DCN)
mode, concretely under the conditions that LPDs having a
s1ize (diameter) of 90 nm or more 1 a Dark Field Wide
Normal (DWN) mode and 110 nm or more 1n a Dark Field
Narrow Normal (DNN) mode were targeted for detection.
Subsequently, by using a Scanning Flectron Microscope
(SEM), portions 1n which LPDs occurred were observed to
assess whether the LPDs indicated stacking faults. This
assessment was conducted for 10 pieces of waters prepared
for each of Examples 1 to 3 and Comparative Examples 1 to
4, and the average number of stacking faults per water was
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obtained. The result was that the average number of stacking
faults per water was 3.2 mn Example 1 and 2.8 1n Example
2 (and 2.5 in Example 3), while the average number was 5.0
in Comparative Example 1, 6.0 in Comparative Example 2
(and 2.2 1n Comparative Example 3 and 2.3 in Comparative
Example 4). In this way, the numbers of epitaxial defects 1n
the epitaxial waters of Examples 1 and 2, in which a dose
was increased, was less than those 1n the epitaxial waters in
Comparative Examples 1 and 2, 1n which the same dose was
used, and this has confirmed that the use of the substrate
having a low resistivity suppresses formation of epitaxial
defects. Additionally, the number of epitaxial defects was
small 1n the epitaxial walers of Comparative Example 3, 1n
which cluster ions were not irradiated, and Comparative
Example 4, in which a reduced dose of 1x10'* atoms/cm?
was used.

Evaluation of Gettering Capability

The gettering capability was evaluated for each of the
alforementioned epitaxial waters of Examples 1 to 3 and
Comparative Examples 1 to 4. In detail, a surface of the
epitaxial layer of each epitaxial waler was contaminated on
purpose by a spin coat contamination method using Cu
contaminant liquid (1.0x10"/cm®) and was then subjected
to diffusion heat treatment at 1000° C. for 1 hour. Subse-
quently, a concentration peak of Cu was evaluated by SIMS
measurement.

The result was that a concentration peak of Cu of 1x10"°
atoms/cm” or more was detected in all the epitaxial wafers
of Examples 1 to 3 (and Comparative Examples 1 and 2),
while any Cu concentration peak was not observed in the
epitaxial waters of Comparative Example 3, in which cluster
ions were not 1rradiated, and 1n Comparative Example 4, 1n
which a reduced dose was used. It has been confirmed that
increasing a dose 1n wrradiation of the cluster 1ons improves
the gettering capability.

Dependence of Effect of Suppressing Diflusion of
Dopants and Oxygen on Dose

Next, the following experiment was conducted to study a
relation between the effect of suppressing ditfusion of dop-
ants and oxygen into an epitaxial layer, and a dose of the
cluster 1ons.

That 1s to say, stmulated heat treatment (gas atmosphere:
nitrogen atmosphere containing 3% by volume of oxygen,
heat treatment temperature: heat treatment sequence with a
highest attainment temperature of 900° C. or less, total heat
treatment time: 60 hours), stmulating heat treatment 1n the
device forming process, was performed on the aforemen-
tioned epitaxial waters of Example 3, Comparative Example
3, and Comparative Example 4. After that, the concentration
distribution of boron 1n the depth direction was studied for
cach epitaxial waler by SIMS. For reference, the similar
evaluation was conducted on the epitaxial waters of Com-
parative Example 3 in which simulated heat treatment was
not performed. FIG. 2 shows results of assessment.

As can be seen clearly from FIG. 2, in Comparative
Example 3, in which cluster 1ons are not irradiated (i.e., a
dose 1s 0), boron in the silicon water 1s diflused into the
epitaxial waler significantly after simulated heat treatment
than before simulated heat treatment. However, as a dose of
the cluster 10ns 1s increased, the diffusion of boron into the
epitaxial layer 1s suppressed, and in Example 3, in which a
dose is 2.0x10'* atoms/cm?, the concentration profile of
boron 1s substantially the same as that 1in the epitaxial water
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in which cluster 1ons are not 1rradiated betore simulated heat
treatment. That is to say, a dose of 2.0x10'* atoms/cm?® or

more has been found to suppresses diffusion of boron 1n the
silicon wafer into the epitaxial layer.

Simulated heat treatment (gas atmosphere: nitrogen atmo-
sphere containing 3% by volume of oxygen, heat treatment
temperature: heat treatment sequence with a highest attain-
ment temperature of 900° C. or less, total heat treatment
time: 60 hours), simulating heat treatment in the device
forming process, was performed on the aforementioned
epitaxial waters of Example 3 and Comparative Example 3.
Then, the concentration distribution of oxygen in the depth
direction was studied for each epitaxial water by SIMS. The
similar assessment was conducted on the epitaxial waters of
Example 3 and Comparative Example 3 in which simulated
heat treatment was not performed. FIG. 3 shows results of
assessment.

As can be seen clearly from FIG. 3, in Comparative
Example 3, in which cluster 1ons are not 1rradiated (i.e., a
dose 1s 0), the concentration of oxygen 1s increased 1n a
region of the epitaxial layer that i1s located near an interface
between the epitaxial layer and the silicon wafer after
simulated heat treatment than before simulated heat treat-
ment. On the other hand, in Example 3, in which a dose of
cluster ions is 2.0x10"* atoms/cm”, the concentration profile
of oxygen before simulated heat treatment 1s substantially
the same as that after simulated heat treatment, and on the
contrary, the concentration of oxygen has been found to be
reduced 1n the region of the epitaxial layer that 1s located
near the interface between the epitaxial layer and the silicon
wafer.

FIGS. 4A and 4B each 1llustrate the eflect that a variation
in resistivity 1n a silicon water 1s suppressed by a method of
manufacturing an epitaxial waler according to the present
disclosure. FIG. 4 A illustrates the distribution of resistivity
in the depth direction 1n the epitaxial waters of Comparative
Example 3 before and after the aforementioned simulated
heat treatment, and FIG. 4B 1illustrates the distribution of
resistivity 1n the depth direction 1n the epitaxial waters of
Example 3 before and after the aforementioned simulated
heat treatment. The distribution of resistivity in the depth
direction 1s measured by the SR method by using a resis-
tivity measurement apparatus (model: SSM2000, manufac-

tured by Japan SSM Co. Ltd.).

As can be seen clearly from FIGS. 4A and 4B, 1n
Comparative Example 3, the resistivity 1s reduced in the
region of the epitaxial layer that i1s located near the interface
between the epitaxial layer and the silicon wafer after
simulated heat treatment. On the other hand, 1n Example 3,
the resistivity has been found to be changed little in the
region of the epitaxial layer that 1s located near the interface
between the epitaxial layer and the silicon wafer.

The similar assessment was also conducted on the epi-
taxial walers manufactured under the same conditions as
Examples 1 to 3, except for that silicon wafers having a
resistivity ol 0.001 Q-cm and silicon wafers having a resis-
tivity of 0.1 Q-cm were used, and substantially the same
cellects of reducing epitaxial defects and suppressing a
variation in resistivity as the aforementioned experimental
results have been confirmed.

INDUSTRIAL APPLICABILITY

The present disclosure allows manufacturing of an epi-
taxial having an excellent gettering capability that sup-
presses formation of epitaxial defects and that also sup-
presses diffusion of dopants and oxygen 1n the silicon water
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into the epitaxial layer during heat treatment in the device
forming process and may be useful 1in the semiconductor

waler manufacturing industry.

REFERENCE SIGNS LIST

10: Silicon wafer

10A: Surface of silicon water
16: Cluster 1on

18: Moditying layer

20: Epitaxial layer

100: Epitaxial wafer

The mvention claimed 1s:

1. An epitaxial waler, comprising;:

a silicon [wafer having a resistivity adjusted to a range of
from 0.001 Q-cm to 0.1 Q-cm to thereby suppress
formation of defects 1n an epitaxial layer of the water;
and] substrate having a surface and a surface portion,
the surface portion having a depth from the surface of
the silicon substrate, the silicon substrate having a first
resistivity of from 0.001 Q-cm to 0.1 Q-cm;

a modifying layer formed in [a] #2e surface portion of the
silicon [wafer and] substrate, the modifving layer com-
posed of [a] at least ome predetermined element
[including at least carbon,] in the form of a solid
solution [in the silicon wafer]; and

an epitaxial layer formed on the surface, the epitixial layer
having a second resistivity that i1s higher than the
[resistivity of the silicon wafer, wherein] first resistiv-
1y,

wherein a concentration profile of the at least one prede-
termined element 1n the moditying layer, in a depth
direction thereof, has a full width half maximum of 100
nm or less, and the concentration profile [in the modi-
fying layer] further has a peak concentration of from
0.0x10'® atoms/cm” to 1.0x10°' atoms/cm’, and
[wherein the] such peak concentration [profile in the
modifying layer has a peak located in the range at a
depth of] being located within 150 nm [or less from a]
from the surface of the silicon [wafer] substrate.

2. The epitaxial waler according to claim 1, wherein the
predetermined element comprises two or more clements
including carbon.

[3. The epitaxial wafer according to claim 1, wherein the
resistivity of the silicon water 1s adjusted by addition of
boron.}

[4. The epitaxial wafer according to claim 2, wherein the
resistivity of the silicon water 1s adjusted by addition of
boron.}

5. The epitaxial wafer of claim 1, wherein the first
vesistivity is sufficiently low as to suppress formation of
defects in the epitaxial layer:

6. The epitaxial wafer of claim 2, wherein the at least one

predetermined element further includes boron.

7. The epitaxial wafer of claim 1, wherein the concentra-
tion profile in the modifyving laver is measured after forma-
tion of the epitaxial layer.

8. An epitaxial wafer comprising:

a silicon substrate having a surface and a surface portion,

the surface portion having a depth from the surface of
the silicon substrate, the silicon substrate having a first

resistivity of from 0.001 Q-cm to 0.1 Q-cm;

a modifying laver formed in the surface portion of the
silicon substrate, the modifying laver composed of at
least carbon in the form of a solid solution; and
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an epitaxial laver formed on the surface, the epitaxial
laver having a second vesistivity that is higher than the
fivst resistivity;

wherein a concentration profile of carbon in the modify-
ing layer, in a depth divection theveof, has a full width
half maximum of 100 nm or less, and the concentration
profile further has a peak concentration between 9.0x
10°° atoms/cm’® to 1.0x10°" atoms/cm’, and such peak
concentration being located within 150 nm from the
surface of the silicon substrate.

9. The epitaxial wafer of claim 8, wherein the first

resistivity is sufficiently low as to suppress formation of

defects in the epitaxial layer:
10. The epitaxial wafer of claim 8, wherein the modifving
layver further comprises boron.

11. The epitaxial wafer of claim 8, wherein the concen- 1°

tration profile in the modifving laver is measured after
Jormation of the epitaxial layer.

12. An epitaxial wafer comprising:

a silicon substrate having a surface and a surface portion,

the surface portion having a depth from the surface of 20

the silicon substrate, the silicon substrate having a first
vesistivity of from 0.001 Q-cm to 0.1 Q-cm;

a modifving layver formed in the surface portion of the
silicon substrate, the modifying laver composed of at
least a predetermined element in the form of a solid
solution; and

14

an epitaxial laver formed on the surface, the epitaxial
laver having a second vesistivity that is higher than the
fivst vesistivity;

wherein a concentration profile of predetermined element

in the modifving layver, in a depth direction therveof, has
a full width half maximum of 100 nm or less, and the

concentration profile further has a peak concentration
between 9.0x10°° atoms/cm’ to 1.0x10°! atoms/cm’,

and such peak concentration being located within 150
nm from the surface of the silicon substrate;

wherein the peak concentration suppresses diffusion of
dopants and/or oxygen from the silicon substrate into
the epitaxial layer.

13. The epitaxial wafer of claim 10, wherein the at least
one predetermined element includes carbon.

14. The epitaxial wafer of claim 12, wherein the first

resistivity is sufficiently low as to suppress formation of
defects in the epitaxial layer.

15. The epitaxial wafer of claim 12, wherein the at least
one predetermined element further includes boron.

16. The epitaxial wafer of claim 12, wherein the concen-
tration profile in the modifying layer is measurved after

formation of the epitaxial layer.

G ex x = e



UNITED STATES PATENT AND TRADEMARK OFFICE
CERTIFICATE OF CORRECTION

PATENT NO. : RE49,657 E Page 1 of 1
APPLICATION NO.  :17/038941

DATED : September 12, 2023
INVENTOR(S) : 'T. Iwanaga et al.

It is certified that error appears in the above-identified patent and that said Letters Patent is hereby corrected as shown below:

In the Claims

Column 12, Lines 43 - 45 (Claim 2, Lines 1-3) please change:

“The epitaxial water according to claim 1, wherein the predetermined element comprises two or more
clements including carbon.”

To:
-- The epitaxial water of claim 1, wherein the at least one predetermined element includes carbon. --
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Thurteenth Day of February, 2024

Katherme Kelly Vidal
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