1 SILICON WAFER AND METHOD OF MANUFACTURING THE SAME DESCRIPTION 5
TECHNICAL FIELD [0001] The present invention relates to a silicon wafer and a method of
manufacturing the same which can suppress occurrences of slip dislocation and warpage in the field of
10 a semiconductor wafer manufacturing technique, in particular, in a device manufacturing process.
BACKGROUND ART [0002] A silicon wafer used as a substrate of a semiconductor 15 device or the
like is manufactured by slicing a silicon single-crystal ingot and performing a heat treatment, mirror-like
finishing, and the like. As a method of manufacturing a silicon single-crystal ingot, for example, a
Czochralski method (to be referred to as a CZ method 20 hereinafter) is given. The CZ method
occupies a large part ofS-mantfaEtifing-of &8ilicBh BiltgleLrystaNngoChecduse atargerdiameter
single-crystal ingot can be easily obtained and defect can be relatively easily controlled. [0003]

DESCRIFPTION

5 TECHNICAL FIELD
(00017
The present invention relates to a silicon wafer and a
method of manufacturing the same which can suppress
occurrences of slip dislocation and warpage in the field of
1C¢  a semiconductcor wafer manufacturing technigue, in
particular, in a device manufacturing process.
BACKGROUND ART
[0002]
| A silicon wafer used as a substrate of a semiconductor
15 device or the like is manufactured by slicing a silicon
single-crystal ingot and performing a heat treatment,
mirror-like finishing, and the like. BAs a method of
manufacturing a silicon single-crystal ingot, for example,
a C%ochralski method {to be referred to as a C7 method
20  hereinafter) is given. The CZ method occupies a large part
of manufacturing of a silicon single-crystal ingot because
a large-diameter single-crystal ingot can be easily
obtained and defect can be relatively easily controlled.
[0003]
25 . In a silicon single crystal {to be referred to as "Ci-
Si" hereinafter) pulled up by the C7Z method, a crystal

defect called a grown—-in defect is present. The CZ-Si



25In a silicon single crystal (to be referred to as "CZ- Si" hereinafter) pulled up by the CZ method, a

crystal defect called a grown-in defect is present. The CZ-Si Z'Includes 6xygen between Tattices in an
oversaturated state. However, the oversaturated oxygen causes a microscopic defect called a Bulk
Micro Defect (to be referred to as a "BMD" hereinafter) by a heat treatment (annealing) 5 performed
|ater. [0004] In order to form a semiconductor device in a silicon wafer, a crystal defect is required
not to be present in a semiconductor device forming region. When a crystal defect 10 is present on a
surface for forming a circuit, the defective portion causes a circuit breakdown or the like. On the other
hand, an appropriate number of BMDs are required to be present in the silicon wafer. This is because
the BMDs function to getter a metal impurity or the 15 like which causes a semiconductor device
malfunction. [0005J:¢ L UAssrder kusatish the abole tédaest, amethodwweliieh perfokms state.

high-temperatureE?nnealing t% the silicon wafer toénduce the BMD in the silicon wafer to form an
Intrinsic owever, the oversaturated oxXygen causes a microscopic

defect called a Bulk Micro Defect (to be referred to as a
"BMD" hereinafter) by a heat treatment (annealing)

5 performed later.
f0004]

In order te form a semiconductor device in a silicon
wafer, a crystal defect is reguired not to be present in a
semiconductor device forming region. When a crystal defect

10 is present on a surface for forming a circuit, the
defective portion causes a circuit breakdown or the like.
On the other hand, an appropriate number of BMDs are
required to be present in the silicon wafer. This is
because the BMDs function to getter a ﬁetal impurity or the
15 like which causes a semiconductor device malfunction.
[6005]

In order to satisfy the above reguest, a method which
performs high-temperature annealing to:the silicon wafer to
induce the BMD in the silicon wafer to form an Intrinsic

20 Gettering laver (to be referred to as én "IG layer"”
hereinafter), eliminates a grown-in defect being present on
the surface of the silicon wafer, and forms a Denuded Zone
(Lo be referred to as a "DZ layer"” hereinafter) layer
having an extremely small number of crystal defects is used.

25 [0006]

As a concrete example, a method (Patent Document 1)

which performs high-temperature annealing to a nitrogen-



20 Gettering layer (to be referred to as an "IC layer" hereinafter), eliminates a grown-in defect being
present on the surface of the silicon wafer, and forms a Denuded Zone (to be referred to as a "DZ
layer" hereinafter) layer having an extremely small number of crystal defects is used. 25[0006] As
a concrete example, a method (Patent Document 1) which performs high-temperature annealing to a
nitrogen- 3 containing substrate to reduce grown-in defgcts on the surface and forms BMDs having
nitrogen as cores in the substrate, is proposed. [00071 5However, the DZ layer formed on the upper
and lower surfaces of the silicon wafer by the high-temperature annealing process has an oxygen
concentration which is extremely low because of outward diffusion of oxygen during heat treatment. As
a result, prohibitiveoptwén dh $0 dislecatiored éfect-extension-anthe uppertand lower surfaces of the
wafer is extreamly low. For this reason, due tomicro-scratches on the upper and lower surfaces
surface and forms BMDs having nitrogen as cores in the
substrate, is proposed.
[G007]
5 However, the DZ layer formed on the upper and lower
surfaces of the silicon wafer by the high-temperature
annealing process has an oxygen concentration which is
extremely low because of outward diffusion of oxygen during
heat treatment. As a result, prohibitive power of
10 dislocation defect extension on the upper and lower
surfaces of the wafer is extreamly low. For this reason,
due to micro-scratches on the upper and lower surfaces
caused in the annealing step, dislocation defects (to be
referred to as "slip" hereinafter) easily extends in a bulk.
15 The extension of the slip dislocation undesirably decreases
the strength of the silicon wafer. For example, when a
wafer is annealed while being supported by a heat treatment
port or the like, a slip dislocation freguently extends
from a supported portion on a peripheral portion on the
20 lower surface of the wafer. The slip disleocation may
extend from a silicon wafer edge.
[0008]
When the strength of the silicon wafer is deteriorated,
the wafer may be damaged during the manufacturing steps, or

25 the wafer may be broken down. However, the D7 layer is

indispensable to manufacturing of a semiconductor device.



caused in the annealing step, dislocation defects (to be referred to as "slip" hereinafter) easily extends
in a bulk. 15 The extension of the slip dislocation undesirably decreases the strength of the silicon
wafer. For example, when a wafer is annealed while being supported by a heat treatment port or the
like, a slip dislocation frequently extends from a supported portion on a peripheral portion on the 20
lower surface of the wafer. The slip dislocation may extend from a silicon wafer edge. [0008] When
the strength of the silicon wafer is deteriorated, the wafer may be damaged during the manufacturing
steps, or 25 the wafer may be broken down. However, the DZ layer is indispensable to manufacturing
of a semiconductor device. 4 A silicon wafer having a DZ layer and an excellent strength
characteristic is desireti {3009]dn ¢he comventiondl fedhinique aedcrlbbed incthblRatens t5-Bogiiment 1,
deterioration of strength of a silicon wafer is not considered. A silicon wafer formed by the above

method cannot aG8id &XtEREiOR ofSlip HislBEAGSH -
[0009]

In the conventional technigue described in the Patent
5 Document 1, detericration of strength of a silicon wafer is
not considered. A zilicon wafer formed by the abcocve method
cannot avold extension of slip dislocation.
[c010]
On the other hand, in crder to prevent occurrence of
10  the slip dislocation, & method which generate BMDs at a
high concentration is also proppsed,
[0011]
More specifically, a silicon wafer manufacturing
method in which a rapid heat réising/falling temperature
15 heat treatment is performed to a substrate cut out cf a
silicon single-crystal ingot in an atmosphere of a gas
mixture of a nitrogen gas or an inert gas or an ammonia gas
and an inert gas at a temperature of 500°C or more to
1200°C or less feor 1 minute or ﬁore to 600 minutes or less
20 to form oxygen deposition cores each having a size of 20 nm
or less in a BMD layer at a concentration of 1 x 10'%/cm’® or
more 1s proposed {Patent Document 2). A silicon wafer
manufacturing method in which a heat treatment is performed
to a silicon wafer having an ogygen concentration of 1.2 x
25 10 atoms/cm® to 1.4 x 10*% atoms/cn’® and a carbon
concentration of 0.5 x 10*® atoms/cm® to 2 x 10Y atoms/cm®

in a non-oxidizing atmosphere under the conditions: a



[0010] On the other hand, in order to prevent occurrence of 10 the slip dislocation, a method
which generate BMDs at a high concentration is also proposed. [0011] More specifically, a silicon
wafer manufacturing method in which a rapid heat raising/falling temperature 15 heat treatment is
performed to a substrate cut out of a silicon single-crystal ingot in an atmosphere of a gas mixture of a
nitrogen gas or an inert gas or an ammonia gas and an fnert gas at a temperature of 500C or more to
1200C or less for 1 minute or more to 600 minutes or less 20 to form oxygen deposition cores each
having a size of 20 nm or less in a BMD layer at a concentration of 1 x 10"/cm3 or more is proposed
(Patent Document 2). A silicon wafer manufacturing method in which a heat treatment is performed to
a silicon wafer havinigpan axygen ebnéefityation of 1728°25101atoms/em3 toctidsx 1618 atoms/cm3
and a carbon concentration of 0.5 x 1016 atoms/cm t? %}x 101’ atoms/cm3 in.a non-oxidizing

1

atmosphere under the ToRtitions a5 Jté]r%p]é?éiﬁregof Oé?ojl dE;DfF,Squ 5 hours; and a
temperature raising fate Qfc0 140 AG{MUNYE INByo°c to 1250°C to form BMDs each

having a size of 15C nm or less at a concentration of 5 x
5 10°/cm® or more is proposed{Patent Document 3). A silicon
wafer in which a heat treatment is repeated several times
to generate BMDs at a high concentration (1 x 10'%/cm’® to 1
b4 lOu/cm3) ig proposed (Patent Decument 4). Furthermore, a
silicon wafer in which BMDs esach of which 1s located at a
10  position having a depth of 50 um from a surface and has a
size of 10 nm or more to 50 nm or less are formed at a
concentration of 5 x 10'/em® to suppress slip and warpage
is also proposed (Patent Document 5).
[Patent Document 1] Japanese Unexamined Patent
15  BApplication Publication No. 10-~98047
[Patent Document 2] Japanese Unexamined Patent
Application Publication No. 2006-40980
[Patent Document 3] Japanese Unexamined Patent
Application Publication No. Z2006-269896
20 {Patent Document 4} Japanese Unexamined Patent
Application Publication No. 08-213403
[Patent Document 5} Japanese Unexamined Patent
Application Publication No. 2008-~-160069
DISCLOSURE OF THE INVENTION
25 [Problem to be Solved by the Invention]

[0012])



temperature range of 1100C to 1250C to form BMDs each having a size of 150 nm or less at a
concentration of 5 x 5109/cm3 or more is proposed(Patent Document 3). A silicon wafer in which a
heat treatment is repeated several times to generate BMDs at a high concentration (1 x 101/cm3to 1 x
1012/cm3) is proposed (Patent Document 4). Furthermore, a silicon wafer in which BMDs each of
which is located at a 10 position having a depth of 50 pra from a surface and has a size of 10 nm or
more to 50 nm or less are formed at a concentration of 5 x 1011/cm to suppress slip and warpage is
also proposed (Patent Document 5). [Patent Document 1] Japanese Unexamined Patent 15
Application Publication No. 10-98047 [Patent Document 2] Japanese Unexamined Patent
Application Publication N6¥2088-40980r ¢ c§Rhtert DocumeéritiB] JapahéseWnexamined Patent
Application Publication No, 2006-269896_20[Paten D%cumentég Japanese Unexamined Patent
Application Publication No-08-213203"° “*[Patdht DEIMeRt 5 fﬁggﬁéas‘%@ﬂe%ﬁﬁfetdbat{ent
Application PublicationNe ;2008169069 RISGLOSURE OF THEINVENTIQN 25[Preblem to be

Solved by the Invention] [0012]
occurrence of slip dislocation, warpage occurring in a

5 wafer becomes problematic.
[6013]

As heat treatment furnaces, a batch type heat
treatment furnace and an RTA are known. Slip is brought
from a centact between the lower surface of a silicen wafer

10 edge and a silicon wafer holding portion or a silicon wafer
edge portion. The brought slip extends in [110]} direction,
and, depending on circémstances, the silicon wafer may be
damaged or broken down. Warpage is a phenomenon in which a
silicon wafer is deforﬁed by thermal distorticon in a heat

15> treatment. A warpage of a silicon wafer before a heat
treatment to give desired characteristics is performed is
suppressed to 10 um or less. However, the heat treatment
is performed, a level difference between a peak and a
trough reaches several.ten micromillimeters. A

20 semiconductor device péttern cannot be exposed on a wafer
surface correctly to cause a decrease in yield of
semiconductor devices. -

[0014]

The problem of thé warpage is conspicuous when a wafer

25 diameter is 200 mm or more. In particular, a problem
caused by a warpage in a batch type heat treatment cannot

be solved without giviﬁg attention to a BMD concentration



6 However, in recent years, when a silicon wafer increases in diameter, and when an integration
density of semiconductor device patterns increases, in addition to occurrence of slip dislocation,
warpage occurring in a 5 wafer becomes problematic. [0013] As heat treatment furnaces, a batch-:
type heat treatment furnace and an RTA are known. Slip is brought from a contact between the lower
surface of a silicon wafer 10 edge and a silicon wafer holding portion or a silicon wafer edge portion.
The brought slip extends in [110] direction, and, depending on circumstances, the silicon wafer may be
damaged or broken down. Warpage is a phenomenon in which a silicon wafer is deformed by thermal
distortion in a heat 15 treatment. A warpage of a silicon wafer before a heat treatment to give desired
characteristics is pe#formed i sappressed 16 19 pgravsrdess. However; the eabtreatmentsis performed,
a level difference t%etween a peak and a tro c\;}h reaches several ten micromillimeters. A 20

semiconductor device PattBr cariiot BE&Sposed at hawafer Stirfate Corfkttly 1o cauB8 3 ddcRase in
yield of semicondyctardevices. §0914) The,prablem of fbe warpage is,59nsRigyeus when.a wafer 25

diameter is 200 mm or more. In particular, a problem caused by a warpage in a batch type heat
treatment cannotBessglved Withoat givirig htteation tizd BMD concentration

5 [0015]
A problem to be solved by the inventicon is to provide
a method of manufacturing a silicon wafer which has a D2
layer having an appropriate area and controls a BMD
concentration which can suppress occurrences of slip
10 dislocation and warpage in device manufacturing processes.
[Means for Solving the Problem]
[0016]
The present inventors perform faithful research to
solve the problem. As a result, the present inventors
15 obtained the following knowledge to get the present
invention. That is, of BMDs immediately under a DZ layer,
BMDs each having a size of 200 pm or more are controlled at
a concentration of 2 x 10%/cm® or less in a bulk having a .
depth ¢f 50 um or more, and BMDs each having a size of 10
20 nm or more to 50 nm or less are controlled to a density of
1 x 10"/cm® or more, so that occurrences of slip and
warpage caused by a batch type heat treatment furnace in
device manufacturing processes can be suppressad.
[0017]
25 In a batch type heat treatment, a temperature
difference between a wafer peripheral portion and wafer

central portion increases. As a result, stress which



7 and a size of a surface layer. As described above, even though BMDs are merely regulated to be
formed at a position having a depth of 50 um or more and to have small sizes, the problem cannot be
avoided. 5[0015] A problem to be solved by the invention is to provide a method of manufacturing
a silicon wafer which has a OZ layer having an appropriate area and controls a BMD concentration
which can suppress occurrences of slip 10 dislocation apnd warpage in device manufacturing
processes. [Means for Solving the Problem] [0016] The present inventors perform faithful research to
solve the problem. As a result, the present inventors 15 obtained the following knowledge to get the
present invention. That is, of BMDs immediately under a DZ layer, BMDs each having a size of 200
pm or more are coafrolied at @asconceatraiion®f 2 x409femIoelessdn asbulkhaxing adepth of 50 pm
or more, and BMDs each having a size of 10 20 nm or more to 50 nm or less are controlled to a

density of 1 x 10E5/EM3 or idreé, 'S that deEaftenéds blalp aidWakpage tauséd ByeEpateh type heat
treatment furnace i g%\ii‘é%[f%%(;%u@ﬁ%‘riﬂgcmé)ggé%escg?r% bg suppressed, [91%1% 23'{613 a batch type
iffer t i i a

heat treatment, a temperature ence between a water periph ral portion and wafer central portion
increases. As a resultsteessivhieb wafer. On the other hand, as a cause of

5 warpage, dislocation occurring from a BMD is given. When
the size of the BMD is large, dislocation easily occurs.
Therefore, when a BMD having a large size is present near a
surface of a wafer having large stress, dislocation occurs
from the BMD, and the wafer is easily warped. The present

10 inventors found that control of a concentration and a size

of BMDs being present at a relatively deep position

(position haviné a depth of 50 pm or more) in a wafer was
not important to improvement of a warpage characteristic,
rather than control of a concentration and a size of BMD

15 near a surface layer (position having a depth of 20 pm or

less) was very effective to improve the warpage
characteristic. Any one of the conventional techniques
described in conventional documents 1 to 5 does not refer
to control of a.concentraticn and a size of BMDs located at

20  a position Shaliower than a surface by 20 um or less. For

this reason, in the conventional techniques, a wafer
warpage characteristic in a batch type heat treatment
cannot be improved.

r0018]

25 More specifically, the present invention relates to a

silicon wafer which deposits BMDs at a high concentration

in a bulk to suppress slip dislocation and decreases sizes



8 deforms the wafer into a convex shape or a concave shape acts. The stress acting at this time is
zero at a center of thickness and increases toward a portion near the surface of the wafer. On the
other hand, as a cause of 5 warpage, dislocation occurring from a BMD is given. When the size of the
BMD is large, dislocation easily occurs. Therefore, when a BMD having a large size is present near a
surface of a wafer having large stress, dislocation ocgurs from the BMD, and the wafer is easily
warped. The present 10 inventors found that control of a concentration and a size of BMDs being
present at a relatively deep position (position having a depth of 50 pm or more) in a wafer was not
important to improvement of a warpage characteristic, rather than control of a concentration and a size

of BMD 15meaima shfacedayer (pesition having a-depih.of 26 pa oF less)awas very effective to
improve the warpage characteristic. Any one of the conventional techniques described in conventional

document&*1¢d B6ed ot reéfertd controllofat coreentration amdsaisizezot BMDs located at 20 a
position s@ggogveer tggg aasurefggg%y 0;?55?18 E!less.?j:,or thti?}reasoln, in the conventional techniques, a
wafer warpage characterisfic in a batch type heat treatment canhot B& intisroved. [0018] 25More

specificaltysdhe present investionselatesto-a silican wafer which depqsits BMDs at a high
concentration in a bulk to suppress slip dislocation and decreases sizes 9

embodiment {g) .
[0C19]

(1) A silicon wafer having a nitrogen concentration
which is 5 x 10" atoms/cm’ or more to 1 x 10°% atoms/cm® or
less, having a carbon concentration which i1s 1 x 10%
atoms/cm” or more to 8.1 x 10*° atoms/cm® or less, and
having BMDs each having an octahedon shape,

characterized in that BMDs each of which is located at a
position shallower than the silicon wafer surface by a
depth of less than 20 um and has & diagonal length of 200 nm or
mere has a concentration of not more than 2 x 10%/cm®, and BMDs
each of which is located at a position having a depth of more
than 50 um and has a diagonal length of 10 nm or more te 50 nm or
iess has a concentration of 1 x 10'%/cm® or more.
[00z20]

(2) A method of manufacturing the silicon wafer
described in the (1), characterized in that

a nitrogen concentration of a substrate is 5 x 10
atoms/cm® or more to 1 x 10%° atoms/cm® or less, a carbon
concentration is 1 x 10" atoms/cm’ or more to 3 x 10%°
atoms/cm” or less,

a heat treatment including:



of BMDs near a surface layer where maximum heat stress is generated in a batch type heat treatment
to suppress warpage and a method of manufacturing the silicon. wafer. The present invention includes
the following aspect(s) / embodiment(s), [0019] (1) A silicon wafer having a. nitrogen
concentration which is 5 x 10H atoms/cm3 or more to 1 x 10 atoms/cm3 or less, having a carbon
concentration which is 1 x 10" atoms/cm3 or more to 8.1 x 10a5 atoms/cm3 or less, and having BMDs
each having an octahedon shape, characterizeddn that BMDs each of which is located at a
position shallower than the silicon wafer surface by a depth of less than 20 um and has a diagonal
length of 200 nm or more has a concentration of not more than 2 x 109/cm3, and BMDs each of which
is located at a positi ir of more than 50 pm and has a diagonal length of 10 nm or more
to 50 nn or less %ﬂs?c%%g%g%% gfu 1% %f%/(?crﬁf %ff%n%r%.S[OSEOfg (2) A method of
manufactaring the siicomwaterdesanteert in the: (beeharacterizeddndbat. ¢ ¢ RHrogen concentration
of a substrate is 5 x 1014 atoms/cm3 or more to 1 x 1011 atoms/cm3 or less, a carbon concentration is
1 x 1015°atdFsfents of THofe f5-33¢£636 atomstanBisriessiachest tidatnientineluding: 9a (A) a
low-temperature heat tregtment g%erigfs Q_erforming a heat treatment in a temperature range of 650C or
more to 750C or less for a required time 6f 30 minutes or more to 5 hours or less; 10



(B) furthermore, a heat treatment which raises a temperature in a temperature range of up to 850C at
a temperature raising rate of 0.5C/minute or more to 2C/minute or less; 5(C) a temperature falling and
extracting step of decreasing a temperature of a furnace at a temperature falling rate of 1C/minute or
more to 10C/minute or less and extracting the substrate out of the furnace at 600C or more to 750C or
less to cool the substrate to a room 10 temperature, and)(D) a high-temperature heat treatment of
setting the temperature of the furnace to 600C or more to 750C or less after the temperature falling
and extracting step, inserting the substrate into the furnace, raising the 15 temperature of the furnace
in a temperature range of less than 1100C at a temperature raising rate of 5C/minute or more to
10C/minute or less, raisifg tHe tdmperature inda temperatwetmange of 1100C erimdee 20 1250C or less
at a temperature raisingégate of 1C/minute or more to 202C/minuie or less, )%(};)I ing the temperature at

1000C or more t& 12BOE G 1EEs 18 riake RAfUEI&H fergth 9F irftér tttice oXygerT 50 prit or more is
performed: [002Y ¢, -2 £3)4 method of manufagiuringstie/silicon waler 2p, deseriped in the (1),

characterized in that a nitrogen concentration of a substrate is 5 x 1014 atoms/cm3 or more to 1 X
1016 atoms/cm3z5Cléssnaicarban less;

5 (C) a temperature falling and extracting step of
decreasing a temperature bf a furnace at a temperature
falling rate of 1°C/minute or more to 10°C/minute or less
and extracting the substrate ocut of the furnace at 600°C or
more to 750°C or less to cool the substrate to a room

1G temperature, and
(D] a high-temperature heat treatment of setting the
temperatﬁre of the furnace to 600°C or more to 750°C or
less after the temperature falling and extraciing step,
insertiﬁg the substrate into the furnace, raising the
15 temperature of the furnace in a fTemperature range of less
than 1100°C at a temperature raising rate of 5°C/minute or
more to 10°C/minute or less, raising the temperature in a
temperature range of 1100°C or more to 1250°C or less at a
temperatﬁre raising rate of 1°C/minute or more to
20 2°C/minu£e or less, holding the temperature at 1000°C or
more to 1250°C cr less to make a diffusion length of inter-
lattice oxyvgen 50 pm or more is perfcormed.
[0021}
(B)fA method of manufacturing the silicon wafer
25 described in the (1}, characterized in that
a nitrogen concentration of a substrate is 5 x 10%

atoms/cm® or more to 1 x 10® atoms/cm’® or less, a carbon



11 concentration is 1 x 1015 atoms/cm3 or more to 3 x 1016 atoms/cm' or less, a heat treatment

including: (A) a low-temperature heat treatment step of performing a heat treatment in a
temperature range of 650C or more to 750C or less for a required time of 30 minutes or more to 5
hours or less; (B) furthermore, a heat treatment which raises a temperature in a temperature

range of up to 850C at a temperature raising rate of 0;5C/minute or more to 2C/minute or less; and
(C) furthermore, a high-temperature heat treatment in which a heat raising process up to less than
1100C is performed at a temperature raising rate of 5C/minute or more to 10C/minute or less and in a
temperature range of 1100C or more to 1250C or less at a temperature raising rate of 1C/minute or

more to 2C/mintite of fess,iand the temperature is.beldhat 1000C-or more to 1250C or less to make a
diffusion length of interstitial oxygen 50 nm or more is performed. [0022] In this case, according to
embodiments dFtRE pFEsent invitition, a BMD having an octahedron shape means a BMD having a
shape surrounded b)é ahplu_Eal't¥ ogt{%él%% plan(?r? de other planes. In general, the shapes includes a

shape surrounded by elgehat (ilh planes and'a's Lélpenglirrounded by (111) planes and 12 [100)

planes.Planes other thian {111},plang.and (100) plane may.appear.J0023] The shapes of BMDs being
present in a wafer also
performing a heat treatment in a temperature range of 650°C

or more to 750°C or less for a required time of 30 minutes
Or more to b5 hours or less;:

(B) furthermore, a heat treatment which raises a
temperature in a temperature range of up to 850°C at a
temperature raising rate of 0.5°C/minute or more to
2°C/minute or less; and

(C) furthermcre, a high-temperature heat treatment in
which a heat raising process up to less than 1100°C is
performed at a temperature raising rate of 5°C/minute or
more to 10°C/minute or less and in a temperature range of
1100°C or more to 1250°C or less at a temperature raising rate
of 1°C/minute or more to 2°C/minute or less, and the
temperature is held at 1000°C or more to 1250°C or less to
make a diffusion length of interstitial oxygen 50 um or
more is performed.

[0022]

In this case, according to embodiments of the present
invention, a BMD having an octahedron shape means a BMD
having a shape surrounded by a plurality of (111} planes and
other planes. In general, the shapes includss a shape
surrounded by eight {111} planes and a shape surrounded by

{111} planes and



5 include a plate-like shape other than the octahedron. A plate-lijlce BMD is a BMD having a shape
surrounded by two [100) planes which are relatively large and other planes. An inside of the BMD may
have a tree-like shape. Discrimination between the octahedron shape and the plate- 10like shape is
performed as follows. Of sizes in a [100] direction and a [010] direction when viewed in a [001]
,direction, a long size is defined as A, and a short size ig glefined B. In this case, a shape having a ratio
of A/B (to be referred to as an "oblateness" hereinafter) of 1.5 or 15 less is defined as an octahedron,
and a shape having a ratio of A/B of larger than 1.5 is defined as a plate-like shape. Since BMD
shapes in the silicon wafer fluctuate, determination whether the shape of a BMD being present in a
wafer is an octahédrohishapeersa platédikeshapesmayibe?( pefformedas felows.1THat is, the A/B
ratios of a plurality of BMDs at different positions in a wafer are measured, an average of the A/B
ratios (to be referred iy d&%h HRFade oblateness” hereinafter) is calculated, and it is determined
whether the value;%c ds 1.5. When this 25 ,value exceeds 1.5, states of distortion acting on crystal
lattices around the BMDs are different from each other. For this reason, an optimum BMD size -
distribution to The shapes of BMDs being present in a wafer also

5 include a plate-like shape other than the octahedron. A
plate-like BMD is a BMD having a shape surrounded by two
{100} planes which are relatively larcge and other planes.
An inside of the BMD may have a iree-like shape.
Discrimination between the octahedron shape and the plate-

16 like shape is performed as follows. OF sizes in a [100)
direction and a [010] direction when viewed in a [001]
r;direction, a long size is defined as A, and a short size is
defined B. In this case, a shape having a ratio of A/B (to
ibe referred to as an “oblateness” hereinafter) of 1.5 or
15 less is defined as an octahedron, and a shape having a
ratio of A/B of larger than 1.5 is defined as a plate-like
shape. Since BMD shapes in the silicon wafer fluctuate,
.determination whether the shape of a BMD being present in a
>wafer is an octahedron shape or a plate-like shape may be
20 .performed as follows. That is, the A/B ratics of a
plurality of BMDs at different positions in a wafer are
"measured, an average of the A/B ratios (to be referred to
"as an "average oblateness® hereinafter) is calculated, and
?it is determined whether the value exceeds 1.5. When this
25 value exceeds 1.5, states of distortion acting on crystal
lattices around the BMDs are different from each other.

For this reason, an optimum BMD size distribution to



13 suppress occurrences of slip and warpage is different from that in the spirit and scope of the

invention. [0024] In embodiments of the present invention, a diagonal length of an octahedron
BMD means a longer one A of lengths in the [100] direction and the [010] direction. [Effect of the
Invention] [00251 In a silicon wafer according to the present invention which is a silicon wafer

having BMDs each having an octahedron shape, BMDs each having a diagonal length of 200 nm or

more of BMDs located at a position having a depth of 20 pm from a surface of the silicon wafer have a
concentration of 2 x 107cm3 or less, and BMDs each having a diagonal length of 10 nm or more to 50
nm or less of BMDs located at a position having a depth of SO pm or more have a concentration of 1 x

1021270m9 orsmeracfor dhisJeasen: oostienes o sl ang warpage . deyice maufacturing
processes are extremely minimized, the silicon wafer can be prevented from being deteriorated in

strength while Ha¥inga Didayer did fgesscale (typically; 280:mn) high-quality devices can be
manufactured. lgg%@e} In the silicon wafer according to the present invention, in comparison with a
mirror wafer being free from BMDs therein, slip dislocation and warpage do not 19 easily occur, and a

high gettering capability canhe.ehtained: - . present invention, a diagonal
length of an octahedron BMD means a longer one A of lengths
in the [100] direction and trhe {0107 direction.
[Effect of the Invention)
[0025]

In a silicon wafer according to the present invention
which is a silicon wafer having BMDs each having an
octahedron shape, BMDs each having a diagonal length of 200
nm oor more of BMDs located at a position having a depth of
20 pm from a surface of the silicon wafer have a
concentration of 2 x 10%/cm” or less, and BMDs each having
a diagonal length of 10 nm or more to 50 nm or less of BMDs
located at a position having a depth of 50 pm or more have
a concentration of 1 x 10%/cm’ or more. For this reason,
occurrences of slip and warpage in device manufacturing
processes are extremely minimized, the silicon wafer can be
prevented from being deteriorated in strength while having
a DI layer, and large-scale {typically, 200 mm) high=-guality
devices can be manufactured.
1002e)

In the silicon wafer according to the present
invention, in comparison with a mirror wafer being free

from BMDs therein, slip dislocation and warpage do not



BEST MODE TO CARRYING OUT THE INVENTION [0027] 5The present invention will be described
below in detail with reference to embodiments. [0028] (Silicon Wafer) A silicon wafer according to the
present invention is 10 characterized in that occurrences of both slip and warpage in device
manufacturing processes can be extremely minimized. [0029] In this case, dimensions (diameter and
thickness) of a 15 wafer in which the present invention i realized and the presence/absence of dope
of various elements are not limited to specific ones. These characteristic features can be appropriately
selected depending on the type of a required semiconductor silicon wafer. 20[0030] A semiconductor
device manufacturing by using the

easily occur, and a high gettering capability can be

obtained,
BEST MODE TO CARRYING QOUT THE INVENTION
[6027]
5 The present invention will be described below in
detail with reference to embodiments.
[0028]
(Silicon Wafer)
A silicon wafer according to the present invention is
10 characterized in that occurrences of both slip and warpage
in device manufacturing processes can be extremely
minimized.
[0028]
In this case, dimensions {diameter and thickness) of a
15 wafer in which the present invention is realized and the
presence/absence of dope of various elements are not
limited to specific ones. These characteristic features
can be appropriately selected depending on the type of a
required semiconductor silicon wafer.
20 (00307
A semiconductor device manufacturing by using the
silicon wafer according to the present invention is not
limited to a.specific one. The present invention can be
applied to manufacturing of variocus semiconductor devices.
25 More specifically, a silicon wafer according to the present
invention can be widely applied to manufacturing of an

epitaxial wafer having a surface on which an epitaxial



silicon wafer according to the present invention is not limited to a specific one. The present invention
can be applied to manufacturing of various semiconductor devices. 25 More specifically, a silicon
wafer according to the present invention can be widely applied to manufacturing of an epitaxial wafer
having a surface on which an epitaxial 15 layer is formed, a silicon on insulator (SOI) wafer, an
SIMOX wafer to which an SIMOX (Separation By Implajged Oxygen) process is performed, and an
SiGe wafer having a surface on which an SiGe layer is formed. 5[0031] As the characteristic
features of the silicon wafer according to the present invention, the silicon wafer has BMDs each
having an octahedron shape, BMDs each having a diagonal length of 200 nm or more of EMDs

located at a 10 pdsitiem havingradepth ef 20 phr:framva surfese:0f she silicon wafeehave a
concentration of 2 x 109/cm3 or less, and BMDs each having a diagonal length of 10 nm or more to 50
nm or less of BMPS{o&atéditta pbsition Haviy & Hipth 6£50ph% bi Aibré halierd eotieshtration of 1 x

1012/cm3 or 15 mgte, This js . ledge which_is explained belg the present inventors. [0032]
More specifically, in%gﬂlic%n%vgggegrvr?%ﬂﬁgeék%ﬁg %g(éh ?1%% a%nocﬁggdl%%gs ragle’f’f%ll\ﬂ65’3]ocated ata

position 20 havingardepth of-2Q:pm-frogra sudface influence arwarpage characteristic. Furthermore,
BMDs each having a diagonal length of 10 nm or more to 50 nm or less and located at a position

having a depth oft56 p# or more influence a slip suppressing characteristic. In general device

As the characteristic features of the silicon wafer
according to the present inventiocn, the silicon wafer has
BMDs each having an octahedron shape, BMDs each having a
diagonal length of 200 nm or more of BMDs located at a

10  position having a depth of 20 um from a surface of the
silicon wafer have a concentration of 2 x 10%/cm® or less,
and BMDs each having a diagénal length of 10 nm or more to
50 nm or less of BMDs located at a positiocn having a depth
of 50 um or more have a conéentration of 1 x 10%/cn’ or

15 more. This is a knowledge which is explained below by the
present inventors.

[0032]

More specifically, in the silicon wafer having BMDs
each has an octahedron shapé, BMDs located at a position

20 having a depth of 20 um froﬁ a surface influence a warpage
characteristic. Furthermore, BMDs each having a diagonal
length of 10 nm or more to 50 nm or less and located at a
position having a depth of 50 pm or mere influence a slip
suppressing characteristic,j In general device

25  manufacturing processes, ocgurrences of warpage and slip
can be extremely minimized. 1In this manner, even though

slip occurs from a wafer support portion in the device



25 manufacturing processes, occurrences of warpage and slip can be extremely minimized. In this
manner, even though slip occurs from a wafer support portion in the device 16 manufacturing
processes, the slip can be prevented from penetrating a silicon wafer surface. Even though slip occurs
from a wafer edge portion, the slip can be prevented from reaching a semiconductor device forming
region, and 5 the slip can be prevented from adversely affect the device. [0033] When diagonal
lengths of BMDs located at a position having a depth of 50 pm or more are smaller than 10 nm, or
when a concentration of BMDs is smaller than 1 x 1012/cm.3, 10the BMDs do not easily serve as
sufficient barriers to slip propagation. Although the density and diagonal lengths of BMDs which can
serve as barriersieslig propagatprnedenethawe upper Emits, tosthe reason(yill be desgribed later), in
a range which can be realized by an actual silicon wafer, 15 the upper limit of the diagonal length of

the BMD is 50 nrit MBFe 8pe&ifically® WhisrPBMITL &k Sresbatat a highe Bofibentedtion: Wmost all solid
solution oxygen is, precipitated.as.BMDs, pggﬁeeokpg{;@&q, tq:%num er o(f: %ﬁ%ns%%n\;g g%(éipitated
' [ a solid solution

as BMDs does not exceed the 20 number of oXygen atoms Solved if -Si, a

oxygen concentraftiomis:k x A1 8atamsiam3atmesic Fharefere; whamthe,BMDs are prasent at a high
concentration, the concentration of the oxygen atoms precipitated as BMDs may be constant at about
1 x 1018 25 atomishém3LiPthistae, Whe tie: ENDE eoRcantratioreineressess tidgonalifengths
decrease. More s[q%‘,g'@?lly, the diagonal lengths of BMDs which are present at a certain 17

When diagonal lengths of BMDs located at a position
having a depth of 50 pm or more are smaller than 10 nm, or
when a concentration of BMDs is smaller than 1 x 10%/cm’,

10 the BMDs do not easily serve as sufficient barriers to slip
propagation. Although the density and diagonal lengths of
BMDs which can serve as barriers to slip propagation do not
have upper limits, for the reason (will be described later),
in a range which can be realized by an actual silicon wafer,

15 the upper limit of the diagonal length of the BMD is 50 nm.
More specifically, when BMDs are present at a high
concentraticn, almost all solid solution oxygen is
precipitated as BMDs. On the other hand, the number of
OXygen atoms precipitated as BMDs does not exceed the

20 number of oxygen atoms solved in €Z-%i, and a solid
sclution oxygen concentration is 1 x 10%f atoms/cm® at most.
Therefore, when the BMDs are present at a high
concentration, the concentration of the oxygen atoms
precipitated as BMDs may be constant at about 1 x 10%F

25 atoms/cm®,  In this state, when the BMD concentration
increases, diagonal lengths decrease. More specifically,

the diagonal lengths of BMDs which are present at a certain



concentration or more have an upper limit, and the BMDs having a concentration of 1 x 1012/cm3
cannot be realized by BMDs,each having a diagonal length of larger than 50 nm. Therefore, the
ranges of the concentration and the diagonal length of BMDs which can suppress slip propagation are
1-x 10'2/c or more and 10 nm or more to 50 nm or less, respectively. [0034] For this purpose, an
interstitial oxygen concentration 10 is preferably 5 x 101% atoms/cm3 or less. On the other hand, the
lower limit of the interstitial oxygen concentration may be about 2 x 1017 atoms/cm3. The interstitial
oxygen concentration cannot be easily further decreased because a very-long-time heat treatment
must be performed at a low 15 temperature. [0035] The BMD size distribution and the interstitial
oxygen concentratiorcdescrivethabave arecdesically realized«aver anientirerstrface afiebwafer.
However, depending on 20 applications, the distribution and the concentration may be realized in

some region. Fo@%ﬁe?‘mﬁ%ﬂ%ﬁw}é@&bf&% 8ifp Brought fréfiran @igeporiien ot ike wrderis .
prevented, in a regjen %%%’%9% (;gmga é{\/q;%g%@ltg& byqu%gbﬁ)r ore of a Wa%[%rarﬁd#bs %E'ne BMD size

distribution and the 25-interstitial oxygen concentration may be able {0 be realized. hié IS because a
slip brought fromthe edgeportion of the.waerdfrequently-9cesrs e EOIOM the diagonal
5 length of BMDs which can suppress slip propagation are 1 x
10'2/cm’ or more and 10 nm or more to 50 nm or less,
respectively.
[0034]
For this purpose, an interstitial oxygen concentration
10  is preferably 5 x 10Y atoms/cm® or less. On the other hand,
the lower limit of the interstitial oxygen concentration
may be about 2 x 10% atoms/cm®. The interstitial oxygen
concentration cannot be easily further decreased because a
very-lcng-time heatitreatment must be performed at a low
15 temperature.
[0035]

The BMD size distribution and the interstitial oxygen
concentration described above are desirably realized over
an entire surface of.a wafer. However, depending on

20 applications, the distribution and the concentration may be
realized in some region. For example, when only a typical
slip brought from an edge portion of the wafer is prevented,
in a region distanced from a wafer center by 80% or more of
a wafer radius, the éMD size distribution and the

25 interstitial oxygen concentration may be able to be
realized. This is because a slip brought from the edge

portion of the wafer frequently occurs in the region



18 distanced from the wafer center by 80% or more of the wafer radius. In order to prevent only
warpage of a typical wafer, the BMD size distribution and the interstitial 7. oxygen concentration may
be able to be realized in the inside region having 80% or less of the water radius. This is because
high-concentration dislocation inside a typical wafer which causes warpage frequently occurs in a
region having 80% or less of the wafer radius. [0036] 1§Ehe silicon wafer according to the present
invention is excellent in that slip and warpage occurring in device manufacturing processes are small.
More specifically, a silicon wafer according to the present invention, in particular, a silicon wafer in
which BMDs are controlled as 15 described above and an interstitial oxygen concentration is reduced
is characterized in tlsata fength oba stipsoccafring irethesfollowirgpBeattreatment s veey smal r
(typically, the length of the sli[% is 10 mm or less, and an amount of warpage obtained after the heat
treatment is 10 205 orless) 0O3AST Morei§eificaliy as Yassetitevaludtetsiiniarid resistance to

occurrence of wajpage in deyice MANLFaCiuing HIPEESSes, aeat reatment which holds a furnace
oxygen concentration may be able to be ?ealized in the
5 inside regiocn having 80% or less of the wafer radius. This
is because high-concentration dislocation inside a typical
wafer which causes warpage freqguently occcurs in a region
having 80% or less of the wafer radius.
[0C3¢]

10 The silicon wafer according to the present invention
is excellent in that slip and warpage occurring in device
manufacturing processes are small. More specifically,la
silicon wafer according to the present invention, in
particular, a silicon wafer in which BMDs are controlléd as

15 described above and an interstitial oxygen concentration is
reduced is characterized in that a length of a slip
occurring in the following heat treatment is very small
(typically, the length of the slip is 10 mm or less, and an
amount of warpage obtained after the heat treatment isle

20  upm or less). |
[0037]

More specifically, as a test to evaluate slip and’
resistance to occurrence of warpage in device manufacturing
processes,; a heat treatment which holds a furnace |

25 temperature at 900°C, inserts a wafer into the furnace,, and
holds the temperature at 1100°C for 30 minutes.

[G038]



25temperature at 900C, inserts a wafer into the furnace,, and holds the temperature at 1100C for 30

minutes. [0038] 19

In the heat treatment, in a temperature range in which slip and warpage easily

occur, thermal stress is practically maximum. For this reason, when dislocation is prevented from
occurring at a temperature raising/falling 5 rate in the temperature range, it can be said that the silicon
wafer according to the present invention is a silicon wateg in which slip and warpage minimally occur in
almost all the device manufacturing processes. [00391 10In order to measure the shapes and diagonal
lengths of the BMDs and the number of BMDs described above, a known measuring method can be
generally used. More specifically, a method performed by a transmission electron microscope (to be
referred to as a "TEM" and anénfrared intesfererce: 15 and=a methed of OpticabRrecipitate Rrofiler (to
be referred to as an "OPP" hereinafter) are given. [0040] Methods of measuring and evaluating slip
dislocation and afi alRoGRLIIFEIPARE Gt water drétHot lifiieE Thestress is

‘practically maximum. For this reason, when dislocation is

prevented from occurring at a temperature raising/falling

£

rate in the temperature range, it can be said that the

silicon wafer according to the present invention is a

silicon wafer in which slip and warpage minimally occur in

almost all the device manufacturing processes.

10038]

10

In order to measure the shapes and diagonal lengths of

the BMDs and the number of BMDs described above, a known

measuring method can be generally used. More specifically,

a method performed by a transmission electron microscope

{to be referred to as a "TEM" and an infrared interference

15 and a method of Optical Precipitate Profiler (toc be

referred to as an “"OPP" hereinafter) are given.

(0040]

Methods of measuring and evaluating slip dislocation

and an amount of warpage of a wafer are not limited. The

20 slip dislocation and the amount of warpage can be generally

measured by a known method. More specifically, an X-ray

topograph is used Lo measure slip dislocation. An amount

of warpage can be observed and evaluated by using FT-50A

available fr@m NIDAK corporation.

25 [0041]



20 slip dislocation and the amount of warpage can be generally measured by a known method. More
specifically, an X-ray topograph is used to measure slip dislocation. An amount of warpage can be
observed and evaluated by using FT-90A available from NIDAK corporation. 25[0041] 20
Furthermore, in order to measure an interstitial oxygen concentration, a Fourier transformation infrared
absorption spectroscopy (FTIR) can be used. [0042] 5(hethod of Manufacturing Silicon Wafer)

The silicon wafer according to the present invention has the characteristic features described above.
Therefore, methods to manufacture silicon wafers having the characteristic features are arbitrarily
used. More 10specifically, single crystal growing condition (crystal pulling rate, crystal cooling rate,

crucible rotation, gas flow; anek:thedike) and heatdreatment genditions. (heatdreatment temperature,
time, temperature raising/falling, and the like) are appropriately controlled to make it 15 possible to
manufacture a sitcorfWwafer Haviiy: thetalsove ehdraeteristicfeansés j0e43pn infrared

absorption spectroscopy (FTIR} ?an"be used.
[0042]
5 {(Method of Manufacturing Silicon Wafer)

The silicon wafer according to the present invention
has the characteristic features described zbove. Therefore,
methods to manufacture silicon wafers having the
characteristic features are arbitrarily used. More

10 specifically, single crystal growing conditions (crystal
pulling rate, crystal cocling rate, crucible rotation, gas
flow, and the like) and heat treatment Conditiéns (heat
treatment temperature, time, temperature raising/falliing,
and the like) are appropriately controlled to make it

15 péssible to manufacture a silicon wafer having the above
characteristic features.

[0043]

In the present invention, in particular, a heat
treatment for a substrate is preferably performéd in steps.

20 [CC44] |

In this case, the substrate means a silicon wafer to
which a heat treatment is not performed, and also means a
substrate which is cut out of a single crystal ingot and to
which steps such as chamfering other than the Héat

25 treatment are performed.

[0C45]



In the present invention, in particular, a heat treatment for a substrate is preferably performed in steps.
20[0044] In this case, the substrate means a silicon wafer to which a heat treatment is not
performed, and also means a substrate which is cut out of a single crystal ingot and to which steps
such as chamfering other than the heat 25 treatment are performed. [0045] 21 A limitation of the
size (diameter, thickness, and the like) and a limitation of the presence/absence of dope of various
elements are not especially set, the size and the presence/absence of dope can be appropriately
selected 5 depending on the type and performance of a required silicon wafer. [0046] An interstitial
oxygen concentration included in a substrate may be an oxygen concentration of contained in a
10silicon in silicon singlé clystakgriowth pefformedstyza GZhdethte Undehhekmakconditions.hwhen the

substrate is manufactured 1?3/ the_heat treatment % ribed below, pre erablg the (wr%centraglon falls
within a a range of 810 & 1017 atdms/Erh3°0r mBréto 9.8 1017 &6 or fess WiEy ©

varicus elements are not especially set, the size and the
presence/absence of dope can be appropriately selected
5 depending on the type and performance of a reguired silicon
wafer.
[6046]
An interstitial oxygen concentration included in a
substrate may be an oxygen concentration of contained in a
1¢ silicon in silicon single crystal growth performed by a CZ
method under normal conditiens. When the substrate is
manuﬁactured by the heat treatment described below,
preferably, the concentration falls within a range of 8.0 x
10" atoms/cm® or more to 9.5 x 10*7 atoms/cm® or less. When

15 the oxygen concentration falls out of the range, BMDs are
not formed at a high concentration, and BMDs each having a
large size undesirably has a high-concentration.

(0047
’In the present invention, divided heat treatments,

20 more preferably, includes (A} a low-temperature heat
treatment which performs a heat treatment in a temperature
range of 650°C or more to 750°C or less for a reguired time
of 30 minutés or more to 5 hours or less, (B) furthermore,
a heét treatment which raises a temperature up to 850°C at

25 a temperature raising rate of 0.5°C/minute or more to
2°C/minute or less, (C) a temperature falling and

extracting step decreasing a temperature of a furnace at a



15 the oxygen concentration falls out of the range, BMDs are not formed at a high concentration, and
BMDs each having a large size undesirably has a high-concentration, [0047] In the present invention,
divided heat treatments, 20 more preferably, includes (A) a low-temperature heat treatment which
performs a heat treatment in a temperature range of 650C or more to 750C or less for a required time
of 30 minutes or more to 5 hours or less, (B) furthermorg; a heat treatment which raises a temperature
up to 850C at 25 a temperature raising rate of 0.5C/minute or more to 2C/minute or less, (C) a
temperature falling and extracting step decreasing a temperature of a furnace at a 22 temperature
falling rare of 1C/minute or more to 10C/minute or less after the heat raising step and extract the
substrate out of thefuranes witer: theltemperaturef thé(fdmiavetis 600@0r mare to 750C or less to
cool the 53ubstra§ée 2 room temperature, and (0) a high-temperature heat treatment which sets the

10
temperature of the TuriAce 18 -606€ orfmiore to 7350C bt 166 aftéPthd e peraRurd 131liRg At dxtracting
step, inserts the wafer intg dhe futnace, r%éineﬁeefﬁmpg&@t%gﬁ%@Jre@ﬁl%g}aé@rt@%%erature

range of up to 1100C at a temperature raising rate of 5C/minute or more to 10C/minute or less, raises
the temperature inteetefmperatureiran§e -1 100G or enare t0250C 0r lesssat-a termperattiee raising
rate of 1C/minute or more to 2C/minute less, and holds the temperature at
substrate to a room temperature, and (D) a high-temperature
heat treatment which sets the temperature of the furnace to
600°C or more to 750°C or less after the temperature
falling and extracting step, inserts the wafer into the
furnace, raising the temperature of the furnace in a
10 temperature range of up to 1100°C at a temperature raising
rate of 5°C/minute or more to 10°C/minute or less, raises
the temperature in a temperature range éf 1100°C or more to
1250°C or less at a temperature raising rate of 1°C/minute
or more to 2°C/minute less, and holds tﬁe temperature at
15 1000°C or more to 1250°C or less to make a diffusion length
of interstitial oxygen 50 um or more.
[0048]
A batch heat treatment in the present invention, more
preferably, includes (A} a iow—temperatﬁre heat treatment
20 which performs a heat treatment in a temperature range of
650°C or more teo 750°C or less for a time of 30 minutes or
more to 5 hours or less, (B) furthermore, a heat treatment
which raises a temperature up to 800°C at a temperature
raising rate of (.5°C/minute or more to é°C/minute or less,
25 and (C) furthermore, a high-temperature heat treatment
which raises a temperature in a temperature range up to

less than 1100°C at a temperature raising rate of



15 1000C or more to 1250C or less to make a diffusion length of interstitial oxygen 50 pm or more.
[0048] A batch heat treatment in the present invention, more preferably, includes (A) a
low-temperature heat treatment 20 which performs a heat treatment in a temperature range of 650C or
more to 750C or less for a time of 30 minutes or more to 5 hours or less, (B) furthermore, a heat
treatment which raises a temperature up to 800C at a temperature raising rate of 0.5C/minute or more
to 2C/minute or less, 25 and (C) furthermore, a high-temperature teat treatment which raises a
temperature in a temperature range up to less than 1100C at a temperature raising rate of 23
5C/minute or more to 10C/minute or less and raises a temperature in a temperature range of 1100C or
more to 1250C obféssrdtra temperatoreeralsing $4fe’ of 2Ciminete bt viorertd 2G mingtesor less, and
holds a constant 5 temperature at 1000C or more to 1250C or less to. make a diffusion length of

inter-lattice oxygers 5O pri of ffore'ls perfafmed® [0040] i S sfép () Since Sxybehts Hdt sufficiently
10 diffused when s iemperalute. ol a fieat reaipentis lower then 650G it is not preferahle faat BMD

formation does not sufficiently occur. On the other hand, when the temperature exceeds 750C, the
heat treatment rapelymore to 2°C/minute or less, and holds a constant

5 temperature at 1000°C or more to 1250°C or less to make a
diffusion length of inter-lattice oxygen 50 pm or more is
performed.

(604917
In the step (A), since oxygen is not sufficiently

lO diffused when a temperature of a heat treatment is lower
then 650°C, it is not preferable that BMD formation does
not sufficiently occur. On the other hand, when the
temperature exceeds 750°C, the heat treatment rarely
influences coptimization of BMDs, and waste undesirably

15 increases. Time for the heat treatment is shorter than 30
minutes, time reguired for BMD core formation is not
sufficient. When the time exceeds 5 hours, productivity
extremely decreases undesirably.

[CO50]

20 Furthermore, in the step (B), when a temperature
raising rate in the heat raising step is lower than
0.5°C/minutes, a stable temperature increasing rate cannot
be secured. When the temperature raising rate excesds
2°C/minute, deposited BMDs are not undesirably eliminated.

25 [0051]

Furthermore, the high~temperature heat treatment step

(D} is to outwardly diffuse interstitial oxygen to form a



influences optimization of BMDs, and waste undesirably 15 increases. Time for the heat treatment is
shorter than 30 minutes, time required for BMD core formation is not sufficient. When the time exceeds
5 hours, productivity extremely decreases undesirably. [0050] 20Furthermore, in the step (B), when a
temperature raising rate in the heat raising step is lower than 0.5C/minutes, a stable temperature
increasing rate cannot be secured. When the temperatgee raising rate exceeds 2C/minute, deposited
BMDs are not undesirably eliminated. 25,[0051] Furthermore, the high-temperature heat treatment
step (D) is to outwardly diffuse interstitial oxygen to form a 24 DZ layer. In this step, when a holding
temperature is lower than 1000C, it is not preferable in terms of production decrease that a long time is
required to outwardlyldiffése intérstitiai-exyiger: WHER thé hbiliig Baefifperatiré exeedds 1250C, the

guality of member in an annealing furnace.is extremely deteriorated undesirably. When a diagonal
length of the inter‘%ﬂﬁglroity%aerﬁ ijS%aé% Gt 3s ot pre?fez:a?b‘ie S OP

production decrease that a long time i1s reguired to
outwardly diffuse interstitial oxygen. When the holding
5 temperature exceeds 1250°C, the guality of member in an
annealing furnace is extremely deteriorated undesirably.
When a diagonai length of the interstitial oxygen is a
numerical wvalue calculated on the basis of a temperature
and a time in the step. More specifically, the numerical
10 wvalue can be calculated by the following eguation (i).
[0052]
Diffusion length (um) of in%erwlattice oxygen = 2 X
10 x (D x time (second))?®”’
where
15 D (cm®/second) = 0.17 x exp {-2.53 + 8.62 x 10™° =+
temperature (K))
In this manner, a heat treatment which obtains a diffusion
length 50 ym or more is preferable to form a large-sized DZ
layer having a width of 5 um orxr ﬁore.
29 [0053] |
An extracting step is added to the heat treatment when
two heat treatment furnaces are used and when a low-
temperature heat treatment and a high-temperature heat
treatment are performed in diffe%emt furnaces, respectively.
25 When the respective heat treatments are advantageously
performed in the different furmaées to improve the

productivity, the temperature raising and extracting step



numerical value calculated on the basis of a temperature and a time in the step. More specifically, the
numerical 10value can be calculated by the following equation (i). [0052] Diffusion length (pm) of
inter-lattice oxygen = 2 x 104 x (D x time (second))'5 where 15D (cm2/second) = 0.17 x exp (-2.538.62
x 10-5 temperature (K)) In this manner, a heat treatment which obtains a diffusion length 50 pm or
more is preferable to form a large-sized DZ layer having:a width of 5 pm or more. 20[0053] An
extracting step is added to the heat treatment when two heat treatment furnaces are used and when a
low-temperature heat treatment and a high-temperature heat treatment are performed in different
furnaces, respectively. 25 When the respective heat treatments are advantageously performed in the
different furnaces to improvedhé pradudetivity pthei temperaturelraising and extractng step 25 is

preferably added to divide the heat treatments into a low-temperature heat treatment and a
mghiempemﬂumﬁﬁ@ﬂﬁﬁ%ﬁﬁﬁﬁﬁ?re heat treatment and a high-temperature heat

treatment.
[0054]

5 A temperature ralsing rate in the temperature raising
and extracting step is preferably 1°C/minute or more to
10°C/minute or less which can be realized by a general
furnace. A temperature of the furnace when a substrate is
extracted from the furnace is undesirably lower than 600°C

10 because the life of a heater in the furnace is shortened.
The temperature undesirably exceeds 750°C because members
of the furnace are deteriorated.

[0055]
A temperature of a furnace when a wafer

15 is imserted in the high-temperature heat treatment is
undesirably lower than 600°C and undesirably higher than
750°C for the same reason as the temperature falling step.
A temperature raising rate up to 1100°C is preferably
5°C/minute or more to 10°C/minute or less which can be

20 realized by a general furnace, and & temperature raising
rate in a temperature range of 1100°C or more to 1250°C or
less is preferably 1°C/minute or more to 2°C/minute or less.
A temperature and a range of a diffusion length of oxygen
in a heat treatment at 1000°C or more are as described

2> above. A temperature raising speed and a pulling
temperature after the high-temperature heat treatment is

performed are not limited to specific ones.



[00541 5A temperature raising rate in the temperature raising and extracting step is preferably

1C/minute or more to 10C/minute or less which can be realized by a general furnace. A temperature of
the furnace when a substrate is extracted from the furnace is undesirably lower than 600C 10 because
the life of a heater in the furnace is shortened. The temperature undesirably exceeds 750C because

members of the furnace are deteriorated. [0055] A temperature of a furnace when a wafer 15 is

inserted in the high-temperature heat treatment is undesirably lower than 600C and undesirably higher
than 750C for the same reason as the temperature falling step. A temperature raising rate up to 1100C
is preferably 5C/minute or more to 10C/minute or less which can be 20 realized by a general furnace,

and a temperaturétaising rate in a temperature range of 1100C or more to 1250C or less is preferably
1C/minute or more to 2C/minute or less. A temperature and a range of a diffusion length of oxygen in a

heat treatment at 1000CBr A2 Ere s 45 bEY 25 Abdve 1A tempelstife fHisihb ™ speet and a

pulling ;‘émperatucﬁ% alter e highstemperatyre heat reatment is, periermed e, not lingited to specific

ones.

10

15

20

25

conventional known apparatus is preferably used. More
specifically, a normal batch type vertical furnace, & batch
type vertical furnace with an oxygen purge function, and
the like are given.
[0057]

In the manufacturing method according to the present
invention, the substrate preferably contains nitrogen.
This is because the substrate contains nitrogen toe suppress
warpage to a lower level ktypically, 15 ym or less). In
this manner, the warpage is further suppressed, sc that a
higher-performance device:can be manufactured.
[0058]

A concentration cof nitrogen added for this purpose is

* or more to 1 x 10*° atoms/cm®

preferably 5 x 10" atoms/cm
or less. When the concentraticon exceeds the range,
polycrystallization undesirably occurs because an yield may
be decreased. |

[0059]

In the manufacturing method according to the present
invention, the substrate preferably contains carbon. This
1s because the substrate %ontains carbon to advantageously
form BMDs even though the low-temperature heat treatment is

performed at a low temperature for a comparatively short

period of time.



[0056] An apparatus used in the series of heat treatments described above are not limited to specific
one, and a conventional known apparatus is preferably used. More 5specifically, a normal batch type
vertical furnace, a batch type vertical furnace with an oxygen purge function, and the like are given.
[0057] In the manufacturing method according to the present 10 invention, the substrate preferably
contains nitrogen. This is because the substrate contaipg nitrogen to suppress warpage to a lower
level (typically, 15 pm or less). In this manner, the warpage is further suppressed, so that a
higher-performance device can be manufactured. 15[0058] A concentration of nitrogen added for
this purpose is preferably 5 x 1014 atoms/cm3 or more to 1 x 1016 atoms/cm3 or less. When the
concentration exd@gdsithe range, polycrystallization undesirably occurs because an yield may 20 be
decreased. [0059] In the manufacturing method accordinﬁ to the present invention, the substrate

preferably contains carBorf: THi§ EBacause the Siibsirate 20REINS Barboi'td &Vatageddsly

preferably 1 x 10'° atoms/cm® or more to 3 x }Ow atoms/cm’
or less. When carbon is added at a concentration higher

5 than the above range, & production yield disadvantageously
decreases in crystal manufacturing. PFurthermore, when
concentration is lower than the range, the BMD
concentration of a bulk is difficult to be 1 x 10%/cwm’ or
more. Furthermore, the carbon conceniration is more

10 preferably 1 = 10 atoms/cm® or less.
[00611

Methods of adding nitreogen and carben to a substrate
are not limited to specific methods, and a conventicnal
known method is preferably used. More specifically, as a

15 method of adding nitrogen, substrate with nitride film is
added fo a single-crystal pulling melt tc make it possible
to adjust a nitrogen concentration cof the obtained
substrate. And as a method of adding carbon powder is added
to a single-crystal pulling melt to make it possible to

20 adijust a carbon concentration of an obtained substrate.
[0062]

Methods of measuring concentrations of nitrogen,
carbon, and oxygen contained in a substrate are not limited
to specific methods, and the concentrations can be

25 preferably measured by conventicnal known methods. More
specifically, in measurement of a nitrcgen concentration,

the nitrogen concentration a secondary ilon mass analyzing



25 form BMDs even though the, low-temperature heat treatment is performed at a low temperature for
a comparatively short period of time. 27 [0060] A concentration of carbon added for this purpose is
preferably 1 x 1015 atoms/cm3 or more to 3 x 1016 atoms/cma3 or less. When carbon is added at a
concentration higher 5 than the above range, a production yield disadvantageously decreases in
crystal manufacturing. Furthermore, when concentrationgds lower than the range, the BMD
concentration of a bulk is difficult to be 1 x 1012/cm3 or more. Furthermore, the carbon concentration
is more 10preferably 1 x 1016 atoms/cm3 or less. [0061] Methods of adding nitrogen and carbon to a
substrate are not limited to specific methods, and a conventional known method is preferably used.
More specifically,saaspa 15tmethgtiigbaddiag nitcoger subsirate wathauttidecfiloeis taddedoto a&nd
single-crystal pulling melt to make it possible to adjust a nitrogen concentration of the obtained
substrate. And ast& inéthoB Tt At Barbon' powacEisiuied da Singtet /st Hifihg melt to make

Lot AT SN oLy et 00 gocet
specific methods cand the-cengentrationsweanee of Japan Electronics and
5 Information Technology Industries Association (JEITA).
[Examples]
[0063]
The present invention will be described below in
detail by examples. However, the present invention is not
10  limited to the examples.
[0064]
(Method of Manufaéturing Annealed Wafer)
Single~crystal ingots were manufactured under various
conditions (wafer:diameter, conductivity type, oxygen,

15 nitrogen, carbon ccncentraticn), and the same portions of
straight body parts of the single-crystal ingots were cut
by using a wire saw. The portions obtained by performing
mirror processing having a thickness of 725 pm or more to
750 pm or less wefe used as substrates. Annealed wafers

20  were manufactured from the substrates by the following
method.

[0065]
Divided Heat Treatment
An obtained %ubstrate was put in a batch type first

2% wvertical heat treatment furnace, a low-temperature heat

treatment was performed to the substrate. The substrate

was put in a second vertical heat treatment furnace, and a



25 preferably measured by conventional known methods. More specifically, in measurement of a
nitrogen concentration, the nitrogen concentration a secondary ion mass analyzing 28 apparatus
(SIMS) can be used. The oxygen concentration and the carbon concentration are measured by an
infrared absorption method, and can be calculated as converted coefficients by a value of Japan

Electronics and 5Information Technology Industries Asgaciation (JETTA). [Examples] [0063]
present invention will be described below in detail by examples. However, the present invention is not

10limited to the examples. [0064] (Method of Manufacturing Annealed Wafer) Single-crystal ingots

were manufactured under various conditions (wafer diameter, conductivity type, oxygen,

10

15

20

25

high~temperature heat treatment was performed in an argon
gas atmosphere. A diffusion length of interstitial oxygen
in the high-temperature heat treatment was obiained by
integrating the eguation (i) according to a temperature
pattern of the high-temperature heat trestment. Heat
treatment conditions of the examples and comparative
examples will be described below.
[G066]
Batch Heat Treatment

An obtained substrate was put in a batch type vertical
heat treatment furnace, a low-temperature heat treatment
and a high-temperature heat treatment were performedain an
argon gas atmosphere in the same furnace. A diffusién
length of interstitial oxygen in the high—temperaturé heat
freatment was obtained by integrating the equation (i)
according to a temperature pattern of the high-temperature
heat treatment. Heat treatment conditions of the examples
and the comparative examples will be described below.
[0067]
Examples of Heat Treatment

Examples 1 to 3: at 700°C for 4 hours, temperature was
raised to B800°C at 1°C/minute, at 800°C for 0 hour,
remperature was decreased at 3°C/minute, substrate was
extracted at 700°C and coocled to a room temperature,.
substrate was inserted at 700°C, temperature

raised/decreased at lower than 1100°C at 5°C/minute,

The



15 nitrogen, carbon concentration), and the same portions of straight body parts of the single-crystal
ingots were cut by using a wire saw. The portions obtained by performing mirror processing having a
thickness of 725 pm or more to 750 pm or less were used as substrates. Annealed wafers 20 were
manufactured from the substrates by the following method. [0065] Divided Heat Treatment An
obtained substrate was put in a batch type first 25 vertigal heat treatment furnace, a low-temperature
heat treatment was performed to the substrate. The substrate was put in a second vertical heat
treatment furnace, and a 29 high-temperature heat treatment was performed in an argon gas
atmosphere. A diffusion length of interstitial oxygen in the high-temperature heat treatment was
obtained by integrafifig i BGaticrt (i aécordirtptora tamperiturkls pHitern ofiehie hih-temperature
heat treatment. Heat treatment conditions,of the e ples and comparative examples will be
described below. O%Cf %%&1’ Haégt llI'%)eé]agtrﬁentofo nr%%‘tla:?ned substrate was put in a batch type

vertical ' Example 4: at 700°C for 4 hours, temperature was
raised to 750°C at 0.5°C/minute, at 750°C for 0 hour,

5 temperature was decreased at 3°C/minute, substrate was
extracted at 700°C and cooled to room temperature,
substrate was inserted at 700°C, temperature
raised/decreased at lower than 1100°C at 5°C/minute,
temperature was raised/decreased at 1100°C or more at

10 1°C/minute, at 1200°C for 0 hour
Example 5: at 700°C for 4 hours, temperature was
raised to ?OO°C at 0.5°C/minute, temperature was
raised/decreased to 1100°C at a 8°C/minute, temperature
raised/decreased at 1100°C or more at 1°C/minute, at 1200°C
15 for 5 hour
Comparative Examples 1 to 4: at 700°C for 4 hours,
temperature was raised to B800°C at 1°C/minute, at B800°C for
0 hour, temperature was decreased at 3°C/minute, substrate
was extracted at 700°C and cooled to a room temperature,
20  substrate Qas inserted at 700°C, temperature
raised/decreased at lower than 1100°C at 5°C/minute,
temperature was raised/decreased at 1100°C or more at
1°C/minute, at 1200° for 1 hour
Compa%ative Example 5: at 700°C for 4 hours, substrate
25 was extracted at 700°C and cooled to a room temperature,
substrate was inserted at 700°C, temperature

raised/decreased at lower than 1100°C at 5°C/minute,



heat treatment furnace, a low-temperature heat treatment and a high-temperature heat treatment were
performed in an argon gas atmosphere in the same furnace. A diffusion length of interstitial oxygen in
the high-temperature heat 15 treatment was obtained by integrating the equation (i) according to a
temperature pattern of the high-temperature heat treatment. Heat treatment conditions of the
examples and the comparative examples will be descriped below. [0067] 20 Examples of Heat
Treatment Examples 1 to 3: at 700C for 4 hours, temperature was raised to 800C at 1C/minute, at
800C for 0 hour, temperature was decreased at 3C/minute, substrate was extracted at 700C and
cooled to a room temperature, 25 substrate was inserted at 700C, temperature raised/decreased at
lower than 1100C anBEminute, B0stenfperatiifdavasraisel/decrebéetiact1@0C oramore at
1C/minute, at 120QC for O hour  Example 4: at 700C for 4 hours, temperature was raised to 750C at

0.5C/minute, at 715(% Wﬁgﬂr,%tte]rﬁﬁgr&uféaﬁ/% déttéased at 3C/minute, substrate was extracted
at 700C and cooled to regpyiemperature, sybstiate was insepied at,700C temperature

raised/decreased at lower than 1100C at 5C/minute, temperature was raised/decreased at 1100C or
more at 10 1C/minetecat=k200C ford haused Example®: at 700G for4i hatrs, tempeaitre was
raised to 800C at 0.5C/minute, temperature was
5 for 0 hour, temperature was decreased at 3°C/minute,
substrate was extracted at 700°C and cooled te a room
temperature, substrate was inserted at 700°, temperature
raised/decreased at lower than 1100°C at 5°C/minute,
temperature was ralised/decreased at 1100°C or more at
10 1°C/minute, at 1200°C for 1 hour
[0068]
Manufacturing conditions of the manufact?red wafers
(Examples 1 to 5 and Comparative Examples 1 to 6) (wafer
diameter, conductivity type, concentraticns (hitrogen,
15 cxygen, and carbon) in a substrate, and diffusion lengths
of interstitial oxygen in each heat treatment) are listed
in Takle 1. 1In this table, a P-type is boron dope, and N-
type 1s phosphorous dope. Adjustment and measurement of
concentrations of inclusions (oxygen and the'iike) are
20 performed according to a normal known method.;
[0069]

[Table 1]



raised/decreased to 1100C at a 8C/minute, temperature raised/decreased at 1100C or more at

1C/minute, at 1200C 15 for 5 hour

was raised to 800C at 1C/minute, at 800C for 0 hour, temperature was decreased at 3C/minute,
substrate was extracted at 700C and cooled to a room temperature, 20 substrate was inserted at
700C, temperature raised/decreased at lower than 1100C at 5C/minute, temperature was
raised/decreased at 1100C or more at 1C/minute, at 12000C for 1 hour Comparative Example 5: at
700C for 4 hours, substrate 25 was extracted at 700C and cooled to a room temperature, substrate
was inserted at 700C temperature raised/decreased at lower than 1100C at 5C/minute, 31

Comparative Examples 1 to 4: at 700C for 4 hours, temperature

[007GC]

Concentrations in Substrates

(Measurement and Evaluation of Annealed Wafer)

Each annealed wafer obtained under the manufacturing

conditions was measured and evaluated in the following (1),

(2),

measurements of

1C is,

predetermined depths

{31

and

{4).
(1)

TEM samples of samples used in

and (2)

(50 pm,

was obtained as follows.

100 um

, and 300 um),

That

the wafers were polished by a precision polisher to

and the

samples were obtained from a center portion of the wafer

and a portion distanced from an edge by 10 mm.

set such that a focus 1s sel to predetermined depths

15

predetermined positions

100711

and 15 pm from a surface layer)

{center,

of the wafers and

An OPP was

{5 pum

and 10 mm from edge).

temperature was raised/decreased.at.1100C.or-more.at-1C/minute,-at-1200C-forl-heur
Comparative Example®@at 7¢ qg:gmeﬁxh @ﬁgféﬁ%pe ratle fls r%ﬁéﬁﬁtg 8 Qg@;‘()@(, fﬁﬁéﬁi &rat 800C
5for O hour, temperature was i d [at3€/minutersubstrateniias extractéd at 700G ard‘eoolked fto
a room temperature, substraté¢ was inserted at 700Q, temperature raised/decreased atioﬁ/ than
1100C at 5C/minute, tempera ised/decreased at 1100C or more at pomperature .
f:‘ireﬁ?tmer‘lt

Example || 200 P 1.3E+15 | 9.2E+17 | 1.5E+15 52

Example 200 P 14E+15 | 90E+1T | 35E+15 52

Brample 3| 200 N 19E+15 | 9.3E+17 | 26E+1S 52

Example g4 200 P TOEHS | 92BE+17 | 47E+15 92

remple § 200 P 24E+15 | 88E+17 | B1E+15 52

e 200 P 1.3E+15 | 8.2E+17 | 1.BE+18 23

carplet 200 N {.9E+15 | 9.3E+17 | 2.6E+1§ 23

pRALIE 200 [= 33E+15 | BBE+17 | 1.0E+16 23

G 200 P 1.4E+15 | 9.0E+17 | 3.5E+15 23

e 200 P 14E+15 | 8.7E+17 | 33E+ib 23

anpes 200 P 3.2E+15 | BBE+17 | 1.3E+16 23

Manufacturing Conditions of Manufactured Wafers, and



10 1C/minute, at 1200C for 1 hour [0068] Manufacturing conditions of the manufactured wafers
(Examples 1 to 5 and Comparative Examples 1 to 6)(wafer diameter, conductivity type, concentrations
(nitrogen, 15 oxygen, and carbon) in a substrate, and diffusion lengths of interstitial oxygen in each
heat treatment) are listed in Table 1. In this table, a 2-type is boron dope, and N-type is phosphorous
dope. Adjustment and measurement of concentrations ©f inclusions (oxygen and the like) are 20
performed according to a normal known method. [0069] [Table 1] 32 Manufacturing Conditions of
Manufactured Wafers, and Concentrations in Substrates [0070]

(1) Determination of BMD Shape: the same measurement

sample was measured twice while changing a scan direction
of an OPP into «<110>» direction and <100> direction, and (A
BMD oblateness was determined) a ratio of signal

5 intensities cbtained by both the measurements. More
specifically, a relationship between the ratic of the
signal intensities and the BMD oblateness was examined in
advance, and a oblateness was calculated from the ratio of
the signal intensities. Measurement was also performed by

10 a TEM., At this time, the oblateness was measured and
calculated from a microscopic image viewed from [001]
direction. From these results, BMD Sﬁape determination was
performed. At least 10 BMDs in each of the samples were
measured, and all obtained oblatenessés were averaged to

15 calculate an average oblateness. It was determined whether
the average oblatenesses exceeded 1.5.
F0072]

(2} BMD Size and Concentration: Sizes and

concentrations were obtained by measufing a portion having

20 a depth of less than 20 um from a surface layer by using an
OPP and measuring a portion having a depth of 50 pm or more
by using a TEM. From observation results of the BMDs
obtained by the following methods 1) and 2), concentraticns
of BMDs each having a predetermined size were calculated.

25 As the concentration of BMDs each having the predetermined
size, an average value at three portions at a predetermined

depth was used.



5(Measurement and Evaluation of Annealed Wafer) Each annealed wafer obtained under the
manufacturing conditions was measured and evaluated in the following (1), (2), (3), and (4). TEM
samples of samples used in measurements of (1) and (2) was obtained as follows. That 10 is, the
wafers were polished by a precision polisher to predetermined depths (50 pm, 100 pm, and 300 pm),
and the samples were obtained from a center portion of the wafer and a portion distanced from an
edge by 10 mm. An OPP was set, such that a focus is set to predetermined depths (5 pm 15 and 15
pm from a surface layer) of the wafers and predetermined positions (center, and 10 mm from edge).
[0071] 33 (1) Determination of END Shape: the same measurement sample was measured twice
while changing a s¢@ndirection of an OPP into <110> direction and <100> direction, and (A END
oblateness was determined) a ratio of signal 5 intensities obtained by both the measurements. More

specifically, a relationship befiEeH FEThtio ot tHe sigril im@hefied ard the’ERD 6hlaferies¥ivas
examined in adv%%@ng&gmﬂg%qgs\lfvag cgli%%tgdif{lq@rggg{@tigg&bﬁ@gngb,intensities. :

Measurement was also performed by 10 a TEM. At this time, the oblateness was measured -and

calculated from aoraictosedapig imageaiewed froas 0] | direction cEiony thesexresultse END shape
determination was performed. At least 10 BMDs in each of the samples were measured, and all
obtained oblaten8sdeEWBIE BvEragetosIs caltlifte aRsherage obfatenesditwH4e Yetermined

whether the avergggg@@gpesi%s ﬁ)e(a%es%dreéjm%gt[oroaz@e in a direction of depth, a

range in a depth of +5 um from the setting was used. More
specifically, when a focus was set at a pesition in a depth
of 5 um from a surface, a range from a depth of 0 pm to 10

10  pm was measured. When the focus was set at a position in a
depth of 15 pm from the surface, a range from a depth 10 um
to 20 um was measured. In size correction of BMDs was
performed as follows. That is, BMDs each having known
sizes were measured by an OPP, and a correction curve of

15 the sigral intensities and BMD sizes was formed. The
correction curve will be described below.
10074}

BMD diagonal length (nm}) having an cctahedron shape =

153 x (OPpP signal)oj3

20 By using the correcticn curve, BMD sizes wers
calculated from signal intensities. In calculation of the
sizes, a ghost signal removing process (K. Nakali Review of
Scientific Instruments, vol, €9 {(1288) pp. 3283) was
perfcermed. A detection sensitivity was set to a

25 sensitivity at which a BMD having a diagonal length of B(G
nm or more could be measured.

[0075]



(2) END Size and Concentration: Sizes and concentrations were obtained by measuring a portion
having 20 a depth of less than 20 um from a surface layer by using an OPP and measuring a portion
having a depth of 50 pm or more by using a TEM. From observation results of the BMDs obtained by
the following methods 1) and 2), concentrations of BMDs each having a predetermined size were
calculated. 25 As the concentration of BMDs each having the predetermined size, an average value at
three portions at a predetermined depth was used. 34 [0073] 1) Measurement by OPP: By using
an OPP available from AXENT Technologies, a signal intensity obtained by performing signal
processing electrically to a phase 5 difference of transmitting lasers caused by BMDs was measured.
As measurement rangezin diectiamefdepth, amangéina depih of Ssprofiam the getting was used.

More specifically, when a focus was set at a position in a depth of 5 pm from a surface, a range from a
depth of 0 pm to AO°EG PRTWAE MEASHTERM 9When the fietidrds §ét24t £ poSRiBA iFadepth of 15 pm

from the surface, g range Lrplmg c%pél}&%%rg Fg . pm.was. Qlecﬁﬂ?é%%cﬁ' si%%gorrection of BMDs was

performed as follows. That is, BMDs each having known sizes were measured by an OPP, and a

correction curve etab4he signiadintensities ang: BMExsizeswastormeds dhecpremation curve will be
described below. [00741 BMD diagonal length (nm) having an octahedron shape = 153 x (OPP
signal)'43 20By (&G feeofrectiort taie, BMD Sires@ére volume of a sample

corresponding to an observed region,.
[0076]
(3} Nitrcgen Concentration of Annealed Wafer
A sample was extracted from an annealed wafer and
10 polished by 20 um to remove a nitrogen ocutward diffusion
layer on the surface. Thereafter, a nitrogen concentratidn
was measured.
[0077]
Silip Length of Annealed Wéfer and Warpage Resistance
15 Evaluation
A heat treatment (to be referred to as a "pseudo
device process heat treatment" hereinafter} described in
the following (4) was performed tc an annealed wafer.
Warpages of the annealed wafer.before the pseudo device
20 process heat treatment and after the pseudo device process
heat treatment were measured by FT-90A available from NIDEK
corporation to calculate an increase in warpage = warpage
after heat treatment - warpage befcre heat treatment. An
annealed wafer after the pseudé device process heat
25 treatment was observed by an X-ray topograph, and a maximum
length of lengths of observed slips was defined zas a

typical value,



calculated from signal intensities. In calculation of the sizes, a ghost signal removing process (K. Nakai
Review of Scientific Instruments, vol. 69 (1998) pp. 3283) was performed. A detection sensitivity was
set to a 25 sensitivity at which a BMD having a diagonal length of 80 nm or more could be measured.
[0075] 35 2) Measurement by TEM: from a microscopic image obtained by measurement, a
concentration of BMDs each having a predetermined sizg was calculated. The concentration was
calculated from the number of BMDs observed in a field of view and a volume of a sample
corresponding to an observed region. [0076] (3) Nitrogen Concentration of Annealed Wafer A sample
was extracted from an annealed wafer and 10 polished by 20 pm to remove a nitrogen outward
diffusion layer on{the sigface! Theteafter, asitnog@m concéntratidewas measuwed:[0077hace  Slip
Length of Annealed Wafer and Warpage Resistance 15Evaluation A heat treatment (to be referred

to as a "pseudo device ProcéEsheat fredtfiehf msiiater) désciied in tHefoloWiny(0) Was
performed to an annealed wafer. Warpages of the annealed wafer before the pseudo device

"

(I1): Holds a temperature at 3%00°C for 30 minutes in an
5 oxygen gas atmosphere, and then extract the wafer at 900°%
(00781
(Measurement Results and Evaluation Results of
Annealed Wafersg)
In Table 2, as examples and comparative examples, with
10 respect to annealed wafers manufactured under the
manufacturing conditions shown in Table 1, measured
concentrations of BMDs each having a predetermined size and
slips and amounts ¢f warpage occurring in the pseudo device
process heat treatment are listed. The wafer manufactured
i5 undér any of the conditions has a BMD average oblateness
was 1.5 or less.
100739]

(Table 2]



20 process heat treatment and after the pseudo device process heat treatment were measured by
FT-90A available from NIDEK corporation to calculate an increase in warpage = warpage after heat
treatment - warpage before heat treatment. An annealed wafer after the pseudo device process heat
25 treatment was observed by an X7ray topograph, and a maximum length of lengths of observed
slips was defined as a typical value. 36 (4) Heat Treatment using Batch Type Heat Treatment Furnace
(I): Holds a furnace temperature at 900C, and a wafer is inserted into the furnace (ll): Holds a
temperature at 900C for 30 minutes in an 5 oxygen gas atmosphere, and then extract the wafer at

ed under the
having a

B process heat
.L_.L D average

900c [0078] (Mg =Yoal osLit Evaluatio D%enlf“ of Annpalpd \Alnfprq\ In Table 2, as
examples and comg a%tlve examples Wlth 10 tespect _to ahnealed ‘
manufacturing conctltlgr% shown in Table 1} 1€ @,ré‘é Gom%' r@1
. . e} sl = ) ng—
predetermined sizejarid:$kps and amounts}of warpgage, occurringirj t
treatment are listedi.Ihé wafer manufactured 15 under any. of the
oblateness was 1.5 orT:Jessn. [0079] RTable {2] S
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37 38[0080] In this case, a "surface layer" of a BMD concentration in Table 2 is a concentration
of BMDs each having a size of 200 nm or more, and an "inside bulk" of the BMD 5 concentration
means a concentration of BMDs each having a size of 10 nm or more to 50 nm or less. A value of a
concentration of the "surface layer" is a sum of concentrations measured at a depth of 5 pm and a
depth of 15 pm. 10 According to these results, the followgngs were obtained. (i) A surface layer of a
BMD concentration is 2 x 109/cm3 or less, an inside bulk of the BMD concentration is 1 x 1022/cm3 or
more. For this reason, a slip length is 10 mm or less, and an amount of warpage is suppressed to 10
pm or 15less. (ii) A nitrogen concentration of an annealed wafer added with nitrogen was not different
from a nitrogen coroartiation measured in a substrate. (i) Slips and warpages of a P-type and an
N-type were not 20 different from each other. (iv) The same effects were obtained in the divided heat

treatments and the batch'hédt treatment. fv) B ffkafety &t wiich AitldgencoRyEen marid-earbon
concentrations in g, sybstrate were same, IOW-eMPSIAUCe pyps each having a size of
200 nm or more, and an "inside bulk"™ of the BMD
5 congentration means a concentraticn of BMDs each having a
size of 10 nm or more to 50 nm or less. A value of a
concentraticon of the "surface layer”™ 1s a sum of
concentrations measured at a depth of 5 pm and a depth of
15 pm.
10 According to these results, the followings were obtained.
(i) A surface layer of a BMD concentration is 2 x 10%/cn®
or lesé, an inside bulk of the BMD concentration is 1 x
10%/cm® or more. For this reason, a slip length is 10 mm
or less, and an amount of warpage is suppressed to 10 pm or
15 less,
(ii) A nitrogen concentration of an annealed wafer added
with nitrogen was not different from a nitrogen
concentration measured in a substrate.
(iii) Slips and warpages of a P-type and an N-type were nof
20 different from each other.
(iv) The same effects were obtained in the divided heat
treatments and the batch heat treatment.
{v} Even in wafers in which nitrogen, oxygen, and carbon
concentrations in a substrate were same, low-temperature
25 heat treatments were changed, a slip characteristic or a
warpage characteristic could be satisfied. Howevexr, both

the characteristics could not be satisfied.



25 heat treatments were changed, a slip characteristic or a warpage characteristic could be satisfied.
However, both the characteristics could not be satisfied. 39 CLAIMS 1. A silicon wafer having a
nitrogen concentration which is 5 x 10" atoms/cm3 or more to 1 x 1016 atoms/cm3 or less, 5 having a
carbon concentration which is 1 x 1015 atoms/cm3 or jgore to 8.1 x 1015 atoms/cm3 or less, and
having BMDs each having an octahedral shape, characterized in that BMDs each of which is located
at a position shallower than the silicon wafer surface by a depth of less than 20 pm and has 10 a
diagonal length of 200 nm or more has a concentration of not more than 2 x 109/cm3, and BMDs each
of which is locateghata position having a depth of more than 50 m and has a diagonal length of 10 nm
or more to 50 mm or less have a concentration of -1 x 1012/cm3 or more. 15 2. The method of
manufacturing silicon wafer according to claim 1, characterized in that a nitrogen concentration of a
substrate is 5 x 1014 atoms/cm3 or more to 1 x 1016 atoms/cma3 or less, a carbon 20concentration
is 1 x 1015 at@ms/cn¥8 crirhormto 8id kxer01Batems/cm3grigsgjen concentration which

is 5 x 10™ atoms/cm® or more to 1 x 10*° atoms/cm® or less,
5 having a carbon concentration which is 1 x 10 atoms/cm’ or
more to 8.1 x 10%° atoms/cm® or less, and having BMDs each
having an octahedral shape, characterized in that BEMDs each
of which 1is located at a position shallower <than the
silicon wafer surface by a depth of less than 20 pm and has
10 a diagonal length of 200 nm or more has a concentration of
not more than 2 x 10°/cm®, and BMDs each of which is
located at a position ﬁéving a depth of more than 50 um and
has a diagonal lengtﬁlof 10 nm or more to 50 nm or less
have a concentration of -1 x 10%/cm® or more.
15
2. The method of manufacturing silicon wafer according to
claim 1, characterized in that
a2 nitrogen concentration of a substrate is 5 x 10%

> or less, a carbon

atoms/cm® or more to EL:x 10*® atoms/cm
20 concentration is 1 x 18*° atoms/cm® or more to 8.1 x 10%°
atoms/cm’ or less,
2 heat treatment including:
(B) a lowMtempeFature heat treatment step of
performing a heat treatment in a temperature range of 650°C

25 or more 750°C or less :for a reguired time of 30 minutes or

more to 5 hours or lessy



a heat treatment including: (A)a low-temperature heat treatment step of performing a heat treatment
in a temperature range of 650C 25 or more 750C or less for a required time of 30 minutes or more to 5
hours or less; 40 (B) furthermore, a heat treatment which raises a temperature in a temperature
range of up to 850C at a temperature raising rate of Ogg/minute or more to 2C/minute or less; 5(C) a
temperature falling and extracting step of decreasing a temperature of a furnace at a temperature
falling rate of 1C/minute or more to 10C/minute or less after the heat raising step and extracting the
substrate out of the furnace when the temperature of the furnace is 10 600C or more to 750C or less

to cool the substrate E rogm tgpg%)lgxé%tgée’; and . . () a high-temperatyre haat treatment which sets

the temperature of th rmace t or more to 750C or less after the temperature falling and

extracting step,cla, insers the substeate: it the-furnace, raising the temperaturesofitiie furnace in a
temperature range of less than 1100C at a temperature raising rate of 5C/minute or more to
10C/minute ortless;saises the temperatuye inwa temperaturd’ ran§e’ B LIYEC oP Foré'f- $250¢ or less
at a 20 temperature raising rate of 1C/minute or more to 2C/minute or-less, and holds the temperature
at 1000C or nmoret84256€ dtlesStthake a diffusion length of interstitial oxygen 50 pm or more is

performeg. 25 3.The ethod of mapyfactuiog the-sisanyafer-accadipade clail 1-eharacisrized in
that

decreasing a temperature of a {furnace at a temperature

falling rate of 1°C/minute or more to 10°C/minute or less

after the heat raising step and extracting the substrate

ocut of the furnace when the temperature of the furnace 1is

10  600°C or more to 750°C or less to cool the substrate to a
room temperature; and

(D) a high-temperature heat treatment which sets E-tlr.}e

temperature of the furnace to 600°C or more to 750°C or

less after the temperature falling and extracting step,

15 inserts the substrate into the furnace, raising the

temperature of the furnace in a temperature range cf less

than 1100°C at a temperature raising rate of 5°C/minute or

more to 10°C/minute or less, raises the temperature in -a

temperature range of 1100°C or more to 1250°C or less ét a

20 temperature raising rate of 1°C/minute or more . to

2°C/minute or less, and holds ﬁhe temperature at 1000°C or

more o 1250°C or less to make a diffusion length of

interstitial oxygen 50 pm or more 1is performed.

25 3. The method of manufacturing the silicon wafér

according to claim 1, characterized in that



41 a nitrogen concentration of a substrate is 5 x 1014 atoms/cm3 or more to 1 x 1016 atoms/cm3
or less, a carbon concentration is 1 x 1015 atoms/cm3 or more to 801 x 1015 ( atoms/cm3 or less, 5a
heat treatment including: (A)a low-temperature heat treatment step of performing a heat treatment in a
temperature range of 650C or more to 750C or less foy, a required time of 30 minutes or more to 5
hours or less; 10(B) furthermore, a heat treatment which raises a temperature in a temperature range
of up to 850C at a temperature raising rate of 0.5C/minute or more to 2C/minute or less; and (C)
furthermore, a high-temperature heat treatment in 15 which a heat raising process up to less than

1100C is performed af a tfempgratire raising fateof RG{minute or mare o 10C/minute orlesspand in a
temperature range of 1100C or more to 1250C or less at a temperature raising rate of 1C/minute or
more to 2C/miauteror less, and the 2@ tempelature ishiield ath00QE or snoré ¢ 250C arlessto make
a diffusion length of interstitial oxygen 50 pm or more is perfor ed. s

concentraticn 1s 1 x 10 atoms/cm” or more to 8.1 x 10

"stoms/cm? or less,

5 a heat ftreatment including:
(A) a low~temperature heat treatment step of

performing a heat treatment in a temperature range of 650°C

cr more to 750°C or less for a required time of 30 minutes

or more to 5 hours or less;

10 (Ry furthermore, a heat treatment which raises a
temperature in & temperature range of up fto 850°C at =a
temperature réi%ing rate of 0. 5°C/minute or more to
2°C/minute or iéss; and

(C) furthérmore, a high~temperature nheat treatment in

15 which a heat raising process up to less than 1100°C is
performed at a temperature raising rate of 5°C/minute or
more to 10°C/minute or less and in a temperature rangs of
1100°C or more  to 1250°C or less at a temperature raising
rate of 1°C/miﬁuﬁ@ or more to 2°C/minute or less, and the

20 temperature is;held at 1000°C or more to 1250°C or less to
make a diffusion length of interstitial oxyg@n 50 mm or

more is performed.



42 SILICON WAFER AND METHOD OF MANUFACTURING THE SAME ABSTRACT To
provide a silicon wafer which can suppress both 5 occurrences of slip dislocation and warpage in
device manufacturing processes and a method of manufacturing the same. A silicon wafer according
to the present invention is a silicon wafer having BMDs each having an octahedron shape. 10 BMDs
located at a position shallower than the silicon wafer surface by a depth of 20 gm or more and having
a diagonal length of 200 nm or more have a concentration of 2 x 109/CM3 or less, and a END located
at a position having a depth 50 jim or more and has a diagonal length of 10 rim or 15 more to 50 rim or
less has a concentration of 1 x 1012/cm3 or more. [Selected Diagram] Non

SILICON WAFER AND METHOD OF MANUFACTURING THE SAME

ABSTRACT

To provide a silicon wafer which can suppress both
5 occurrences of slip dislocation and warpage in device
manufacturing processes and a method of manufacturing the
same.
A silicon wafer according to the present invention is
a silicon wafer having BMDs each having an octahedron shape.
10 BMDs located at a position shallower than the silicon watfer
surface by a depth of 20 um or more and having a diagonal
length of 200 nm or more have a concentration of 2 x
10°/cm® or less, and a BMD located at a position having a
depth 50 um or more and has a Giagenal length of 10 nm or
15 more to 50 nm or less has a concentration of 1 x 102/cm’® or
more.

{Selected Diagram] Non



