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P-Type Silicon Single Crystal and Method of Manufacturing the

Same

Technical Field

3

he present invention relates to a p-type silicon single

rystal and a method of manufacturing the same, and

'UO

articularly to a p-type silicon single crystal manufactured

with a Czochralski method and a method of manufacturing the
e.

(!‘

&It

Background Art

A power device such as an IGRT (Insulated Gate Bipolar
Transistor) has recently widely been used in home appliances,
industrial machines, and the like. One of primary
characteristics of the power device is a high withstand voltag
and a substrate used for a power device in order to achieve
this is required to be high in resistivity and less in

variation thereof.

A silicon single crystal used for a substrate for a power
device is manufactured mainliy with a Czochralski method (a CZ
method). With this CZ method, since a segregation coefficient
of such dopants as boron and phosphorus with respect teo a

silicen single crystal is smaller than 1, dopant concentration

in a silicon melt becomes high as the silicon single crystal
grows, Therefore,;,the dopant concentration in the grown
silicon single crystal varies in a direction of an axis of

growth, and consequently, resistivity of the silicon single
crystal varies in the direction of the axis of growth. Thus,
it has been difficult to control resistivity.

Regarding fechnigque for contreolling

a r S
crystal, for example, Japanese National Pat
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2010~531805 (Patent Document 1) describes a methed of
controlling resistivity of a silicon ingot used for
manufacturing a solar cell. With this method, a silicon ingot
is formed by preparing a metallurgical-grade silicon source
material containing boron and phosphorus and adding aluminum or
the like to metallurgical-grade silicon to fabricate a silicon

melt.
Problems to be Solved by the Invention

in the method described in Patent Document 1, metalliurgical-

grade silicon containing a large amount of impurities is used
as a silicon source material. Therefore, a resultant silicon
single crystal substrate has resistivity as low as

approximately 5 QGcm or lower and it has been difficult
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employ such a substrate for a power device required to be

high in withstand voltage.

In addition, in the metallurgical-grade silicon source material
above, boron and phosphorus are originally dissclved in the
silicon source material. Then, an amount of boron and
phosphorus 1s determined and a group III element is mainly
added in accordance with the amount of boron and phosphorus.
Thus, since one type of element is simply mainly used as an
element for controlling resistivity, it has virtually been

the silicon
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difficult to lessen variation in resistivity o

single crystal substrate.

The present invention was made in view of the above-described
problems, and an object therecf is to provide a p-type silicon
single crystal high in resistivity and less in variation in

e S

isti

-
0]
0]
N

ity and a method of manufacturing the same.

Means for Sclving the Problems
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A method of manufacturing a p-type silicon single crystal
according to the present invention has the following steps. A
silicon melt to which boron as a main dopant, a first sub
dopant which 1s an n-type impurity and smaller in segregation
coefficient than boron, and a second sub dopant which is a p-
type impurity and smaller in segregation coefficient than the
first sub dopant have been added, 1s prepared. A silicon
single crystal having resistivity not lower than ¢ Qcm is grown
from the silicon melt with a Czochralski method. Here, the
segregation coefficient refers to a segregation coefficient

with respect to a silicon single crystal.

By thus using a plilurality of sub dopants, a p-type silicon

single crystal high in resistivity and less in variation in

resistivity can be obtained.

In the method of manufacturing a p-type silicon single crystal
above, preferably, the first sub dopént is phosphecrus and the
second sub dopant is aluminum. A first concentration ratio
calculated by dividing concentration of the first sub dopant in
the silicon melt by concentration of the main depant in the
silicon melt 1is not lower than 0.5 and not higher than 1.2. A
second concentration ratio calculated by dividing concentration
of the second sub dopant in the silicon melt by concentretion
of the main dopant in the silicon melt is not lower than 4.9
and not higher than 52.4. Here, the concentration in the
silicon melt refers to concentration in an initial silicon melt

before growth of the silicon single crystal.

~

In the method of manufacturing a p-type silicon single crystal
above, preferakly, the first sub do

opant ls phosphcrus and the
second sub dopant is gallium. A first concentration ratio

of the first sub dopant in
he

the silicon melt by concentration of the main dopant in the
a 1’\
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silicon melt is not lower th not higher than 1.2. A
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second concentration ratio calculated by dividing concentration
of the second sub dopant in the silicon melt by concentration
of the main dopant in the silicon melt is not lower than 1.2

and not higher than 13.4.

In the method of manufacturing a p-type silicon single crystal
above, preferably, the first sub dopant is phosphorus and the
second sub dopant is indium. A first concentration ratioc
calculated by dividing concentration of the first sub dopant in
the silicon melt by concentration of the main dopant in the
silicon melt is not lower than 0.5 and not higher than 1.2. A
second concentration ratio calculated by dividing concentration
of the second sub dopant in the silicon melt by concentration
of the main dopant in the silicon melt is not lower than 25.1

and not higher than 261.2.

In the method of manufacturing a p-type silicon single crystal
above, preferably, the first sub dopant 1s arsenic and the
second sub dopant is aluminum. A first concentration ratio

calculated by dividing concentration of the first sub dopant in

the silicon melt by concentration of the main dopant in the

0

ilicon melt is not lower than 0.6 and not higher than 1.5. A

3

second concentration ratio calculated by dividing concentration
of the second sub dopant in the silicon melt by concentration
of the main dopant in the silicon melt is not lower than 11.7

and not higher than 72.2.

In the method of manufacturing a p~type silicon single crystal
above, preferably, the first sub dopant is arsenic and the
second sub dopant is gellium. A first concentration ratio
calculated by dividing concentration of the first sub dopant in
the silicon melt by concentration of the main dopant in the
silicon melt is not lower than 0.6 and not higher than 1.5. A
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of the main dopant in the silicon melt is not lower than 3.1
.3

and not higher than 18.3.

In the method of manufacturing a p~type silicon single crystal
above, preferably, the first sub dopant is arsenic and the
second sub dopant is indium. A first concentration ratic
calculated by dividing concentration of the first sub dopant in
the silicon melt by concentration of the main dopant in the
silicon melt is not lower than 0.6 and not higher than 1.4. A
second concentration ratio calculated by dividing concentration
of the second sub dopant in the silicon melt by concentration
of the main dopant in the silicon melt is not lower than 57.9

and not higher than 324.0.

In the method of manufacturing a p-type silicon single crystal
above, preferably, the first sub dopant is phosphorus and the
second sub dopant is aluminum. A first concentration ratio
calculated by dividing concentration of the first sub dopant in
the silicon melt by concentration of the main dopant in the
silicon melt is not lower than 0.79 and not higher than 0.81.

A second concentration ratic calculated by dividing
concentration of the second sub dopant in the silicon melt by
concentration of the main dopant in the silicon melt is not

lower than 24.2 and not higher than 27.0.

In the method of manufacturing a p-type silicon single crystal
above, preferably, the first sub dopant is phosphorus and the
gsecond sub dopant is aluminum. A first concentration ratic
calculated by dividing concentration of the first sub dopant in
the silicon melt by concenitration of the main dopant in the
siliceon melt 1s not lower than 0.89 and not higher than 0.91.

A second concentration ratic calculated by dividing
concentration of the second sub dopant in the silicon melt by
concentration of the main dopant in the silicon melt is not

lower than 30.8 and not higher than 33.8.
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above, preferably, the first sub dopant 1s phosphorus and the

second sub dopant is gallium. A first concentration ratio

calculated by dividing concentration of the first sub dopant in

th ilicon melt by concentration of the main dopant in the

ct
®
n

silicon melt is not lower than $.79 and not higher than 0.81,
and a second concentration ratio calculated by dividing
concentration of the second sub dopant in the silicon melt by
concentration of the main dopant in the silicon melt is not

lower than 6.2 and not higher than 6.9.

In the nmethod of manufacturing a p-type silicon single crystal
above, preferably, the first sub dopant is phosphorus and the
second sub dopant is gallium. A first concentration ratio
calculated by dividing concentration of the first sub dopant in
the silicon melt by concentration of the main dopant in the
silicon melt is not lower than 0.89 and not higher than 0.91.

A second concentration ratio calculated by dividing
concentration of the second sub dopant in the silicon melt by
concentration c¢f the main dopant in the silicon melt is not

lower than 7.8 and not higher than 8.5.

A p-type silicon single crystal according tc the present
invention has boron as a main dopant, a first sub dopant, and a

3

j oy
¢

second sub dopant. The first sub dopant is an n-type impurity
and smaller in segregation coefficient than boron. The second
sub dopant is a p-~type impurity and smaller in segregation
coefficient than the first sub dopant. Resistivity is not

lower than 6 Qcm.

By thus using a plurality of sub dopants, a p-type silicon
single crystal high in resistivity and less in variation in

resistivity can be obtained.
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In the p-type silicon single crystal above, preferably, the
first sub dopant is phosphorus and the second sub dopant 1s
aluminum. A first concentration ratio calculated by dividing
concentration of the first sub dopant in the silicon melt by
concentration of the main dopant in the silicon melt is not
lower than 0.5 and not higher than 1.2. A second concentration
ratio calculated by dividing concentration of the second sub
dopant in the silicon melt by concentration of the main dopant
in the silicon melt is not lower than 4.9 and not higher than
52.4. Here, the concentration in the silicon melt refers to
concentration in an initial silicon melf before growth of the

silicon single crystal.

ITn the p-type silicon single crystal above, preferably, the
first sub dopant is phosphorus and the second sub dopant is
gallium. A first concentration ratio calculated by dividing
concentration of the first sub dopant in the silicon melt by
concentration of the main dopant in the silicon melf is not
lower than 0.5 and not higher tharn 1.2. A second concentration
ratioc calculated by dividing concentration of the second sub
dopant in the silicon melt by concentration of the main dopant
in the silicon melt is not lower than 1.2 and not higher than

3.4.

Y

In the p-type silicon single crystal above, preferably, the
first sub dopant is phosphorus and the second sub dopant is
indium. A first concentration ratio calculated by dividing
concentration of the first sub dopant in the silicon melt by
concentration of the main dopant in the silicon melt is not
lower than 0.5 and not higher tharn 1.2. A second concentration
ratic calculated by dividing concentration of the second sub
dopant in the silicon melt by concentration of the main depant
in the silicon melit is not lower than 25.1 and not higher than
261.2.
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In the p-type silicon single crystal above, preferably, the
first sub dopant is arsenic and the second sub dopant 1is
aluminum. A first concentration ratio calculated by dividing
concentration of the first sub dopant in the silicen melt by
concentration of the main dopant in the silicon melt is not
lower than 0.6 and not higher than 1.5. A second concentration
ratio calculated by dividing concentration of the second sub
dopant in the silicon melt by concentration of the main dopant
in the silicon melt is not lower than 11.7 and not higher than
72.2.

in the p-type silicon single crystal above, preferably, the
first sub dopant is arsenic and the second sub dopant is
gallium., A first concentration ratio calculated by dividing
concentration of the first sub dopant in the silicon melt by
concentration of the main dopant in the silicon melt is not
lower than (.6 and not higher than 1.5. A second concentration
ratio calculated by dividing concentration of the second sub
dopant in the silicon melt by concentration of the main dopant
in the silicon melt is not lower than 3.1 and not higher than
18.3.

In the p-type silicon single crystal above, preferably, the
first sub dopant is arsenic and the second sub dopant is indium.
A first concentration ratio calculated by dividing

concentration of the first sub dopant in the silicon melt by

foi=

concentration of the main dopant in the silicon melt is not

lower than 0.6 and not higher than 1.4. A second concentration

ratio Lculated by dividing concentration of the second sub

¢
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dopant in the silicon melt by concentration of the main dopant

in the silicon melt is not lower than 57.9 and not higher than

In the p-type silicon single crystai above, preferably, the

first sub dopant is phosphorus and the second sub dopant is
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aluminum, A first concentration ratio calculated by dividing
concentration of the first sub dopant in the silicon melt by
concentration of the main dopant in the silicon melt is not
lower than €.7% and not higher than 0.8l. A second
concentration ratio calculated by dividing concentration of the
second sub dopant in the silicon melt by concentration of the
main dopant in the silicon melt is not lower than 24.2 and not

higher than 27.0.

In the p-type silicon single crystal above, preferably, the
first sub dopant is phosphorus and the second sub dopant is
aluminum. A first concentration ratio calculated by dividing
concentration of the first sub dopant in the silicon melt by
concentration of the main dopant in the silicon melt is not
lower than 0.89 and not higher than 0.91. A second
concentration ratioc calculated by dividing concentration of the
second sub dopant in the silicon melt by concentration of the
main dopant in the silicon melt is not lower than 30.8 and not

higher than 33.8.

ok
)
T

he p-type silicon single crystal above, preferably, the

first sub dopant is phosphorus and the second sub dopant is
gallium. A first concentration ratio calculated by dividing

concentration of the first sub dopant in the silicon melt by

concentration of the main dopant in the silicon melt is not
lower than 0.79 and not higher than 0.81. A second
concentration ratio calculated by dividing concentration of the

second sub dopant in the silicon melt by concentration of the

o
main dopant in the gilicon melt is not lower than 6.2 and not

"
[N

1igher than ¢.9.

In the p-type silicon single crystal above, preferably, the
first sub dopant is phosphorus and the second sub dopant is
gallium. A first concentration ratic calculated by dividing

concentration of the first sub dopant in the silicon melt by
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concentration of the main dopant in the silicon melt

lower than 0.8% and not higher than 0.%1. A second

:

concentration ratioc calculated by dividing concentration of the
second sub dopant in the silicon melt by concentration of the
o

main dopant in the silicon melt is not lower than 7.8 and n

higher than 8.5.

Effects of the Invention

According to the present invention, a p-type silicon
crystal high in resistivity and less in variation in

resistivity can be obtained.

Brief Description of the Drawings

ig. 1 is a schematic construction di

fr|

wn

for manufacturing a p-type silicon single crystal in

present embodiment.

-1

§-

i
ilicon single crystal in the present embodiment

w
;_J -
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gram showing an apparatus

the

s a flowchart showing a method of manufacturing a p-

.

Fig. 3 is a diagram showing relation between resistivity and a

solidified fraction of a p~type silicon single crysta

Modes for Carrying Out the Invention

i
1.

An embodiment of the present invention will be described

hereinafter with reference to the drawings. It is noted that

the same or corresponding elements in the drawings below have

the same reference numerals allotted and description

will not be repeated.

thereof

Initially, a manufacturing apparatus for manufacturing a p-type

silicen single crystal in the present embodiment will be
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described with reference to Fig. 1.

As shown in Fig. 1, a2 silicon single crystal manufacturing
apparatus 10 mainly has a chamber 2, a heater 6, a crucible B8,
a crucible support shaft 13, and a pull-up wire 14. A heat
insulator 3 is provided on an inner wall of chamber 2. A gas
supply port 4 for introducing an inert gas such as argon (Ar)
is provided in an upper portion of chamber 2, and an exhaust
port 5 for exhausting a gas in chamber 2 is provided in a
bottom portion of chamber 2. Crucible 8 is filled with a doped
silicon melt 7 . Heater 6 is provided around crucible 8, and
silicon melt 7 can be fabricated by melting a silicon source
aterial. Crucible support shaft 13 extends from a lower end
portion of crucible 8 to the bottom portion cf the chamber and
it is rotatably supported by a crucible support shaft drive
device 12. Pull-up wire 14 serves to pull up a silicon single
crystal 1 and it is vertically movable by a pull-up wire drive

device 15.

A method of manufacturing a p-~type silicon single crystal in
the present embodiment will now be described with reference to
Figs. 1 and 2.

As shown in Fig. 2, the p-type silicon single crystal according
to the present embodiment serves to manufacture a silicon
single crystal with a Czochralski method, and mainly has a
silicon melt preparation step S1, a silicon single crystal
growth step $2, and a silicon single crystal cutting step S3.

- T oL :

In silicon melt preparation step $1, crucible 8 is filled with

C
ated by heater 6, so that the

5}
{®

silicon scource material and h

fm

s3]

el

silicon source material is molten. Three types of dopants of a
main dopant, a first sub dopant, and a second sub dopant are
added to dope the silicon melt. The main dopant 1is boron

representing a p-type impurity. The first sub dopant is an
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segregation

dopant 1s &

{As) .

conductivity

ity having an n conductivity type and being smalle

in

-

coefficient with respect To the silicon single
than boron (B} which is the main dopant. The first sub

group V element such as phosphorus (P) and arsenic

The second sub dopant is an impurity having a p

type and being smaller in segregation coefficient

with respect to the silicon single crystal than the first sub
dopant. The second sub dopant is a group III element such as
aluminum (Al}), gallium (Ga), and indium {In).

In the pres
employed as
silicon has
purity than

silicon has

The main dopant,

ent embodiment,

semiconductor~grade silicon is

the silicon source material. Semiconductor-grade

a lower impurity concentration and is higher in

metallurgical-grade silicon., Semiconductor-grade

silicon purity, for example, of 99.99389993899% (11N}.

the first and the second sub

u
dopant to be added to the silicon source material may be added

toc the silicon melt all

at once or separately. For example,

initislly, the main dopant may be added to silicon melit 7,

foellowed by the £

of

After silicon single crystal 1

portion

straight part of ingot

ilicon

H
oo}
[£3]

thereafter

wire 14 is wound up by pull-up

{an expanded portion}

ingot 11 is grown to the prescribed length,
o =

.
¥k
vt

1631
jo

[ =

b dopant and then the second sub dopant.

single crystal growth step $2, indtially, a seed

attached to a seed chuck 16 is brought down to a

silicon melt 7 and immersed therein. Thereafter,

pull up silicon single crystal 1.

undergoes growth of a conical

and grows to diameter, 2

. .
LATgeT

11 is grown to a prescribed length.

single crystal cutting step S3, initially, straight

I}

and

wind~up of pull-up wire 14 1s stopped. Thereafter,
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by lowering crucible 8, silicon single crystal 1 is separated
from silicon melt 7. By slicing silicon single crystal 1 along

a plane perpendicular to the di

I

ection of axis of growth of

silicon single crystal 1, a silicon wafer is obtained.

A result of simulation of relation between resistivity and a
olidified fraction of a silicon single crystal will now be
described with reference to Fig. 3.

The abscissa in Fig. 3 represents a sclidified fraction. The
solidified fraction refers to a ratio of a mass of crystallized
silicon with respect to the total mass of source material
silicon contained in the silicon melt. The ordinate in Fig. 3

represents a ratio of resistivity in a direction of an axis of

}e

growth D of silicon single crystal 1. Here, resistivity is

istivity at the center (that is, the axis of growth) of the

ped

on single crystal. In addition, a ratio of resistivity

o}

es
ili
refe to a value calculated by st aﬁdardlz¢nc registivity at a

<

certain solidified fraction with resistivity at a solidified

In Fig. 3, samples 101 to 107 each represent a p-~type silicon
single crystal formed with the Czochralski method from the
silicon melt, to which boron, phesphorus, and aluminum have
been added as the main dopant, the first sub dopant, and the

second sub deopant, respectively.

Boron concentrations in the silicon melts for sanples 101 to

. - P . \ 4 4 LD 3
107 are 3.2 x 10*° atoms/cm® (101}, 1.1 x 10* atoms/cm® (102},

1.2 % 10" atoms/cm® (103), 2.6 x 10 atoms/cm® (104}, 2.1 x 10*

“
L

1.9 x 10* atoms/cm® (1063, and 2.0 x 10Y

) s

C_.)

<
-1 U

atoms/cm” (1
x - . -
atoms/cm” (107), respectively.

Concentration ratics (first concentration raties) calculated by

dividing phosphorus concentrations in the silicon melts for
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samples 101 to 107 by boron concentrations are 0.50 (101), €.&0
(102y, 0.70 {103}, 0.90 {(1i04), 1.00 (103), 1.10 (106}, and 1.20

{107), respectively.

ation ratios (second concentration ratios) calculated

aluminum concentrations in the silicon melts for
01 to 107 by boron concentrations are 5.60 (I
2y, 18.50C {103y, 31.76 {104), 38.65 (105), 4

(107}, respectively.

Ag can be se

}.,;
o
0.
N
h
o
Q
ot
O
5

en in Fig. 3, in a range of the solidifi
from § to 0.9, variation in resistivity in the direction

o
icon single crystal samples 101 to 107 is

i

i

O
B
6]

axis of growth
very low, that is, approximately from 3 to 8% or lower. It is
noted that variation in resistivity is a value defined by
Bquation 1. Here, a maximum value of resistivity is a maximumn
value of resistivity of the silicon single crystal in the
direction of axis of growth, and a minimuw value of resistivity
minimum value of resistivity of the silicon single crystal

a
in the direction of axis of growth.

L Lo Maximum Value of Resistivity — Minimum Value of Resistivit
Variation in Resistivity = ( : v —— Y) x 100
Maximum Valueof Resistivity

A substrate used for a power device such as an IGBT is requir

e
to be high in resistivity and less in variation in resistivity
Specifically, resistivity of the p-type silicon single crystal
is desirably not lower than 6 Qcm, preferably not lower than 50
Qcm, and further preferably not lower than 100 Qcm. In

addition, variation in resistivity c¢f the type silicon single

p.—
crystal is desirably not higher than 20%, preferably not highex

op

than 15%, more preferably not higher than 8%, and further

preferably not higher than 5%.
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A mechanism with which variation in resistivity of the silicon
single cryst in the present embodiment becomes less will now
be described.

In a case where only boron (the main dop is added to the

nt)
ilicon single crystal

g

silicon melt, boron concentration in the

&“‘

becomes higher as the silicon single crystal grows (that is,

the solidified fraction becomes greater). Therefore,

]

sistivity becomes lower on a bottom side of the silicon

The reason is as follows. Boron concentration in the silicon
melt increases as the silicon single crystal grows, because
boron has a segregation coefficient with respect to the silicon
single crystal around (.78, which is lower than 1.
Consequently, & ratio cf boron taken into the siliicon single

crystal becomes higher and resistivity becomes lower,

ot

Simijlarly in a case where phosphorus i1s added to the silicon
Y 1S

s 1

e

€3]
}....I R

melt as well, phosphorus concentration in the con single
crystal becomes higher as the silicon single crystal grows.
Therefore, resistivity becomes lower on the bottom side of the
silicon single crystal. Phosphorus has a segregaticn
coefficient with respect to the silicon single crystal around
.38, which i1s lower than that of boron. Therefore, a rate of
condensation of phosphorus in the silicon melt with growth of
e crystal is greater than a rate of
tion of boron. Thus, a rate of lowering in resistivity
wth of the silicon single crystal is also greater in a
r

e phosphorus is added than in a case where boron is

1

in & case where boron (the main dopant) and phosphorus {the

first sub dopant) are added to the silicon melt, carriers that
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e produced and opposite in conductivity type cancel each
cther, because boron represents a p-type impurity and
phosphorus represents an n-type impurity. Therefore, by adding
prhosphorus together with boron to the silicon single crystal,
density of p-type carriers can be lowered and resistivity can
be increased. In addition, a rate of increase in impurity
concentration with growth of the silicon single crystal is
greater ln a case where phosphorus is added than in a case
where boron is added. Therefore, a rate of lowering in
resistivity with growth of the silicon single crystal can be
lowered by canceling increase in p-type carrier density owing
to increase in boron concentration with growth of the silicon
single crystal, with increase in n-~type carrier density owing

.

to increase 1in phosphorus concentration.

olidified fracticn is small, & rate of lowering in

ped

When the so

esistivity with growth of the silicon single crystal can be
lowered. When the solidified fraction becomes greater, however,
increase in n-type carrier density owing to increase in

-

phosphorus concentration prevails and

i3
®

sistivity becomes

WS.

O

higher as the silicon single crystal gr

a case where aluminum {the second sub dopant) smaller in

o

n

segregation coefficient than phosphorus {the first sub dopant)
is added to the silicon melt, substantially no p-~type carriers
produced by aluminum are taken into the silicon single crystal
when the solidified fraction is small. When the solidified
fraction becomes greater, however, aluminum 1s gradually taken
into the silicon single crystal and p-type carriers increase.
Consequently, resistivity gradually becomes lcower. Therefore,
addition of aluminum can suppress Increase in resistivity of
the silicon single crystal when the solidified fraction is
great. Conseqguently, variation in resistivity in the direction

of axis of growth c¢f the silicon single crystal can be lessened.



10

Thus,
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resistivity

fraction

when the solidified
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First Embodiment

fra

dopant which 1s a p-type impurity and
h

than the first sub dopant

i

great.

ction

the first sub dopant which i1s an n-type

small,

of the silicon single crystal

can

and the second

impurity and
smaller in segregation coefficient than the main dopant can

suppress change in resistivity of the silicon single crystal

sub

smaller in segregation
suppress change in

when the solidified

Table 1
Variation
B Dopant Maximum Minimum in
Concentration Ratio Value of Value of Resistivity
{atoms/cm®) (Initial |Resistivity Resistivity in
Initial Si Si Melt) {ohm cm) {ohm cm) Direction
Melt of Axis (%)
/B | AL/ Range of Solidified Fraction: 0-0.9
.03x10%°8 | ‘ | 11

.18x10%

[S2R ¥

18x10%°

4

DD

(@3]

L17%101

L17x30%°

.31x101°

.30x10%

WO IV IOHVIOYOn |+

O OO | 3 T 0D

™
I
viololololalolololn|eP]RILFClo

G b f s [ b [ 2 2 2 2 RO RO o f o o [ e

P B
0. 1 2 .0
0. 5 5 5
0. 9 5 7
0. 6 5 g8
C. 0 4 0
C. ) 5 G
0 .0 4 9
L14x10° 0 11.7 18.8 4
.13x10%° 0.60113.0 20 18.6 1
L13x10%° 0.60 1 13.8 20 18,4 8.0
.20x10%° 0.70 116.0 21 19.3 11.2
.19x10%° 6.70 117.3 20, 19.2 7.7
.19=%10%° 0.70 : 18.5 20 19.0 4.8
.80x10% 6.70 :21.2 30C. 27.7 7.8
.64x10% 0.70 31 23.0 53¢, 43.8 iz2.4
.98x10% 0.80 1 22.0 56 49.0 12.7
. 95x10H 06.80 ] 23.56 52.9 48.8 7.8
4.92x10% C.80 5.2 50.1 48.3 3.5
4,.89x10% 0.80 ) 26.8 50.0 £7.6 4.9
4.87x10%* 0.80127.8 50.0 46.1 7.8
2.42x10% 0.80129.0 100.6 82.90 1.0
1,19%10%° 0,79 | 24.2 21.0 20.0 4.5
1.19x10% 0.81 1 24.2 22.4 20.6 8.0
7.80x10% 0.79127.0 31.2 28.9 7.4
4.64x10% 0.81127.0 53.0 51.0 3.9
2,60x10M 6.90 1 29.0 111.9 898.90 11.5




2.58x10% 0.90 ] 30.1 | 107.2 98.8 7.8
2.57x10% 0.90 | 31.8 101.2 98.2 3.0
2.55x10% 0.90 | 33.5 100.0 95.0 5.0
| 2.54x10% 0.90 | 34.4 100.0 92.3 7.7
1.04x10% 0.90 | 36.0 130.0 14.3 12.1
1.94x10%* 0.89 ] 30.8 134.1 129.3 3.6
1.94x10¢ 0.91 1 30.8 143.1 132.1 7.7
1.94x10% 0.B89 | 33.8 130.2 119.9 7.9
1.94x10% 0.91 ] 33.8 132.1 127.1 3.8
| 2.11x10% 1.00 i 34.0 158.0 129.9 17.8
2.08x10%¢ 1.00 | 36.7 140.8 125.5 8.0
| 2.07x10* 1.00138.7 133.0 129.0 3.0
| 2.06x10* 1.00 ] 40.1 130.0 123.9 4.7
2.05%x10% 1.0G | 41.0 130.0 120.2 7.6
1.76x10% 1.00 | 43.0 150.0 130.1 13.3
1.90x10% 1.10 | 43.90 168.3 150.0 10.9
1.88x10% 1.10 | 45.1 158.3 146.9 5.3
1.87x10% 1.10 | 47.2 152.5 141.0 7.5
1.87x10% 1.10 1 47.5 151.6 139.3 8.1
1.99x10t" 1.20 1 51.9 163.0 150.0 8.0
. 1.98x10% 1.20 § 52.4 161.3 149.0 7.6
2.09x10% 1.30 1 59.1 167.0 149.3 10.6

Table 1 shows results of simulation of a maximum value and a
ninimum value of resistivity and variation in resistivity in a
direction of an axis-of-growth line of the silicon single
crystals when a value calculated by dividing concentration of
the first sub dopant in the silicon melt by concentration of
the main dopant in the silicon melt {the first concentration
ratio} 1is varied in a range approximately not lower than 0.4
and approximately not higher than 1.3 and a value calculated by
dividing concentration cof the second sub dopant in the silicon
meit by concentration of the main dopant in the silicon melt
(the second concentraticon ratio} 1s varied in a range
approximately not lower than 1.1 and approximately not higher
than 59.1 in a case where boron (B}, phosphorus (P}, and
aluminuam (Al) are employed as the main deopant, the first sub
dopant, and the second sub dopant to be added to the silicon
melt, respectively. Boron concentration in this case 1is
approximately not lower than 1.87 x 10* atoms/cm’ and

T
el

approximately not higher than 3.18 x 10" atoms/cm’.
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In this case, a p-type silicon single crystal of which maximum
value of resistivity is approximately not lower than 7.0 Qcn
and approximately not higher than 168.3 Qcm, minimum value of
resistivity is approximately not lower than 6.2 Qcm and
approximately not higher than 150.0 Qcm, and variation in
resistivity in the direction of axis of growth 1s approximately

not higher than 17.8% can be obtained.

More preferably, & value calculated by dividing concentration
of the first sub dopant in the silicon melt by concentration of
the main dopant in the silicon melt (the first concentration
ratio) is in a range approximately not lower than 0.5 and
approximately not higher than 1.2 and a value calculated oy
dividing concentration of the second sub dopant in the silicon
melt by concentration of the main dopant in the silicon melt
(the second concentration ratic) 1s in a range approximately
not lower than 4.9 and approximately not higher than 52.4.

Boron concentration in this case is approximately not lower

a3

han 1.87 x 10* atoms/cm® and approximately not higher than

3.18 x 10* atoms/cm®.

In this case, a p-type silicon single crystal of which maximum
value of resistivity is approximately not lower than 7.0 Ccm
and approximately not higher than 168.3 Qcm, minimum value of
resistivity 1s approximately not lower than 6.5 (Qcm and
approximately not higher than 150.0 Qcm, and variation in
resistivity in the direction of axis of growth is approximately

not higher than 17.8% can be obtained.

More preferably, a value calculated by dividing concentration
1

of the first sub dopant in the silicon me
(

¢
-
(9]
o

1
the main dopant in the silicon melt (the first concentra

ratio) is in a range approximately not lower than 0.79 and
J J Y
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approximately not higher than 0.81 and & value calculated by
dividing concentration of the second sub dopant in the silicon
melt by concentration of the main dopant in the silicon melt
(the second concentration ratio) is in a range approximately
not lower than 24.2 and approximately not higher than 27.0.
Boron concentration in this case 1s approximately not lowerxr
than 4.64 x 10" atoms/cm® and approximately not higher than

1.19 x 10 atoms/cm®.

In this case, a p-type silicon single crystal of which maximum
value of resistivity is approximately not lower than 21.0 Qcm
and approximately not higher than 53.0 Qcm, ninimum value of
resistivity is approximately not lower than 20.0 Qcm and
approximately not higher than 51.0 Qcm, and variation in
resistivity in the direction of axis of growth is approximately

not higher than §.0% can be obtained.

More preferably, a value calculated by dividing concentration

of the first subk dopant in the silicon melt by concentration of
the main dopant in the silicon melt {(the first concentration
ratio) 1s in a range approximately not lower than 0.89 and
approximately not higher than 0.91 and & value calculated by
dividing concentration of the second sub dopant in the silicon
melt by concentration of the main dopant in the silicon melt
{the second concentration ratio) is in a range approximately
.8,

ration in this case is approximately not lower

0

not iower than 30.8 and approximately not higher than

Boron conce

than 1.94 x 10* atoms/cm’® and approximately not higher than

14

~ ER 3
2.57 x 10°" atoms/cm

n this case, a p-type silicon single crystal of which maximum
value of resistivity is approximately nct lower than 100.0 Qcm
and approximately not higher than 143.1 Qcm, minimum value of

esistivity is approximately not lower than 95.0 Qcm and



A

approximately not higher than 132.1 Qcm, and variation in
resistivity in the direction of axis of growth is approximately

not higher than 7.9% can be obtained.

Table 2
Variation
B Dopant Maximum Minimum in
Concentration Ratio Value of Vaiue of Resistivity
(atoms/cm?) (Initial |Resistivity!Resistivity in
Inizial Si Si Melt) {ohm cm) {ohm cm) Direction
Melt of Axis (%)
P/B | Ga/B | Range of Solidified Fraction: 0-0.9
3.04x1015 0.40 ¢ G.3 7.0 6.3 10.3
3.18x10%% .50 1.2 7.1 6.5 8.0
3. 17x10%5 .50 1 1.4 7.0 6.5 | 7.8
3.17x10% 0.50 1 1.5 7.0 6.4 i 8.0
2.31x10% 0.60 | 2.7 10.4 9.5 8.7
2.30x10% 0.60 1 2.8 10.2 9.4 7.8
2.28x10% 0.60 ] 3.4 10.0 9.2 7.5
2.28x10"> 0.60 ] 3.6 10.0 5.2 5.4
1.20x10% 0.7¢6 ] 4.0 21.9 19.3 11.9
1.19x10% 0.70 1 4.4 20.8 19.2 7.7
1.19x10- 0.70 4,7 20.0 19.06 4.9
1.17x10%5 0.70 ] 5.3 20.0 18.6 , 7.1
1.17x10% 0.70 ] 5.8 20.0 17.6 ! 11.9
8,30x10% 0.80 1 3.7 1 33.1 29.4 11.3
§.26x10%¢ 0.80] 6.9 31.7 29.2 7.8
§.23x10¢ 0.80 ., 6.3 30.4 29.0 4,6
B.20x10%" 0.80 | 6.5 30.90 28.9 3.6
8,17x104 0.801 6.8 30.6 28.6 4.8
§.14x10% .80 7.0 30.0 27.9 7.1
§.08x10% 0.80 1 7.5 30.0 26.3 12.3
B.08x10%¢ 0.79 ] 6.2 30.5 29.3 3.9
8.08x10% 0.81 6.2 32.4 30.0 7.4
8.08x10% 0.791 6.9 30.1 7.7 7.8
8.08x10%¢ 0.811 6.9 30.5 29.2 4.2
5.23x10% 0.90 1 7.0 59.3 49,7 16.3
5.17x10%* 6.90 | 7.7 53.1 49,3 7.1
5,15x10% .90 | 7.9 51.6 49,2 4.7
5.12x10%¢ 0.90; 8.3 50.0 48.8 2.4
5,11x10 D.950 1 8.5 50.0 47.6 4,6
5.09x10% 0.90 1 8.7 50.0 46,4 7.3
5.07%x10% 0.80 ] 9.0 5G.0 44,7 1C.6
5.07%10 0.89 | 7.8 51.6 49.6 3.8
5.07x10%¢ 0.91 ] 7.8 55,1 50.7 8.0
5,07x10* 2.891 8.5 50.0 46.6 6.9
5.07x10%" 0.91 8.5 50.7 49.4 2.7
2.72x10% 1.06 1 9.0 113.9 83,7 12.4
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2.70x10% 1.00] 9.4 107.1 99.5 7,1
2.69x10%% 1.001 6,7 103.5 96,3 r 4.0
2.67%x10" 1.00 7 10.0 100.7 57.7 3.0
2.67x109 1.00 ] 10.2 100.0 05, 1 4.9
2.66%10 1.00110.4 106.0 97.6 7.4
2.63x10% 1.001{11.0 100.0 85.9 14,1
2.20x101" 1.1 10.5 155.1 130.0 16.2
2.18x10% 1.10 ] 11.2 140.4 1256.,9 7.4
2.16%x10% 1.1 11.7 134.3 127.1 5.4
Z2.15x10% 1.10112.0 131.6 121.8 7.4
2.13x10%* 1.10 i 12.5 130.0 113.9 12.4
2.00x10% 1.20 1 12.5 175.2 150.0 14.4
1.98x10%7 1.20113,2 162.0 150.0 7.4
1.97x10f 1.20 ! 13.4 159.5 146.8 2.0
1.95%x107 1.20 1 14,0 153.3 134.4 12.3
2.08x10%¢ 1.30115.1 164.9 146.9 10.9

i

Table 2 shows results of sgsimulation ¢f a maximum value and a

minimum value of resistivity and variation in resistivity in a

-

direction of an axis-of-growth line of the silicon single

o~

crystals when a value calculated by dividing concentration of
the first sub dopant in the silicon melt by concentration of
the main dopant in the silicon melt (the first concentration
ratio) is variled in a range approximately not lower than 0.4
and approximately not higher than 1.3 and a value calculated by
dividing concentration of the second sub dopant in the silic
melt by concentration of the main dopant in the silicon melt
{the second concentration ratic) is varied in a range

approximately not lower than 6.1 and approximately not higher

than 15.1 in a case where boron (B), phosphorus {(P), and
gatiium (Ga) are employed as the main dopant, the fir sub

dopant, and the second sub dopant to be added to ths silicon
melt, respectively. Boron concentration in this case is
approximately not lower than 1.95 x 10 atoms/cm® and

. . . 5 3
approximately not higher than 3.18 x 10'° atoms/cm’.

In this case, a p-type silicon single crystal of which maximum
value of resistivity 1s approximately not lower than 7.0 €lcm
and approximately not higher than 175.2 Qcm, minimum value of

resistivity is approximately not lower than 6.3 Qcm and
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approximately not higher than 150.0 Qcm, and variation in
direction cof axis of growth 1s approximaitely
d ¥ Y

e
not higher than 16.3% can be obtained.

e preferably, a value calculated by dividing concentration
the first sub dopant in the silicon melt by concentration of
e main dopant in the silicon melt (the first concentration
atic) is in a range approximately not lower than 0.5 and
approximately not higher than 1.2 and a value calculated by
viding concentration of the second sub dopant in the silicon

n the silicon melt

-

melt by concentration of the main dopant

(the second concentratiocn ratio) is in a

H

ange approximately
not lower than 1.2 and approximately not %igher than 13.4.
Boron concentration in this case is approximately not lower
than 1.97 x 10 atoms/cm® and approximately not higher than
3.18 x 10" atoms/cm®.

In this case, a p-type silicon single crystal of which maximun
value of resistivity is approximately not lower than 7.0 Qcm
and approximately not higher than 175.2 Qcm, minimum value of
resistivity is approximately not lower than 6.5 Qcm and
approximately not higher than 155.0 Qcm, and variation in
registivity in the direction of axis of growth is approximately
not higher than 16.3% can be obtained.

More preferably, a value calculated by dividing concentration
of the first sub dopant in the silicon melt by concentration of
the main dopant in the silicon melt (the first conceantration
ratio) is in a range approximately not lower than 0.79% and
approximately not higher than 0.81 and a value calculated by
dividing concentration of the second sub dopant in the silicon
melt by concentration of the main dopant in the silicon melt
{the second concentration ratio) is in a range approximately

e
niot lower than €.2 and approximately not higher than ¢6.9.

L



10

Boron concentration in this case 1s approximately not lower
~ 14 . . .- - o
than 8.08 x 10% atoms/cm® and approximately not higher than

8.23 x 10 atoms/cm’

In this case, & p-type silicon singie crystal of which maximum

valu

o
0]
o}

f resistivity is approximately not lower than 30.0 Qcm

and approximately not higher than 32.4 Qcm, minimum velue of

¢t

resistivity is approximately not lower than 28.6 Qcm and
approximately not higher than 30.0 Qcm, and variation in
sistivity in the direction of axis of growth is approximately

not higher than 7.8% can be ocobtained.

More preferably, a value calculated by dividing concentration
of the first sub dopant in the silicon melt by concentration of
the main dopant in the silicon melt (the first concentration
ratic) 1s in a range approximately not lower than 0.89 and

approximately not higher than 0.91 and a value calculated by

L.—J
fo
@

dividing concentration of the second sub dopant in the silicon
elt by concentration of the main dopant in the silicon melt
{(the second concentration ratio} is in a range approximately
not lower than 7.8 and approximately not higher than 8.5.
Boron concentration in this case is approximately not lowex
than 5.07 x 10* atoms/cm® and approximately not higher than

- Y. 3
5.15 x 10* atoms/cm’.

in this case, a p-type sili

con

F-J

Foie

ngle crystal of which maximum

value of resistivity is approximately not lower than 50.0 Qcm

=y

and approximately not higher than 55.1 Qcm, minimum value o
resistivity is approximately not lower than 47.6 Qcm and
approximately not higher than 50.7 Qcm, and variation in

resistivity in the direction of axis of growth is approximate

)
w3

r
not higher than 8.0% can be obtained.
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Third Embodiment
Table 3
Variation
B Dopant Maximum Minimum in
Concentration Ratio Value of Value of Resistivity
(atoms/cm®) (Initial Resistivity | Resistivity in
Initial Si Si Melt) {ohm cm) {(ohm cm) Direction
Melt of Axis (%)
/B | In/B | Range of Soliidified Fraction: 0-0.9
3.28x10% 0.50{ 25.1 6.8 ’ 6.3 7.5
3.431x10% 0.60| 58,7 6.8 6.4 6.2
3.59x10% 0.7061 78.0 7.5 : 6.6 11.9
4.73%10 0.70] 86.0 52.1 ] 48.0 7.8
4 71x 10 0.70] 82.3 5.0 47.6 4.9
4.67x3104 0.701105.0 50.0 46.2 7.6
2.,32x101¢ 0.701110.0 100.0 89.8 10.2
2.69x10 1.001194.2 101.7 99.1 2.5
2.87x10 1.101210.0 115.4 100.0 13.3
2.19x10M 1.10220.0| 140.5 130.0 7.5
2,17x10% 1.10(226.81  136.1 129.7 4.7
2.,16x10% 1.101235.0 132.2 122.1 7.7
2.15x10% 1.10|240.0 13C.4 ; 117.9 9,6
1.98x10% 1.201261.2 161.3 148.8 7.8
2.10x10% 1.301292.3 169.4 150.0 11.5

Table 3 shows results of simulation of & maximum vaiue and a

[0}
,.J

3

minimum value of resistivity and variation in resistivity in a
direction of an axis-of-growth line of the silicon single
crystals when a value calculated by dividing concentration of

the first sub dopant in the silicon melt by concentration of

.

the main dopant in the silicon melt {(the first concentration

ratio) 1s varied in a range approximately not lower than 0.5
and approximately not higher than 1.3 and a value calculated by
viding concentration of the second sub dopant in the silicon

melt by concentration of the main dopant in the silicon melt
{the second concentration ratic) is varied in a ran
approximately not lower than 25.1 and approximately not higher

than 281.3 in a case where boron (B), phosphorus (P), and
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indium (In) are emploved as the main dopant, the first sub
dopant, and the second sub dopant to be added to the silicon
melt, respectively. Boron concentration in this case is
approximately not lower than 1.98 x 10% atoms/cm® and

approximately not higher than 3.59 x 10%° atoms/cm’.

icon single crystal of which maximum

s

In this case, a p-type si
value of resistivity is approximately not lower than 6.8 {cm

nd approximately not higher than 169.4 Qcm, minimum value of

o

resistivity is approximétely not lower than 6.3 Qcm and
approximately not higher than 150.0 Qcm, and variation in
resistivity in the direction of axis of growth is approximately
not higher than 13.3% can be obtailned.

More preferably, a value calculated by dividing concentration
of the first sub dopant in the silicon melt by concentration ¢
the main dopant in the silicon melt {(the first concentration
ratic) 1s in a range approximately not lower than 0.5 and
approximately not higher than 1.2 and a vaiue calcu

dividing concentration of the second sub dopant in the silicon
melt by concentraticn of the main dopant in the silicon melt
{the second concentration ratio) is in a range approximately
not lower than 25.1 and approximately not higher than 261.2.
Boron concentration in this case is approximately not lcwer

than 1.98 x 10** atoms/cm® and approximately not higher than

3 3
3.59 x 10%*° atoms/cm'.

In this case, a p-type silicon single crystal of which maximum
value of resistivity is approximately not lower than 6.8 Qcm
and approximately not higher than 161.3 Qcm, minimum value of
resistivity is approximately not lower than 6.3 {cm and

proximately not higher than 148.8 CQcm, and variation in

@
ke

281S

33
¢t

ivity in the direction of axis of growth 1s approximately
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not higher than 13.3% can be obtained.
Fourth Embodiment
Table 4
Variatio
B Dopant Maximum Minimum in
Concentration Ratio Value of Value of Resistivity
(atoms/cm?) (Initial |{Resistivity|{Resistivity in
Initial Si Si Melt) (ohm cm; {ohm cm} Direction
Melt of Axis (%)
As/B { AL/B | Range of Scglidified Fraction: 0-0.9
3.01x310% 0.50 1 5.0 1 7.0 6.4 8.6
3.09x10%° 0.60 ; 11.7 7.0 6.5 7.6
| 3.51x10%° 1.00 1 34.0 8.2 6.9 15.7
4,75x10H 1.00 1 37.0 52.5 48.7 7.3
4,72x10% 1.00 ] 38.5 50.0 48,3 ! 3.4
4.68x10% 1.00 ] 41.0 50.0 46.3 7.4
2.35x10% 1.00:43.0 98.4 86.1 12.5
2.42x104 1.10 ] 45.4 100.0 97.6 2.4
2.50x10% 1.30 1 54.0 126.3 105.2 16.7
2.50x10" 1.30157.0 111.8 103.6 7.3
2.50x10-4 1.30 ] 58,9 105.8 102.3 3.3
2.50x10% 1.30 1 61.0C 102.4 94,6 7.8
1.69x=10% 1.30 1 64.0 150.0 126.6 15.6
1.84x310% 1.50 1 72.2 160.7 149.3 7.1
1.91x10% 1.60 | 78.6 | 165.6 150.0 9.4
able 4 shows results of simulation of a maximum value and a
minimum value of resistivityv and variation in resistivity in a
direction of an axis-of-growth line of the silicon single
crystals when a value calculated by dividing concentration of
the first sub dopant in the silicon melt by concentration of
the main dopant in the silicon melt (the first concentration
ratio) is varied in a range approximately not lower than 0.5
and approximately not higher than 1.6 and a value calculated by
dividing cencentration of the second sub dopant in the silicon
melt by concentration of the main dopant in the silicon melt
(the second concentration ratio) is varied in a range
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approximately not lower than 5.0 and approximately not higher
than 78.6 in & case where boron (B}, arsenic (As), and alu
(Al) are emploved as the main dopant, the first sub dopant, and
the second sub dopant to be added to the silicon melt,
respactively. Boron concentration in this case is

' - . 32
approximately not lower than 1.69x 10** atoms/cm® and
o

approximately not higher than 3.51 x 10*° atoms/cm’.

In this case, a p~-type silicon single crystal of which maximumr
value of resistivity is approximately not lower than 7.0 Qocm
and approximately not higher than 165.6 Qcm, minimum value of

resistivity is approximately not lower than 6.4 Qcm and

approximately not higher than 150.0 f£cm, and variation in
resistivity in the direction cf axis of growth is approximately
not higher than 16.7% can be obtained.

More preferably, a value calculated by dividing concentration

£ the first sub dopant in the silicon melt by concentration of
the main dopant in the silicon melt (the first concentration
ratio} is in a range approximately not lower than (.6 and
approximately not higher than 1.5 and a value calculated by
dividing concentration of the second sub dopant in the silicon
melt by concentration of the main dopant in the silicon melt
{the second concentration ratic) is in a range approximately
not lower than 11.7 and approximately not higher than 72.2.
Boron concentration in this case is approximately not lowerxr

than 1.69 x 10* atoms/cm® and approximately not higher than

3.51 x 10*° atoms/cm’.

Y

In this case, a p-type silicon single crystal of which maximum

al

<

e

&)

e

f resistivity is approximately not lower than 7.0 Qcm
and approximately not higher than 160.7 Qcm, minimum value of

resistivity is approximately not lower than 6.5 Qcm and
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approximately not higher than 149.3 Qcm, and variation in
resistivity in the direction of axis of growth is approximately

not higher than 16.7% can be obtained.

Fifth Embodiment

Table &
% Variation
B Dopant Maximum | Minimum in
Concentration Ratio Value of Value of Resistivity
{atoms/cm®) e Resistivity | Resistivity in
Tnitial Si {ohm cm) (ohm cm) Direction
Melt cf Axis (%)
As/B i Ga/B | Range of Solidified Fraction: 0-0.9
3.08x10% 0.60 ] 3.1 7.0 ! 6.4 8.0
3.16x10% C.70 | 4.8 7.0 6.5 7.0
3.40%30% 0.90 1 7.0 8.0 6.8 15.2
4.,59x10% (.90 7.8 51.7 48.0 7.1
4,57x10% 0.90 1 8.2 50,0 47.5 5.0
4,54x10% £.90 8.7 50.0 46.4 7.2
4,49x10 5.90 5.4 50.0 43.1 13.8
2.49x10 1.20 ] 13.3 100.2 98.3 1.8
2.57x10% 1.30; 13.5 127.2 102.2 19.7
2.57x10% 1.30 ) 14.4 109.0 100.4 7.9
2.57x10% 1.30 ) 14.9 102.5 99.3 3.2
2.57x104 1.36 1 15.5 99.1 91,4 7.7
1.69x10% 1.30 | 16.0 150.0 130.3 13.1
1.83x10% 1.50 | 18.3 160.3 150.0 6.4
1.90x10% 1.60 {19.9 165.4 156.0 8.3

Table 5 shows results of simulation of a maximum value and a
minimum value of resistivity and variation in resistivity in a

direction of an axis-~of-growth line of the silicon single

@
[_I
t

crystals when a value calculated by dividing concentration of
the first sub dopant in the silicon melt by concentration of

concentration

o
h
}..J
=
N
t

the main dopant in the silicon melt (th
ratio) is varied in a range approximately not lower than 0.6
and approximately not higher than 1.6 and a value calculated by

dividing concentration of the second sub dopant in the silicon

52
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melt by concentration of the main dopant in the silicon melt
(the second concentration ratic) is varied in a range
approximately not lower than 3.1 and approximately not higher
than 18.9 in a case where boron (B), arsenic (As), and galliunm
{Ga) are employed as the main dopant, the first sub dopant, and
the second sub dopant to pe added to the silicon melt,
respectively. Boron concentration in this case is
approximately not lower than 1.69 x 10* atoms/cm® and

approximately not higher than 3.40 x 10° atoms/cn’.

In this case, a p-type silicen single crystal of which maximun

value of resistivity is approximately not lower than 7.0 Qcm

and approximately not higher than 165.4 Qcm, minimum value of

resistivity is approximately not lower than 6.4 Qocm and

approximately not higher than 150.0 Qom, and variation in

resistivity in the direction of axls of growth is approximately
h ed.

ﬁ

not higher than 19.7% can be obtain

More preferably, a value calculated by dividing concentration

h

of the first sub dopant in the silicon melt by concentration o

«

the main dopant in the silicon melt (the first concentration

3

ratio) 1s in a range approximately not lower than 0.6 and

b

approximately not higher than 1.5 and a value calculated by

dividing concentration of the second sub dopant in the silicon

Sude

melt by concentration of the main dopant in the silicon melt
{the second concentration ratioco) is in & range approximately

not lower than 3.1 a

o

d approximately not higher than 18.3.

Boron concentration in this case ls approximately not lower
- 3 ] ~ < s

than 1.69 x 10** atoms/cm’ and approximately not higher than

3.40 x 10*° atoms/cm®.

In this case, a p-type silicon single crystal of which maximum
value of resistivity is approximately not lower than 7.0 Qcm

and approximately not higher than 160.3 fiom, minimum value of
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imately not higher than 150.0 Qcm, and varia

can be obtained.

ivity 1s approximately not lower than 6.5 Qcm and

tion in

ivity in the direction of axis of growth *s approximately

Table 6
Var“ation
B Dopant Maximum Minimum in
Concentration Ratio Value of Value of [ Resistivity
{atoms/cm?) (Initial Resistivity Resistivity! in
Initial Si i Melt) (ochm cm) {ohm cm) Direction
Melt of Axis (%)
As/B | In/B | Range of Solidified Fraction: 0-0.9
3.01x10%° 0.50| 24.4 7.0 6.4 8.5
3.09x10% 0.601 57.9 7.0 6.5 7.6
3.40x10% 0.80]140.0 7.9 6.8 13,7
4.61x10%¢ 0.90]152.0] 52.0 48,1 7.5
4.59x10 6.90{158.1 50.0 47.8 4.5
4,54%x10% 0.901172.0 50.0 46¢.1 7.9
2.24x104 0.901186.0 160.0 85.4 14.6
2.42x10M 1.101226.6 100.0 87.%6 2.4
| 2.64x1p¥ 1.30{265.0: 124.3 100.0 16.6
2.60x10 1.301282.0 108.1 99.7 7.8
2.59x10% 1.301292.2 103.0 96,4 3 3.5
2.56x10" 1.301304.0! 10C.0 82.2 7.7
1.69x10Y 1.30(1315.0 150.0 1256.3 13.8
1.78x104 1.401324.0 158.5 149.8 5.5
1.91x30%4 1L.60 | 381.6 165.7 150.0 g.5
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and approximately not higher than 1.6 and a value calculated by
dividing concentration of the second sub dopant in the silicon
melt by concentration of the main dopant in the silicon melt
(the second concentration ratio) is varied in a range
approximately not lower than 24.4 and approximately not higher
than 381.6 in a case where boron (B}, arsenic (As), and indium
(In) are employed as the main dopant, the first sub dopant, and
the second sub dopant to be added to the silicon melt,
respectively. Boron concentration in this case is

approximately not lower than 1.69 x 10%° atoms/cm® and

approximately not higher than 3.40 x 10°° atoms/cm’

In this case, a p-type silicon single crystal of which maximum

value of resistivity is approximately not lower than 7.0 Qcm
and approximately not higher than 165.7 Qcm, minimum value of
resistivity is approximately not lower than 6.4 Qcm and
approximately not higher than 150.0 Qcm, and variation in
resistivity in the direction of axis of growth 1s approximately
not higher than 19.6% can be obtained.

More preferably, a value calculated by dividing concentration

f the first sub dopant in the silicon melt by concentration of
the main dopant in the silicon melt (the first concentration
ratio) 1s in a range approximately not lower than (.6 and
approximately not higher than 1.4 and a value caiculated by

dividing concentration of the second sub dopant in the silicon

.\,r.

melt by concentration of the mailn dopant in the silicon melt
{the second concentration ratio) 1s in a range approximately
not lower than 57.9 and approximately not higher than 324.0
Boron concentration in this case is approximately not lower
than 1.69 x 10* atoms/cm® and approximately not higher than

2
3

I

-~ ~i5 R 3
0 x 10° atoms/cm”.

In this case, a p-type silicon single crystal of which maximum
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value of resi y is approximately not lower than 7.0 Qcm

and approximately not higher than 158.5 Qcm, minimum value of
resistivity is approzimately not lower than 6.5 Qcm and
approximately not higher than 149.8 Qcm, and variation in

.

sistivity in the direction of axis of growth is approximately

>

not higher than 19.6% can be obtained.

As described above, the p-type silicon single crystal grown
with the Czochralski method from the initial silicon melt to
which boron (the main dopant), the first sub dopant which is an
n-type impurity and smaller in segregation coeificient than
poron, and the second sub dopant which is & p-type impurity and
smalier in segregation coefficient than the first sub dopant
have been added contains boron {the main dopant), the first sub
dopant which is an n-~type impurity and smaller in segregation
coefficient than boron, and the second sub dopant which is a p-

type impurity and smaller in segregation coefficient than the

Hh
e

rst sub dopant. Then, on condition that the first
concentration ratio calculated by dividing concentration of the
first sub dopant in the silicon melt by concentration of the
main dopant in the silicon melt and the second concentration
ratic calculated by dividing concentration of the second sub
dopant in the silicon melt by concentration of the main dopant
in the silicon melt are in the ranges described in the first to
sixth embodiments, the p-type siliccen single crystal containing
the main dopant, the first sub dopant, and the second sub
dopant at the first concentration ratio and the second

concentration ratio in that range can be obtained.

A method of measuring concentration ¢f a dopant contained in
silicon single crystal 1 will now be described. Concentration
cf such an element as boron, phosphorus, aluminum, gallium,
indium, and arsenic as a dopant in silicon single crystal 1 can
be measured with such a known method as SIMS (Secondary Ion

Mass Spectroscopy).



Tt should be understood that the embodiments disclosed herein
are illustrative and non-restrictive in every respect. The
scope of the present invention is defined by the terms of the
claims, rather than the embodiments and examples above, and is
intended to include any modificaticns within the scope and

meaning equivalent to the terms of the claims.
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Claims

1. A method of manufacturing a p-type silicon single crystal,
comprising the steps of:

- preparing a silicon melt to which boron doping as a main
dopant, a first sub dopant which is an n-type impurity and
smaller in segregation coefficient than said boron, and a second
sub dopant which is a p-type impurity and smaller in segregation
coefficient than said first sub dopant have been added; and

- growing a silicon single crystal having resistivity not lower
than 6 Qcm from said silicon melt with a Czochralski method,
wherein either

- sald first sub dopant is phosphorus and said second sub dopant
is aluminum, and

- a first concentration ratio calculated by dividing
concentration of said first sub dopant in said silicon melt by
concentration of said main dopant in said silicon melt is not
lower than 0.5 and not higher than 1.2 and a second
concentration ratio calculated by dividing concentration of said
second sub dopant in gaid silicon melt by concentration of said
main dopant in said silicon melt is not lower than 4.9 and not
higher than 52.4; or wherein

- said first sub dopant is phosphorus and said second sub dopant
is gallium, and

- a first concentration ratio calculated by dividing
concentration of said first sub dopant in sald silicon melt by
concentration of said main dopant in said silicon melt is not
lower than 0.5 and not higher than 1.2 and a second

concentration ratio calculated by dividing concentration of said
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second sub dopant in said silicon melt by concentration of said
main dopant in said silicon melt is not lower than 1.2 and not
higher than 13.4; or wherein

- saild first sub dopant is phosphorus and said second sub dopant
ig indium, and

- a first concentration ratio calculated by dividing
concentration of said first sub dopant in said gilicon melt by
concentration of said main dopant in said silicon melt is not
lower than 0.5 and not higher than 1.2 and a second
concentration ratio calculated by dividing concentration of said
second sub dopant in said silicon melt by concentration of said
main dopant in said silicon melt is not lower than 25.1 and not
higher than 261.2; or wherein

- gsaid first sub dopant is arsenic and said second sub dopant is
aluminum, and

~ a first concentration ratio calculated by dividing
concentration of said first sub dopant in said silicon melt by
concentration of said main dopant in said silicon melt is not
lower than 0.6 and not higher than 1.5 and a second
concentration ratio calculated by dividing concentration of said
second sub dopant in said silicon melt by concentration of said
main dopant in said silicon melt is not lower than 11.7 and not
higher than 72.2; or wherein

- said first sub dopant is arsenic and said second sub dopant is
gallium, and

- a first concentration ratio calculated by dividing
concentration of saild first sub dopant in said silicon melt by
concentration of said main dopant in said silicon melt is not

lower than 0.6 and not higher than 1.5 and a second
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concentration ratio calculated by dividing concentration of said
gsecond sub dopant in said silicon melt by concentration of said
main dopant in said silicon melt ig not lower than 3.1 and not
higher than 18.3; or wherein

- said first sub dopant is arsenic and said second sub dopant is
indium, and

- a first concentration ratio calculated by dividing
concentration of said first sub dopant in said silicon melt by
concentration of said main dopant in said silicon melt is not
lower than 0.6 and not higher than 1.4 and a second
concentration ratio calculated by dividing concentration of said
second sub dopant in said silicon wmelt by concentration of said
main dopant in said silicon melt is not lower than 57.9 and not

higher than 324.0.

2. The method of manufacturing a p-type silicon single crystal
ccording to claim 1, wherein
- said first sub dopant is phosphorus and said second sub dopant
is aluminum, and
- a first concentration ratio calculated by dividing
concentration of said first sub dopant in said silicon melt by
concentration of said main dopant in said silicon melt is not
lower than 0.79 and not higher than 0.81 and a second
concentration ratio calculated by dividing concentration of said
second sub dopant in said silicon melt by concentration of said
main dopant in said silicon melt is not lower than 24.2 and not

higher than 27.0.

3. The method of manufacturing a p-type silicon single crystal
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according to claim 1, wherein

- said first sub dopant is phosphorus and said second sub dopant
is aluminum, and

- a first concentration ratio calculated by dividing
concentration of said first sub dopant in said silicon melt by
concentration of said main dopant in said silicon melt is not
lower than 0.89 and not higher than 0.91 and a second
concentration ratio calculated by dividing concentration of said
gecond sub dopant in said silicon melt by concentration of said
main dopant in said silicon melt is not lower than 30.8 and not

higher than 33.8.

4, The method of manufacturing a p-type silicon single crystal
according to claim 1, wherein

- said firgt sub dopant is phosphorus and said second sub dopant
is gallium, and

- a first concentration ratio calculated by dividing
concentration of said first sub dopant in said silicon melt by
concentration of said main dopant in said silicon melt is not
lower than 0.79 and not higher than 0.81 and a second
concentration ratio calculated by dividing concentration of said
second sub dopant in said silicon melt by concentration of said
main dopant in said silicon melt is not lower than 6.2 and not

higher than 6.9.

5. The method of manufacturing a p-type silicon single crystal
according to claim 1, wherein
- said first sub dopant is phosphorus and said second sub dopant

is gallium, and
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- a first concentration ratio calculated by dividing
concentration of said first sub dopant in said silicon melt by
concentration of said main dopant in said silicon melt is not
lower than 0.89 and not higher than 0.91 and a second
concentration ratio calculated by dividing concentration of said
second sub dopant in said silicon melt by concentration of said
main dopant in said silicon melt is not lower than 7.8 and not

higher than 8.5.

6. A p-type silicon single crystal, comprising:

- boron doping as a main dopant;

- a first sub dopant which is an n-type impurity and smaller in
segregation coefficient than said boron; and

-~ a second sub dopant which is a p-type impurity and smaller in
segregation coefficient than said first sub dopant, and

having a resistivity not lower than 6 Qcm, wherein either

- saild first sub dopant is phosphorus and said second sub dopant
is aluminum, and

- a first concentration ratio calculated by dividing
concentration of said first sub dopant in said silicon melt by
concentration of said main dopant in said silicon melt is not
lower than 0.5 and not higher than 1.2 and a second
concentration ratio calculated by dividing concentration of said
second sub dopant in said silicon melt by concentration of said
main dopant in said silicon melt is not lower than 4.9 and not
higher than 52.4; or wherein

- said first sub dopant is phosphorus and said second sub dopant
is gallium, and

- a first concentration ratio calculated by dividing
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concentration of said first sub dopant in said silicon melt by
concentration of said main dopant in said silicon melt is not
lower than 0.5 and not higher than 1.2 and a second
concentration ratio calculated by dividing concentration of said
second sub dopant in said silicon melt by concentration of said
main dopant in said silicon melt is not lower than 1.2 and not
higher than 13.4; or wherein

- said first sub dopant is phosphorus and said second sub dopant
ig indium, and

- a first concentration ratio calculated by dividing
concentration of said first sub dopant in said silicon melt by
concentration of said main dopant in said silicon melt is not
lower than 0.5 and not higher than 1.2 and a second
concentration ratio calculated by dividing concentration of said
second sub dopant in said silicon melt by concentration of said
main dopant in said silicon melt is not lower than 25.1 and not
higher than 261.2; or wherein

- said first sub dopant is arsenic and said second sub dopant is
aluminum, and

- a first concentration ratio calculated by dividing
concentration of said first sub dopant in said silicon melt by
concentration of said main dopant in said silicon melt is not
lower than 0.6 and not higher than 1.5 and a second
concentration ratio calculated by dividing concentration of said
second sub dopant in said silicon melt by concentration of said
main dopant in said silicon melt is not lower than 11.7 and not
higher than 72.2; or wherein

- said first sub dopant is arsenic and said second sub dopant is

gallium, and
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- a first concentration ratio calculated by dividing
concentration of said first sub dopant in said silicon melt by
concentration of said main dopant in said silicon melt is not
lower than 0.6 and not higher than 1.5 and a second
concentration ratic calculated by dividing concentration of said
second sub dopant in said silicon melt by concentration of said
main dopant in said silicon melt is not lower than 3.1 and not
higher than 18.3; or wherein

- 'said first sub dopant is arsenic and said second sub dopant is
indium, and

- a first concentration ratio calculated by dividing
concentration of said first sub dopant in said silicon melt by
concentration of said main dopant in said silicon melt is not
lower than 0.6 and not higher than 1.4 and a second
concentration ratio calculated by dividing concentration of said
second sub dopant in said silicon melt by concentration of said
main dopant in said silicon melt is not lower than 57.9 and not

higher than 324.0.

7. The p-type silicon single crystal according to claim 6,
wherein

- sald first sub dopant is phosphorus and said second sub dopant
ig aluminum, and

- a first concentration ratio calculated by dividing
concentration of said first sub dopant in said silicon melt by
concentration of said main dopant in said silicon melt is not
lower than 0.79 and not higher than 0.81 and a second
concentration ratio calculated by dividing concentration of said

second sub dopant in said silicon melt by concentration of said
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main dopant in said silicon melt is not lower than 24.2 and not

higher than 27.0.

8. The p-type silicon single crystal according to claim 6,
wherein

- said first sub dopant is phosphorus and said second sub dopant
is aluminum, and

- a first concentration ratio calculated by dividing
concentration of said first sub dopant in said silicon melt by
concentration of said main dopant in said silicon melt 1s not
lower than 0.89 and not higher than 0.91 and a second
concentration ratio calculated by dividing concentration of said
second sub dopant in said silicon melt by concentration of said
main dopant in said silicon melt ig not lower than 30.8 and not

higher than 33.8.

9. The p-type silicon single crystal according to claim 6,
wherein

- said first sub dopant is phosphorus and said second sub dopant
is gallium, and

- a first concentration ratio calculated by dividing
concentration of said first sub dopant in said silicon melt by
concentration of said main dopant in said silicon melt is not
lower than 0.79 and not higher than 0.81 and a second
concentration ratio calculated by dividing concentration of said
second sub dopant in said silicon wmelt by concentration of said
main dopant in said silicon melt is not lower than 6.2 and not

higher than 6.9.
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10. The p-type silicon single crystal according to claim 6,
wherein

- said first sub dopant is phosphorus and said second sub dopant
is gallium, and |

- a first concentration ratio calculated by dividing
concentration of said first sub dopant in said silicon melt by
concentration of said main dopant in said silicon melt is not
lower than 0.89 and not higher than 0.91 and a second
concentration ratio calculated by dividing concentration of said
second sub dopant in said silicon melt by concentration of said
main dopant in said silicon melt is not lower than 7.8 and not

higher than 8.5.



