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(57) ABSTRACT 
A single crystal semiconductor manufacturing apparatus in 
which the concentration of oxygen in a single crystal semi 
conductor is controlled while pulling up a single crystal semi 
conductor Such as single crystal silicon by the CZ method, a 
single crystal semiconductor manufacturing method, and a 
single crystal ingot manufactured by the method are dis 
closed. The natural convection (20) in the melt (5) in a quartz 
crucible (3) is controlled by regulating the temperatures at a 
plurality of parts of the melt (5). A single crystal semicon 
ductor (6) can have a desired diameter by regulating the 
amount of heat produced by heating means (9a) on the upper 
side. Further the ratio between the amount of heat produced 
by the upper-side heating means (9a) and that by the lower 
side heating means (9b) is adjusted to vary the process con 
dition. In the adjustment, the amount of heat produced by the 
lower-side heating means (9b) is controlled to a relatively 
large proportion. Without inviting high cost and large size of 
the manufacturing apparatus, the oxygen concentration dis 
tribution in the axial direction of the single crystal semicon 
ductor, the diameter of the single crystal semiconductor, and 
the minute fluctuation of the oxygen concentration in the 
axial direction are controlled. 

2 Claims, 8 Drawing Sheets 
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1. 

SINGLE CRYSTAL SEMCONDUCTOR 
MANUFACTURINGAPPARATUS AND 

MANUFACTURING METHOD, AND SINGLE 
CRYSTALINGOT 

This application is a divisional of U.S. patent application 
Ser. No. 10/487.286, filed Feb. 20, 2004 now U.S. Pat. No. 
7,160,386 filed as PCT/JP02/10050 on Sep. 27, 2002. 

TECHNICAL FIELD 

The present invention relates to a single crystal semicon 
ductor manufacturing apparatus and manufacturing method 
which are devised so that the oxygen concentration in a single 
crystal semiconductor is controlled when a single crystal 
semiconductor, such as single crystal silicon or the like, is 
pulled up using the CZ (CZokralski) method or the like, and a 
single crystal ingot which is manufactured by this manufac 
turing method. 

BACKGROUND ART 

FIG. 1 shows one example of the construction of a single 
crystal pulling apparatus. 
A quartz crucible 3 is disposed inside a single crystal 

pulling vessel 2, i.e., a CZ furnace 2. Polycrystalline silicon 
(Si) is heated and melted inside this quartz crucible 3. When 
the melting stabilizes, single crystal silicon 6 is pulled up 
from the silicon melt 5 inside the quartz crucible 3 by a 
pulling mechanism 4 using the CZ method. While this silicon 
is pulled up, the quartz crucible 3 is caused to rotate by a 
rotating shaft 10. Furthermore, the pulling mechanism 4 also 
rotates with respect to the pulling shaft 4a. 

During the process (one batch) in which the single crystal 
is pulled up, various types of evaporant are generated inside 
the vessel 2. Accordingly, argon (Ar) gas 7 is Supplied to the 
single crystal pulling vessel 2, and the vessel 2 is cleaned by 
discharging this argon gas 7 to the outside of the vessel 2 
together with the evaporants, so that the evaporants are 
removed from the interior of the vessel 2. The supply flow rate 
of the argon gas 7 is set for each process within a single batch. 

Furthermore, a thermal insulating plate 8 (gas distributing 
column) which makes the flow of the gas 7 inside the single 
crystal pulling vessel 2 orderly and guides the gas to the 
surface5a of the melt5, and which insulates the single crystal 
silicon 6 from the heat source, is disposed around the circum 
ference of the single crystal silicon 6 above the quartz cru 
cible 3. The distance of the gap between the lower end of the 
thermal insulating plate 8 and the melt surface 5a (hereafter 
referred to as “D0, see FIG. 1) is appropriately set. 
Oxygen is present in Solid solution inside the single crystal 

silicon 6 that is pulled up and grown. This oxygen dissolves in 
the silicon melt 5 from the quartz crucible 3, and is incorpo 
rated into the single crystal silicon 6 when the single crystal 
silicon 6 is pulled up. The oxygen concentration in the single 
crystal silicon 6 has a great effect on the characteristics of the 
resulting element or device, and also has a great effect on the 
yield in the manufacturing process of the element or device. 

FIG. 2 shows the relationship of the amount of oxygen that 
is dissolved in the melt 5 from the quartz crucible 3, the 
amount of oxygen that evaporates from the surface 5a of the 
melt 5, and the amount of oxygen that is incorporated into the 
single crystal silicon 6. As is shown in FIG. 2. The amount of 
oxygen that is incorporated into the single crystal silicon 6 is 
an amount that is obtained by Subtracting the amount of 
oxygen that evaporates from the melt surface 5a from the 
amount of oxygen that is dissolved in the melt 5 from the 
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2 
quartz crucible 3. Generally, approximately 99% of the oxy 
gen that is dissolved in the melt 5 from the quartz crucible 3 
evaporates; the remaining 1% (approximately) is thought to 
be incorporated into the single crystal silicon 6. 

Accordingly, the oxygen concentration in the single crystal 
silicon 6 can be controlled by controlling two quantities: i.e., 
the amount of oxygen that is dissolved in the melt 5 from the 
quartz crucible 3 and the amount of oxygen that evaporates 
from the melt surface 5a. 

Here, the amount of oxygen that is dissolved from the 
quartz crucible 3 is determined by parameters such as the rpm 
of the quartz crucible 3, the heating temperature of the quartz 
crucible 3 and the like. 

Conventionally, therefore, inventions for controlling the 
oxygen concentration in the single crystal silicon to a desired 
concentration by adjusting parameters such as the rpm of the 
quartz crucible 3 and the like are publicly known techniques 
for which patent applications and the like have been filed (for 
example, official gazettes of Japanese Patent Application 
Laid-Open No. 10-167881 and Japanese Patent Application 
Laid-Open No. 10-167892). 

Furthermore, the amount of oxygen that evaporates from 
the melt surface 5a is determined by parameters such as the 
flow rate of the argon gas 7, the pressure inside the furnace, 
D0 and the like. 

Conventionally, therefore, inventions for controlling the 
oxygen concentration inside the single crystal silicon to a 
desired concentration by adjusting parameters such as D0 and 
the like are publicly known techniques for which patent appli 
cations and the like have been filed. 

Inventions relating to the control of the “amount of dis 
Solved oxygen using the heating temperature of the quartz 
crucible 3 as a parameter include the inventions described 
below. 

Specifically, in the official gazette of Japanese Patent No. 
3000923, an invention is described in which upper and lower 
heaters 9a and 9b which allow independent adjustment of the 
heating applied to the quartz crucible 3 are installed around 
the circumference of the quartz crucible 3 along the vertical 
direction of the quartz crucible 3 as shown in FIG. 5, and the 
amount of dissolved oxygen is controlled by setting the ratio 
of the output of the upper heater 9a to the total output of both 
heaters 9 at a specified value, so that the oxygen concentration 
in the single crystal silicon 6 is kept to a target oxygen con 
centration or less. 

Furthermore, an invention in which heaters are respec 
tively installed around the circumference of a quartz crucible 
and in the bottom part of this quartz crucible, and the amount 
of dissolved oxygen is controlled by adjusting the outputs of 
these heaters so that the oxygen concentration in the single 
crystal silicon is controlled is described in the official gazette 
of Japanese patent No. 2681 115. 

However, the inventions described in these official gazettes 
are inventions that control “the amount of oxygen that is 
dissolved, not “the amount of oxygen that evaporates'. 
Accordingly, the oxygen concentration range in the single 
crystal silicon 6 is restricted, so that this oxygen concentra 
tion cannot be freely varied over a broad range. Furthermore, 
there are also limits to how far the variation in the distribution 
of the oxygen concentration in the axial direction (direction 
of crystal growth) of the single crystal silicon 6 can be 
reduced. 

Furthermore, in the case of Japanese Patent No. 3000923, 
no thermal insulating plate 8 is provided; accordingly, the 
oxygen concentration control level required in the large-di 
ameter single crystal silicon ingots used today cannot be 
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achieved, and in some cases, it may be impossible to pull 
large-diameter single crystal silicon ingots. 

DISCLOSURE OF THE INVENTION 

The fact that the concentration of oxygen that is incorpo 
rated into the single crystal silicon 6 is also affected by con 
vection that is generated inside the melt 5 is known to persons 
skilled in the art from experience. 
A technique known as the magnetic field applied crystal 

growth method exists as a technique for Suppressing the gen 
eration of convection. This is a method in which convection in 
the melt 5 is Suppressed by applying a magnetic field to the 
melt 5, so that stable crystal growth is performed. 

FIG. 6 shows the oxygen concentration distribution in the 
axial direction of the single crystal silicon 6. The horizontal 
axis of FIG. 6 indicates the crystal length of the single crystal 
silicon 6, and the vertical axis indicates the oxygen concen 
tration. 

The oxygen concentration distribution of single crystal 
silicon 6 grown by the magnetic field applied crystal growth 
method is indicated by L1, and examples of the oxygen con 
centration distribution of single crystal silicon 6 grown by the 
general CZ method are indicated by L2 and L3. It is seen that 
when the magnetic field applied crystal growth method is thus 
used, the oxygen concentration drops as a whole as a result of 
the Suppression of convection. 

Accordingly, the control range of the oxygen concentration 
of single crystal silicon 6 can be set as a broad control range 
by controlling the intensity of the magnetic field, and the 
oxygen concentration distribution can be broadly adjusted 
within this control range. 

However, a large and expensive apparatus including a 
Superconducting magnet must be introduced in order to per 
form the magnetic field applied crystal growth method, so 
that the apparatus is expensive and bulky. 

Although it is known that convection within the melt 5 has 
an effect on the amount of oxygen that is incorporated into the 
single crystal silicon 6, no technique for precisely controlling 
convection itself without leading to a high cost and the like 
has been established. 

Furthermore, the abovementioned official gazettes dis 
close an invention in which the oxygen concentration is con 
trolled using two heaters, i.e., upper and lower heaters. How 
ever, as was described above, this is a technique in which only 
the “amount of dissolved oxygen is controlled; there is no 
description Suggesting an additional “control of convection'. 

Furthermore, the inventors of present application discov 
ered that minute fluctuations in the oxygen concentration that 
are generated along the axial direction of the single crystal 
silicon are affected by convection. 

Here, according to the official gazettes described above, 
the “amount of dissolved oxygen’ can be controlled using 
heaters, and in this way, the oxygen concentration distribution 
in the axial direction of the single crystal silicon 6 can be 
controlled; however, there is no disclosure relating to the 
control of minute fluctuations in the oxygen concentration. 

Accordingly, it is a first object of the present invention to 
allow the precise control of convection generated in the melt, 
and also to broaden the control range of the oxygen concen 
tration in the single crystal semiconductor and Suppress 
minute fluctuations in the oxygen concentration that are gen 
erated along the axial direction of the crystal, without leading 
to the increased cost and increased size necessitated by the 
introduction of the magnetic field applied crystal growth 
method, by using a simple apparatus Such as a heater or the 
like. 
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4 
Furthermore, it is a second object of the present invention 

to allow the precise control of convection generated in the 
melt, and also to Suppress minute fluctuations in the oxygen 
concentration that are generated along the axial direction of 
the crystal, without leading to the increased cost and 
increased size necessitated by the introduction of the mag 
netic field applied crystal growth method, by using a simple 
apparatus Such as a heater or the like. 
As is indicated in the abovementioned official gazettes, a 

technique in which the “amount of dissolved oxygen is 
controlled using a heater, so that the oxygen concentration in 
the single crystal silicon 6 is controlled, has been known in the 
past. 

Meanwhile, a technique in which the diameter of the single 
crystal silicon 6 is controlled using a heater is also a publicly 
known technique. 

However, no technique which simultaneously controls the 
diameter of the single crystal silicon 6 while controlling the 
oxygen concentration in the single crystal silicon 6 using a 
heater has yet been established. 

Accordingly, it is a third object of the present invention to 
broaden the control range of the oxygen concentration in the 
single crystal semiconductor and control the diameter of the 
single crystal silicon 6, without leading to the increased cost 
and increased size necessitated by the introduction of the 
magnetic field applied crystal growth method, by using a 
simple apparatus Such as a heater or the like. 

Furthermore, it is a fourth object of the present invention to 
broaden the control range of the oxygen concentration in the 
single crystal silicon 6, control the diameter of the single 
crystal silicon 6 and Suppress minute fluctuations in the oxy 
gen concentration that are generated along the axial direction 
of the single crystal semiconductor, without leading to the 
increased cost and increased size necessitated by the intro 
duction of the magnetic field applied crystal growth method, 
by using a simple apparatus Such as a heater or the like. 
The inventors of the present application discovered that in 

cases where the oxygen concentration in the axial direction of 
the single crystal silicon 6 is controlled using a heater, the 
control range of the oxygen concentration depends on the 
crystallength S of the single crystal silicon 6. Specifically, the 
control range of the oxygen concentration is narrow in the 
latter stage of the pulling of the single crystal silicon 6. 

Accordingly, it is a fifth object of the present invention to 
devise a technique so that the oxygen concentration can 
always be controlled to a desired concentration in a broad 
control range without any dependence on the crystallength S. 

In order to achieve the first object, the first aspect of the 
invention is a single crystal semiconductor manufacturing 
apparatus which is devised so that a quartz crucible is accom 
modated inside a single crystal pulling vessel, a polycrystal 
line raw material is melted inside this quartz crucible, a single 
crystal semiconductor is pulled up from the melt inside this 
quartz crucible, and the oxygen concentration in the single 
crystal semiconductor is controlled during this pulling, this 
apparatus being characterized in that the apparatus comprises 
temperature adjustment means for controlling natural con 
vection in the melt inside the quartz crucible by adjusting the 
temperatures of various portions of the melt inside the quartz 
crucible. 

In this first aspect of the invention, as is shown in FIG. 4(b), 
the temperatures of various portions of the melt 5 inside the 
quartz crucible 3 are adjusted, so that the generation of natural 
convection 20 in the melt 5 is controlled. As a result of such 
convection being controlled, the control range of the oxygen 
concentration in the single crystal silicon 6 can be broadened, 
so that the oxygen concentration distribution in the axial 
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direction of the single crystal silicon 6 can be broadly 
adjusted within this broad control range. 

Furthermore, FIG. 9(b) shows the results that were 
obtained in a case where the temperatures of various portions 
of the melt 5 inside the quartz crucible 3 were adjusted so that 
the generation of natural convection 20 in the melt 5 was 
promoted. As is shown in FIG.9(b), minute fluctuations in the 
oxygen concentration that occur along the axial direction of 
the single crystal silicon 6 are Suppressed by promoting the 
generation of convection. 

Thus, in the first aspect of the invention, since convection 
20 generated in the melt 5 can be controlled with good pre 
cision by using temperature control means such as a heater 9 
or the like which is small and inexpensive compared to the 
introduction of the magnetic field applied crystal growth 
method, the oxygen concentration distribution in the axial 
direction of the single crystal silicon 6 can be broadly 
adjusted within abroad control range, and minute fluctuations 
in the oxygen concentration that are generated along the axial 
direction within the crystal can be suppressed, without lead 
ing to the increased cost and increased size necessitated by the 
introduction of the magnetic field applied crystal growth 
method. 
The second aspect of the invention is according to the first 

aspect of the invention, and is characterized in that the gen 
eration of natural convection is Suppressed by adjusting the 
temperature so that the temperature of the bottom surface of 
the quartz crucible is lower than the temperature of the upper 
portions of the side walls of the quartz crucible. 

In this second aspect of the invention, as is shown (for 
example) in FIG. 4(b), the ratio of the amount of heating 
(output) generated by the upper heater 9a to the amount of 
heating (output) generated by the lower heater 9b is adjusted 
so that the temperature of the bottom surface part 31 of the 
quartz crucible 3 is lower than the temperature of the upper 
portions 32 of the side walls of the quartz crucible 3. As a 
result of the temperature of the bottom surface part 31 of the 
quartz crucible 3 being lower than the temperature of the 
upper portions 32 of the side walls of the quartz crucible 3, the 
generation of natural convection 20 as rising currents that are 
oriented toward the upper portions of the side walls of the 
crucible 3 from the bottom surface of the crucible 3 is Sup 
pressed. 
The third aspect of the invention is according the first 

aspect of the invention, and the fourth aspect of the invention 
is according to the second aspect of the invention, and these 
inventions are respectively characterized in that a member 
which causes the gas inside the single crystal pulling vessel to 
flow orderly and guides this gas to the Surface of the melt, and 
which insulates the single crystal semiconductor from the 
heat source, is disposed around the circumference of the 
single crystal semiconductor above the quartz crucible. 
As a result of the provision of a thermal insulating plate 8 

(gas distributing column) as shown in FIG. 1, the evaporation 
of oxygen from the melt 5 can be stabilized, so that the 
precision of the control of the oxygen concentration in the 
axial direction of the single crystal silicon 6 can be improved. 
The fifth aspect of the invention is according to the first 

aspect of the invention, the sixth aspect of the invention is 
according to the second aspect of the invention, the seventh 
aspect of the invention is according to the third aspect of the 
invention, and the eighth aspect of the invention is according 
to the fourth aspect of the invention, and these inventions are 
respectively characterized in that a plurality of heating means 
that allow the independent adjustment of the amount of heat 
ing that is applied to the quartz crucible are disposed around 
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6 
the circumference of the quartz crucible along the vertical 
direction of the quartz crucible. 

In the fifth through eighth aspect of the invention, as is 
shown in FIG. 4(b), the temperature of the bottom surface part 
31 of the quartz crucible 3 can be set at a temperature that is 
lower than the temperature of the upperportions 32 of the side 
walls of the quartz crucible 3 by independently adjusting the 
amount of heating (output) of the upper heater 9a and the 
amount of heating (output) of the lower heater 9b, so that the 
generation of natural convection 20 as rising currents that are 
oriented toward the upper portions of the side walls of the 
crucible 3 from the bottom surface of the crucible 3 is Sup 
pressed. 

In order to achieve the third object, the ninth aspect of the 
invention is a single crystal semiconductor manufacturing 
apparatus which is devised so that a quartz crucible is accom 
modated inside a single crystal pulling vessel, a polycrystal 
line raw material is melted inside this quartz crucible, a single 
crystal semiconductor is pulled up from the melt inside this 
quartz crucible, and the oxygen concentration in the single 
crystal semiconductor is controlled during this pulling, this 
apparatus being characterized in that a plurality of heating 
means that allow the independent adjustment of the amount of 
heating that is applied to the quartz crucible are disposed 
around the circumference of the quartz crucible along the 
vertical direction of the quartz crucible, the diameter of the 
single crystal semiconductor is controlled to a desired size by 
adjusting the amount of heating of the upper-side heating 
means, and the oxygen concentration in the single crystal 
semiconductor is controlled to a desired concentration by 
adjusting the amount of heating of the lower-side heating 
CaS. 

In the ninth aspect of the invention, the diameter of the 
single crystal silicon 6 can be simultaneously controlled 
while controlling the oxygen concentration in the axial direc 
tion of the single crystal silicon 6 using heaters 9a and 9b that 
are compact and low-cost compared to the introduction of the 
magnetic field applied crystal growth method. 

In order to achieve the abovementioned first object, the 
tenth aspect of the invention is a single crystal semiconductor 
manufacturing apparatus which is devised so that a quartz 
crucible is accommodated inside a single crystal pulling ves 
sel, a polycrystalline raw material is melted inside this quartz 
crucible, a single crystal semiconductor is pulled up from the 
melt inside this quartz crucible, and the oxygen concentration 
in the single crystal semiconductor is controlled during this 
pulling, this apparatus being characterized in that a plurality 
of heating means that allow the independent adjustment of the 
amount of heating that is applied to the quartz crucible are 
disposed around the circumference of the quartz crucible 
along the vertical direction of the quartz crucible, the oxygen 
concentration in the single crystal semiconductor is con 
trolled to a desired concentration by adjusting the amount of 
heating of the lower-side heating means, and natural convec 
tion in the melt is controlled so that fluctuations in the oxygen 
concentration in the axial direction are Suppressed by adjust 
ing the ratio of the amount of heating of the upper-side heat 
ing means to the amount of heating of the lower-side heating 
CaS. 

In the tenth aspect of the invention, minute fluctuations in 
the oxygen concentration that are generated in the axial direc 
tion of the single crystal silicon 6 can be Suppressed, and at the 
same time the oxygen concentration in the axial direction of 
the single crystal silicon 6 can also be controlled, by control 
ling natural convection using heaters 9a and 9b that are com 
pact and low-cost compared to the introduction of the mag 
netic field applied crystal growth method. 
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In order to achieve the abovementioned fourth object, the 
eleventh aspect of the invention is a single crystal semicon 
ductor manufacturing apparatus which is devised so that a 
quartz crucible is accommodated inside a single crystal pull 
ing vessel, a polycrystalline raw material is melted inside this 
quartz crucible, a single crystal semiconductor is pulled up 
from the melt inside this quartz crucible, and the oxygen 
concentration in the single crystal semiconductor is con 
trolled during this pulling, this apparatus being characterized 
in that a plurality of heating means that allow the independent 
adjustment of the amount of heating that is applied to the 
quartz crucible are disposed around the circumference of the 
quartz crucible along the vertical direction of the quartz cru 
cible, the diameter of the single crystal semiconductor is 
controlled to a desired size by adjusting the amount of heating 
of the upper-side heating means, the oxygen concentration in 
the single crystal semiconductor is controlled to a desired 
concentration by adjusting the amount of heating of the 
lower-side heating means, and natural convection in the melt 
is controlled so that minute fluctuations in the oxygen con 
centration in the axial direction of the single crystal semicon 
ductor are suppressed by adjusting the ratio of the amount of 
heating of the upper-side heating means to the amount of 
heating of the lower-side heating means. 

In the eleventh aspect of the invention, natural convection 
can be controlled so that minute fluctuations in the oxygen 
concentration that are generated in the axial direction in the 
single crystal silicon 6 can be Suppressed, and at the same 
time the diameter of the single crystal silicon 6 can be con 
trolled while controlling the oxygen concentration in the axial 
direction of the single crystal silicon 6, using heaters 9a and 
9b that are compact and low-cost compared to the introduc 
tion of the magnetic field applied crystal growth method. 

The twelfth aspect of the invention is according to the ninth 
aspect of the invention, the thirteenth aspect of the invention 
is according to the tenth aspect of the invention, and the 
fourteenth aspect of the invention is according to the eleventh 
aspect of the invention, and these inventions are respectively 
characterized in that a member which causes the gas inside 
the single crystal pulling vessel to flow orderly so that this gas 
is guided to the surface of the melt, and which insulates the 
single crystal semiconductor from the heat source, is disposed 
around the circumference of the single crystal semiconductor 
above the quartz crucible. 

In the twelfth through fourteenth aspect of the invention, 
the evaporation of oxygen from the melt5 can be stabilized by 
installing the thermal insulating plate 8 (gas distributing col 
umn) shown in FIG. 1, so that the precision of the control of 
the oxygen concentration in the axial direction of the single 
crystal silicon 6 obtained in the fifth, sixth and seventh aspect 
of the inventions can be further heightened. 

In order to achieve the first object, the fifteenth aspect of the 
invention is a single crystal semiconductor manufacturing 
method which is devised so that a quartz crucible is accom 
modated inside a single crystal pulling vessel, a polycrystal 
line raw material is melted inside this quartz crucible, a single 
crystal semiconductor is pulled up from the melt inside this 
quartz crucible, and the oxygen concentration in the single 
crystal semiconductor is controlled during this pulling, this 
method being characterized in that natural convection in the 
melt inside the quartz crucible is controlled by adjusting the 
temperatures of various portions of the melt inside the quartz 
crucible. 
The fifteenth aspect of the invention is an invention in 

which an invention of a manufacturing method is substituted 
for the invention of a manufacturing apparatus in the first 
aspect of the invention. 
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8 
In order to achieve the third object, the sixteenth aspect of 

the invention is a single crystal semiconductor manufacturing 
method which is devised so that a quartz crucible is accom 
modated inside a single crystal pulling vessel, a polycrystal 
line raw material is melted inside this quartz crucible, a single 
crystal semiconductor is pulled up from the melt inside this 
quartz crucible, and the oxygen concentration in the single 
crystal semiconductor is controlled during this pulling, this 
method being characterized in that the diameter of the single 
crystal semiconductor is controlled to a desired size by 
adjusting the amount of heating applied to the upper side of 
the quartz crucible, and the oxygen concentration in the single 
crystal semiconductor is controlled to a desired concentration 
by adjusting the amount of heating applied to the lower side of 
the quartz crucible. 
The sixteenth aspect of the invention is an invention in 

which an invention of a manufacturing method is substituted 
for the invention of a manufacturing apparatus in the ninth 
aspect of the invention. 

In order to achieve the abovementioned fifth object, the 
seventeenth aspect of the invention is a single crystal semi 
conductor manufacturing apparatus which is devised so that a 
quartz crucible is accommodated inside a single crystal pull 
ing vessel, a polycrystalline raw material is melted inside this 
quartz crucible, a single crystal semiconductor is pulled up 
from the melt inside this quartz crucible, and the oxygen 
concentration in the single crystal semiconductor is con 
trolled during this pulling, this apparatus being characterized 
in that a plurality of heating means that allow the independent 
adjustment of the amount of heating that is applied to the 
quartz crucible are disposed around the circumference of the 
quartz crucible along the vertical direction of the quartz cru 
cible, and the distribution of the oxygen concentration in the 
axial direction of the single crystal semiconductor is con 
trolled to a desired distribution by adjusting the ratio of the 
amount of heating of the upper-side heating means to the 
amount of heating of the lower-side heating means, and vary 
ing the process conditions. 

Cr1 shown in FIG. 8 indicates the control range of the 
oxygen concentration of the single crystal silicon 6 that can be 
caused to fluctuate merely by adjusting the output ration 
(power ratio) of the heaters 9a and 9b; this control range 
depends on the crystallength S of the single crystal silicon 6. 
Specifically, the control range of the oxygen concentration 
becomes narrower in the latter stage of the pulling of the 
single crystal silicon 6. 

Accordingly, the output ratio of the heaters 9a and 9b is 
adjusted to an output ratio which is such that the output of the 
lower heater 9b is relatively large, and the process conditions 
are varied; e.g., the rpm of the quartz crucible 3 is increased 
or the like. As a result, the upper limit of the control range 
changes from L6 to L7, so that at least the oxygen concentra 
tion in the latter stage of the pulling of the single crystal 
silicon 6 shifts to the high oxygen side. Alternatively, the 
abovementioned output ratio is adjusted to an output ratio 
which is such that the output of the lower heater 9b is rela 
tively small, and the process conditions are varied; e.g., the 
pressure inside the CZ furnace 2 is increased or the like. As a 
result, the lower limit of the control range changes from L8 to 
L9, so that at least the oxygen concentration in the latter stage 
of the pulling of the single crystal silicon 6 shifts to the low 
oxygen side. 

Thus, the control range of the oxygen concentration in the 
latter stage of the pulling of the single crystal silicon 6 is 
broadened. Accordingly, this oxygen concentration control 
range in the latter stage of pulling has a breadth that is com 
parable to that of the control range in the former stage of 
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pulling, so that the oxygen concentration can always be con 
trolled to a desired concentration in a broad control range 
without any dependence on the crystallength S. Specifically, 
the oxygen concentration in the axial direction of the single 
crystal silicon 6 can be controlled to a fixed upper-limit value 
of the target range Ar0, and can be controlled to a fixed 
lower-limit value of the target range Ar0. Furthermore, this 
oxygen concentration can also be controlled to a fixed arbi 
trary value within the target range Ar0. Moreover, the profile 
of the oxygen concentration can be set at an arbitrary profile 
within the target range Ar0. 

The eighteenth aspect of the invention is according to the 
seventeenth aspect of the invention, and is characterized in 
that at least the oxygen concentration in the latter stage of the 
pulling of the single crystal semiconductor is caused to shift 
to the high oxygen side by adjusting the ratio of the amount of 
heating of the upper-side heating means to the amount of 
heating of the lower-side heating means to an ratio which is 
Such that the amount of heating of the lower-side heating 
means is relatively large, and increasing the amount of oxy 
gen that is dissolved in the melt from the quartz crucible. 

In the eighteenth aspect of the invention, the lower limit of 
the control range is changed from L6 to L7, so that at least the 
oxygen concentration in the latter stage of the pulling of the 
single crystal silicon 6 is shifted to the high oxygen side, by 
adjusting the output ratio to an output ratio which is such that 
the output of the lower heater 9b is relatively large, and 
increasing the amount of oxygen dissolved in the quartz cru 
cible 3 by increasing the rpm of the quartz crucible 3 or the 
like. 
The nineteenth aspect of the invention is according to the 

seventeenth aspect of the invention, and is characterized in 
that at least the oxygen concentration in the latter stage of the 
pulling of the single crystal semiconductor is caused to shift 
to the high oxygen side by adjusting the ratio of the amount of 
heating of the upper-side heating means to the amount of 
heating of the lower-side heating means to an ratio which is 
Such that the amount of heating of the lower-side heating 
means is relatively large, and increasing the rpm of the quartz 
crucible. 

In the nineteenth aspect of the invention, the upper limit of 
the control range is changed from L6 to L7, so that at least the 
oxygen concentration in the latter stage of the pulling of the 
single crystal silicon 6 is caused to shift to the high oxygen 
side, by adjusting the output ratio to an output ratio which is 
such that the output of the lower heater 9b is relatively large, 
and increasing the rpm of the quartz crucible 3. 
The twentieth aspect of the invention is according to the 

seventeenth aspect of the invention, and is characterized in 
that at least the oxygen concentration in the latter stage of the 
pulling of the single crystal semiconductor is caused to shift 
to the low oxygen side by adjusting the ratio of the amount of 
heating of the upper-side heating means to the amount of 
heating of the lower-side heating means to a ratio which is 
Such that the amount of heating of the lower-side heating 
means is relatively small, and reducing the amount of oxygen 
that evaporates from the surface of the melt. 

In the twentieth aspect of the invention, the lower limit of 
the control range is changed from L8 to L9 by adjusting the 
output ratio to an output ratio which is such that the output of 
the lower heater 9b is relatively small, and reducing the 
amount of oxygen that evaporates form the surface 5a of the 
melt by increasing the pressure inside the CZ furnace 2 or the 
like, so that at least the oxygen concentration in the latter 
stage of the pulling of the single crystal silicon 6 is caused to 
shift to the low oxygen side. 
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The twenty-first aspect of the invention is according to the 

seventeenth aspect of the invention, and is characterized in 
that at least the oxygen concentration in the latter stage of the 
pulling of the single crystal semiconductor is caused to shift 
to the low oxygen side by adjusting the ratio of the amount of 
heating of the upper-side heating means to the amount of 
heating of the lower-side heating means to a ratio which is 
Such that the amount of heating of the lower-side heating 
means is relatively small, and increasing the pressure inside 
the single crystal pulling vessel. 

In the twenty-first aspect of the invention, the lower limit of 
the control range is changed from L8 to L9 by adjusting the 
output ratio to an output ratio which is such that the output of 
the lower heater 9b is relatively small, and increasing the 
pressure inside the CZ furnace 2. So that at least the oxygen 
concentration in the latter stage of the pulling of the single 
crystal silicon 6 is caused to shift to the low oxygen side. 

In order to achieve the second object, the twenty-second 
aspect of the invention is a single crystal semiconductor 
manufacturing apparatus which is devised so that a quartz 
crucible is accommodated inside a single crystal pulling ves 
sel, a polycrystalline raw material is melted inside this quartz 
crucible, a single crystal semiconductor is pulled up from the 
melt inside this quartz crucible, and the oxygen concentration 
in the single crystal semiconductor is controlled during this 
pulling, this apparatus being characterized in that a plurality 
of heating means that allow the independent adjustment of the 
amount of heating that is applied to the quartz crucible are 
disposed around the circumference of the quartz crucible 
along the vertical direction of the quartz crucible, and a con 
trol action is performed so that fluctuations in the oxygen 
concentration in the axial direction of the single crystal semi 
conductor are Suppressed by adjusting the ratio of the amount 
of heating of the upper-side heating means to the amount of 
heating of the lower-side heating means to a ratio which is 
Such that the amount of heating of the lower-side heating 
means is relatively large. 

In the twenty-second aspect of the invention, as is shown in 
FIG. 9(b), minute fluctuations in the oxygen concentration in 
the axial direction of the single crystal silicon 6 can be Sup 
pressed by setting the output ratio at an output ratio which is 
such that the output of the lower heater 9b is relatively large. 

Thus, minute fluctuations in the oxygen concentration that 
are generated along the axial direction of the crystal 6 can be 
Suppressed using heaters 9 which are compact and low-cost 
compared to the introduction of the magnetic field applied 
crystal growth method. 
The twenty-third aspect of the invention is a single crystal 

ingot manufactured by being pulled up from a meltina quartz 
crucible, which is characterized in that this ingot is manufac 
tured by being pulled up while natural convection in the melt 
is controlled by adjusting the temperatures of various portions 
of the melt inside the quartz crucible. 
The twenty-third aspect of the invention is the single crys 

tal ingot manufactured by the manufacturing method of the 
fifteenth aspect of the invention. The twenty-fourth aspect of 
the invention is a single crystal ingot which is manufactured 
by being pulled up from a melt inside a quartz crucible, this 
ingot being characterized in that this ingot is a single crystal 
ingot whose diameter is controlled to a desired diameter by 
adjusting the amount of heating that is applied to the upper 
side of the quartz crucible, and whose oxygen concentration 
is controlled to a desired concentration by adjusting the 
amount of heating that is applied to the lower side of the 
quartz crucible. The twenty-fourth aspect of the invention is 
the single crystal ingot manufactured by the manufacturing 
method of the sixteenth aspect of the invention. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a diagram which shows the apparatus of the 
embodiment; 

FIG. 2 is a diagram which illustrates the process whereby 
oxygen is incorporated into the single crystal silicon; 

FIG. 3 is a diagram which shows another example of the 
construction of the heaters; 

FIGS. 4(a) and 4(b) are diagrams which show a compari 
son of the temperature distribution in various portions of the 
melt; 

FIG. 5 is a diagram which shows the prior art; 
FIG. 6 is a graph which illustrates the oxygen concentra 

tion distribution in the direction of the axis of length of the 
single crystal silicon; 

FIGS. 7(a) and 7(b) are graphs which show a comparison 
of fluctuations in the oxygen concentration in the direction of 
the axis of length of the single crystal silicon; 

FIG. 8 is a graph which shows the target range of the 
oxygen concentration distribution in the direction of the axis 
of length of the single crystal silicon; and 

FIG. 9 is a graph which shows the results of experiments 
performed using the apparatus construction shown in FIG. 1. 

BEST MODE FOR CARRYING OUT THE 
INVENTION 

The apparatus of the embodiment will be described below 
with reference to the attached figures. 

FIG. 1 is a diagram which shows the construction of the 
embodiment from the side. 
As is shown in FIG. 1, the single crystal pulling apparatus 

1 of the embodiment comprises a CZ furnace (chamber) 2 as 
a single crystal pulling vessel. 
A quartz crucible 3 in which a polycrystalline silicon raw 

material is melted and accommodated as a melt 5 is disposed 
inside the CZ furnace 2. The outside of the quartz crucible 3 
is covered by a graphite crucible. Heaters 9 which heat and 
melt the polycrystalline silicon raw material inside the quartz 
crucible 3 are disposed around the circumference of the 
quartz crucible 3. 
The heaters 9 are divided into two stages, i.e., upper and 

lower heaters 9a and 9b, which are disposed around the cir 
cumference of the quartz crucible 3 along the vertical direc 
tion of the quartz crucible 3. In the heaters 9a and 9b, the 
amount of heating that is applied to the quartz crucible 3, i.e., 
the output, can be independently adjusted. In the apparatus 1 
of the embodiment, the heaters 9 are divided into two stages: 
however, these heaters 9 may also be divided into three or 
more Stages. 
A heat-retaining tube 13 is disposed between the heaters 9 

and the CZ furnace 2. 
A pulling mechanism 4 is disposed above the quartz cru 

cible 3. The pulling mechanism 4 comprises a pulling shaft 4a 
and a seed crystal 4b. 
When the melt inside the quartz crucible 3 stabilizes, the 

pulling shaft 4a moves in the vertical direction, so that the 
seed crystal 4a is immersed in the melt 5, and a single crystal 
silicon ingot 6 is pulled up from the melt 5 by the CZ method. 
During this pulling, the quartz crucible 3 is caused to rotate by 
a rotating shaft 10. Furthermore, the rotating shaft 10 can be 
driven in the vertical direction, so that the quartz crucible 3 
can be raised and lowered, and positioned in an arbitrary 
position. 
A vacuum (approximately 10 to 50 Torr) is maintained 

inside the CZ furnace 2 by shutting out the interior of the CZ 
furnace 2 from the atmosphere. Specifically, argon gas 7 is 
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Supplied to the CZ furnace 2 as an inert gas, and this is 
exhausted from the exhaust port of the CZ furnace 2 by means 
of a pump. As a result, the pressure inside the furnace 2 is 
reduced to a low pressure. 

During the single crystal pulling process (one batch), Vari 
ous evaporants are generated inside the CZ furnace 2. Accord 
ingly, argon gas 7 is Supplied to the CZ furnace 2, and this is 
exhausted to the outside of the CZ furnace 2 along with the 
evaporants so that the evaporants are removed from the inte 
rior of the CZ furnace 2, thus cleaning the furnace. The supply 
flow rate of the argon gas 7 is set for each process in one batch. 
The silicon melt 5 decreases as the single crystal silicon 6 

is pulled up. As the silicon melt 5 decreases, the contact area 
between the melt 5 and the quartz crucible 3 varies, so that the 
amount of oxygen dissolved from the quartz crucible 3 varies. 
This variation has an effect on the oxygen concentration 
distribution in the single crystal silicon 6. Accordingly, in 
order to prevent this, the polycrystalline silicon raw material 
may be supplied in a Supplementary manner to the interior of 
the quartz crucible 3 in which the melt 5 has decreased. 
A thermal insulating plate 8 (gas distributing column) 

which is formed substantially in the shape of an inverted 
truncated cone is disposed around the circumference of the 
single crystal silicon 6 above the quartz crucible 3. The ther 
mal insulating plate 8 is Supported on the heat-retaining tube 
13. The thermal insulating plate 8 guides the argon gas 7 
which is supplied to the interior of the CZ furnace 2 from 
above as a carrier gas to the center of the surface 5a of the 
melt, and further causes this gas to pass over the Surface 5a of 
the melt so that this gas is guided to the circumferential edge 
portions of the melt surface 5a. Then, the argon gas 7 is 
exhausted from the exhaust port disposed in the lower part of 
the CZ furnace 2 together with the gas that evaporates from 
the melt 5. Accordingly, the oxygen that is evaporated from 
the melt 5 is stably maintained so that the gas flow velocity on 
the liquid surface can be stabilized. 

Furthermore, the thermal insulating plate 8 thermally insu 
lates the single crystal silicon 6 from the radiant heat gener 
ated by heat sources such as the crucible 3, melt 5, heaters 9 
and the like. Moreover, the thermal insulating plate 8 prevents 
impurities (e.g., silicon oxides) and the like generated inside 
the furnace from adhering to the single crystal silicon 6 and 
impairing the growth of the single crystal. The distance D0 of 
the gap between the lower end of the thermal insulating plate 
8 and the surface 5a of the melt can be adjusted by raising and 
lowering the rotating shat 10 so that the position of the cru 
cible 3 in the vertical direction is varied. 
Oxygen is dissolved in Solid solution in the single crystal 

silicon 6 that is pulled up and grown. This oxygen is dissolved 
in the silicon melt 5 from the quartz crucible 3, and is incor 
porated into the single crystal silicon 6 when the single crystal 
silicon 6 is pulled up. The oxygen concentration in the single 
crystal silicon 6 has a great effect on the characteristics of the 
element or device, and also has a great effect on the yield in 
the manufacturing process of the element or device. 

FIG. 2 shows the relationship of the amount of oxygen that 
is dissolved in the melt 5 from the quartz crucible 3, the 
amount of oxygen that evaporates from the surface 5a of the 
melt5, and the amount of oxygen that is incorporated into the 
single crystal silicon 6. AS is shown in FIG. 2, the amount of 
oxygen that is incorporated into the single crystal silicon 6 
(hereafter referred to as the “amount of incorporated oxy 
gen) is obtained by Subtracting the amount of oxygen that 
evaporates from the surface 5a of the melt (hereafter referred 
to as the “amount of evaporated oxygen) from the amount of 
oxygen that is dissolved in the melt 5 from the quartz crucible 
3 (hereafter referred to as the “amount of dissolved oxygen). 
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Generally, it may be viewed that approximately 99% of the 
oxygen that is dissolved in the melt 5 from the quartz crucible 
3 evaporates, and that the remaining (approximate) 1% is 
incorporated into the single crystal silicon 6. 

Accordingly, the oxygen concentration in the single crystal 
silicon 6 can be controlled by controlling two amounts, i.e., 
the amount of oxygen that is dissolved in the melt 5 from the 
quartz crucible 3 and the amount of oxygen that evaporates 
from the surface 5a of the melt. 

Here, the “amount of dissolved oxygen is determined by 
parameters such as the rpm () of the quartz crucible 3, the 
heating temperature of the quartz crucible 3 and the like. 

Furthermore, the “amount of evaporated oxygen is deter 
mined by parameters such as the flow rate of the argon gas 7. 
the pressure inside the CZ furnace 2. D0 and the like. 

The operation of the abovementioned apparatus 1 of the 
embodiment will be described below. 

Reference Example 

FIG. 6 shows the oxygen concentration distribution in the 
direction of the axis of length of the single crystal silicon 6. 
The horizontal axis in FIG. 6 indicates the crystallength S of 
the single crystal silicon 6 (which is substantially inversely 
proportional to the remaining molten amount of the melt 5), 
and the vertical axis indicates the oxygen concentration. 
Here, the crystal length S of the single crystal silicon 6 is 
Substantially inversely proportional to the remaining molten 
amount of the melt 5. 
The oxygen concentration in the silicon melt 5 is high at the 

time that single crystal pulling is initiated. Subsequently, as 
the single crystal is pulled, the contact area between the 
quartz crucible 3 and the melt 5 decreases, so that the oxygen 
concentration in the melt 5 decreases. Accordingly, as is 
indicated by L1 in FIG. 6, the oxygen concentration in the 
single crystal silicon 6 obtained after growth tends to show a 
high value in the initial stage of pulling, and this oxygen 
concentration tends to drop as the pulling enters the latter 
Stage. 

Accordingly, in this reference example, control is exer 
cised so that the oxygen concentration distribution in the axial 
direction of the single crystal silicon 6 is uniform along the 
direction of the axis of length, by using a combination of 1) 
control of the amount of dissolved oxygen, and 2) control of 
the amount of evaporated oxygen, described below. 

1) Control of the Amount of Dissolved Oxygen 
A function in which the crystallength Softhe single crystal 

silicon 6, i.e., the remaining molten amount of the melt 5, is 
taken as a variable, and the rpm () of the crucible is taken as 
a function value, is prepared beforehand. This function is set 
so that the oxygen concentration distribution in the axial 
direction of the single crystal silicon 6 is maintained at a 
target concentration distribution. Accordingly, the remaining 
molten amount of the melt 5 is measured, and the crucible 
rpm () that corresponds to this measured remaining molten 
amount is determined from the abovementioned function. 
Then, the rotating shaft 10 is rotated so that this crucible rpm 
() is obtained. Thus, the oxygen concentration distribution in 
the axial direction of the single crystal silicon 6 is controlled 
to a desired concentration distribution by adjusting the rpm () 
of the quartz crucible 3 in accordance with the remaining 
molten amount of the melt 5, i.e., the crystal length S of the 
single crystal silicon 6. 

2) Control of Amount of Evaporated Oxygen 
A function in which the crystallength Softhe single crystal 

silicon 6, i.e., the remaining molten amount of the melt 5, is 
taken as a variable, and D0 is taken as a function value, is 
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prepared beforehand. This function is set so that the oxygen 
concentration distribution in the axial direction of the single 
crystal silicon 6 is maintained at a target concentration distri 
bution. Accordingly, the remaining molten amount of the melt 
5 is measured, and the D0 value that corresponds to this 
measured remaining molten amount is determined from the 
abovementioned function. Then, the rotating shaft 10 is 
moved in the vertical direction so that this D0 value is 
obtained. Thus, the oxygen concentration distribution in the 
axial direction of the single crystal silicon 6 is controlled to a 
desired concentration distribution by adjusting D0 in accor 
dance with the remaining molten amount of the melt 5, i.e., 
the crystal length S of the single crystal silicon 6. Further 
more, it would also be possible to control the oxygen concen 
tration distribution in the axial direction of the single crystal 
silicon 6 by adjusting D0 to a fixed value regardless of the 
remaining molten amount of the melt5, i.e., the magnitude of 
the crystal length S of the single crystal silicon 6. The same is 
true of the flow rate of the argon gas 7, and the pressure inside 
the CZ furnace 2. 
As a result of exercising control that combined the above 

mentioned 1) control of the amount of dissolved oxygen and 
2) control of the amount of evaporated oxygen, the oxygen 
concentration distribution in the axial direction of the single 
crystal silicon 6 was the distribution indicated by L2 or L3 in 
FIG. 6. The oxygen concentration distribution L2 indicates a 
case in which the target oxygen concentration was set at a 
high value, and the oxygen concentration distribution L3 
indicates a case in which the target oxygen concentration was 
set at a low value. 

In FIG. 6, the target range Ar indicates one example of a 
target range for the oxygen concentration distribution in the 
single crystal silicon 6 required in recent years. 
The oxygen concentration distributions L2 and L3 depart 

from this target range Ar. 
In the embodiments described below, the system is 

arranged so that the control range of the oxygen concentration 
of the single crystal silicon 6 is broadened, and the oxygen 
concentration distribution in the axial direction of the single 
crystal silicon 6 is caused to fit within the target range Ar. 

Embodiment 1 

Control Combined with Control of Natural 
Convection Generated in the Melt 5 

In this embodiment, the combined used of the abovemen 
tioned 1) control of the amount of dissolved oxygen and 2) 
control of the amount of evaporated oxygen is assumed. 

In this embodiment, the control range of the oxygen con 
centration of the single crystal silicon 6 can be broadened so 
that the oxygen concentration distribution in the axial direc 
tion of the single crystal silicon 6 is caused to fit within the 
target range Ar, and minute fluctuations in the oxygen con 
centration that are generated along the axial direction of the 
single crystal silicon 6 can be Suppressed, by further combin 
ing control of natural convection generated in the melt 5 
(hereafter referred to as “convection control') with the above 
mentioned control. 

Here, the mechanism whereby convection is generated will 
be described with reference to FIG. 4. 

Specifically, FIG. 4(a) shows the temperature distribution 
in various portions of the melt 5 in a case where heating is 
accomplished by disposing an undivided heater 9" around the 
circumference of the quartz crucible 3. As is shown in FIG. 
4(a), a high temperature is measured over a broad range B1 
extending from the melt surface 5a to the vicinity of the 



US 7,918,934 B2 
15 

bottom surface of the crucible 3, and the temperature shows a 
maximum value at the circumferential edges 3a and 3b of the 
bottom Surface of the crucible. Accordingly, as is shown in 
FIG. 4(a), the temperature of the bottom surface part 31 of the 
quartz crucible 3 is higher than the temperature of the upper 
parts 32 of the side walls of the quartz crucible 3, so that 
natural convection 20 is generated as rising currents that flow 
toward the upper parts of the side walls of the crucible 3 from 
the bottom surface of the crucible 3. 

Accordingly, in the present embodiment, the following 3) 
convection control is performed in order to control the gen 
eration of the natural convection 20. 

3) Convection Control 
Convection control consists of convection Suppressing 

control and convection promoting control. 
3-1) Convection Suppressing Control 
Among the various portions of the melt 5 inside the quartz 

crucible 3, the temperatures of these respective portions of the 
melt 5 are adjusted so that the generation of natural convec 
tion 20 in the melt 5 is suppressed. In concrete terms, the ratio 
of the amount of heating (output) of the upper heater 9a to the 
amount of heating (output) of the lower heater 9b is adjusted 
so that the temperature of the bottom surface part 31 of the 
quartz crucible 3 is lower than the temperature of the upper 
portions 32 of the side walls of the quartz crucible 3. Specifi 
cally, as is shown in FIG. 4(b), the region B2 where the 
temperature is high is restricted to a narrow range B2 in the 
vicinity of the surface 5a of the melt, and a maximum tem 
perature is reached at the upper portions 3c and 3d of the side 
walls of the crucible. Accordingly, as is shown in FIG. 4(b), 
the temperature of the bottom surface part 31 of the quartz 
crucible 3 is lower than the temperature of the upper portions 
32 of the side walls of the quartz crucible 3, so that the 
generation of natural convection 20 as rising currents that 
flow toward the upper portions of the side walls of the crucible 
3 from the bottom surface of the crucible 3 is suppressed. 

Furthermore, when this control to suppress convection is 
performed, it is desirable that the surface 5a of the melt 
coincide with roughly the center position of the upper heater 
9a. Accordingly, the position of the quartz crucible 3 in the 
vertical direction is adjusted by driving the rotating shaft 5 in 
accordance with the decrease in the melt5, so that the surface 
5a of the melt 5 is caused to coincide with roughly the center 
position of the upper heater 9a. 

In the present embodiment, the following merits are 
obtained. 

Specifically, L1 in FIG. 6 indicates the oxygen concentra 
tion distribution of single crystal silicon 6 grown by the mag 
netic field applied crystal growth method. In the magnetic 
field applied crystal growth method, convection is Suppressed 
so that the oxygen concentration distribution L1 is a distribu 
tion in which the oxygen concentration as a whole is lower 
than in the oxygen concentration distribution L2 or L3 of the 
single crystal silicon 6 grown by the general CZ method as 
described in the reference example. Accordingly, if the degree 
of Suppression of convection is controlled by adjusting the 
amounts of heating of the upper and lower heaters 9a and 9b, 
the control range of the oxygen concentration of the single 
crystal silicon 6 is broadened downward. Accordingly, by 
controlling the oxygen concentration within the broadened 
control range, it is possible to correct the oxygen concentra 
tion distributions L2 and L3 so that these oxygen concentra 
tion distributions are kept within the target range Ar. 

3-2) Convection Promoting Control 
FIG. 7(b) shows the results of a simulation performed 

using the apparatus construction shown in FIG. 4(a). Fluc 
tuations L4 in the oxygen concentration in the axial direction 
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of the single crystal silicon 6 in a case where the quartz 
crucible 3 was heated by an undivided heater 9 are shown in 
this figure. The horizontal axis of FIG. 7(b) indicates the 
crystallength S constituting the position of the single crystal 
silicon 6 in the axial direction. The vertical axis of FIG. 7(b) 
indicates the deviation of the oxygen concentration in the 
boundary area 6a between the single crystal silicon 6 and melt 
5 during pulling. 

FIG. 7(a) shows the results of a simulation performed 
using the apparatus construction shown in FIG. 4(b) in a case 
where the abovementioned convection Suppressing control of 
3-1) was performed. This figure shows the fluctuations L5 in 
the oxygen concentration in the axial direction of the single 
crystal silicon 6 in a case where the quartz crucible 3 was 
heated by split heaters 9a and 9b. The crystal length S on the 
horizontal axis of FIG. 7(a) and the oxygen concentration 
deviation on the vertical axis respectively correspond to the 
horizontal axis and vertical axis of FIG. 7(b). 
As is shown by L4 and L5, the oxygen concentration fluc 

tuates with a short period relative to the total pulling time of 
the single crystal silicon 6. In other words, fluctuations in the 
oxygen concentration are generated in the boundary area 6a 
of the single crystal silicon 6, and these are incorporated into 
the single crystal silicon 6 So that these fluctuations appear as 
minute fluctuations in the oxygen concentration in the axial 
direction. Such minute fluctuations in the oxygen concentra 
tion in the axial direction cause a deterioration in the quality 
of the single crystal silicon 6. 

FIGS. 9(a) and 9(b) show the results obtained when experi 
ments were actually performed using the apparatus construc 
tion shown in FIG. 1. The crystal length S on the horizontal 
axes of FIGS. 9(a) and 9(b), and the oxygen concentration 
deviation on the vertical axes, respectively correspond to the 
horizontal axes and vertical axes of FIGS. 7(a) and 7(b). 

FIG. 9(a) shows the fluctuations L10 in the oxygen con 
centration in the axial direction of the single crystal silicon 6 
in a case where natural convection was Suppressed by setting 
the ratio of the heating amounts (outputs) of the upper heater 
9a and lower heater 9b at 1:0.5. In concrete terms, the gen 
eration of natural convection was Suppressed by setting the 
ratio of the electric power applied to the upper heater 9a and 
lower heater 9b at 1:0.5. 

FIG. 9(b) shows the fluctuations L11 in the oxygen con 
centration in the axial direction of the single crystal silicon 6 
in a case where natural convection was promoted by setting 
the ratio of the heating amounts (outputs) of the upper heater 
9a and lower heater 9b at 1:2. In concrete terms, the genera 
tion of natural convection was promoted by setting the ratio of 
the electric power applied to the upper heater 9a and lower 
heater 9b at 1:2. 

It is seen from these FIGS. 9(a) and 9(b) that the fluctua 
tions L11 in the oxygen concentration that occur in a case 
where the generation of natural convection is promoted are 
Small compared to the fluctuations L10 in the oxygen con 
centration that occur in a cases where natural convection is 
Suppressed. 

Accordingly, judging from this experimental results, if 
fluctuations in the oxygen concentration in the boundary area 
6a are suppressed as indicated by L11 in FIG. 9(b), fluctua 
tions in the axial direction of the single crystal silicon 6 will 
be suppressed. As a result, a stable oxygen concentration 
distribution can be obtained along the axial direction of the 
single crystal silicon 6. So that the quality of the single crystal 
silicon 6 is improved. 

Furthermore, in the present embodiment, convection can 
be controlled by using simple heaters 9a and 9b without 
introducing the magnetic field applied crystal growth method 
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that leads to increased cost and size; accordingly, the cost of 
the apparatus can be reduced, and the apparatus can be made 
more compact. 

Furthermore, in this embodiment, control of the generation 
of convection is accomplished by disposed two stages of 
heaters, i.e., upper and lower heaters 9a and 9b, on the sides 
of the crucible 3. However, in addition to this, it would also be 
possible to dispose a heater 12 beneath the quartz crucible 3. 
and to heat the bottom surface of the crucible 3 in a supple 
mentary manner by means of this heater, so that Solidification 
of the melt 5 in the bottom part of the crucible 3 is prevented. 

Furthermore, in the present embodiment, the crucible 3 is 
heated from the outside by means of the heaters 9a and 9b, 
however, the heating means used are not limited to heaters. 
Any type of heating means may be used as long as these 
means are capable of controlling natural convection 20 by 
adjusting the temperatures of various portions of the melt 5. 
For example, an electromagnetic heating method or heating 
by means of laser irradiation may also be employed. 

Embodiment 2 

Control Combined with Oxygen Concentration 
Control and Diameter Control by Means of Heaters 

In the present embodiment, the oxygen concentration dis 
tribution in the axial direction of the single crystal silicon 6 is 
controlled to a desired oxygen concentration distribution 
(hereafter referred to as "oxygen concentration control by 
heaters'), and the diameter of the single crystal silicon 6 is 
controlled to a desired diameter (hereafter referred to as 
"diameter control by heaters”), by adjusting the outputs of the 
heaters 9a and 9b shown in FIG. 1. 

Specifically, the oxygen that is eluted from the quartz cru 
cible 3 is more greatly affected by the temperature of the 
lower part of the crucible 3. The reason for this is that in this 
lower part of the crucible 3, the crucible 3 has a large area of 
contact with the melt 5. 
On the other hand, the diameter D of the single crystal 

silicon 6, the solidification speedV in the boundary area 6a of 
the single crystal silicon 6 and the amount of pulling S (crystal 
length) of the single crystal silicon 6 have the relationship 
shown in equation (1) below. 

Diameter (D)xsolidification speed (V)=amount of 
pulling (S) (1) 

Accordingly, if the amount of pulling S is fixed, the diam 
eter D of the single crystal silicon 6 is determined by the 
solidification speed V in the boundary area 6a. 

If the temperature of the upper part of the crucible 3 and the 
temperature of the lower part of the crucible 3 are compared, 
the solidification speed V in the boundary area 6a is more 
greatly affected by the temperature environment (e.g., tem 
perature gradient in the crystal and temperature gradient in 
the direction of diameter of the surface of the melt) in the 
upper part of the crucible 3. 

In the present embodiment, in light of the abovementioned 
points, the following 4) oxygen concentration control by 
means of heaters and 5) diameter control by means of heaters 
are performed in combination. 

4) Oxygen Concentration Control by Means of Heaters 
A function in which the crystallength Softhe single crystal 

silicon 6, i.e., the remaining molten amount of the melt 5, is 
taken as a variable, and the output (amount of heating) of the 
lower heater 9b is taken as a function value, is prepared 
beforehand. This function is set so that the oxygen concen 
tration distribution in the axial direction of the single crystal 
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18 
silicon 6 is maintained at a target concentration distribution. 
Accordingly, the remaining molten amount of the melt 5 is 
measured, and the output of the lower heater 9b that corre 
sponds to this measured remaining molten amount is deter 
mined from the abovementioned function. Then, a control 
command is sent to the lower heater 9b so that this output of 
the lower heater 9b is obtained. Thus, the oxygen concentra 
tion distribution in the axial direction of the single crystal 
silicon 6 is controlled to a desired concentration distribution 
by adjusting the lower heater 9b in accordance with the 
remaining molten amount of the melt5, i.e., the crystallength 
S of the single crystal silicon 6. 

5) Diameter Control by Means of Heaters 
The following two methods may be cited as examples of 

diameter control. Specifically, the following methods are 
conceivable: 
A method in which the heater output required in order to 

maintain the diameter of the crystal at a constant value during 
pulling is predicted beforehand, and the upperheater output is 
controlled using this predicted value as a command value. 
A method in which the diameter of the crystal is constantly 

measured during pulling, and the output of the upperheater or 
the pulling speed, or both, are adjusted in accordance with the 
deviation between the crystal diameter and the target diam 
eter, so that the diameter is controlled to a fixed value. 

In concrete terms, the control method of the abovemen 
tioned 5-1) is as follows: 

Specifically, a function in which the crystal length S of the 
single crystal silicon 6, i.e., the remaining molten amount of 
the melt 5, is taken as a variable, and the output (amount of 
heating) of the upper heater 9a is taken as a function value, is 
prepared beforehand. This function is set so that the diameters 
of respective parts of the single crystal silicon 6 in the axial 
direction are maintained at a target diameter. Accordingly, the 
remaining molten amount of the melt 5 is measured, and the 
output of the upper heater 9a corresponding to this measured 
remaining molten amount is determined from the abovemen 
tioned function. Then, a control command is sent to the upper 
heater 9a so that this output of the upper heater 9a is obtained. 
Thus, the diameters of respective parts of the single crystal 
silicon 6 in the axial direction are controlled to a desired 
diameter by adjusting the upper heater 9a in accordance with 
the remaining molten amount of the melt 5, i.e., the crystal 
length S of the single crystal silicon 6. 

In concrete terms, the control method of the abovemen 
tioned 5-2) is as follows: 

Specifically, a measuring device which measures the diam 
eter of the single crystal silicon 6 during pulling is provided. 
A device which optically measures the diameter, a device 
which measures the total weight of the pulled single crystal 
silicon 6 as a parameter for the diameter or the like is con 
ceivable as this measuring device. The diameter of the single 
crystal silicon 6 measured by the measuring device and the 
target diameter are compared, and the output of the upper 
heater 9a or the pulling speed, or both, are adjusted so that the 
abovementioned deviation is eliminated, thus causing the 
diameter to coincide with the desired diameter. Furthermore, 
a general control procedure such as PID control or the like can 
be incorporated in order to realize this diameter control. 

Thus, in the present embodiment, the diameter of the single 
crystal silicon 6 can be simultaneously controlled while con 
trolling the oxygen concentration distribution in the axial 
direction of the single crystal silicon 6 using the heaters 9a 
and 9b. 
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Furthermore, the abovementioned 1) control of the amount 
of dissolved oxygen and 2) control of the amount of evapo 
rated oxygen can also be performed in combination with this 
control. 

Embodiment 3 

Control Combined with Oxygen Concentration 
Control by Means of Heaters and Convection 

Control 

In the present embodiment, the abovementioned 3) con 
vection control and 4) control of the oxygen concentration by 
means of heaters are performed in combination. Furthermore, 
the abovementioned 1) control of the amount of dissolved 
oxygen and 2) control of the amount of evaporated oxygen 
can also be performed in combination with this control. 

In the present embodiment, minute fluctuations in the oxy 
gen concentration that are generated in the axial direction of 
the single crystal silicon 6 can be suppressed while control 
ling the oxygen concentration distribution in the axial direc 
tion of the single crystal silicon 6 by using heaters 9a and 9b 
that are simple, low-cost and compact compared to the mag 
netic field applied crystal growth method. 

Embodiment 4 

Control Combined with Oxygen Concentration 
Control and Diameter Control by Means of Heaters, 

and Convection Control 

In the present embodiment, the abovementioned 3) con 
vection control. 4) oxygen concentration control by means of 
heaters and 5) diameter control by means of heaters are per 
formed in combination. Furthermore, the abovementioned 1) 
control of the amount of dissolved oxygen and 2) control of 
the amount of evaporated oxygen can also be performed in 
combination with this control. 

In the present embodiment, the diameter of the single crys 
tal silicon can be controlled, and minute fluctuations in the 
oxygen concentration that are generated in the axial direction 
of the single crystal silicon 6 can be suppressed, while simi 
larly controlling the oxygen concentration distribution in the 
axial direction of the single crystal silicon 6 using the output 
of this upper heater 9a. 

Embodiment 5 

Oxygen Concentration Control by Means of Heaters 
and Process Conditions 

FIG. 8 is a figure which corresponds to FIG. 6, and which 
shows the solidification rate on the horizontal axis and the 
oxygen concentration on the vertical axis. Here, the Solidifi 
cation rate is a value that is given by X/W, where W is the 
weight of the polycrystalline raw material that is melted 
inside the quartz crucible, and X is the weight of the single 
crystal during pulling. This value has a more or less propor 
tional relationship to the crystal length S on the horizontal 
axis in FIG. 6. 

In FIG. 8, the target range Ar0 shows one example of a 
target range for the oxygen concentration in single crystal 
silicon 6 required in recent years; this corresponds to the 
target range Ar in FIG. 6. 

Cr1 indicated by shading in FIG. 8 is the control of the 
oxygen concentration that can be caused to vary merely by 
adjusting the output ratio (electric power ratio) of the heaters 
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9a and 9b. Within this control range Cr1, the oxygen concen 
tration in the axial direction of the single crystal silicon 6 can 
be controlled to a desired concentration. It is seen that the 
control range Cr1 depends on the crystallength S of the single 
crystal silicon 6. The upper limit of the control range Cr1 is 
indicated by L6, and this upper limit L6 drops as the solidi 
fication rate increases. Furthermore, the lower limit of the 
control range is indicated by L8, and this lower limit L8 rises 
as the solidification rate increases. In other words, the control 
range of the oxygen concentration becomes narrower in the 
latter stage of the pulling of the single crystal silicon 6. In the 
latter stage of pulling, control of the oxygen concentration 
merely by adjusting the heaters 9a and 9b is possible only in 
an extremely narrow range within the target range Ar0. 
When the ratio of the heating amounts (outputs) of the 

upper heater 9a and lower heater 9b was set at 1:3.5, the 
oxygen concentration distribution L6 indicated by the upper 
limit of the control range Cr1 was obtained. In concrete terms, 
the oxygen concentration distribution L6 was obtained by 
setting the ratio of the electric power applied to the upper 
heater 9a and lower heater 9b at 1:3.5. 

Furthermore, when the ratio of the heating amounts (out 
puts) of the upper heater 9a and lower heater 9b was set at 
1:0.7, the oxygen concentration distribution L8 indicated by 
the lower limit of the control range Cr1 was obtained. In 
concrete terms, the oxygen concentration distribution L8 was 
obtained by setting the ratio of the electric power applied to 
the upper heater 9a and lower heater 9b at 1:0.7. 

Thus, the oxygen concentration distribution can be caused 
to shift to the high oxygen side within the control range Cr1 
by adjusting the output ratio to an output ratio which is such 
that the output of the lower heater 9b is relatively large, and 
the oxygen concentration distribution can be caused to shift to 
the low oxygen side within the control range Cr1 by adjusting 
the output ratio to an output ratio which is such that the output 
of the lower heater 9b is relatively small. 

In the present Embodiment 5, control is performed in 
which the output ratio is adjusted to an output ratio which is 
such that the output of the lower heater 9b is relatively large, 
and in which the rpm of the quartz crucible 3 is increased. As 
a result, the upper limit of the control range changes from L6 
to L7, so that at least the oxygen concentration in the latter 
stage of the pulling of the single crystal silicon 7 is caused to 
shift to the high oxygen side. In concrete terms, the rpm () of 
the quartz crucible 3 was increased from 4 rpm to 12 rpm at an 
output ratio in which the ratio of the electric power applied to 
the upper heater 9a and lower heater 9b is set at 1:3.5, so that 
the output of the lower heater 9b was relatively large, thus 
causing the upper limit of the control range to shift to the high 
oxygen side, i.e., from L6 to L7. 

Furthermore, control is performed in which the output ratio 
is adjusted to an output ratio in which the output of the lower 
heater 9b is relatively small, and in which the pressure inside 
the CZ furnace 2 is increased. As a result, the lower limit of 
the control range changes from L8 to L9, so that at least the 
oxygen concentration in the latter stage of the pulling of the 
single crystal silicon 6 is caused to shift to the low oxygen 
side. In concrete terms, the pressure inside the CZ furnace 2 in 
the latter stage of pulling was increased to a value that was 1.5 
times the value during the former stage of pulling at an output 
ratio in which the ratio of the electric power applied to the 
upperheater 9a and lower heater 9b was set at 1:0.7 so that the 
output of the lower heater 9b was relatively small, thus caus 
ing the lower limit of the control range to shift to the low 
oxygen side, i.e., form L8 to L9. 
As a result, the control range of the oxygen concentration 

in the latter stage of the pulling of the single crystal silicon 6 
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was broadened, so that this control range had a width com 
parable to that of the control range in the former stage of 
pulling. Consequently, the oxygen concentration can be con 
trolled within the target range Ar0 in the latter stage of pulling 
in the same manner as in the former stage of pulling, so that 
the oxygen concentration can always be controlled to a 
desired concentration within a broad control range without 
any dependence on the crystal length S. For example, the 
oxygen concentration distribution in the axial direction of the 
single crystal silicon 6 can be controlled to a fixed value that 
is the upper limit value of the target range Ar0, or can be 
controlled to a fixed value that is the lower limit value of the 
target range Ar0. Furthermore, the oxygen concentration dis 
tribution can also be controlled to an arbitrary fixed value 
within the target range Ar0. Furthermore, the oxygen concen 
tration profile can be set at an arbitrary profile within the 
target range Ar0. 

In the present embodiment, the upper limit of the control 
range is caused to shift to the high oxygen side by increasing 
the rpm of the quartz crucible 3. However, besides increasing 
the rpm of the quartz crucible 3, it would also similarly be 
possible to cause the upper limit of the control range to shift 
to the high oxygen side by increasing the amount of oxygen 
that is dissolved in the quartz crucible 3. For example, the 
upper limit of the control range can be caused to shift to the 
high oxygen side by increasing the heating temperature of the 
quartz crucible 3. Furthermore, the upper limit of the control 
range may also be caused to shift to the high oxygen side by 
varying other process conditions. 

Furthermore, in the present embodiment, the lower limit of 
the control range is caused to shift to the low oxygen side by 
increasing the pressure inside the CZ furnace 2. However, 
besides increasing the pressure inside the CZ furnace 2, it 
would also similarly be possible to cause the lower limit of the 
control range to shift to the low oxygen side by decreasing the 
amount of oxygen that evaporates from the surface 5a of the 
melt. For example, the lower limit of the control range can be 
caused to shift to the low oxygen side by varying the flow rate 
of the argon gas 7, and the distance D0 between the thermal 
insulating plate 8 and the surface 5a of the melt. Furthermore, 
the lower limit of the control range may also becaused to shift 
to the low oxygen side by varying other process conditions. 

Embodiment 6 

Convection Suppressing Control 

An embodiment in which the abovementioned 3-1) con 
vection Suppressing control is performed independently is 
also possible. 

Specifically, as is shown in FIG. 9(b), minute fluctuations 
in the oxygen concentration in the axial direction of the single 
crystal silicon 6 can be suppressed by setting the ratio of the 
heating amounts (outputs) of the upper heater 9a and lower 
heater 9b at 1:2, so that the output ratio is adjusted to an output 
ratio which is such that the output of the lower heater is 
relatively large. 

Thus, minute fluctuations in the oxygen concentration that 
are generated along the axial direction of the crystal 6 can be 
Suppressed using heaters 9 which are compact and low-cost 
compared to the introduction of the magnetic field applied 
crystal growth method. 

In the single crystal ingots manufactured by the respective 
embodiments described above, the oxygen concentration pro 
file can be precisely maintained at a desired profile without 
any deviation, within the target range Aror Ar0. Accordingly, 
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Subsequent inspection processes are simplified, and the prod 
uct circulation system is simplified. 

INDUSTRIAL APPLICABILITY 

The present invention can be applied not only in cases 
where single crystal silicon is pulled, but also in cases where 
semiconductors other than single crystal silicon are pulled. 
The invention claimed is: 
1. A single crystal semiconductor manufacturing method 

in which a quartz crucible is accommodated inside a single 
crystal pulling vessel, a polycrystalline raw material is melted 
inside the quartz crucible, a single crystal semiconductor is 
pulled up from the melt inside the quartz crucible, and an 
oxygen concentration in the single crystal semiconductor is 
controlled during the pulling, comprising the steps of 

adjusting the diameter of the single crystal semiconductor 
to a desired diameter by controlling an output from an 
upper-side heating means based on a length of the single 
crystal semiconductor being pulled up; 

adjusting a ratio of an amount of heating by a lower-side 
heating means to an amount of heating by the upper-side 
heating means by controlling the output from the lower 
side heating means, so that the amount of heating by the 
lower side heating means is larger than the amount of 
heating by the upper-side heating means and thereby 
promoting natural convection in the melt while Sup 
pressing fluctuation in the oxygen concentration in an 
axial direction of the single crystal semiconductor, and 

increasing a rotation speed of the quartz crucible or raising 
a heating temperature for the quartz crucible in a later 
stage of the pulling of the single crystal semiconductor, 
and shifting the oxygen concentration in the later stage 
of the pulling of the single crystal semiconductor to a 
high oxygen side, so that a control range of the oxygen 
concentration in the later stage of the pulling of the 
single crystal semiconductor has an equal range to a 
control range of the oxygen concentration in an earlier 
stage of the pulling, to thereby control the distribution of 
the oxygen concentration in the axial direction of the 
single crystal semiconductor as desired. 

2. A single crystal semiconductor manufacturing method 
in which a quartz crucible is accommodated inside a single 
crystal pulling vessel, a polycrystalline raw material is melted 
inside the quartz crucible, a single crystal semiconductor is 
pulled up from the melt inside the quartz crucible, a single 
crystal semiconductor is pulled up from the melt inside the 
quartz crucible, and an oxygen concentration in the single 
crystal semiconductor is controlled during the pulling, com 
prising the steps of: 

adjusting a diameter of the single crystal semiconductor by 
controlling an output from an upper-side heating means 
based on a length of the single crystal semiconductor 
being pulled up; 

adjusting a ratio of an amount of heating by a lower-side 
heating means to an amount of heating by the upper-side 
heating means so that the amount of heating by the lower 
side heating means is Smaller than the amount of heating 
by the upper side heating means, by controlling an out 
put from the lower-side heating means; and 

in the later stage of the pulling of the single crystal semi 
conductor, increasing pressure inside the single crystal 
pulling vessel, controlling a flow rate of argon gas intro 
duced into the single crystal pulling vessel, controlling a 
distance between a heat shielding plate and a Surface of 
the melt so that the oxygen concentration in the later 
stage of the pulling of the single crystal semiconductor 
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shifts to a low oxygen side, and control range of the the oxygen concentration in the axial direction of the 
oxygen concentration in the later stage of the pulling of single crystal semiconductor. 
the single crystal semiconductor has a range equal to a 
control range of the oxygen concentration in an earlier 
stage of the pulling, thereby controlling a distribution of k . . . . 


