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HEAT SHXBLD ~OR CRYSTAL PULLBR 

Background of the Invention 

The present invention relates to a crystal puller 

for growing single crystal semiconductor material, and more 

5 particularly to a heat shield for use in such crystal 

pullers. 

Single crysta+ semiconductor material, which is 

the starting material for fabricating many electronic 

components, is commonly prepared using the Czochralski 

1 o ( "Cz 11 ) method. In this method, polycrystalline 

semiconductor source material such as polycrystalline 

silicon {11polysilicon11 ) is melted in a crucible. Then a 

seed crystal is lowered into the molten material and slowly 

raised to grow a single crystal ingot. As the ingot is 

15 grown, an upper end cone is formed by decreasing the pull 

rate and/or the melt temperature, thereby enlarging the 

ingot diameter, until a target diameter is reached. Once 

the target diameter is reached, the cylindrical main body 

of the ingot is formed by controlling the pull rate and the 

20 melt temperature to compensate for the decreasing melt 

level. Near the end ~f the growth process but before the 

crucible becomes empty,. the ingot diameter is reduced to 

form a lower end cone which is separated from the melt to 

produce a finished ingot of semiconductor material. 

25 In order to control the diameter of the ingot, 

the actual diameter of the ingot must be measured 

throughout the pulling process. A camera is mounted above 

the crucible for automatically determining the diameter of 

ingots as they are pulled. The camera measures the 

30 positions of at least three points on a meniscus formed 

between the ingot and an upper surface of the molten 

material. The camera is able to distinguish the meniscus 

from the surrounding material because the meniscus appears 
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brighter than the surrounding material. The diameter of 

the ingot can be calculated from these points using 

geometric formulas which are well known by those skilled in 

the art. 

Although the conventional Cz method is 
satisfactory for growing single crystal semiconductor 

materials for use in a wide variety of applications, 

further improvement in the quality of semiconductor 
material is desirable. For instance, as semiconductor 

manufacturers reduce the width of integrated circuit lines 
formed on semiconductors, the presence 

material becomes of greater concern. 

crystal semiconductor materials form 

of defects in the 

Defects in single 

as the crystals 

solidify and cool in the crystal puller. Such defects 

15 arise, in part, because of the presence of an excess (i.e., 

a concentration above the solubility limit) of intrinsic 

point defects known as vacancies and self-interstitials. 

Vacancies, as their name suggests, are caused by the 

absence or "vacancy" of one or more atoms in the crystal 

20 lattice. Self-interstitials are produced by the presence 

of one or more extra atoms in the lattice. Both kinds of 

defects adversely affect the quality of the semiconductor 

material. 

Ingots are typically grown with an excess of one 

25 or the other type of intrinsic point defect, i.e., either 

crystal lattice vacancies or self-interstitials. It is 

understood that the type and initial concentration of these 

point defects in the ingots, which become fixed as they 

solidify, are controlled by the ratio of the growth 

30 velocity (i.e., the pull rate) {v) to the instantaneous 

axial temperature gradient in the ingot at the time of 

solidification (G0 ) • When the value of this ratio (v/G0 ) 

exceeds a critical value, the concentration of vacancies 

increases. Likewise, when the value of v /G0 falls below the 

35 critical value, the concentration of self-interstitials 

increases. Although neither type of defect is desirable, 
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growth regimes which produce more va9ancies are preferred, 

in general, by the semiconductor industry. The density of 

intrinsic point defects may be reduced by controlling v/G0 

to grow a crystal lattice in which crystal lattice 

5 vacancies are the dominant intrinsic point defect, and by 

reducing the nucleation rate of agglomerated defects by 

altering (usually, by lowering) the thermal gradient G0 in 

the silicon ingot when its temperature is within a range of 

about 1150°C to 1050°C during the crystal pulling process. 

10 In order to produce vacancy rich ingots, and 

avoid the presence of a radial vacancy/self-interstitial 

boundary ring in the ingots, v/G0 is controlled to be as 

high as possible. One way to increase this ratio is to 

increase the pull rate (i.e., growth velocity, v) of the 

15 ingot. However, the pull rate also affects other 

parameters, such as the ingot diameter. Thus, the amount 

the pull rate may be increased is limited. 

The other way to increase the ratio is to reduce 

the thermal gradient G0 in the ingot. To this end, a heat 

20 shield may be positioned within the crucible above the melt 

surf ace for conserving heat at the interface between the 

ingot and the molten material to prevent heat loss from the 

melt surface. In this way, the instantaneous axial thermal 

gradient G0 at the interface is reduced, which increases the 

25 ratio v/G0 • These heat shields generally include a central 

opening through which the ingot is pulled as it is grown 

from the melt. In the past, the central opening was made 

large enough to permit the camera which determines the 

ingot diameter to view the points on the meniscus through 

30 . the opening. Otherwise, the shield would have obstructed 

the view of the camera. Since the central opening was 

relatively large to enable the camera to view the points, 

a considerable amount of heat escaped upward past the 

shield, thereby significantly reducing the effectiveness of 

35 the heat shield. 
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Summary of the Invention 

Among the several objects and features of the 

present · invention may be noted the provision of a heat 

shield and a crystal puller which facilitate growth of high 

5 quality single crystal ingots; the provision of such a heat 

shield and crystal puller which reduce the instantaneous 

axial temperature gradien~ of the crystal adjacent the 

surface of the melt; the provision of such a heat shield 

and crystal puller which do not interfere with automated 

10 crystal diameter measuring apparatus; the provision of such 

a heat shield which facilitates high throughput in the 

crystal puller; the provision of such a heat shield which 

is capable of operating in a confined space within a 

crystal puller; the provision of such a heat shield which 

15 is readily adapted to existing crystal pullers; and the 

provision of such a heat .shield assenlbly and method which 

is easy to use. 

Briefly, apparatus of this invention is a heat 

shield for use in a crystal puller around a monocrystalline 

20 ingot grown out of a crucible in the crystal puller filled 

with molten semiconductor source material. The heat shield 

comprises a reflector having a central opening sized and 

shaped for surrounding the ingot as the ingot is grown to 

reduce heat transfer from the crucible. The reflector is 

25 adapted to be supported in the crystal puller between the 

molten material and a camera aimed toward at least three 

separate points on a meniscus formed between the ingot and 

an upper surface of the molten material. The reflector has 

at least three passages extending through the reflector. 

30 Each of the passages is located along an imaginary line 

extending between the camera and one of the points on the 

meniscus. This permits the camera to view the points so 

the positions of the points can be determined by the camera 

for calculating the diameter of the ingot while minimizing 

35 heat loss through the passages. 
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In another aspect of the invention, apparatus of 
the invention is a crystal puller for forming a 
monocrystalline ingot. The crystal puller comprises a 
crucible for holding molten semiconductor source material 

5 from which the monocrystalline ingot is grown and a heater 
for heating the crucible. The puller also comprises a 
pulling mechanism for pulling the ingot from the molten 
material and a camera positioned about the molten material. 

The camera is aimed toward at least three separate points 

10 on a meniscus formed between the ingot and an upper surface 

of the molten material. In addition, the puller comprises 
a heat shield located between the molten material and the 
camera. The heat shield has a central opening sized and 
shaped for surrounding the ingot as the ingot is grown to 

15 reduce heat transfer f~om the crucible. The heat shield 
has at least three passages extending through the heat 
shield. Each of the passages is located along an imaginary 
line extending between the camera and one of the points on 
the meniscus. This permits the camera to view the points 

20 so the positions of the points can be determined for 
calculating the diameter of the ingot while minimizing heat 
loss through the passages. 

In yet another aspect of the present invention, 
the apparatus of this invention is a heat shield comprising 

25 a reflector having a circular central opening for 
surrounding the ingot as the ingot is grown to reduce heat 

transfer from the crucible. The central opening has a 
diameter which is no more than about ten percent larger 
than a predetermined maximum target diameter of the ingot 

30 around at least about 3~5 degrees of its circumference. 
Other objects and features of the present 

invention will be in part apparent and in part pointed out 

hereinafter. 
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Brief Description of the Drawings 

Fig. 1 is a schematic, fragmentary vertical cross 

section of a heat shiel!i and crystal puller of the present 

invention; 

Fig. 2 is a top plan of an outer reflector of the 

heat shield; 

Fig. 3 is a fragmentar}r elevation of the outer 

reflector as seen from the vantage indicated by line 3-3 of 

Fig. 2; 

Fig. 4 is a 

gradient in the ingot 

temperature of the ingot 

Fig. 5 is a 

gradient in the ingot at 

function of radius. 

plot of the axial temperature 

as a function of the surf ace 

along its length; and 

plot of the axial temperature 

the solidification interface as a 

Corresponding reference characters indicate 

corresponding parts throughout the several views of the 

drawings. 

Detailed Description of the Preferred Embodiment 

20 Referring now to the drawings and in particular 

to Fig. 1, a crystal puller is designated in its entirety 

by the reference numeral 10. The puller 10 is used to grow 

monocrystalline ingots I of the type used to manufacture 

semiconductor wafers. The crystal puller 10 includes a 

25 water cooled shell (generally indicated at 12) having an 

interior which includes a crystal growth chamber 14 and a 

pull chamber 16 disposed above the growth chamber. A 

quartz crucible 20 is positioned within the growth chamber 

14 for holding molten semiconductor source material S from 

30 which the monocrystalline silicon ingot I is grown. The 

crucible 20 is mounted ·on a motorized turntable 22 which 

~otates the crucible about a vertical axis and raises the 

crucible to maintain the surface of the molten source 

material S at a constant level as the ingot I grows and 

35 source material is removed from the melt. 
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A heater 24 surrounding the crucible 20 melts the 

source material s in the crucible 20. The heater 24 is 

controlled by an external control system {not shown) so 

that the temperature of the molten source material is 

5 precisely controlled throughout the pulling process. 

Insulation 26 surrounding the heater 24 reduces the amount 

of heat lost through the sides of the shell 12 and helps to 

keep the exterior walls of the puller relatively cool. 

A pulling mechanism 30 (only a portion of which 

10 is shown in Fig. 1) rotates a seed crystal C and moves it 

up and down through the growth chamber 14 and the pull 

chamber 16 . First, the mechanism 3 O lowers the seed 

crystal C through the chambers 14, 16 until it contacts the 

surface of the molten source material s. Then the pulling 

15 mechanism 30 slowly raises the crystal C through the 

chambers 14, 16 to grow the monocrystalline ingot I. The 

speed at which the pulling mechanism 30 rotates the crystal 

C and the speed at which the pulling mechanism raises the 

crystal {i.e., the pull rate v) are controlled by the 

20 external control system. The control system also controls 

the speed at which the crucible 20 moves during the pulling 

process. 
A view port 32 extends through the shell 12 so a 

camera 34 mounted above the port can view the ingot I as it 

25 grows. The camera 34 is aimed into the growth chamber 16 

so it views three separate points P (only one of which is 

shown in Fig. 1) on a meniscus M formed between the ingot 

I and the upper surface of the molten source material S. 

The positions of these three points P are used in a known 

30 algorithm to calculate the diameter of the ingot I so that 

operating parameters such as the pull rate and material 

temperature may be adjusted to control the ingot diameter. 

The general construction and operation of the crystal 

puller 10, except to the extent explained more fully below, 

35 is conventional and known by those of ordinary skill in the 

art. 
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A heat shield, generally designated 40, is 

mounted above the upper surface of the molten source 

material S. Although other configurations are envisioned 

as being within the scope of the present invention, the 

5 heat shield 40 of the preferred etribodiment generally 

includes an insulating layer 42 sandwiched between co­

axially positi,oned inner and outer reflectors 44, 46, 

respectively. The inner reflector 44 is conical so it 

tapers inwardly downward to reflect heat upward toward the 

10 ingot I as it grows. The inner reflector 44 has a central 

opening 48 which permits the ingot I to pass through the 

heat shield 40. A lower edge of the inner reflector 44 

surrounding the central opening 48 rests in a groove so 
formed in the outer reflector 46. The outer reflector 46 

15 is bowl shaped so that it reflects heat downward away from 

the ingot I and directs convective air currents outwardly 

as they rise through the crucible 20. A rim ·52 provided 

around the upper edge of the outer reflector 46 includes 

holes 54 for releasably attaching the heat shield 40 to the 

20 puller 10 with fasteners 56. Although other materials may 

be used without departing from the scope of the present 

invention, the inner and outer reflectors 44, 46, 

respectively, of the pref erred embodiment are made from 

eight mm thick quartz. The insulating layer 42 used in the 

25 preferred embodiment is carbon bonded carbon fiber 

insulation material. 

As illustrated in Fig. 2, the outer reflector 46 

has a central opening 60 which is aligned with the central 

opening 48 of the inner reflector 44 and which is sized and 

30 shaped for surrounding the ingot I as the ingot is grown. 

For example, the central opening 60 of the preferred 

embodiment is generally circular to accommodate the 

generally circular cross section of the cylindrical ingot 

I. Further, the diameter of the central opening 60 of the 

35 preferred embodiment, ·which is intended for use with 

pullers 10 for growing ingots I having a nominal maximum 
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target diamet~r, of about 200 mm, i~ about 220 mm in 

diameter. Although reflectors 46 having different sized 

central openings 60 may be used without departing from the 

scope of this invention, the central opening of the most 

5 preferred embodiment has a diameter which is no more than 

about ten percent large~ {i.e., 1.1 times larger) than the 

predetermined maximum target diameter of the ingot I. 

Thus, ·the heat shield opening 60 has a diameter which 

equals the maximum target diameter of the ingot plus the 

10 tolerance of that diameter and some margin to account for 

the runout tolerance of the pulling mechanism 30 with 

respect to the heat shield opening. 

As further shown in Fig. 2, the outer reflector 

46 has three passages 62a-62c extending through the 

15 reflector adjacent the central opening 60. As illustrated 

in Fig. 1, when the heat shield 40 is supported in the 

crystal puller 10 between the molten material S and the 

camera 34, each of these passages 62a-62c is located along 

an imaginary line L (only one of which is shown in Fig. 1) 

20 extending between the camera and one of the points P on the 

meniscus M toward which the camera is aimed. These 

passages 62a-62c permit the camera 34 to view the points P 

so the positions of the points can be determined for 

calculating the diameter of the ingot I. Although the 

25 embodiment shown only has three passages 62a-62c, the heat 

shield 40 may have more passages if the camera 34 is 

intended to view more points P on the meniscus M. 

As illustrated in Fig. 2, the passages 62a-62c of 

the preferred embodiment are u-shaped notches opening into 

30 the central opening 60 of the outer reflector 46. Each of 

the passages 62a-62c is positioned on an arc so that the 

end passages 62a, 62c are oriented at an angle A of about 

15° to about 50° with respect to the middle passage 62b, 

and most preferable they are oriented at an angle of about 

35 35° with respect to the middle passage. As will be 

understood by those skilled in the art, this passage 
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orientation permits the camera 34 to view three points P on 

the meniscus M which are spaced at 45° intervals. 

Experience has shown that this point spacing results in an 

accurate measurement of the ingot I diameter. 

5 As illustrated in Fig. 3, the passages 62a-62c 

have effective viewing widths W measured perpendicular to 

the corresponding imaginary line L which are wide enough to 

permit the camera 34 to· view a sufficient area around the 

meniscus M so that it can distinguish the meniscus from the 

10 ingot I and the surface of the molten material s so that 

the positions of the points P can be determined accurately. 

However, the widths w· of the passages 62a-62c must be 

minimized to reduce heat loss through the passages. 

Although the passages 62a-62c may have other effective 

15 viewing widths W without departing from the scope of the 

present invention, the passages of the preferred embodiment 

have effective viewing widths of about io mm. This results 

in each of the end passages 62a, 62c being wider than the 

middle passage 62b as shown in Fig. 2 to account for the 

20 foreshortening which occurs along the imaginary lines L 

passing through the end passages. Moreover, for heat 

shields 40 having central openings 60 for accommodated 

ingots I with diameters· of 200 mm or larger, this results 

in the central opening diameter being no more than about 

25 ten percent larger than the predetermined maximum target 

diameter of the ingot around at least about 325 degrees of 

its circumference. Thus, heat ioss through the central 

opening 60 and passages 62a-62c is minimized. The radially 

outer ends of the passages 62a-62c are rounded to reduce 

30 stress concentrations in the reflector 46. Each of the 

passages 62a-62c has a length D of about 40 mm to account 

for · fore shortening along the imaginary lines L and to 

permit the camera 34 to view the points P even when the 

level of the molten material surface S varies. In the 

35 preferred embodiment, the passages 62a-62c have a combined 

area of less than about 30. 4 square centimeters. Thus 
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configured, the: passages permit the· ,ti¥tnera 34 to view the 
preselected points P on the meniscus M so the diameter of 
the ingot I can be calculated, but prevent significant heat 
loss from the molten material S. 

In order to prove the effectiveness of the heat 

shield 40 described above, analyses of ingot I temperature 
gradients G0 were performed for a heat shield of the present 

invention and for a prior art heat shield. The prior art 

heat shield did not hav~ passages. Rather, the prior art 
10 shield had a central opening which was large enough to 

permit the camera to view the meniscus through the opening. 
Thus, the diameter of the prior art heat shield central 
opening was about 1.5 times as large as the target ingot 
diameter as compared to the analyzed embodiment of the heat 

15 shield of the present invention which was about 1.1 times 
as large as the target ingot diameter. The results of the 

analyses are shown in Figs. 4 and s. 
Fig. 4 shows the axial temperature gradient G0 

through the ingot as a function of the surf ace temperature 
20 of the ingot. In general, the overall maximum temperature 

gradient should be minimized, but the ingot should be 

cooled rapidly upon solidification until it reaches a 
temperature range where defect nucleation occurs {e.g., 

between about 11so 0 c and about 10S0°C for silicon) so that 

25 the process duration is minimized. In the range where 
defects nucleate, the temperature gradient G0 must be as low 
as possible to avoid the initiation of defects. After the 
surface temperature falls below the nucleation temperature, 
the ingot should be cooled rapidly again to minimize the 

30 period of time during which defect agglomeration can occur. 
A comparison of the results for the prior art heat shield 
(the solid line in Fig. 4) and the heat shield of the 
present invention {the dashed line in Fig. 4), shows that 

the heat shield of the present invention is more effective 
35 than that of the prior art. 
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As can be seen from the maxima at the right end 
of the curves in Fig. 4, the overall maximum axial 
gradient, which occurs at the solidification interface 
(i.e., generally adjacent the 1425°C melt surface), is 

5 lower for the heat shield of the present invention than for 
the prior art heat shield. Moreover, the axial gradient 
over the surface temperature range of about 1400°C to about 
1250°C is higher for the heat shield of the present 
invention than for the prior art heat shield. This results 

10 in the ingot cooling faster which reduces the duration of 
the pulling process. In the temperature ranges where 
defect nucleation and agglomeration . occur (i.e. , below 
about 1150°C), both the prior art heat shield and the heat 
shield of the present invention result in about the same 

15 axial gradients. Thus, the heat shield of the present 
invention reduces the overall temperature gradient, the 
number of defects and the process duration as compared to 
the prior art heat shield. 

Further, as shown in Fig. 5, the heat shield of 
20 the present invention results in a lower axia~ temperature 

gradient G0 in the outer region of the ingot. Because of 
the effects of convective and radiant cooling at the 
surface of the ingot, the surface tends to cool faster and 
consequently the temperature gradient at the outer surf ace 

25 tends to be higher. Since the gradient is higher at the 
surf ace, more defects .form in the outer region of the 
ingot. Ideally, the temperature gradient would be the same 
at any radius, i.e. , the curve in Fig. 5 would be flat. By 
reducing the overall temperature gradient as shown in Fig. 

30 4, the overall gradient at the surface is reduced which 
reduces the number of defects at the surface. Thus, the 
distribution of defects is more even throughout the ingot 
for ingots produced with the heat shield of the present 
invention than for ingots produced with prior art heat 

35 shields. 
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In ~iew of the above, it will be seen that the 
several objects of the invention are achieved and other 
advantageous results attained. 

As various changes could be made in the above 
5 constructions without departing from the scope of the 

invention, it is intended that a·ll matter contained in the 
above description or shown in the accompanying drawings 
shall be interpreted as illustrative and not in a limiting 
sense. 
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Claims 

WHAT IS CLAIMED IS: 

1. A heat shield for use in a crystal puller 
around a monocrystalline ingot grown out of a crucible in 
the crystal puller filled with molten semiconductor source 
material, the heat shield comprising a reflector having a 

5 central opening sized and shaped for surrounding the ingot 
as the ingot is grown to reduce heat transfer from the 
crucible, the reflector being adapted to be supported in 

the crystal puller between said molten material and a 

camera aimed toward at three separate points on a meniscus 
10 formed between the ingot and an upper surface of the molten 

material, the reflector having at least three passages 
extending through the 'ref le ct or, each of said passages 
being located along an imaginary line extending between the 
camera and one of said points on the meniscus thereby to 

15 permit the camera to view the points so the positions of 
the points can be determined by the camera for calculating 
the diameter of the ingot while minimizing heat loss 
through the passages. 

2. A heat shield as set forth in claim 1 wherein 
the passages are notches opening into the central opening 

of the reflector. 

3 . A heat shield as set forth in claim 2 wherein 
the passages include a middle passage and end passages 
positioned on opposite sides of the middle passage. 

4 . A heat shield as set forth in claim 3 wherein 
each of the passages is positioned on an arc and each of 
the end passages is separated from the middle passage by an 
angle of about 15° to about 50° measured along the arc. 
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5. A heat shi.eld as set forth in claim 4 wherein 

each of the end passages is separated f ram the middle 

passage by an angle of about 35° measured along the arc. 

6. A heat shield as set forth in claim 5 wherein 

each of the end passages is wider than the middle passage. 

7. A heat shield as set forth in claim 1 wherein 

the reflector is a first reflector and the heat shield 

further comprises a second reflector generally co-axial 

with the first reflector, said second reflector having a 

5 central opening aligned with the central opening of said 

first reflector. 

8 . A heat shield as set forth in claim 8 further 

comprising an insulatiµg layer positioned between said 

first and second reflectors. 

9 . A heat shield as set forth in claim l wherein 

said central opening is circular and has a diameter which 

is about 1.1 times larger than the diameter of the ingot. 

10 . A heat shield as set forth in claim 1 

wherein each of the passages has an effective viewing width 

measured perpendicular to said corresponding imaginary line 

of about ten millimeters. 

liiiifiir 


