
   
 

Description 

 

Method for pulling a cylindrical crystal from a melt 

 

The invention pertains to a method for pulling a cylin-5 

drical crystal from a melt by means of a crystal pulling 

unit which comprises: a crucible, in which the melt is 

located, a crucible heater, which surrounds the crucible 

annularly, a crucible lifting device for lifting the 

crucible, a crystal lifting device for pulling the 10 

crystal from the melt, and a heat shield surrounding the 

crystal annularly and having a lower edge which ends 

above the melt, thereby forming an annular gap. 

 

While growing crystals by the Czochralski process, a 15 

crystal is pulled from a hot melt, with the atoms of the 

melt taking their place at the lower end face of the 

crystal in a lattice structure typical of the material 

of the melt, so that, in the course of slow pulling of 

the crystal out of the melt, in the course of which the 20 

crystal cools, a rigid crystal lattice is produced. The 

layer of the crystal that is close to the melt initially 

still contains intrinsic point defects, namely vacancies, 

meaning unoccupied lattice sites, and interstitial atoms, 

being atoms between the lattice sites; however, if the 25 

pulling procedure is carried out with suitable para-

meters, pairs of these defects undergo mutual annihilat-

ion, and so a homogeneous and largely defect-free crystal 

lattice is formed. This mode of crystal growing is used, 

for example, to produce silicon crystals which are needed 30 

for the semiconductor industry. For that purpose, thin 

slices, known as wafers, are cut from the crystal, and 

integrated circuits are produced from them. 

 

The general intention is to design a pulling procedure 35 

in such a way that the pulled crystal has an as far as 

possible constant diameter and, as a result of as far as 
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possible complete annihilation of the intrinsic point 

defects, has a high homogeneity. 

 

DE 10 2013 210 687 A1 describes a method for regulating 

the diameter of a crystal, by directly or indirectly 5 

determining the diameter of the crystal at the melt 

surface and comparing it with a desired setpoint dia-

meter. From this a suitable crystal pulling rate is 

derived as a control variable for the crystal lifting 

device, so that the desired crystal diameter is estab-10 

lished. Other examples of conventional diameter regulat-

ion are found in WO 01/57294 A1 and US 2011/0126757 A1. 

 

This crystal pulling rate is the relative velocity of the 

crystal with which it moves relative to the melt surface. 15 

Since this velocity is typically set at an absolute melt 

surface level of constant height in relation to the 

crystal pulling unit, the crystal pulling rate corres-

ponds to the absolute crystal lifting rate - that is, to 

the velocity of the crystal relative to the stationary 20 

parts of the crystal pulling unit. 

 

The crystal pulling rate also, however, affects the 

homogeneity of the crystal. The aforementioned healing 

of the intrinsic point defects is brought about by mutual 25 

compensation of those intrinsic point defects still 

present at the end face of the crystal, in the lower 

layers of the crystal, the layers close to the melt; this 

compensation takes place through migration of the inter-

stitial atoms into the vacancies. Because the diffusion 30 

rates of the interstitial atoms and of the vacancies are 

different, virtually complete compensation can only be 

achieved when there is a defined ratio between the 

crystal pulling rate and the vertical temperature gra-

dient in the crystal. Because the temperature gradient 35 

is specific to material and to unit, the ratio of crystal 

pulling rate to vertical temperature gradient, in the 

case of diameter regulation utilizing the crystal pulling 
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rate as a control variable, changes in the same measure 

as the crystal pulling rate, and so the ratio does not 

always have a value which is necessary in order to 

maximize crystal homogeneity. It is this kind of homoge-

neity, however, which is demanded by producers of inte-5 

grated circuits in order to minimize their production 

rejects. 

 

In the control of the silicon Czochralski process there 

are two characteristic timescales: 10 

 

 (A) The timescale from minutes to tens of minutes, 

being the timescale for fluctuations in the 

melting convection. Because of the thermally 

unstable stratification of the melt in the 15 

Czochralski arrangement, there is a typical 

melting convection, which is unsteady and in 

fact often turbulent, and which critically 

influences heat transport and mass transport 

through the melt. As a consequence, there is a 20 

fluctuation in the temperature at the growth 

front of the crystal, leading in practice to 

arbitrary fluctuations in diameter on the 

millimeter length scale. 

 25 

 (B) The timescale from hours to tens of hours, 

being the timescale of a change in melt level 

resulting from the continuous withdrawal of 

silicon by the growing crystal, starting from 

an almost full crucible at the start of operat-30 

ion to an almost empty crucible at the end of 

operation. Because of this continuous change 

in the melt level, there is a change in the 

macroscopic geometry of the crystal-growing 

setup, particularly in the crucible position 35 

relative to the main heater and bottom heater, 

but also in the ratio between free melt surface 

and wetted crucible wall area. 
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In order to be able to carry out controlled setting 

firstly of the crystal diameter and secondly of the 

crystal quality - here, in particular, the oxygen concen-

tration and the concentration of point defects - there 

are always at least two closed-loop control circuits used 5 

in the state of the art, with one control circuit operat-

ing with a first controller on the timescale (A) and 

therefore compensating predominantly influences of the 

melting convection, while a second control circuit 

operates with a second controller on the timescale (B) 10 

and therefore compensates predominantly influences of the 

change in the melt level in the crucible. 

 

The first controller adapts the crystal pulling rate, 

while the second controller sets the power of the 15 

crucible heater. 

 

Because the regulation of the crystal diameter according 

to the state of the art is accomplished via adaptation 

of the crystal pulling rate, which is consequently 20 

subject to continual change, the homogeneity of the 

pulled crystal may not be optimum. 

 

The invention is therefore based on the object of setting 

out a control algorithm for a crystal pulling procedure 25 

that provides a homogeneous and very largely defect-free 

crystal having a very largely consistent diameter. 

 

For achieving the object, the invention provides that the 

actual value of the crystal diameter is measured at the 30 

melt surface and compared with a setpoint value for the 

crystal diameter, and that the height of the annular gap 

is set as a function of the deviation between the actual 

value and the setpoint value, using a first controller, 

which has a first readjustment time, and that the crystal 35 

pulling rate is kept constant. 
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In the state of the art (EP 2 659 031 B1 or US 6,458,203 

B1) there is indeed a general reference to the signifi-

cance of the annular gap, but without explicit statement 

that its height should be influenced, while retaining the 

crystal pulling rate, such that the crystal diameter is 5 

regulated to a constant value. 

 

The temperature of the crystal at its lateral surface 

immediately above the melt surface has a substantial 

influence both on crystal homogeneity and on the develop-10 

ing diameter. If, therefore, it is possible through 

suitable measures to rule out any irradiation of heat in 

this lower region of the lateral surface, the vertical 

temperature gradient over the diameter of the crystal is 

uniform, and so, with a suitable crystal pulling rate 15 

over the whole diameter of the crystal, an optimal value 

is present for the ratio of crystal pulling rate to 

temperature gradient, this value enabling virtually 

complete recombination of lattice vacancies and inter-

stitial atoms. 20 

 

It has emerged, furthermore, that in the event of 

increased lateral irradiation of heat, the marginal 

region of the crystal undergoes cooling and therefore 

widens, or, in the event of inward radiation of heat into 25 

the crystal, it contracts. Because an increase in the 

annular gap is accompanied by an increase in the thermal 

output impinging, through radiation, on the lower lateral 

crystal surface, the surface temperature of the lateral 

crystal surface is increased, and hence the heat 30 

flow/vertical temperature gradient leading away from the 

phase boundary in the crystal is reduced. Consequently, 

less latent heat is able to flow off from the phase 

boundary, and this, for an even pulling rate, leads to a 

decreasing crystal diameter. 35 

 

This influence of the inward or outward radiation of heat 

on the homogeneity of the crystal is also addressed in 
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DE 10 2013 210 687 A1 itself. In order to be able to 

influence this, the crucible heater is supplemented by 

an annular heater directly by the crystal. This heater 

may likewise be used to regulate the diameter of the 

crystal, with the control variable of the regulation 5 

being directed at influencing the electrical power of 

this annular heater. A disadvantage of this approach, 

however, is that an additional annular heater is 

required, which, furthermore, is located at a heat-

exposed site and is therefore at particular risk of 10 

failure. 

 

The invention therefore provides not for the utilization 

of an additional annular heater, but instead for the 

utilization of the irradiation of heat by the existing 15 

crucible heater, which serves to heat the melt at a 

defined temperature. The irradiation of heat by the 

crucible heater, indeed, impinges through the annular gap 

on the lower lateral surface of the crystal, and so the 

inward radiation of heat onto the crystal and the 20 

irradiation of heat by the crystal can be regulated by 

changing the annular gap height. There is therefore no 

need for a dedicated annular heating. 

 

Preferably the first readjustment time is selected so as 25 

to compensate influences of the melting convection at the 

melt-contacting end face of the crystal and of the melt. 

There is therefore an adaptation of the annular gap 

height in the timescale (A). 

 30 

The regulation provides that for an actual diameter value 

which is smaller than the setpoint value, the annular gap 

height is reduced, and for an actual value which is larger 

than the setpoint value, the annular gap height is 

increased. 35 

 

The further advantage of this regulation is that the 

crystal pulling rate, being the velocity at which the 
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crystal is moved relative to the melt surface, is kept 

constant. For this purpose, the lifting rate of the 

crucible, which takes account of the loss of volume of 

the melt, and the lifting rate of the crystal are each 

altered in the same measure in relation to the unit; as 5 

a result of this, indeed, there is no change in the 

crystal pulling rate, but there is a change in the 

distance of the melt surface from the lower edge of the 

heat shield and hence in the height of the annular gap. 

 10 

For this purpose, the regulation generates a control 

value for the annular gap height. An offset rate is 

determined for this purpose. This rate is added not only 

to a base value for the lifting rate of the crucible that 

is required in order to compensate the volume consumption 15 

of the melt, but also to a base value for the rate of the 

crystal lifting which corresponds to the desired crystal 

pulling rate for a constant level of the melt surface. 

The offset value is positive or negative depending on 

whether the annular gap height is to be increased or 20 

reduced. 

 

Because the two rates are changed in equal measure, the 

crystal pulling rate remains unaffected. There is, 

however, a change in the annular gap height, and so the 25 

melt surface moves closer to or further from the lower 

margin of the heat shield, as a result of the change in 

crucible lifting rate. 

 

This internal regulation is also overlaid by an external 30 

regulation, which is directed to the heating power of the 

crucible heater. The invention therefore provides that 

the control value for the annular gap height is supplied 

as an actual value, for regulation of the heating power 

of the crucible heater, by means of a second controller, 35 

which has a second readjustment time, with a medial 

annular gap height being specified as a setpoint value. 
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In this case the second readjustment time is selected so 

as to compensate influences of the changes in the 

position of the melt surface in the crucible that come 

about during the pulling procedure. The regulation 

therefore takes place on the timescale (B). 5 

 

This means that the first readjustment time is smaller 

than the second readjustment time. 

 

In the external regulation, the time-averaged control 10 

value for the annular gap height is supplied as actual 

value to the heating power regulator. This is preferably 

accomplished by supplying the control value via a PT1 

filter to the heating power regulator, as a modified 

control value. 15 

 

The invention is elucidated in more detail below with a 

working example. To this end 

 

 Fig. 1 shows a schematic representation of a 20 

Czochralski-process crystal pulling unit, 

 

 Fig. 2 shows a closed-loop control scheme 

according to the state of the art, 

 25 

 Fig. 3 shows a closed-loop control scheme in 

accordance with the invention, and 

 

 Fig. 4 shows a record of a crystal pulling proce-

dure in diagram form. 30 

 

Reference is made first to Fig. 1. According to Fig. 1, 

the crystal pulling unit consists of a unit housing 1, 

in which a crucible 3 filled with a melt 2 is located. 

Located around the crucible is a crucible heater 4, which 35 

is used to melt the material in the crucible 3 and then 

maintain it at temperature. 
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A cylindrical crystal 5 is pulled slowly from the melt 2 

by means of a crystal lifting device 6, with the atoms 

of the melt 2 taking their place at the lower end face 

of the crystal 5 and forming a crystal lattice as the 

crystal is pulled out of the melt 2. In the course of 5 

this process, material in the crucible 3 is consumed, and 

so crystal pulling units typically provide a crucible 

lifting device 7, with which the crucible 3 is reposit-

ioned, so that the melt surface is always located at a 

constant level in relation to the unit housing 1. 10 

 

The crystal diameter is captured by means of a camera 8, 

which is directed at the margin of the crystal at the 

transition to the melt. The crystal diameter can be 

derived from the images obtained by the camera 8. The 15 

image analysis processes employed for this purpose are 

known to the skilled person and need not, therefore, be 

elucidated in more detail here. 

 

The crystal pulling procedure is regulated by means of a 20 

control device 9. This device contains information from 

the camera 8 and transmits control variables to the 

crystal lifting device 6 and to the crucible lifting 

device 7. 

 25 

So that the crystal pulled from the melt can gradually 

cool, a heat shield 10 surrounding the crystal is neces-

sary, which keeps the radiation from the crucible heater 

4 and from the hotmelt away from the upper region of the 

lateral surface of the crystal 5. 30 

 

The lower edge of the heat shield 10 ends above the 

surface of the melt 2, and so there is an annular gap 12 

between the edge of the heat shield 10 and the melt. By 

virtue of this annular gap 12, heat is irradiated into 35 

the lower region of the lateral surface of the crystal 

5. 
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The parameters relevant to the control of the pulling 

procedure are as follows: the decisive parameter ulti-

mately is the crystal pulling rate, being the velocity 

of the crystal relative to the melt surface. It is 

determined by the absolute lifting rate 13 of the 5 

crystal, which is the velocity at which the crystal is 

moved relative to the unit, and by the velocity of the 

melt surface relative to the unit. If this is set at 

zero, and the melt surface is therefore held at a constant 

level in relation to the unit, the crystal pulling rate 10 

corresponds to the absolute lifting rate 13 of the 

crystal. 

 

The velocity of the melt surface in relation to the unit 

is determined by the absolute lifting rate 14 of the 15 

crucible, taking account of the lowering of the melt 

surface within the crucible caused by the consumption of 

material. The lifting rate of the crucible may be deter-

mined, for example, by ascertaining the increase in 

material of the crystal 5 using the crystal pulling rate, 20 

and so the lowering of the melt surface in relation to 

the crucible 3 is compensated by a corresponding lifting 

of the crucible 3, so that the melt surface remains at a 

constant level in relation to the unit. 

 25 

Fig. 2 depicts a closed-loop control scheme which is used 

to regulate a crystal pulling procedure, according to the 

state of the art, in order to achieve a very largely 

constant diameter of the crystal. This scheme consists 

of a diameter controller 20, which receives an actual 30 

diameter value at a first input 21 and a setpoint diameter 

value at a second input 22. A control value for the 

crystal lifting device 6 is output at the output 23 of 

the diameter controller 20. 

 35 

In order to prevent excessive drift of the crystal 

pulling rate, the control value is also supplied to a PT1 

filter 24, whose output 25 is supplied as an actual value 
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to a controller 26 for a medial crystal pulling rate. For 

this purpose, there is a setpoint value for the medial 

crystal pulling rate at an input 27. Through a comparison 

of actual value and setpoint value, a control value for 

the heating power of the crucible heater 4 is generated, 5 

and is supplied to a heating power regulator 28. 

 

In contrast to this, according to Fig. 3, the closed-loop 

control scheme of the invention consists of a diameter 

controller 30, which is supplied at a first input 31 with 10 

an actual value for the crystal diameter and at a second 

input 32 with a setpoint value for the crystal diameter. 

At the output 33, the diameter controller 30 generates a 

control value for the annular gap height, which is made 

available to an annular gap height regulator 34. 15 

 

This regulator generates an offset value at its output 

35, said value being supplied both to a crystal lifting 

regulator 36 and to a crucible lifting regulator 37. In 

the regulators 36 and 37, the offset value is added to a 20 

base value for the crucible lifting rate 14 and to a base 

value for crystal lifting rate 13, respectively, and so 

the crystal lifting rate 13 and the crucible lifting rate 

14 change in equal measure, without any change in the 

crystal pulling rate. The crucible lifting base value is 25 

the value with which the melt surface, taking account of 

the consumption, is maintained at a constant level. The 

crystal lifting base value is the value of the desired 

crystal pulling rate. 

 30 

Critical to the invention, therefore, is that while there 

is a change in the crystal lifting rate 13, there is no 

change in the crystal pulling rate at which the crystal 

5 lifts from the melt 2. The crucible 3 changes its 

position here in such a way that the melt surface is 35 

displaced in relation to the bottom edge of the heat 

shield 10, causing a change in the height of the annular 

gap 12. The inward radiation of heat from the crucible 
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heater 4 into the lower lateral surface of the crystal 

can therefore be kept at a value at which, at least in 

the lower region of the crystal, there is no irradiation 

of heat, and so, for a constant crystal pulling rate, the 

diameter of the crystal 5 is constant and the ratio of 5 

temperature gradient to crystal pulling rate is optimal. 

 

Here as well, a slow external closed-loop control circuit 

is overlaid on the inner closed-loop control circuit. The 

control value for the gap height regulator is supplied 10 

via a PT1 filter 40 to a controller 41 for the medial 

annular gap height. This value is compared with a 

setpoint value at the input 42 for the medial annular gap 

height, and, as a result, a corresponding control value 

is made available for the heating power regulator 28. 15 

Because the PT1 filter 40 changes the actual value, 

relevant for the heating power regulator 28, in proport-

ion to the temporal change in the control value for the 

annular gap height regulator 34, the control procedure 

for the external closed-loop control circuit is slowed. 20 

 

The diagram shows the temporal profile, over several 

hours, of the actual crystal diameter value (curve 50), 

measured with a camera, the crystal pulling rate (curve 

51), the height of the annular gap (curve 52) and the 25 

temperature of the crucible heater (curve 53). 

 

In the first phase of the growing experiment - shown up 

to the first timeline 54 - the crystal diameter is regu-

lated with a conventional controller cascade by way of 30 

the pulling rate in the internal closed-loop control 

circuit, and via the temperature of the main heater in 

the external closed-loop control circuit. Clearly 

apparent are the fluctuations in the pulling rate 

(indicator arrow 55) on the timescale (A), which 35 

accompany a significant change in the crystal diameter 

(indicator arrow 56). 

 



 - 13 -  
 

Subsequently (from the first timeline 54 on), the control 

of the crystal pulling unit was switched over to regulat-

ion in accordance with the invention, using the annular 

gap height as control variable in the internal closed-

loop control circuit, and using, still, the temperature 5 

of the main heater as control variable in the external 

closed-loop control circuit. It is apparent that after 

the switch, the pulling rate was kept entirely constant 

(indicator arrow 57), whereas now there is fluctuation 

of the annular gap height on the timescale (A) (indicator 10 

arrow 58). With this regulation, a substantially consist-

ent crystal diameter is achieved (indicator arrow 59). 

The experiment was discontinued at a second timeline 60. 
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List of reference numerals 

 

1 

2 

3 

4 

5 

Unit housing 

Melt 

Crucible 

Crucible heater 

Crystal 

36 

37 

40 

41 

42 

Crystal lift regulator 

Crucible lift regulator 

PT1 filter 

Controller 

Input 

    

6 

7 

8 

9 

10 

Crystal lifting device 

Crucible lifting device 

Camera 

Control device 

Heat shield 

50 

51 

52 

53 

54 

Curve 

Curve 

Curve 

Curve 

Timeline 

  55 Indicator arrow 

12 

13 

14 

Annular gap 

Crystal lifting rate 

Crucible lifting rate 

 

56 

57 

 

Indicator arrow 

Indicator arrow 

  58 Indicator arrow 

20 

21 

22 

23 

24 

Diameter controller 

Input 

Input 

Output 

PT1 filter 

59 

60 

Indicator arrow 

Timeline 

    

25 

26 

27 

28 

30 

Output 

Controller 

Input 

Heating power regulator 

Diameter controller 

  

    

31 

32 

33 

34 

 

35 

Input 

Input 

Output 

Annular gap height 

regulator 

Output 
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Claims 

 

1. A method for pulling a cylindrical crystal (5) from 

a melt (2) by means of a crystal pulling unit which 

comprises: a crucible (3), in which the melt (2) is 5 

located, a crucible heater (4), which surrounds the 

crucible (3) annularly, a crucible lifting device 

(7) for lifting the crucible (3), a crystal lifting 

device (6) for pulling the crystal (5) from the melt 

(2), and a heat shield (10) surrounding the crystal 10 

(5) annularly and having a lower edge which ends 

above the melt (2), forming an annular gap (12), 

characterized in that the actual value of the 

crystal diameter is measured at the melt surface and 

compared with a setpoint value for the crystal dia-15 

meter, and in that the height of the annular gap 

(12) is set as a function of the deviation between 

the actual value and the setpoint value, using a 

first controller, which has a first readjustment 

time. 20 

 

2. The method according to claim 1, characterized in 

that the first readjustment time is selected so as 

to compensate influences of the melting convection 

at the melt-contacting end face of the crystal and 25 

of the melt. 

 

3. The method according to claim 1 or 2, characterized 

in that for an actual value which is smaller than 

the setpoint value, the annular gap height is 30 

reduced, and for an actual value which is larger 

than the setpoint value, the annular gap height is 

increased. 

 

4. The method according to any of the preceding claims, 35 

characterized in that for changing the annular gap 

height, the lifting rate of the crucible (3) and in 

equal measure the lifting rate of the crystal (5) 
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are varied, so that the crystal pulling rate remains 

constant. 

 

5. The method according to claim 4, characterized in 

that for the lifting rate (14) of the crucible a 5 

base value is set which compensates the volume 

consumption of the melt (2), in that a base value 

is set for the rate (13) of crystal lifting, and in 

that for regulating the annular gap height, the same 

offset value is added to both base values. 10 

 

6. The method according to any of the preceding claims, 

characterized in that the control value for the 

annular gap height is supplied as actual value for 

regulating the heating power of the crucible heater 15 

(4) by means of a second controller, which has a 

second readjustment time, with a medial annular gap 

height being prespecified as setpoint value. 

 

7. The method according to claim 6, characterized in 20 

that the second readjustment time is selected so as 

to compensate influences of the changes in the 

position of the melt surface in the crucible that 

come about during the pulling procedure. 

 25 

8. The method according to claim 7, characterized in 

that the first readjustment time is smaller than the 

second readjustment time. 

 

9. The method according to claim 7 or 8, characterized 30 

in that the control value for the annular gap height 

is supplied via a PT1 filter (40) as actual value 

to a heating power regulator (28). 

 


