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For crystals grown from the liquid melt according to the Czochralski method when monitoring and controlling the 

current crystal area based on the contact measurement method, the requirements for improving the accuracy of meas-
uring the crystal area on the cylindrical part of the growth are determined. 

To eliminate errors due to the accuracy of stabilization of the melt level in the crucible, an algorithm for the opera-
tion of the crystal growing unit is proposed which is performed by the programm using the control system. 

The evaluation time of the control signal on the growing crystal cylindrical part is taken as the sampling time of a 
given number of crucible movement pulses. 

The calculation of the control signal starts at the time of the melt level sensor closure, the calculation of the control 
signal ends at the time of the melt level sensor closure as well, provided that a given number of crucible movement 
pulses is sampled. 

The control signal evaluation time in the previous control cycle is used in the current cycle to calculate the melt 
level sensor closing and opening pause. 

In the control system at the moment of the contact sensor closure a pause of the closed and the same subsequent 
pause of the open state of the level sensor is held. 

During pauses, the status of the contact sensor is not analyzed by the control system and the control of the crucible 
ascent occurs at a slowed down and accelerated rate of the crucible ascent during “conditionally” closed and “condi-
tionally” open states of the level sensor. 

The control system is permanently reset at the end of each control cycle. 
The program control system provides the above algorithm for controlling the process of growing crystals from the 

liquid melt according to the Czohralski method, at the same time the accuracy of determining the current area of the 
grown crystal is about 1 %. 
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Для кристаллов, выращиваемых из жидкого расплава по способу Чохральского, при контроле и управлении 

текущей площадью кристалла на основе контактного метода измерения, определены требования для повыше-
ния точности измерения площади кристалла на цилиндрической части выращивания. 

Для устранения ошибки из-за точности стабилизации уровня расплава в тигле предложен алгоритм рабо-
ты установки выращивания кристаллов, выполняемый программно с помощью системы управления. 

За время оценки сигнала управления на цилиндрической части выращиваемого кристалла принимается вре-
мя выборки заданного количества импульсов перемещения тигля. 
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Начинается вычисление сигнала управления в момент замыкания датчика уровня расплава, заканчивается 
вычисление сигнала управления так же в момент замыкания датчика уровня расплава при условии выборки 
заданного количества импульсов перемещения тигля. 

Время оценки сигнала управления в предыдущем цикле управления используется в текущем цикле для вычис-
ления паузы замыкания и размыкания датчика уровня расплава. 

В системе управления в момент замыкания контактного датчика выдерживается пауза замкнутого и по-
следующая пауза разомкнутого состояния датчика уровня. 

В моменты пауз состояние контактного датчика системой управления не анализируется и управление 
подъемом тигля происходит с замедленной и ускоренной скоростью подъема тигля в моменты «условно» 
замкнутого и «условно» разомкнутого состояний датчика уровня. 

Система управления постоянно обнуляется в момент завершения каждого цикла управления. 
Программная система управления обеспечивает приведенный выше алгоритм управления процессом выра-

щивания из жидкого расплава кристаллов по способу Чохральского, при этом достигается точность опреде-
ления текущей площади выращиваемого кристалла порядка 1 %. 

 
Ключевые слова: выращивание, кристаллы, датчик уровня расплава. 
 
Introduction The method for controlling the growing 

process of a single crystal according to the “Czohralski” 
method is proposed in the work [1], based on the use of a 
template simulating a crystal of a given shape as a pro-
grammer. The crucible with melt and the container with 
liquid are placed on the upper cup laboratory scales. In 
the process of growth the template is immersed in the 
liquid at the same speed as the crystal is drawn from the 
melt. The template and crystal are connected by a flexible 
rod. The equilibrium is maintained if the amount of the 
solid phase and the liquid displaced by the template per a 
time unit is the same. In case of imbalance (reduction or 
increase in the crystal diameter), the error signal of the 
scales after the optoelectronic converter and amplification 
is used as a programming one for the heater temperature 
control with the signal from the thermocouple. 

A continuously decreasing level of the melt in the cru-
cible is controlled by a laser meter in the device [2] when 
drawing a single crystal of a given diameter. The signal 
from the laser melt level meter is compared with a pro-
grammable level change setup unit, and the difference 
signal after this comparison is used to correct the melt 
temperature through the heater power regulator and the 
crystal drawing speed. 

Microprocessor control systems for the growth  
of germanium crystals, developed on the basis of patents 
[3; 4], were introduced into the semiconductor production 
of germanium crystals growing (fig. 1), in turn, this  
development is an analogue of the control systems given 
in [1; 2]. 

The work of programmable control systems based on 
the contact method for measuring the current area of the 
grown crystals (fig. 1) is as follows: under the control 
system monitoring, a crystal with d diameter is grown in 
the chamber with growing rates Vз and crystal rotation Wз, 
while the molten metal located in the crucible with an 
inner diameter D rotates with an angular velocity Wт with 
decreasing melt in the crucible. 

The signal from the contact sensor is supplied through 
the smoothing filter C1, R1, R2 and the computer match-
ing unit to decide on the control of the crucible lifting, 
which is carried out by means of the step motor control 
unit. 

In addition to the crucible lifting speed Vт, the infor-
mation is generated in the system on the movement of the 
crucible  Xитц (with discreteness  xт) and information  Xизц 
on the movement of the crystal (with discreteness  xт) 
using the crucible and seed displacement sensors. 

Computer control of the crystal growth rates Vз, crys-
tal rotation Wз, crucible rotation Wт is carried out through 
appropriate drives. The melt temperature control is carried 
out on the basis of the formation of the temperature Тз set 
from the computer to the temperature controller based on 
the temperature sensor of the heater side surface. 

The basic principles of the control system at the 
contact method of current crystal area measuring. The 
control of the crystal growth rate Vз(x), the temperature of 
the heater side surface Tз(x), the rotation speed of the 
crystal Wз(x) and the crucible Wт(x) is formed on the basis 
of expressions (1–4): 

 

з зп( ) ( ) VV x V x Z K y    ,                       (1) 

з зп( ) ( ) TT x T x Z A y dx     ,                  (2) 

з зп( ) ( )W x W x ,                              (3) 

т тп( ) ( )W x W x ,                             (4) 

where KV – the proportional speed regulation coefficient;  
AT – the integral coefficient of temperature control;  
Vзп(x), Wзп(x), Wтп(x), Tзп(x), – program specification  
of the law of technological parameters change; Vз(x), 
Wз(x), Wт(x), Tз(x) – general control of technological  
parameters; Z – the sign of control capture by diameter  
on the cylindrical part of the crystal; x – the displacement 
along the axis of the crystal; y – the control signal for the 
deviation of the current area of the grown crystal from the 
given. 

The process of stabilizing the crystal diameter occurs 
in the control system in accordance with expressions  
(1)–(2), when the sign of capturing control by diameter  
(Z = 1) on the cylindrical part of the crystal is included, 
based on the control signal y. If we specify the geometry 
of the grown crystal and its axial gradient in the solid part, 
then it is possible to pre-simulate the setting of the speed 
and temperature of growth in all sections of the crystal 
according to the model [5]. 
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Fig. 1. Control system based on the contact method of measurement: 
1 – seed rotation drive; 2 – seed drive; 3 – contact sensor; 4 – coordination unit with a computer; 5 – temperature sensor; 

6 – temperature regulator; 7 – the computer; 8 – rotational drive of the crucible; 9 – stepper motor; 10 – stepper  
motor control unit; 11 – the sensor of seed movement; 12 – the chamber; 13 – ingot; 14 – melt of metal; 15 – crucible; 

16 – screen; 17 – heater; 18 – crucible displacement sensor 
 

Рис. 1. Система управления на основе контактного метода измерения: 
1 – привод вращения затравки; 2 – привод перемещения затравки; 3 – контактный датчик; 4 – блок согласования 
с ЭВМ; 5 – датчик температуры; 6 – регулятор температуры; 7 – ЭВМ; 8 – привод вращения тигля; 9 – шаговый 

двигатель; 10 – блок управления шаговым двигателем; 11 – датчик перемещения затравки; 12 – камера;  
13 – слиток; 14 – расплав металла; 15 – тигель; 16 – экран; 17 – нагреватель; 18 – датчик перемещения тигля  
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Fig. 2. Microprocessor control system for drawing germanium single crystals 

 
Рис. 2. Микропроцессорная система управления  

вытягиванием монокристаллов германия 
 
 
 

The design of the programmable automatic control 
system for germanium crystal drawing is shown in fig. 2–4 
show a view of a floating graphite screen with a melt 
level sensor and a view of a grown crystalline germanium 
billet with a diameter of 104 mm.  

The basis for the contact method for crystal growth 
control and management on the cylindrical part [6–15] is 
the current area management (or diameter when round) of 
the growing crystal according to the control signal y, cal-
culated as a function of the deviation of the current crystal 
area from the given one, using crystal Xзц and crucible Xтц 
displacements for the period Tц of the control signal y 
estimate. 

The shape of the grown crystal directly depends on the 
accuracy of determining the control signal y and the ab-
sence of significant interference in the calculated value. 

The speed of the melt decrease in the crucible Vр, as 
well as the accelerated speed of the crucible lifting Vтм 
after opening the contact sensor and the slowed lifting 
speed of the crucible after closing the contact sensor 
VтмM are determined by the expressions (5–9), in which 
the speed increase coefficients (C = 4) and the crucible 
lifting speed decrease (M = 4), which has has been   
applied in growing the cylindrical part of the crystal  
and provides periodic closure and opening of the contact 
sensor in the range of melt level change of about  
1–2 μm. 

When growing the crystal forward and reverse 
cones, the condition for the complete stop of the cruci-
ble rise, when the melt level sensor is closed (M = ∞), 
is used to control the speed of the crucible moving  
upward. 
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2
т

р з
ж

d
V V

D

        
,                            (5) 

2
max

т тм р
d

V V V
d

      

2
maxт

з
ж

d
V

D

       
,       (6) 

max 1
1

1 1/
d d

C
 


,                        (7) 

2
тм min

т р
V d

V V
M d

      

2
т min

з
ж

d
V

D

       
,      (8) 

min max
1

d d
M

  ,                         (9) 

where Vт – the crucible lifting speed; Vр – the speed of the 
melt decrease in the crucible; Vз – the crystal growth 
speed; d – the current crystal diameter; D – the inner  
diameter of the crucible; т – the specific density of solid 
material; ж – the specific density of liquid material;  
d1 – the specified diameter of the grown crystal on the 
cylindrical part; dmax – the maximum permissible diameter 
of the grown crystal, with which compliance the main 
condition under which the sensor and screen close after 
opening is fulfilled; dmin – the minimum permissible value 
of the crystal diameter at which the condition of the 
screen lagging behind the sensor after its closed state is 
observed. 

 
 

 
 

Fig. 3. Floating graphite screen and melt level sensor 
 

Рис. 3. Плавающий графитовый экран и датчик уровня расплава 
 
 
 
 

 
 

Fig. 4. A germanium billet with a diameter of 104 mm 

 
Рис. 4. Слиток германия диаметром 104 мм 
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For the contact measurement method the control sig-
nal y, the movement value of the seed Xзц and the crucible 
Xтц during the evaluation time Tц can be represented in the 
form of expressions (10–14): 

y изц
итц

K X
y X

A B A
  


,                      (10) 

2

т ж
y

з т 1

x D
K B

x d

 
      

,                      (11) 

2
изц

1

1
X d

y
A d

         
,                      (12) 

зц изц зX X x  ,                          (13) 

тц итц тX X x  ,                         (14) 

where А, В − scaling coefficients; Kу – the setting of a 
given diameter (area) of the grown crystal; Xизц – the seed 
movement with the  reference discreteness xз ;  Xитц – the 
crucible movement with reference discreteness xт;   
xз – the reference discreteness of the seed movement;   
xт – the reference discreteness of the crucible  
movement. 

Expression (12) shows the direct relationship of the 
control signal y with the deviation of the current crystal 
area from the given one.  

During the evaluation cycle Tц, the control signal y is 
calculated in the control system by expression (10), and 
using the recording in the control system the settings of 
the diameter Kу, on the cylindrical part of the grown crys-
tal, the growing area is set. 

An open step drive with a stepper motor is used as a 
crucible lifting drive for upward lifting speed control, 
providing a process of repeatedly changing crucible  
lifting speed according to the signal from the contact level 
sensor. 

The expressions for the movement pulses of the seed 
Xизц, crucible Xитц and time Tц of the control signal  
estimate y can be represented in the form of expressions 
(15–16): 

итц y
изц

X K
X

B


 ,                            (15) 

итц y зизц з зц
ц

з з з

X K xX x X
T

V V B V

 
  


,           (16) 

where Tц − control signal evaluation period (working time 
of a given number of pulses Xитц or Xизц). 

Let us take as the evaluation time Tц of the control 
signal y on the cylindrical part of the grown crystal the 
sample time of the specified number of pulses movement 
of the crucible Xтц (in the process of melt decrease in the 
crucible) in accordance with expressions (17–18): 

2
т 1

тц зц
ж

d
X X

D

        
,                 (17) 

2
тц

ц
з 1

X D
T

V d

 
   

 
,                      (18) 

The total movement time t in the process of closing 
the contact sensor with a slowed down speed and the total 
movement time with the accelerated speed of the crucible 
after opening the sensor tд, as well as the number of cy-
cles Kц for closing and opening the sensor during the 
evaluation period of the control signal Tц can be repre-
sented in the form of expressions (19–20): 

2
min

д 2
max

1

( )

1

d

d
t d t

d

d

    
    

     
   

,                          (19) 

 
ц

ц
д

T
K

t t



,                               (20) 

where t  the time of the crucible movement with a 
slowed-down speed VтмM after the sensor is closed dur-
ing the evaluation period of the control signal; tд, – the 
time of the crucible movement with an accelerated speed 
Vтм after opening the sensor during the evaluation period 
of the control signal; Kц – the number of cycles of closing 
and opening the sensor during the time Tц. 

The accuracy of the contact method for measuring 
the current area of the grown crystal. In the control 
system of the germanium drawing unit under considera-
tion, a timing control diagram was applied (fig. 5) when 
growing the cylindrical part of the crystal, which means 
that at the moment of contact sensor closure in the control 
system it is necessary to withstand a program pause τ of 
the closed and the subsequent pause τ of the open state of 
the level sensor.  

At pauses of τ, the state of the contact sensor is not 
analyzed by the control system and the crucible lift con-
trol is performed with the slow and accelerated crucible 
lifting speed at the moments of “conditionally” closed and 
“conditionally” open states of the level sensor. 

After holding two pauses, the conditions of the closure 
of the melt level sensor are analyzed and the drive for 
moving the crucible up is controlled. 

This control increases the noise immunity of the 
method of calculating the current area on the cylindrical 
part of the grown crystal due to the lack of system re-
sponse to the operation of the contact sensor during two 
pauses. 

The opening value of the melt level on the cylindrical 
part of the grown crystal Lp is set within 1 μm. The pause 
time τ and the tдм (d) time of the sensor closure (after two 
pauses) can be represented in the form of expressions 
(21–22) provided that the melt sensor is opened by the 
value Lp: 

p ц

2

max
тц

1

1

L T

d
X

d


 

  
   
   

,                     (21) 

2
min

дм 2
max

1

( )

1

d

d
t d

d

d

    
       

     
   

,                (22) 
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where τ  the crucible movement  time with a slow speed  
VтмM after the sensor closes (when the melt decreases by 
Lp); tдм(d) – the crucible movement time with accelerated 
speed Vтм after two pauses are held τ until the sensor 
closes. 

The error r in the calculation of the control signal, 
depending on the accuracy of stabilization of the melt 
level in  the crucible,  can be  represented  in the form  

of expression (23), which is graphically presented  
in fig. 6: 

2

ж

з т 1

x D
r

x d

 
     

,                             (23) 

where r  an error in the calculation of the control signal 
for the measurement cycle; x – the accuracy of stabiliza-
tion of the melt level in the crucible. 

 
 

   H                                                     H 
Р 
 
 
 
 

τ                           τ                 tдм(d) 
 
 
 
 
 

 
 
 

Fig. 5. Timing diagram of the level sensor: 
H  operation of the contact level sensor (P   sensor open) 

 
Рис. 5. Временная диаграмма работы датчика уровня: 

H  работа контактного датчика уровня (Р  датчик разомкнут) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6. The error of the control signal r, depending on the accuracy of stabilization 
of the melt level in the crucible x with: xз = 0,0216 μm; d1 = 100 mm; D = 300 mm; A = 1;                       

т = 5,35 g/cm2; ж = 5,57 g/cm2 

 
Рис. 6. Погрешность сигнала управления r в зависимости  

от точности стабилизации уровня расплава в тигле x при: xз = 0,0216 мкм; d1 = 100 мм;     
   D = 300 мм; A = 1; т = 5,35 г/см2;  ж = 5,57 г/см2 
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Fig. 7. Control signal change graph y (d_Diametra) 
 

Рис. 7. График изменения сигнала управления y (d_Diametra) 
 
 

 
The time dependence of the control signal y during an 

industrial installation operation is shown in fig. 7.  
The algorithm for improving the accuracy of the 

contact method for measuring the current area of 
crystals. During the evaluation of the control signal y on 
the cylindrical part of the grown crystal, the sampling 
time of a given number of Xитцу crucible movement pulses 
is taken from expression (24) with a sampling discrete-
ness reference xт, which corresponds to the evaluation 
time of the control signal Tцу in accordance with expres-
sion (25). These parameters are calculated in each previ-
ous control cycle. 

2
т 1

итцу зц
ж т

1d
X X

D x

        
,               (24) 

2
итцу

цу т
з 1

X D
T x

V d

 
   

 
.                     (25) 

To eliminate the error due to the stabilization accu-
racy of the melt level in crucible r, the following  
program algorithm for the control system operation is 
proposed: 

1. During the evaluation of the control signal y on the 
grown crystal cylindrical part, the sampling time for a 
given number of pulses of the crucible Xитцу movement is 
taken according to expression (24) with discreteness ref-
erence xт and the estimation time Тцу according to expres-
sion (25). 

2. The calculation of control signal y starts at the 
moment of the melt sensor closure, provided that a speci-

fied number of crucible Xитцу movement pulses is sam-
pled. 

3. The calculation of the control signal y ends at the 
moment of the melt sensor closure, provided that the 
specified number of pulses of movement of the crucible 
Xитцу movement is sampled. 

4. The Тцу evaluation time of the set number of pulses 
of the crucible Xитцу movement in the previous control 
cycle is used in the current cycle to calculate the pause τ 
of closure and conditional opening of the melt level sen-
sor according to the expressions (16, 21). 

In each control cycle, the stabilization error of the melt 
level in crucible r is minimized due to its reset during the 
control cycle start (closure) of the melt level sensor. 

The block diagram of the program of the above  
stated algorithm is shown in fig. 8–11 for diameters  
d1= 80 mm; d1=100 mm; d1 = 120 mm; and Xтц = 68 μm; 
Xтц = 107 μm; Xтц = 154 μm, respectively (at a given 
value of the melt level opening Lp = 1 μm), an example  
of calculating the control signal y is given. 

Conclusion. For crystals grown from the liquid melt 
according to the Czochralski method, when monitoring 
the current crystal area based on the contact method  
for measuring the current crystal area, the requirements 
are identified to improve the accuracy of measuring the 
current crystal area on the cylindrical part of the grown 
crystal.  

To eliminate the error due to the accuracy of stabiliza-
tion of the melt level in the crucible, a program algorithm 
for the operation of the crystal growing unit is proposed, 
in which the time of the control signal y evaluation on the 
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cylindrical part of the grown crystal is taken as the sam-
pling time of a given number of Xитцу crucible movement 
pulses. The calculation of the evaluation time of the con-
trol signal y at the moment of closure of the melt sensor 

starts, the calculation of the control signal y at the mo-
ment of closure of the melt sensor ends, provided that the 
specified number of  crucible  Xитцу movement pulses is 
sampled. 

 
 

 
 
 

Fig. 8. Block diagram of the program 
 

Рис. 8. Блок-схема программы 
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Fig. 9. Schedule of change of control signal y from (d1–d ) at: т = 5.35 g/cm2; ж = 5.57 g/cm2 
xт = 0.0266 μm; xз = 0.0216 μm; d1 = 80 mm; D = 300 mm; M = 4; C = 4; B = 16; Vз = 0.00833 mm/s; 

Xзц = 1000 μm; Xтц = 68 μm;  Tц=120 s; Lp= 1 μm 
 

Рис. 9. График изменения сигнала управления y от (d1–d) при: т = 5,35 г/см2;   
ж = 5,57 г/см2:; xт = 0,0266 мкм; xз = 0,0216 мкм; d1 = 80 мм; D = 300 мм; M = 4; C = 4; B = 16; 

Vз = 0,00833 мм/с; Xзц = 1000 мкм; Xтц = 68 мкм;  Tц  = 120 с; Lp = 1 мкм 
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Fig. 10. Schedule of change of control signal y from (d1–d ) at: т  = 5.35 g/cm2; ж = 5.57 g/cm2 
xт = 0.0266 μm; xз = 0.0216 μm; d1 = 100 mm; D = 300 mm; M = 4; C = 4; B = 16; Vз = 0.00833 mm/s; 

Xзц = 1000 μm; Xтц = 107 μm;  Tц=120 s; Lp= 1 μm 
 

Рис. 10. График изменения сигнала управления y от (d1–d) при: т = 5,35 г/см2;    
ж = 5,57 г/см2:; xт = 0,0266 мкм; xз = 0,0216 мкм; d1 = 100 мм; D = 300 мм; M = 4; C = 4; B = 16; 

Vз = 0,00833 мм/с; Xзц = 1000 мкм; Xтц = 107 мкм;  Tц  = 120 с; Lp  = 1 мкм 
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Fig. 11. Schedule of change of control signal y from (d1–d ) at: т = 5.35 g/cm2; ж = 5.57 g/cm2 
xт = 0.0266 μm; xз = 0.0216 μm; d1 = 120 mm; D = 300 mm; M = 4; C = 4; B = 16; Vз = 0.00833 mm/s; 

Xзц = 1000 μm; Xтц = 154 μm;  Tц  = 120 s; Lp  = 1 μm 
 

Рис. 11. График изменения сигнала управления y от (d1–d) при: т = 5,35 г/см2;     
ж = 5,57 г/см2:; xт = 0,0266 мкм; xз = 0,0216 мкм; d1 = 120 мм; D = 300 мм; M = 4; C = 4; B = 16; 

Vз = 0,00833 мм/с; Xзц = 1000 мкм; Xтц = 154 мкм;  Tц  = 120 с; Lp  = 1 мкм 
 
 
The evaluation time Тцу of the control signal y in the 

previous control cycle is used in the current cycle to cal-
culate the melt level sensor closing and opening pause. In 
the control system, at the moment the contact sensor clo-
sure, a pause of the closed and the same pause of the sub-
sequent open state of the level sensor is held. 

At pauses, the state of the contact sensor is not ana-
lyzed by the control system and the control of the crucible 
lift occurs with a slow and accelerated crucible lifting 
speed at “conditionally” closed and “conditionally” open 
states of the level sensor. 

The control system is reset at each moment of the con-
trol cycle completion, provided that the melt level sensor 
is closed. 

All this ensures the accuracy of determining the cur-
rent area of the grown crystal of about 1% on the cylin-
drical part of the grown crystal in the automatic control 
system. 
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