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Abstract 

 

 In the present study three-dimensional numerical results are performed to analyze the 

effect of a transverse magnetic field on the crystal growth in traditional and new geometries, 

cylindrical and hemispherical. In addition, we show in our paper that a new three-dimensional 

approach based on the pressure, which plays an important role involving directly in the crystal 

growth process. The evolution of the pressure in the Czochralski melt under a transverse 

magnetic field was not studied before to our best knowledge. 

 

Introduction  

 

 The Czochralski process is a very complex process in which the melt flow driven by 

the buoyancy force and the centrifugal force is coupled with the heat transport. In addition, 

high quality bulk crystal of silicon has become essential in the electronic industry. Application 

of magnetic fields in Czochralski crystal growth is an effective tool for calming the melt 

convection [1] and controlling solidification interface shape, and therefore for improving 

crystal quality. The applied magnetic field may be either vertical, horizontal, cusp-shaped or 

rotational. The first paper to have reported the effect of lateral horizontal magnetic field on Cz 

crystal growth appears to be that by Witt et al [2]. 

In the present study three-dimensional numerical results are performed to analyze the 

effect of a transverse magnetic field on the crystal growth in traditional and new geometries, 

cylindrical and hemispherical. Temperature and flow fields will be analyzed without and with 

magnetic field, and for the first time we show the effect of the magnetic field on the pressure 

which an important characteristic of Czochralski crystal growth.  

 

1. Modelling 

 

 In our work we replace the cylindrical crucible in the traditional Czochralski crystal 

growth system shown in fig. 1 by a hemispherical crucible shape, the crystal is maintained the 

same, so we have a new cylindro-hemispherical system.  

The molten silicon is assumed to be a viscous, Newtonian and incompressible fluid 

satisfying the Boussinesq approximation. We assume the solid liquid interface and the free 

surface to be flat. The thermophysical properties of the fluid are constant except for the 

density variation in the buoyancy force term. Fixed temperatures are imposed on the walls of 

the melt crucible and the crystal melt interface, viscous dissipation and Joule heating are 

negligibly small. The magnetic Reynolds number is so small that the flow field does not affect 

the magnetic field. 
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Traditional process                                             Modified process  

Fig. 1. Schematic diagrams of traditional and modified systems 

 

The dimensionless governing equations for the fluid motion and temperature field 

derived under the above assumptions are, 
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The scaling factors we use are the crucible radius RC for the length, RSWS for the 

velocity components, RC/RSWS for time t and the melting temperature Tm for the temperature. 

The Grashof, Prandtl and Reynolds numbers are defined respectively as 
23

cmRTgGr ub=
 

au=Pr and uW SCS RRRe =
 

and the magnetic interaction parameter is given 

by SSC

2

0 RRBN Wrs= . 

The associated dimensionless boundary conditions are as follows 

Crucible wall and bottom:        0V= , 1.0=Q ;                                                                           
 Crystal melt interface:             

je.rV =  ,  0=Q  ;                                                                            

Free surface:                        0
r

Vz =
µ

µ
 , 0VVr == j

 ,  0
r
=

µ

µQ

; 

                                                          
  

The relative ratio of the natural and forced convection is characterized by Richardson 

number given by 2ReGrRi= . We also define two aspect factors as follows, Az =H/Rc and AR 

=Rs/Rc. Where Az and AR denote respectively the epitaxial pulling and homogeneity by 

isotropy. In the cylindrical system, there is a preponderance of the axial symmetry compared 

to the radial symmetry, this is due to the epitaxial pulling of crystal. In the modified system, 

the spherical geometry is characterized by a high degree of symmetry: the radial and axial 

symmetries are then considered equivalent. 

The properties used in simulation are dimensionless parameters so that the Prandtl 

number characterizing silicon is 0.0113. Grashof and Reynolds numbers are fixed to Gr=5.10
5
 

and Re=1000. The problem is solved using the finite volume package Fluent with three-

dimensional double precision, the second order upwind discretization for convection, 
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SIMPLE algorithm for pressure-velocity coupling and the PRESTO (PREssure STaggering 

Option) scheme for pressure interpolation. The convergence is handled by monitoring 

residuals of continuity, momentum and energy equations which are fixed to 10
-6

. By carrying 

out the convergence test of grid, we choose a structured grid of about one million nodes 

(Fig.2). 

 

                   
Fig. 2. 3D Computational grids used for numerical simulations in cylindrical and 

hemispherical Cz crystal growth 
 

To show the effect of a transverse magnetic field on temperature; velocity and pressure 

fields for both geometries, cylindrical and hemispherical we change the magnetic interaction 

parameter from N=0 (without magnetic field) to N=16 then we compare the obtained results. 

  

 

Fig. 3. Temperature distribution without magnetic field (a), with transverse magnetic field (b) 

in different sections 

 

By analyzing the isotherms represented in Fig.3 we note that the temperature profile 

transforms from a circular profile when the magnetic field is not present to an elliptic profile 

at the top of the crucible with its major axis parallel and its minor axis perpendicular to the 

transverse magnetic field as reported by S. Molokov et al. [8], this elliptic profile is due to 

inhomogeneous heat transfer in the melt. 

            Free surface                                   middle section                                      y-z and x-z planes  

         

(a)  

          

(b)  
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The transverse magnetic field applied to Czochralski crystal growth has a non 

axisymmetric configuration, and temperature and velocity fields therefore have two folded 

symmetry, it has been used for the production of charge-coupled devices (CCDs), since the 

system enables crystals with low oxygen concentration to be produced [9], the CCDs should 

have a low oxygen concentration for reduction of inhomogeneity of image cells in the devices.  
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Fig. 4. Velocity magnitude distribution without magnetic field (a), with transverse magnetic 

field (b) in different sections 

 

 

 

Fig. 5. Velocity componentes without magnetic field (a), with transverse magnetic field (b)  

As shown in Fig. 3 the isotherms become more elliptical in the mid depth of the melt, 

the velocity (fig. 4) and temperature fields in the system become three-dimensional. The 

deformation of the temperature profile is originated by the velocity profile indicated in Fig. 4. 

This later is caused by Lorentz force produced by the transverse magnetic field. In the EMCZ 

system with transverse magnetic fields the force in the axial direction (F = J x B) is dominant 

            Free surface                                   middle section                                      y-z and x-z planes  
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            Axial velocity                               radial velocity                                   azimuthal velocity  
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due to the interaction between the electric current and transverse magnetic field. 

Consequently, the motion in the axial direction becomes dominant in the bulk melt due to the 

electromagnetic force [10]. 

 
  

 

Fig. 6. Vorticity and pressure field without magnetic field (a), with magnetic field (b)  

 

The effect of magnetic field on pressure has not been studied before to our best 

knowledge; in previous works [5,6] we found that the pressure contains many interesting 

information, it is strongly related to the vorticity in the bulk flow, the free surface and the 

growth interface. It is more sensitive to the breaking of symmetry than the other properties 

that characterize the crystal growth as temperature or velocity fields. Radial pressure gradient 

increases in the crystal melt interface and decreased at the free surface under the effect of 

forced convection. As shown in Fig.6 the curved isobars shape becomes straight parallel to the 

crucible bottom especially in the x-z plane, radial pressure gradients increase at the free 

surface of the melt and decreases strongly at the melt-crystal interface.  

The hemispherical geometry of crucible is found to be adapted for the growth of a 

good quality crystal [5,6] . For low Grashof number values, we noted the absence of the 

stagnation region and the spherical symmetry of the isotherms which follow the shape of the 

crucible. For high Gr number values, we pointed out the absence of the vortices in the corner 

which are difficult to control, ensuring the stability of the growth process and thus the 

striations and defects can be minimized. The disadvantages of the thermocapillary convection 

as intensification of streamlines close to the vortex centre can be minimized in the 

hemispherical crucible through the reduction of the acceleration of fluid particles in melt and 

the reduction of oxygen concentration in the crystal improving then its quality. The 

hemispherical crucible shape leads also to delay substantially the periodicity of the flow 

compared to the traditional one. 

Under the transverse magnetic field, we conducted other computations in the modified 

geometry in the same conditions of the classical one, we found that the temperature, flow and 

pressure fields in the spherical Czochralski crystal growth, are more symmetric compared to 

the cylindrical process.  
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