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Abstract The magnetic damping effect of the non-uniform magnetic field on the floating-zone crystal 
growth process in microgravity is studied by numerical simulation. The results show that the non-uni- 
form magnetic field with designed configuration can effectively reduce the flow near the free surface and 
then in the melt zone. At the same time, the designed magnetic field can improve the impurity concen- 
tration non-uniformity along the solidification interface. The primary principles of the magnetic field con- 
figuration design are also discussed. 
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The floating-zone method is to grow crucible-free crystal in such a process that the contami- 
nation of the melt and the restriction on the melting temperature of the grown crystal by the cru- 
cible material can be avoided. However, the diameter of the grown crystal is limited by the nor- 
real gravity under the terrestrial condition. The microgravity environment provides the possibility 
of growing large size crystal by the floating-zone method, and the largest grown crystal is 50 mm 

in diameter at present Ill. In this case, the thermocapillary convection driven by the surface ten- 
sion gradient is dominant in the melt zone. The thermocapillary convection may be unsteady, and 
induce the impurity striations in the grown crystal, especially for the crystal with small Pr num- 
ber. So a longitudinal steady magnetic field is often used to suppress the unsteady convection in 

the melt [2-4] , and then eliminate the impurity striations in the corresponding part of the grown 

crystal [4] . However, the longitudinal magnetic field has no direct influence on the flow velocity a- 
long the force-lines and the flow near the free surface is still relatively strong. Such a flow struc- 
ture will induce large non-uniformity in concentration distribution in the melt zone, particularly at 
the solidification interface, which results in the large radial macro-segregation in the grown crys- 
tal. So it is important to improve the concentration distribution non-uniformity at the solidification 
interface by a suitable flow structure in the melt zone while suppressing the unsteady convection 
by using the applied magnetic field. 

The magnetic field has two freedoms: strength and configuration. For the longitudinal mag- 
netic field, only the field strength is adjustable, and the above goal cannot be achieved by merely 

increasing the field strength ~2'51 . So the application of the non-uniform magnetic field whose 
strength and configuration can be adjusted simultaneously is particularly important for the floating- 
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zone crystal growth process in micogravity. However, the study on. this subject has not been fully 

developed [6-s] . In the present paper, the effect of non-uniform magnetic field configuration on 
the convection, temperature and concentration distributions for P-doped Si growth by floating-zone 
method in microgravity is studied by numerical simulation, and the principles of the non-uniform 
magnetic field design are also studied. 

1 Numerical model and method 

The model of the floating-zone method is 
described in a cylindrical coordinate system ( r ,  
0, z ) and is assumed to be axis-symmetric, 
3/0 0 = 0 as shown in fig. 1. A cylinder liquid 
bridge is floating between the phase change in- 
terfaces at z = 0 and z = L respectively, with 
the same radius R0 under microgravity condi- 
tion. The phase change interfaces are assumed 
to be flat with constant melting temperature To 
respectively. The dependence of the interface 
melting temperature on the impurity concentra- 
tion is not included because the considered im- 
purity concentration is dilute. Gaussian ambient 
temperature distribution is adopted: 
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Fig. 1. The schematic diagram of a floating-zone crystal 
growth model. 
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where A T is the temperature difference between the heater and melting point, and a is the width 
of the distribution. The growth velocity Vp is upward in z-direction. The designed non-uniform 
magnetic fields are produced by several electrical coils, which are located axis-symmetrically at 
adjusted positions and close to the free surface. The diameter of the coils is small and assumed to 
be zero for simplification. The magnetic fields produced by the electric currents of the coils are 
computed based on the Biot-Savart's law. Because the magnetic Reynolds number is very small 
for semiconductors, the induced magnetic field can be neglected. The magnetic field can be 
shaped by the adjustments of the directions of electric currents, the numbers and the longitudinal 
positions of electrical coils. 

The non-dimensional quantifies and parameters are defined as follows: 
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(1 .2)  

H a  = B o R o ~ a J p v ,  Uo = I  llxT/,o , Bo = l~r, u o l o / T t R o .  

The symbols and the physical properties of P-doped Si are given in the appendix. The superscript 
" * " denotes the non-dimensional quantities and will be omitted hereafter. 

The thermoeapillary convection in the melt zone is assumed to be steady and axis-symmet- 
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tic. The non-dimensional governing equations are written as follows: 
3 

1 0 ( r u )  + (v )  --- 0 ,  ( 1 . 3 )  
r Or ~z 

1 ~ ( ru2)  +~z(vu)  = ap 1 [  1 8 ( 8 u )  ~ u  ~1  Ha 2- - - -  - uB,), (1 .4)  r Or +--l~e r ~ r  r~r  +Oz 2 +___~(vB,Bz_ 2 

1 (ruv) + v2) = -  + - -~rr  r r Oz Oz Ree r ~r + ~z2J + -~e  (uBrB" - VB2r)' (1 .5)  

1 0 ( r u T )  + vT) [ 1  ( r ) , 8_( 1 O OT 02T] 
r Or 8z = ~ ~rr -~r + ~ z  21 (1 .6)  

~__( ~ [1 ~ ( Oc) 0~1  1 O (ruc) + vc) ---~r r + , 
r Or Oz = ~ r ~rr ~z-2z2J (1 .7)  

the gravity term in (1 .5 )  is omitted under the microgravity condition. 
The non-dimensional boundary conditions are written as 

Ov 8T 8c 
r = 0, z E ( 0 , / " ) : u  = 0, ~rr = 0, ffr-r = 0, ~rr = O, 

8v 8T  
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8c 
_ O__Tor = B i ( T -  To(z ) )  + R a [ ( T +  To) 4 -  (To + T , ( z ) )  4],  ~ = 

z = O, r E (O ,1 ) :u  = O, v = Vp, T = 0 8c ' -~z = VpPe(c - 1),  

Oc 
z = / ' ,  r E ( 0 , 1 ) : u  = 0, v = Vp, T = 0, ~zz = VpPe(1-  ko)c ,  

where ko is the impurity segregation coefficient and is assumed to be a constant. 

O, 

(1.8) 

(1.9) 

(1.10) 

(1.11) 

The steady governing equations are treated as "pseudo-unsteady" equations and discretized 
on the staggered grids by the finite control volume difference method. Fully implicit time march- 
ing is used with first order in time term. Hybrid scheme is adopted in writing the coefficients of 

convection and diffusion term. The "block modification" method E9] is used to solve the problem of 
difference equations. The boundary conditions are discretized with second order accuracy. The 
total grid meshes are 32 x 64. The variable convergence criteria may be estimated as follows: 

i _ 0 x 10 ,  v :  v V~ _ 1 0 , , 0 ,  
(1.12) 

T ~'ToldT~ max < 1 .0  • 10 -5 , ] c --ColdCOld max < 1 . 0  • 10 -5 , 

where "old" denotes the previous iteration and "max" means the maximum value of the absolute 

value. The residual of each governing equation is smaller than 1.0 x 10-7. 

2 Numerical simulation results 

According to previous study E6] , a uniform longitudinal magnetic field which is produced ap- 

proximately by four electrical coils with Io = 4 .0  x 104 A in the same direction in each coil is giv- 
en in the present paper (fig. 2 ( e ) ) ,  and the maximum magnetic field strength in the melt zone is 
0.988 T. It may be practically difficult to carry the Iarge electric currents in such small electrical 
coils, but in the present study, such coil design is simply used to generate the non-uniform mag- 
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netic field with the required configuration and strength. It can be seen that for the floating-zone 
crystal growth process in microgravity , the thermocapillary convection in the melt zone is driven 
by the gradient of the free surface tension, and the flow intensity near the free surface is the 
strongest. It is also the poor damping effect of the longitudinal magnetic field on the strong flow a- 
long the free surface that results in the non-uniformity of the residual flow field. So the non-uni- 
form magnetic fields are designed specially to reduce the flow near the free surface and then in the 
melt zone with the reduction of the convection driven force by the local magnetic damping effect. 
At the same time, the non-uniformity of the residual flow field can be improved. 

The non-uniform magnetic fields produced by two coils are studied at first. It brings funda- 
mental insights into the principles of the non-uniform magnetic field design. When each coil car- 
ries an equal electric current lo = 2 . 0  x lo3 A in the opposite direction compared with its neigh- 
bour coil, a horizontal plane of purely radial magnetic field appears in between the coils. The coil 
distance in previous study[8' is adopted in the present paper. Such configuration has the charac- 
teristic that only the designed field at the purely horizontal plane of the radial magnetic field near 
the free surface has similar field strength in comparison with the longitudinal magnetic field, while 
the field strength is much weaker in other regions (fig. 2 )  . When the horizontal plane of purely 
radial magnetic field is located around the point which relates to the maximum flow velocity on the 
upper half part of the free surface in the case without magnetic filed (fig. 2 ( a )  ) , the magnetic 
damping effects on the flow field, temperature field and concentration field are investigated in fig. 
3(a)  . The strong radial magnetic field component greatly reduced the flow velocity on the upper 
half of the free surface and then the flow in the upper half zone. Moreover, the relatively uniform 
residual flow velocity on the upper half of the free surface resulted in the more uniform residual 
flow field near the solidification interface and then the radial concentration distribution non- 
uniformity at the solidification interface is improved greatly. The flow in the lower half zone is not 
suppressed obviously because of the weak magnetic field there. The strong convective circulation 
even developed into a part of the upper half zone. It also verified the conclusion that the flow in 
the melt zone could be damped effectively by the reduction of the flow velocity on the free sur- 
face. However, the maximum longitudinal velocity and the maximum radial velocity in the melt 
zone are only reduced by about 43 % and 30% respectively in comparison with the case without 
magnetic field because of the strong flow in the lower half zone. When the horizontal plane of 
purely radial magnetic field is located around the point which relates to the maximum flow velocity 

(a) @) (4 (4 (e) 
Fig. 2 .  The two-coil magnetic field configurations when the coils are located at: ( a )  z = 2 . 0 ,  z = 1.4 ; ( b) z = 0 . 6 ,  
z = 0 . 0 ;  ( c )  z = 1 . 3 ,  z = 0 . 7 ;  ( d )  z = 2 . 0 ,  z=O.Orespectively and (e )  thelongitudinalmagnetic field. 
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Fig. 3. The flow fields (upper ) ,  temperature fields (middle) and concentration fields (lower) in the eases of 

two-coil magnetic fields when the coils are located at: ( a )  z = 2 . 0 ,  z = 1 . 4 ;  (b )  z = 0 . 6 ,  z -- 0 . 0 ;  ( e )  z = 

1 .3 ,  z = 0 . 7 ;  ( d )  z = 2 . 0 ,  z = O . O  respectively. 
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on the lower half part of the free surface in the case without magnetic field (fig. 2 ( b )  ) ,  the 
damped flow field, temperature field and concentration field are almost symmetric to those of the 
case shown in fig. 3 (a)  according to middle cross section of the melt zone (fig. 3 ( b ) ) .  Howev- 
er, the radial concentration distribution non-uniformity at the solidification interface is increased 
because of the strong flow in the upper half zone. When the horizontal plane of purely radial mag- 
netic field is located around the middle point of the free surface (fig. 2 ( c ) ) ,  the strong radial 
magnetic field component distribution on the free surface is greatly increased. Thus the flow in the 
whole melt zone is reduced effectively and the maximum longitudinal velocity and the maximum 
radial velocity in the melt zone are reduced by about 78 % and 62% respectively in comparison 
with the case without magnetic field (fig. 3 ( c ) ) .  However, the magnetic damping effect at the 
center of the free surface is stronger than that at two ends of the free surface, and the flow field 
structure uniformity near the solidification interface is damaged by the relatively strong flow at the 
up right comer of the melt zone. It induces even larger impurity concentration distribution non- 
uniformity along the solidification interface. The concentration distributions at the solidification 
interface of the above cases are illustrated in fig. 4,  and the concentration distribution non-uni- 
formity is defined as 3.00. 

--  C m a x -  Cmin ( 2 . 1 )  2.95 

where Cm=, Cmi, and ~ are maximum, mini- 2.90 
mum and average concentration values at the 
solidification interface respectively. Moreover, 2.85 

the magnetic damping effect on the temperature ~ 2.8o 
distribution in the crystal growth process of 
small Pr number is not obvious. From the 2.75 

study above, it is effective to reduce the flow 2.7< ~ , ~ m ~ n ~ c a ~  " -\_ 
near the free surface and then the flow in the T w o ~ t ~  ..... "q- _ ~ 
melt zone by the designed non-uniform mag- 2.& �9 Two-coiimasne~fie~ . . . .  b "%. + Two-co'fl magneto field case-c 

Two-coil magnetic field case-d 

netic field. The flow near the solidification in- 2.6C 0.25 0.30 0.TS 1.00 
terface has direct and strong influence on the r 

impurity transfer along the solidification inter- Fig. 4 .  The profiles of the concentration distribution at the so- 

face, and the uniform flow structure helps im- lidification interface in the cases of two-coil magnetic field when 

prove the concentration distribution uniformity the coils are located a t :  a ,  z = 2 . 0 ,  z = 1 . 4 ,  ~ -- 0 . 7 %  ; b ,  z 
= 0 . 6 ,  z = 0 . 0 ,  ~ =  1 0 . 2 % ;  c ,  z =  1 . 3 ,  z = O . 7 ,  ~ =  

along the solidification interface. Moreover, 1 1 . 8 %  ; d ,  z = 2 . 0 ,  z = 0 . 0 ,  ~ = 8 . 6 %  respectively in corn- 

the relatively uniform flow s t r u c t u r e  n e a r  the p ~ s o n  with the ease without the magnetic field ( ~ = 8 . 3  % ) and 

solidification interface is available by the r e -  with the longitudinal magnetic field (~" = 6 . 7 %  ) .  

duction of flow in the upper half zone by the designed non-uniform magnetic field. 
In the study above, the strong radial magnetic field component distribution on the free sur- 

face is limited, and the flow in some parts of the melt zone is still relatively strong. In order to 
suppress the unsteady convection, the strong radial magnetic field component distribution on the 

free surface should be increased as much as possible to reduce the relatively strong flow, and then 
the maximum flow velocity in the whole melt zone. So based on fig. 2 ( c ) ,  with increasing distri- 
bution of the strong radial magnetic field component on the free surface (fig. 2 (d)  ) ,  the reduc- 
tion of the flow velocity on the free surface increases, so does the flow at the comer of the melt 

zone near the free surface (fig. 3 ( d ) ) .  Then the maximum flow velocity in the whole melt zone 
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decreases, the maximum longitudinal and radial velocities are reduced by about 98 % and 84 % 
respectively, and help to suppress the unsteady convection in the melt zone in comparison with 
the case without magnetic field. On the other hand, the poor impurity mixture by the weak flow in 
the melt zone results in even larger impurity concentration non-uniformity along the solidification 
interface (fig. 4) in comparison with the two-coil ease shown in fig. 3 ( a ) .  So the flow with cer- 
tain intensity in the melt zone is beneficial to the impurity mixture, and then the improvement of 
the impurity concentration non-uniformity along the solidification interface. 

From the study above, it can be seen that in order to suppress the unsteady convection, the 
flow intensity in the melt zone should be reduced by the applied magnetic field as much as possi- 
ble. On the other hand, the uniform residual flow structure near the solidification interface and 
the good impurity mixture by the flow with certain intensity in the melt zone help to improve the 
impurity concentration non-uniformity along the solidification interface. So there must be a good 
compromise between the two sides by using the applied magnetic field unless the crystal growth is 
a purely diffusion process. As the practice of above principles of the magnetic field design, a 
non-uniform magnetic field produced by four electrical coils is applied in the melt zone (fig. 5 
( a ) )  based on the case shown in fig. 2 ( a ) .  The upper and lower pairs of coils are located sym- 
metrically according to the middle cross section of the melt zone, and its magnetic damping effects 
on the flow field, temperature field and concentration field are shown in fig. 5. The maximum 
longitudinal and radial velocities are reduced by about 97 % and 86 % respectively, and the im- 
purity concentration non-uniformity along the solidification interface is reduced by about 70% and 
63 % in comparison with the case without magnetic field and with longitudinal magnetic field re- 
spectively (fig. 6 ) .  It can be seen that the non-uniform magnetic field with designed configura- 
tion can reduce the flow in the melt zone and improve the impurity concentration non-uniformity a- 
long the solidification interface at the same time. 

Fig. 5. The magnetic field configuration ( a ) ,  the flow field ( b ) ,  temperature field (c)  and o~mcen- 
tration field (d)  in the case of the designed magnetic field produced by four coils. AT~'qtd Ae are re- 
spectively the same as those in fig. 3. 

3 Conclusion 

For the floating-zone crystal growth process in microgravity, the thermocapillary convection 
driven by the free surface tension gradient is dominant in the melt zone. In order to suppress the 
unsteady convection, the non-uniform magnetic field with designed configuration can effectively 
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reduce the flow near the free surface and 2.90 

then in the melt zone. At the same time, the 

designed magnetic field can improve the im- 
2.85 

purity concentration non-uniformity along the 

solidification interface. It should be noted 
that further study on the effect of the phase 2.80 
change interface shape on the impurity c o n -  
centration distribution to improve the simpli- 
fied model to relate the practice is neces- 2.75 

s a r y .  

Appendix 2.70 

( u , 0 ,  v ) ,  velocity vector; B ( B,, O, 
B~), magnetic field vector; F = 1 . 0 ,  as- 

Axial magnefw fieldcase ~ \ 
- - - T w o - c o i l  magnetic field case-a ~ \ 

Four-coil magnetic field case "~. . ,% ~,,, 

I I I ~ t  

0 0.25 0.50 0.75 1.00 
t "  

Fig. 6. The profiles of the concentration distribution at the solidifi- 
pect ratio of the melt zone ; ~c = O. 255 c m 2 /  cation interface in the cases without magnetic field, with the longitu- 

S ,  thermal diffusion coefficient; v = 0 .  0035 dined magnetic field, with the two-coil magnetic field and with the 

cm2/s ,  kinematic viscosity; ere = 1 . 2 3  x four-coil magnetic field respectively. The non-uniformity which is 
defined as ~ is 8.3 % ,  6.7 % ,  0.7 % and 2.5 % respectively. 

106/f~- 1 m-  1, electrical conductivity; ~,  = 

1 . 0 ,  relative magnetic permeability; To = 1683 K, melt point; p = 2 .53  g /cm 3, density; k = 
0 .67  W/cmK,  thermal conductivity ; k0 = 0 . 3 5 ,  impurity segregation coefficient; ~ = 0 . 3 ,  

emissivity; Vp = 5 . 0  x 10 -6 m / s ,  growth rate; /Xo, magnetic permeability in vacuum; Co, im- 
purity concentration in the feed; h ,  heat transfer coefficient; cr, Stefan-Boltzmann constant; I0, 
electric current in the coil ; U0, characteristic velocity ; B0, characteristic magnetic field ; A T = 

10 K, temperature difference; D = 5 . 0  x 10- s cm2/s ,  impurity diffusion coefficient; aT = 

- 1 .3  X 10 -4 N / m K ,  gradient of surface tension. 
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