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ABSTRACT 

Oscillatory interface instabi l i ty  associated wi th  const i tut ional  supercooling 
was  established dur ing growth of germanium single crystals from gal l ium- 
doped melts by the Czochralski technique. The wavelength and phase velocity 
of the instabi l i ty  were de termined and found to be consistent with theory. The 
effects of pul l ing and rotat ion rates on oscillatory instabi l i ty  were quan t i t a -  
t ively correlated with the interface stabil i ty theory. It was shown that  dur ing 
rotat ional  pul l ing under  conditions leading to consti tut ional  supercooling, the 
destabilizing effects of rotat ion dominate its stabilizing effects for moderate  
rates of rotat ion in  the presence of thermal  asymmetry.  

During crystal pul l ing from a doped melt, the region 
ahead of the growth interface may become consti tu-  
t ional ly supercooled if the dis tr ibut ion coefficient of 
the solute differs from one. The original  cri terion for 
consti tut ional  supercooling of Rut ter  and Chalmers 
(1) and Til ler  et al. (2) was derived from static con- 
siderations. Consti tut ional  supercooling dur ing crystal 
growth from stirred melts  was first investigated by 
Hurle  (3). Dynamic theories for small per turbat ions  
were subsequent ly  developed in the l inear  approxima-  
t ion by Mullins and Sekerka (4) and by Voronkov 
(5). Calculations of the conditions leading to insta-  
bi l i ty of solid-l iquid interfaces have recent ly received 
considerable a t tent ion (6-13). t n  these investigations 
the melt  was considered to be s tat ionary wi th  diffusion 
being the only means of mass t ransport ;  convection 
effects were excluded. Hurle  (13) considered the ef- 
fects of convective mixing  of solute in  the melt  (ex- 
pressed in terms of boundary  layer  thickness) and 
concluded that  the spatial f requency of the first ap- 
pearing instabi l i ty  is a funct ion of convective mixing. 
Delves (14, 15), in a recent analysis of interface sta- 
bi l i ty  dur ing  growth from st irred melts, has predicted 
oscillatory behavior  of the growth interface for con- 
vection controlled solute t ransport  encountered in 
Czochralski growth. Some exper imental  results con- 
sistent with this theoretical  t rea tment  have been re-  
ported (16). 

In  the present  paper a detailed analysis of an ex- 
per imenta l  invest igat ion on interface instabi l i ty  dur ing 
Czochralski growth is reported and discussed in the 
l ight of the prevai l ing theoretical models. 

Experimental Procedure 
Single crystals of germanium were grown in  the 

<111> direction by the Czochralski technique from 
gal l ium-doped melts. The pul l ing rate, the rotat ion 
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rate, and the dopant concentrat ion in  the melt  were 
adjusted so that the growth interface came to the 
verge of instabi l i ty  at some point  dur ing growth. The 
diameter  of the crystals was main ta ined  be tween  1.5 
and 2 cm over a length  of 4-6 cm. The effects of pul l ing 
rate and rotat ion rate were studied in  the range of 
2.9-6 cm/h r  and 13-70 rpm, respectively. The crystals 
were cut along the growth axis; the sections were 
polished (0.06 ~m particle size a lumina)  and chemi- 
cally etched (1.5 min  in 1 part  HF, 1 part  H202, and 
2.5 parts water, by volume) to reveal  impur i ty  hetero- 
geneities which were studied with interference contrast 
microscopy. 

Theory 
The theory of interface ins tabi l i ty  for a two-com- 

ponent  system solidfying with p lanar  front under  con- 
ditions of consti tut ional  supercooling has been devel- 
oped by a number  of investigators. If r (x, t) describes 
the shape of the per turbed  interface, it can be ex-  
pressed by a Four ier  integral  (12) 

and 

1 I ~  ebx #o(~.,) r = - e tf(~) d~ [1] 
2~ 

- -  =_ v - - f ( ~ )  [2] 
r 

where r is the Fourier  t ransform of the ini t ia l ly  
per turbed  shape of the interface, 4~ is the Four ier  
t ransform of r and ~ is the spatial f requency associ- 
ated with the per turbat ion;  f(~) is not s t rongly t ime 
dependent,  provided the system is just  on the verge of 
instabi l i ty  (12). 

A stabil i ty cri terion can be established based on the 
values of f(~) ; it can be positive, negative, or complex 
corresponding to enhancement ,  decay, or oscillation of 
a perturbation,  respectively. On the basis of this anal -  
ysis the stabil i ty cri ter ion derived for systems with 
rotat ional  s t i rr ing takes the form (15) 
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K1G1 Jr KsG8 D 
> S ( - -  - - )  1/30.75 [3] 

(K1 Jr Ks)Gl  v 

where K1 and Ks are the thermal  conductivities of the 
l iquid and the solid, respectively; G1 and Gs are the 
thermal  gradients near  the interface in  the l iquid and 
the solid; v is the kinematic  viscosity of the melt ;  D 
is the diffusion coefficient of the solute in the melt ;  
and S is the const i tut ional  supercooling parameter  
defined as 

Cl--Cs I dT I mGc 
s -  -D- ==- 

- -  C-n 
V 

- - ,n (1  - -  k)VCo 
= [4] 

G1D[k Jr (1 -- k )exp  -- 5V/D] 

where C1 and Cs are the impur i ty  concentrat ions in  
the l iquid and the solid, respectively, near  the in te r -  
face; V is the ins tantaneous microscopic growth rate;  
m is the slope of the l iquidus in the phase diagram; k 
is the equi l ibr ium distr ibut ion coefficient; Co is the 
impur i ty  concentrat ion in  the bu lk  of the melt ;  and 

is the thickness of the boundary  layer. Gc is the 
concentrat ion gradient  in  the l iquid just  ahead of the 
advancing interface given by  

--  (1 -- k)VCo 
Gc - [5] 

D[k Jr (1 -- k) exp --SV/D] 

Thus, the stabil i ty cri terion becomes 

--m(l--k)VC~ t D I 1 / 3 - -  0.75< K1G1jrKsGs 
D[k Jr (1  - -  k )e  -~v/D] v (K1 J r  K s )  

[6] 

If the pul l ing rate Vo, and the impur i ty  concentra-  
tion, Co, in  the melt  are adjusted so that  the system is 
at the verge of instabi l i ty  (i.e., l e f t -hand  side of in-  
equali ty (Eq. [6]) just  exceeds the r igh-hand  side), 
then during rotat ional  pul l ing the instantaneous micro- 
scopic growth velocity (17), V, is given by 

de 
9" = Vo(1 -- a cos 2~Rt) Jr ~ [7] 

dt 

where a = 2~RST/G1Vo; hT is the tempera ture  var ia-  
t ion for a given point  at the growth interface over 
the rotat ional  cycle; and R is the rotat ional  rate. The 
first term (Eq. [7]) represents the growth rate fluctua- 
tions associated with the rotat ional  pul l ing in a ther-  
mal ly  asymmetric  system; 2 the second term is the 
derivative of the per turbat ion  (Eq. [ 1 ] ) w h i c h  arises 
from the instabi l i ty  due to consti tut ional  supercooling. 
This second term is relat ively small and associated 
with a spatial frequency. 

Growth interlace shape in time and space.--For a 
per turba t ion  of constant spatial frequency, by  in te -  
grat ing Eq. [1] and employing a delta function, one 
obtains 

1 
~b ( x , t )  : r  ( ~ )  e i ~  f (~) t  [8 ]  

2~ 

If 1(~) is complex, say, J(~) = pj(~) = Re[pj(w)] Jr 
iIm[pj(~)], then the shape of the growth interface is 
given by either the real or imaginary  parts of Eq. [9] 

r : ~o(~)eRe[p/~ {~X + Im[pj(w)]t) [9] 

where r : r  [The notat ion adopted here 
is used by Delves (15).] If the growth rate is constant 
and the system is on the verge of instabi l i ty  (i.e., in-  
equality, Eq. [6], is just  reversed and Re[pj(~)] is 
small or zero) the general  equation represent ing the 
one-dimensional  growth interface moving in  the z 

The effect of s inusoidal  t empera tu re  fluctuations on the mi-  
croscopic growth  rate  has  b e e n  independent ly  der ived by  Hurle  
r al. (18). 

direction can be found by integrat ing Eq. [7] with re- 
spect to t 

z = Vot Jr r (~) sin {~x Jr Im[pj (~)it} [10] 

This equation describes the dynamics of the growth 
interface with oscillatory instabili t ies of a wavelength 
2~/~ and phase velocity Im[pj(~)]/~. On the basis of 
Delves's theory (15), the onset of oscillatory insta-  
b i l i ty  in Ge for the present  exper imenta l  conditions 
should be associated with k = 80-90 ~an and Im[pj (w)] 
= 0.5-1.0 s e c - k  If the growth interface, dur ing  rota-  
t ional pulling, advances with periodically varying 
velocity, V, the general  equation represent ing a one- 
dimensional  growth interface moving in the z direction 
assumes the form 

~Vo 
z=Vot  -- sin 2~Rt Jr r  Re[pj(~)lt 

2nR 
s in{~x Jr Im[pj(~)]t} [11] 

Results 
During crystal pul l ing by the Czochralski technique 

the onset of consti tut ional  supercooling in  melts with 
moderately high doping levels can be delayed by seed 
rotat ion since boundary  layer  thickness is decreased. 
In  the absence of const i tut ional  supercooling, the 
growth interface remains stable and the microscopic 
growth rate in  the z direction varies in  a quasis inu-  
soidal mode wi th in  each rotat ional  cycle because of 
unavoidable  thermal  asymmetry  (first te rm of Eq. 
[7]). In  the presence of pronounced thermal  asym- 
metry,  part ial  remelt ing takes place dur ing passage of 
the interface through the hottest region in  the system 
and "remelt" rotat ional  striations are formed which 
appear as "smooth" parallel  lines del ineating the shape 
of the growth interface at the moment  of their  forma- 
tion. During crystal pul l ing from melts doped to very 
high levels, consti tut ional  supercooling cannot  be 
suppressed by  rotation, for any appreciable growth 
period, and the interface becomes unstable.  

Based on the preceding theoretical considerations, 
consti tutional supercooling depends s t rongly on the 
microscopic growth rate (Eq. [4]);  thus, sinusoidal 
growth rate variat ions associated with rotat ion may 
br ing  the system, wi th in  each rotation, periodically to 
the verge of consti tut ional  supercooling; as a result, 
oscillatory instabi l i ty  can be brought  about and be sus- 
ta ined for prolonged periods of growth. 

Oscillatory instability.--The behavior  discussed 
above was exper imenta l ly  observed as seen in Fig. 1, 
which depicts an outer region of the grown crystals. 
The rotat ional  striations, normal ly  "smooth" parallel  
lines, appear here as "wavy" lines, indicat ing oscilla- 
tory instabi l i ty  without  interface breakdown.  Since 
the rotat ional  striations are of the remelt  type, the 
observed ampli tude of the elevations and depressions 
is, of course, less than  the ma x i mum ampli tude en-  
countered dur ing growth. As is seen in  Fig. 1, pro-  
trusions of the interface into the melt  (maxima) on 
one str iat ion develop (during growth associated with 
a 360 ~ rotation) into depressions (minima)  on the next  
striation, while the min ima  develop into maxima. 

This behavior  might  be interpreted as a "stationary" 
oscillatory instabi l i ty  with the sinusoidal growth rate 
variat ions (resul t ing from seed rotation) being modu-  
lated by an oscillatory instabi l i ty  component. How- 
ever, examinat ion  of the ins tabi l i ty  as observed in 
Fig. 2-4 indicates that  the behavior  observed in Fig. 1 
is not typical. The growth direction being normal  to 
the striations, these figures show that the maxima on 
one str iat ion are displaced la teral ly  on the subsequent  
striation; the extent  of such displacement varies de- 
pending on the growth conditions. Such lateral  dis- 
placement  of the oscillatory instabi l i ty  is also con- 
sistent with the nonperpendicular  a l ignment  of the 
segregation inhomogeneit ies wi th in  successive str ia-  
tions (see, for example, Fig. 2). These periodic segrega- 
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Fig. 2. Oscillatory instability and associated segregation inhomo- 
geneities (inclined dark bands between successive rotational stria- 
tions). Note lateral displacement of inhomogeneities indicating the 
traveling wave nature of instability (3.5 cm/hr; 25 rpm). Arrow (a) 
indicates growth direction and arrow (b) indicates the direction of 
lateral phase displacement of the oscillation. 

Fig. 1. Rotational remelt striations in a Ga-doped germanium 
single crystal pulled in the < 1 1 1 >  direction (3.15 cm/hr; 26 rpm). 
The depicted segment is from an outer region of the crystal and 
shows oscillatory instability of the growth interface. The arrows 
indicate the direction of growth. 

t ion inhomogeneit ies  reflect the periodic development  
and decay of the instabil i ty resul t ing f rom the sinu- 
soidal growth rate  variat ions wi th in  each rotat ional  
cycle. Accordingly, it is concluded that  the observed 
oscil latory instabil i ty is of a " t ravel ing  wave"  nature  
wi th  a characterist ic phase veloci ty  (15) and not sta- 
t ionary as could be assumed from Fig. 1. 

Using the cylindrical  coordinates system, the oscil- 
la tory per turbat ion  can be resolved into two oscil la- 
tory  components, in the radial  and tangent ia l  direc-  
tions, wi th  wavelengths  ~r and ~0, respectively.  The 
wavelengths  of the oscillations in the radial  direct ion 
(kr) were  de termined  on planes exposed by cutt ing 
the crystal  along the rotat ional  axis. The wavelengths  
in the tangent ia l  direct ion (k0) were  obtained f rom 
cuts perpendicular  to the above; since there  is an in-  
herent  uncer ta in ty  in obtaining cuts precisely through 
the axis of rotation, the measured  kr and t~0 values do 
not necessari ly represent  the pure radial  and tangen-  
t ial  components.  The phase velocity of the oscillations 
was de termined  from the horizontal  displacements 
of the segregation inhomogeneit ies  be tween  successive 
striations (see Fig. 2) and the rotat ional  rates. It can 
a l te rna t ive ly  be obtained from the displacement of 
the maxima or min ima be tween  successive striations. 
The values of the exper imenta l  data are summarized in 
Table I. 

A direct  application of the theory  to the present  ex-  
per iments  could not be made because not all exper i -  
menta l  variables  controll ing the consti tut ional  super-  
cooling parameter ,  S, Eq. [4] could be determined.  
However ,  since the numerica l  values assumed in Ref. 

Fig. 3. Effect of rotational rate on interface instability. Depicted 
segment was pulled at 3.38 cm/hr; the upper and lower regions 
were rotated at 15 and 20 rpm, respectively (see text). 

(15) are sufficiently close to those encountered in the 
present  exper iments  a comparison be tween  theory  and 
the exper imenta l  results is considered reasonable. 
Thus, the theoret ical ly  predicted values of )~0 given in 
Table I were  obtained from Fig. 3 in Ref. (15), assum- 
ing that  the fluid veloci ty in the tangent ial  direct ion is 
approximate ly  equal to the macroscopic fluid veloci ty 
2:rrR (19) (a reasonable approximat ion  for the dis- 
tances f rom the rotat ional  axis at which ~ was mea-  
sured).  It is seen that  the exper imenta l ly  de termined  
values of ~0 are in reasonable agreement  wi th  those 
predicted from theory  for the onset of oscil latory in- 
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Fig. 4. Effect of pulling rate on interface instability. Depicted 
segment was rotated at 25 rpm. The upper region was pulled at 
2.9 cm/hr (see text). 

stability. A similar comparison of ~r could not be made 
since a parabolic velocity dis t r ibut ion (assumed in  
theory) is not applicable for the radial  fluid flow. 

E~ects  of pulling rate and seed rotation on oscilla- 
tory  ins tabi l i ty . - -The  effects of the pul l ing rate were 
investigated in crystals grown at fixed seed rotat ion 
(25 rpm) with pul l ing rates ranging from 2.9 to 6.0 
cm/hr.  The effects of seed rotat ion were studied in  
crystals pulled at rates of 2.9 and 3.38 cm/hr  with seed 
rotat ion ranging from 20-41 and 13-70 rpm, respec- 
tively. Since the exper imenta l  conditions necessary for 
the onset of oscillatory instabi l i ty  cannot be arr ived 
at directly from theoretical considerations, the gal-  
l ium dopant levels were adjusted by  tr ial  and error  so 
that the system reached the verge of instabi l i ty  at 
some time dur ing growth. Amounts  of melt  several 
times larger than  those corresponding to the size of the 
crystals pul led were used to insure the occurrence of 
sustained instabil i ty.  

The effect of increasing the rate of rotat ion on the 
growth process is clearly seen in Fig. 3. Here the de- 
picted upper  and lower segments were rotated at 15 
and 20 rpm, respectively. While oscillatory instabi l i ty  
prevails throughout  both segments, the complexity of 
the segregation inhomogeneities (reflecting the degree 
of instabi l i ty)  is not iceably reduced in  the region 
grown at the higher rate of rotation. This stabilizing 

effect reflects a decrease of the average value of the 
consti tut ional  supercooling parameter,  S, due to en-  
hanced stirring. The characteristics of the instabil i ty 
dur ing  rotat ional  and nonrota t ional  pul l ing are com- 
pared below. 

The effect of the pul l ing rate on interface instabi l i ty  
is shown in Fig. 4. From the spacing of the rotational 
striations it can be seen that  the pul l ing rate was in-  
creased by a factor of about two in the segment of the 
crystal depicted in the lower part  of the figure. This 
increase in  pul l ing rate clearly resul ted in  fur ther  de- 
veloped dopant inhomogeneities. It should be noted 
that the rate of development  of the inhomogeneities 
following each rotat ional  str iat ion is the same in the 
upper  and lower segments of the crystal. The relat ion-  
ship be tween the observed inhomogeneit ies and the 
ampli tude of the per turbat ion  is not known  in the 
present  case. In  view of the pronounced dependence 
of interface stabil i ty on the microscopic growth rate, 
the behavior  observed in Fig. 4 implies that  the in-  
crease in the pul l ing rate by a factor of two did not 
result  in a corresponding increase in the microscopic 
rate of growth dur ing the ini t ial  stages of growth fol- 
lowing remelting.  

Discussion 
Theoretical considerat ions.--The applicabil i ty of the 

interface stabil i ty theory to the present ly  observed 
oscillatory instabi l i ty  is tested on the basis of typical 
exper imental  data employing Eq. [11]. The effects of 
thermal  asymmetry  are examined taking ~ ---- 0 (no 
thermal  asymmet ry) ;  ~ ----- 0.9 ( thermal asymmetry,  
no backmel t ing) ;  and ~ ---- 1.1 (backmelt ing) .  The 
growth interface behavior  is graphically presented 
and discussed on the basis of exper imental  observa- 
tions. The exper imental  values employed are: pul l ing 
rate, Vo ---- 12.5 ~m/sec; rate of rotation, R : 25 rpm; 
distance of instabi l i ty  from rotat ional  axis ---- 0.6 cm. 

When growth takes place in a thermal ly  symmetric 
environment ,  ~ : 0, then Eq. [11] reduces to 

} z :  1 2 . 5 t + 5 s i n  ~ ~- 1.2t [12] 

A graphic representat ion of Eq. [12] depicting the 
dynamics of the growth interface, at t ime intervals  of 
0.28 sec, is shown in Fig. 5. It  is seen that  the t ravel -  
ing wave na ture  of the oscillation (lateral  displace- 
ment  component)  modulates the microscopic growth 
rates thus resul t ing in periodic regions of decreased 
and increased growth rates which appear as nar row 
and wide bands incl ined to the advancing growth in-  
terface (z direction).  The angle of incl inat ion is con- 
trolled by the phase velocity of the perturbat ion.  The 
growth behavior, as shown in Fig. 5, corresponding to 

Table I. Wavelengths and phase velocities associated with interface oscillations during 
Czochralski-type growth of gallium-doped germanium 

R a d i a l  
R a d i u s  d i s t a n c e  of 

P u l l i n g  I n i t i a l  of  t h e  o s c i l l a t o r y  
Crystal  R o t a t i o n  r a t e ,  Vo a m o u n t  of  c r y s t a l ,  i n s t a b i l i t y  
n u m b e r  rate ( r p m )  ( c m / h r )  m e l t  (g) r (cm) (cm) 

Macroscopic 
f lu id  v e l o c i t y ,  T h e o r e t i c a l  E x p e r i m e n t a l  

V = 27rrR E x p e r i m e n t a l  k (~m) Xs (15) p h a s e  v e l o c i t y  
( c m / s e c )  kr  ko (~m) ( /zm/sec)  

1 25 2.92 312 0.80 0,5 +--- 0.1 1,31 "4- 0.15 48 ~- 3 80 9.6 ----- 0.3 
2 25 2.93 290 0.75 0.0 ~ 0.1 1.51 ----- 0.20 49 ~- 3 68 I0.6 __ 0.3 
3 25 3.38 350 0.80 0.7 ~ 0.1 1.90 "4- 0.20 50 "q- 3 65 "4- 3 63 14.0 "r 0.4 
4 25 3.50 516 0.95 0.5 "q- 0.2 1.37 -4- 0.15 59 "-  3 70 -4- 3 79 11.0 _+ 0.5 
5* 25 3.50 400 0.95 0.85 -+" 0.1 2.36 ~ 0.10 41 • 3 58 ~- 3 56 8.9 ___ 0.4 
6 25 4.50 346  0.75 0.6 - -  0.1 1.51 - -  0.25 62 - -  3 70 ~ 3 69 13.9 - -  0.4 
7 25  5.50 336 0.75 0.7 -!--- 0.1 1.76 "4- 0.25 64 ----- 3 64 13.6 -4- 0.4 
8 25 5.80 825 0,75 0.6 ----- 0.1 1.51 • 0.25 61 ----- 4 09 13.8 • 0.4 
9 20 2.93 310 0.75 0.6 ---+ 0.I 1.26 --+ 0.20 52 --+ 3 75 --~- 3 85 8,7 _~ 0,3 
2 25 2.93 290 0.75 0.6 ----- 0.1 1.64 ----- 0.20 49 ~ 3 68 10.6 • 0.3 

10 33 2.93 270 0.75 0.6 -- 0.1 2.10 -- 0.30 40 ~--- 3 58 II.0 • 0.3 
11 41 2.93 250 0.75 0.6 -~ 0.1 2.67 ----- 0.30 41 "4- 3 55 14.0 • 0.4 
12"* 13 3.38 504 0.85 0.6 - -  0.1 0.84 - -  0.15 75 • 3 82 ~ 3 112 13.4 - -  0.6 
3 25 3.38 350 0.80 0.7 • 0.1 1.90 • 0.20 50 "q- 3 65 ~ 3 63 14.0 • 0.4 

13 55 3.38 429  0.85 0.6 - -  0 . I  3.47 - -  0,35 34 ----- 3 45 ~ 3 39 15.6 • 0.4 
14 70 3.38 4 3 2  0.85 0.6 -4- 0.1 4 .40 +-- 0.50 27 • 3 40 ~--- 3 30 22.4  ~ 0.5 

* G a  c o n c e n t r a t i o n  in  t h e  m e l t  i n  a t o m s  p e r  c e n t :  Ci  1 ( s t a r t ) ,  2 .56  • 0.1; Cl 2 ( end ) ,  3.30 ----- 0.12. 

*" G a  c o n c e n t r a t i o n  in  t h e  m e l t  i n  a t o m s  per cent:  e l  1 ( s t a r t ) ,  1 .53;  Cl s ( e n d ) ,  1.77 -~ 0.01. 
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x-direction (p.m) -~ x-direction (/.Lm)-~ I ;kr =70ff-m I I )~r =70/J-m I 
A 0 

A 

g 30 

~ 6o 

9o 

1 2 0 ~  12 

150~ ~ ~ "~" 
1 5  o ~ - ~  ~ ~  ~ 

Fig. 5. Graphic presentation of oscillatory growth interface 
instability (Eq. [12]) in the absence of thermal asymmetry; c~ = 0. Fig. 6. Graphic presentation of oscillatory growth interface in- 
The time interval between successive lines is 0.28 sec. (For numerical stability in the presence of thermal asymmetry (~ = 0.9). The 
values used in Eq. i-12] see text), interval between successive lines is 0.24 sec (see text). 

rotat ional  pul l ing in the absence of thermal  asym- 
metry,  is never  encountered in real  systems. 

In  the presence of thermal  asymmetry  (a > 0) the 
exact solution of Eq. [11] requires the knowledge of 
the const i tut ional  supercooling parameter  (which 
changes cont inuously dur ing  rotation) since Re[pj(w)] 
is a funct ion of S. 

This behavior  is a result  of the growth rate depen-  
dence of the const i tut ional  supercooling parameter,  S; 
changes in  S lead to corresponding changes in 
Re[pj (w)] be tween positive and negative values aver-  
aging about zero. Depending on whether  Re[pj(~)] 
assumes positive or negative values for extended 
periods of time, the system will "break down" or re-  
vert  to stability, respectively. In  the present ly  con- 
sidered si tuat ion characterized by  oscillatory insta-  
bility, the values of Re[pj(~)] remain  close to zero. 
The ampli tude of the interface instabil i ty,  in contrast  
to that in Fig. 5, is not constant  but  increases and de- 
creases periodically with the var iat ion of the micro-  
scopic growth rate wi th in  each rotat ional  cycle. Con- 
current  with the var iat ion Re [pj (o,) ], the phase veloc- 
i ty Im[pj(~)] varies periodically; these variations, 
however,  are small. Since S and its variations, dur -  
ing rotation, could not be determined, a graphic rep-  
resentat ion of a realistic s i tuat ion (Vo = 4.5 cm/hr,  
R = 25 rpm, and kr = 70 ~m) was obtained by  select- 
ing reasonable values of the phase velocity ( ranging 
from 0 to 30 ~m/sec) and ampli tude of per turba t ion  
(ranging from 4 to 8 ~m) for a = 0.9 (Fig. 6). The in-  

dividual  lines represent  the dynamics of the growth 
interface morphology at t ime intervals  of 0.24 sec. In  
this case the microscopic growth rate, dz/dt (which is 
constant in  the absence of thermal  asymmetry  and 
oscillatory instabi l i ty)  is modulated s imultaneously  
by: (i) the sinusoidal growth rate variat ion along 
the z direction ( independent  of x) resul t ing from ther-  
mal  asymmetry  and (ii) the periodic growth rate var i -  
at ion along both the x and z directions resul t ing from 
the t ravel ing wave na ture  of the oscillatory instabil i ty.  

When the average value of Re[pi (~)] becomes posi- 
tive, oscillatory instabi l i ty  can no longer be sustained 
and the ampli tude of the per turba t ion  increases con- 
t inuously  as shown in  Fig. 7 and u l t imate ly  leads to 
interface breakdown. 

The dynamic behavior  of the growth interface under  
conditions leading to remel t ing (~ = 1.1) is presented 
in  Fig. 8. Since in this case the variat ion of the micro-  
scopic growth rate wi th in  each rotat ional  cycle is 
larger  than  in the case ~ = 0.9, the corresponding var i -  
ations in phase velocity and ampli tude of the per-  

Fig. 7. Interface instability in Ga-doped Ge for growth conditions 
where the average value of Re[pj(~)] is positive. Oscillatory in- 
stability is not sustained; note progressive increase (from top to 
bottom) of the amplitude of the perturbation. 

tu rba t ion  are expected to be larger. Accordingly, the 
values for the phase velocity were selected to range 
from 0 to 35 ~m/sec and those of the ampli tude ranged 
from 4 to 10 ~m. The dotted lines wi th in  each rota-  
t ional cycle represent  the grown regions which were 
remelted during rotat ion through the hot region of 
the me]t (17). The onset of growth following remel t ing 
is indicated in Fig. 8 by heavy lines which correspond 
to remelt  striations (see for example Fig. 2). These 
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Fig. 8. Graphic presentation of oscillatory growth interface in- 
stability under partial remelt conditions (c~ ~ 1). The dotted lines, 
within each rotational cycle, represent the grown regions which 
were remelted. The heavy lines represent the remelt rotational 
striations. (For comparison with the experimental findings of Fig. 2, 
see text.) 

remelt  striations have the wavelength of the oscilla- 
tory ins tabi l i ty  but  not its ampl i tude (the resul t ing 
ampli tude is significantly reduced).  

Comparison with experimental results.--All results 
in this invest igat ion were obtained on crystals grown 
in  the presence of thermal  asymmetry  leading to re-  
melt ing;  thus, comparison with theory will  be focused 
on conditions as depicted in Fig. 8. This comparison 
is based on the premise that  the exper imenta l ly  ob- 
served segregation behavior  is controlled by the mi-  
croscopic growth rate. 

Consistent with the theoretical considerations out-  
l ined above, sustained oscillatory interface ins tabi l i ty  
("wavy" remelt  striations) is observed in all crystals 
invest igated (Fig. 1-4). The t ravel ing wave na ture  of 
the oscillation, as predicted from theory, is confirmed 
by  the lateral  displacement of the maxima  (and the 
min ima)  in  successive rotat ional  striations, as seen 
in  Fig. 2; the direction of the phase displacement is 
in agreement  with that  predicted from theory. The 
"inclined" segregation inhomogeneit ies wi th in  rota-  
t ional cycles (between successive rotat ional  str iations) 
seen in  Fig. 2 are readi ly explained on the basis of the 
preceding analysis; as seen in Fig. 8, the microscopic 
growth rate, dz/dt, varies along the x direction dur -  
ing each rotat ional  cycle; thus, the t ravel ing wave 
na ture  of the oscillations results in  the formation of 
"cells" (between successive remelt  striations) bounded 
la teral ly  by regions of decreased growth rate ( incl ined 
bands) .  The complex segregation inhomogeneit ies be-  
tween rotat ional  striations in Fig. 3 cannot be ex- 
plained exclusively on the basis of growth rate con- 
trolled segregation, as discussed below. 

Theoretical assumptions and experimental condi- 
tions.--The preceding comparison must  be viewed in 
the l ight of the following basic assumptions under ly ing  
the theoretical model (14) : (i) the growth system is at 
steady state; (ii) the per turbat ions  at the growth in-  
terface are small, so that  the l inearized theory is ap- 
plicable; (iii) fluid flow at the momen tum boundary  
layer  is l aminar  with a parabolic velocity dis t r ibut ion 
wi th in  the boundary  layer  (diffusion of heat and con- 
vective solute t ransport  are dominan t ) ;  (iv) kinetic 
supercooling is absent;  (v) there are no radial  tem- 
pera ture  and concentrat ion gradients. 

During rotat ional  crystal growth by the Czochralski 
technique "steady state" [assumption ( i ) ]  prevails on 
a macroscopic level for conditions of constant  pul l ing 
rate and constant crystal diameter  (constant macro- 
scopic growth rate) .  However, since thermal  asym- 
met ry  is inheren t  in  Czochralski growth, the micro- 
scopic growth rate is not constant  bu t  varies periodi- 
cally wi th in  each rotat ional  cycle. 

When a < 1 the effects of vary ing  microscopic 
growth rates on interface instabi l i ty  can in  principle 
be quant i ta t ive ly  accounted for through correspond- 
ing variat ions of the const i tut ional  supercooling pa-  
rameter,  S. The growth and segregation behavior  
under  such conditions has been discussed in the pre-  
vious section. When a > 1, as in  the present ly  dis- 
cussed experiments,  part ial  remel t ing takes place 
wi th in  each rotat ional  cycle. Since the solute redis- 
t r ibu t ion  wi th in  the boundary  layer  associated with 
the remelt  process cannot be assessed, the magni tude  
of the const i tut ional  supercooling parameter  cannot be 
determined and the applicabil i ty of the instabi l i ty  
theory cannot be quant i ta t ive ly  tested. The good 
agreement  be tween theory and exper iment  in  the case 
of Fig. 2 is a t t r ibuted to margina l  remel t  conditions 
(~ very  close to 1). 

The exact ampli tude of the per turbat ions  at the 
growth interface [assumption (ii)] could not be ex-  
per imenta l ly  determined.  However, the fact that  the 
oscillatory per turbat ions  were sustained over a con- 
siderable period of growth, without  leading to in ter -  
face breakdown, is direct evidence that, even dur ing 
max imum microscopic growth rate (within each rota-  
t ion),  the ampli tude of the per turba t ion  was small  
enough to keep the system on the verge of insta-  
bility. 

The condition of l aminar  flow and parabolic velocity 
dis t r ibut ion in  the momen tum boundary  layer  [assump- 
t ion (iii)] was met, in the present  system, at the pul l -  
ing rates (2.0-5.8 cm/hr )  and the rotat ional  rates (13- 
40 rpm) employed. Apparently,  under  these conditions 
diffusion of heat and convection controlled solute 
t ransport  were dominant  (15). 

The presence of oscillatory instabi l i ty  in all crys- 
tals investigated was l imited to their  outer  regions 
where kinetic supercooling [assumption ( iv)]  ap- 
proaches zero; oscillatory instabi l i ty  was never  en-  
countered in "facet" regions. 

Radial tempera ture  and concentrat ion gradients do 
exist in Czochralski growth; however, their  magni tude  
is small  over the regions invest igated and can be ne-  
glected [assumption (v)] .  

The theoretical t reatments  of interface instabi l i ty  
indicate that  crystal rotat ion dur ing Czochralski pul l -  
ing has a stabilizing effect through changes in the 
characteristics of the boundary  layer. This conclusion 
is based on the assumption that  rotat ion takes place 
in a thermal ly  symmetr ic  env i ronment  in which ro- 
tat ion does not affect the microscopic growth rate. 
Since, however, thermal  asymmetry  is inheren t  in 
Czochralski growth, this assumption is valid only at 
high rates of rotat ion since increased st i rr ing tends to 
minimize thermal  asymmetry.  At moderate  rates of 
rotat ion (say, up to 50 rpm) the microscopic growth 
rate does not remain  constant, par t icular ly  under  re-  
melt  conditions where  the actual growth rate ranges 
from negative values (remelt ing)  to positive values 
which may exceed the pul l ing rate by  more than  a 
factor of ten. It is, thus, clear that in  this range of 
rotat ional  rates, the modula t ion  of the microscopic 
growth rate can have pronounced destabilizing effects 
on the growth system. These effects can dominate the 
concurrent  stabilizing effects of stirring. In  fact, at 
moderate  rates, seed rotat ion will  induce interface in -  
s tabil i ty ra ther  than  have the expected stabilizing 
effects. 
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A Diffusion Model for Oxidation of Nickel-Iron 
Alloys at 1000~ 

A. D. Dalvi *,1 and W. W.  Smeltzer* 

Department of Metallurgy and Materials Science, McMaster University, Hamilton, Ontario, Canada 

ABSTRACT 

A generalized diffusion model involving t e rna ry  oxides is used to formulate  
the oxidation mechanism of Ni-Fe alloys containing 2 and 4 weight per cent 
Fe. A defect structure, adopted for the inner  nickel oxide layer  containing 
iron, yields the var ia t ion  of its cation diffusion coefficients which, when  sub-  
st i tuted in the diffusion equations, yield the cation concentrat ion and the oxy- 
gen activity profiles in  the oxide and the oxidation constants for the re-  
spective alloy. Thermodynamic  considerations are used in deriving the oxygen 
activity profile in the outer two-phase nickel oxide-spinel  layer  of an external  
scale. A solution to the diffusion problem in  the alloy is considered. The ex- 
per imenta l ly  derived composition path in an alloy and the scale is super im-  
posed on the Fe-Ni-O phase diagram. This path is shown to be consistent with 
the s t ructural  observations and composition determinations,  and  it is also 
consistent with thermodynamic  and kinetic considerations. 

In  an earl ier  work (1) the present  authors discussed 
the kinetics and morphological development  of the 
oxide scales formed at 1000~ on Ni-Fe alloys contain-  
ing 0-25 weight per cent (w/o)  Fe. It was demon-  
strated that  continuous and reproducible long- t ime 
kinetic curves could be obtained in  dry oxygen. Since 
the over-al l  reaction kinetics and growth of indiv idual  
layers followed a parabolic t ime dependence, it is rea-  
sonable to assume that conditions of ambipolar  diffu- 
sion and local equi l ibr ium at interfaces would occur at 
this high temperature.  Accordingly one may  postulate 
a mechanism based on diffusion through the different 
phases. The purpose of this paper is to present experi -  
menta l  results for the i ron and nickel distr ibutions in  
the various phases present  dur ing the oxidation of 
these alloys and to rat ionalize the oxidation kinetics 
for these alloys on the basis of a t e rna ry  diffusion 
model. 

Experimental Procedures and Results 
The alloys oxidized contained 0-25 w/o  Fe. The 

samples, which were in  the form of 1 • 2 • 0.1 cm 

* E l e c t r o c h e m i c a l  S o c i e t y  A c t i v e  M e m b e r .  
i P r e s e n t  a d d r e s s :  J .  R o y  G o r d o n  R e s e a r c h  L a b o r a t o r y ,  T h e  I n t e r -  

n a t i o n a l  N i c k e l  C o m p a n y  of  C a n a d a  L i m i t e d ,  M i s s i s s a u g a ,  O n t a r i o ,  
C a n a d a .  

K e y  w o r d s :  Ni-Fe alloys, NiO,  (Ni,Fe)~O4, alloy oxidation, d i f f u -  
s i o n  m o d e l .  

plates, were sectioned after oxidation and mounted  
and polished for metal lographic examinat ion  and elec- 
t ron-probe  microanalyses. Oxidation was carried out 
at 1000~ in pure oxygen contained in  a volumetric  
apparatus at 400 Torr pressure. Details of the experi-  
menta l  procedures are given in Ref. (1). The nominal  
and actual compositions of the  alloys of interest  here 
are reproduced in Table I. 

Concentrat ion profiles of nickel and iron across the 
samples were determined from samples oxidized for 
various periods up to 55 hr. The ins t rument  used was 
a CAMECA MS-24 Model electron microprobe. Counts 
on Ni and Fe K~ x-rays  were taken at regular  intervals  
across the samples and the concentrat ions were ob- 
ta ined using the pure metals as standards and a pro- 
cedure described in  Ref. (2). 

Table I. Compositions of the investigated alloys based upon wet 
chemical analyses for nickel and iron 

A c t u a l  c o m p o s i t i o n  
N o m i n a l  

c o m p o s i t i o n  w / o  Fe  w / o  N i  

N i - 2 %  F e  1.85 98.15 
N i - 4 %  F e  4.5 95.5 
N i - 6 %  F e  6.6 95.4 
N i - 8 %  F e  8.3 91.7 
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