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Regression  Model  for  LPE  Film  Property  Control 

Abstract: Empirical  regression equations permit the calculation  of liquid phase epitaxial (LPE) film properties  from film growth  parame- 
ters. Numerical  differentiation of these  equations facilitates  examination of the sensitivities  of film properties  to fluctuations in growth 
conditions  and  the  development of depletion-compensating growth strategies.  Regression equations  for nominal 3-pm bubble  size CaGe 
and Ga films have  been  generated and used for  quantitative  comparisons of the  growth  behavior of the two systems. A real time feedback 
control  scheme  has been  applied to the  Ga  system resulting in 70 percent of the  as-grown films falling within * 1 percent of the target 
collapse field. 

Introduction 
Liquid phase epitaxial (LPE) garnet films are usually 
grown  from PbO-B,O, fluxed melts of the  garnet  constitu- 
ents. In the isothermal  dipping  technique [l], the garnet 
substrates  are most  often  supported  horizontally and ro- 
tated to  ensure rapid  establishment of a steady  state 
boundary layer  at  the growth interface.  The  properties of 
films grown in this manner  depend in a  very  complicated 
way on the melt  composition,  growth rate, growth tem- 
perature,  and film thickness. To be able  to  predict,  quan- 
titatively, the film properties from the growth conditions, 
one must have detailed knowledge of melt constituent 
segregation  coefficients,  lattice  site occupancies, and de- 
pendence of film magnetic properties  on composition  and 
crystal structure.  The theory as it now exists [I-171 pro- 
vides understanding of the various  relationships, but it  is 
not quantitative  to  the  degree  necessary  to control  the 
growth process  to  the tight tolerances required in a multi- 
chip module  manufacturing scheme.  Such a scheme must 
be able to quickly compensate  for  deviations in film prop- 
erties  due  to melt changes, melt depletion,  temperature 
measurement  inaccuracies, and numerous  other irregular- 
ities. 

A regression model has been developed which quan- 
titatively describes film properties  as  functions of the 
growth parameters.  These  equations  are empirical and, 
therefore,  do not  provide the insights to be gained from  a 
theoretical  understanding of the relationships.  They do, 
however,  permit  quantitative  evaluation of the effect of 
process  changes  on film properties  and enable multi-vari- 
able  growth  strategies to be  devised  easily. 

Regression  analysis 
A regression equation can be written to relate  empirically 
the film growth parameters  to  the film properties. The lit- 
erature  on  LPE film growth [9, 10, 18-20] shows  that 
plots of saturation magnetization, M s ,  versus growth 
rate  and versus various melt compensation  ratios, R val- 
ues [3], are linear over wide ranges of the  parameter val- 
ues. The  slopes of the linear curves  depend  on  the  other R 
values.  This type of behavior  can be described by regres- 
sion equations involving only the experimental  variables 
and their first order  interactions. In addition, work in this 
laboratory shows  that growth rate, g, characteristic 
length, e, wall energy, cW, anisotropy field H,, ani- 
sotropy, K u ,  quality factor, Q, exchange  constant, A ,  lat- 
tice mismatch, Au, and minimum drive field, Hc,  can all 
be described by these main effects-first order interaction 
regression equations. Table 1 lists,  for (EuYTm), 
(FeGa),O,,, the adjustable  growth  conditions and some 
corresponding film properties. 

The model considers only the thickness-independent 
properties.  The thickness-dependent properties  can then 
be derived by including the  growth time. 

The generalized regression equation which describes 
the relationship between  properties  and  parameters  has 
the form 
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Table 1 Adjustable growth conditions and  corresponding film properties. 

f 

Growth  parameters 
(independent  variablesj 

Film  properties 
(dependent  variables) 

Thickness-independent 

(growth temperature) 
(substrate rotation  rate) 

( Fe203 + Ga,OB 
(TrnzO3/%n20d 
(Sm,0,/Xnz03) 

Fez03 

SLn,O, + Fe,O, + Ga20s 
( 1 /2 PBO + B203 + Top 

(growth rate) 
(magnetization) 

(characteristic length) 

(wall energy) 
(anisotropy field) 

(anisotropy) 

(quality factor) 

(exchange  constant) 

(lattice mismatch) 
(mobility) 
(peak velocity) 
(minimum drive field) 
(saturation  temperature) 

(time) 

Thickness-dependent 

H o  (collapse field) 
w, (stripe width) 
h (thickness) 

where the Ci are empirically determined  constants,  the Yi 
are  the  measured  properties, and the Xi are  the growth 
parameters.  The number n is the total  number of parame- 
ters  considered.  There will be a  similar  equation for  each 
of the i properties.  The number of constants in the equa- 
tion and,  therefore, the  number of different films which 
must be grown to  solve  for them is given by 

minimum number of films = + 1 .  
( n  + 1)n 

2 

The  computation  scheme used generates an equation 
for growth  rate in terms of Tg,  6 and  the appropriate R 
ratios. Temperature T,, g ,  and the R ratios are then used 
as independent  variables to generate  equations  for the 
other thickness-independent properties. Finally, M s ,  e ,  
and time t are used to generate the thickness-dependent 
properties.  This  results in a set of equations in which the 
thickness-independent  properties  are described  as func- 
tions of the  absolute growth temperature, T,, the  rotation 
rate, o, and the melt composition ( R  ratios).  The thick- 
ness-dependent properties  have, in addition, a depen- 
dence on the time for  growth, t .  These  equations  can be 
used to calculate the film properties,  or given a set of film 
properties  they  can  be solved for  the growth conditions. 
The values obtained, however, are very  sensitive to sys- 
tematic  differences in temperature  measurement between 

Table 2 Equations used in model. 

g = Cog + C,.T, + CIS + C,,.T, & (references [2] and [9) 

Ms = CDM + CIMT. + C z ~ g  + C U M T ~  

C = C, + C,,T, + C,& + C,,,T&, etc. 

Ho = H J M , ,  t, h) (reference [22n 

w, = w&', h) (reference [Z 1 J) 

h = gf 

where x = r, or w and - = t ah 
ag 
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Table 3 Samples of (Eu,Y,Tm),(Fe,Ga),012 used to generate equations. 

100.0000 
200.0000 
200.0000 
100.0000 
150.0000 
250.0000 
150.0000 
250.0000 

963 .O 
963.2 
974.7 
973.9 
974.9 
974.9 
960.3 
960.1 

1.60 
1.70 
0.76 
0.49 
0.77 
1.01 
1.52 
1.96 

261.5 
322.7 
261.4 
256.7 
277.2 
273.0 
320.1 
305.1 

0.379 
0.370 
0.426 
0.466 
0.440 
0.412 
0.380 
0.356 

0.206 
0.306 
0.232 
0.244 
0.269 
0.244 
0.310 
0.263 

0.38 
0.27 
0.43 
0.34 
0.26 
0.15 
0.12 
0.21 

‘Numbers can be read directly in gauss. 
bNumbers can be read directly in ergslcmz. 
‘Numbers can be  read directly in oersteds. 

different growth stations and to slight differences in com- 
position between supposedly  identical  melts. The deriva- 
tives of the film properties with respect  to T, and w are 
much  less sensitive  to small variations in melt composi- 
tion. For  example, it has been found  experimentally that 
the  derivatives of the  properties with respect  to T, and w 
are relatively  insensitive to small perturbations in the 
Fe/Ga ratio.  This is because  the  terms involving T, or o 
interactions with melt ratios are small and  the  derivatives 
calculated are still valid when small melt adjustments are 
made.  The  equations  are  thus most useful when used in a 
difference mode in which the calculated properties  are re- 
ferred  to  those of a  sample film grown  from  a  particular 
melt in a particular growth station. Derivatives of the 
thickness-independent  properties  can  be  obtained  numer- 
ically from the regression equations.  They  can then  be 
combined  (via the chain rule for partial derivatives) with 
numerical derivatives obtained  from the  equations of 
Fowlis  and  Copeland [21] and of Thiele [ 2 2 ] ,  to  generate 
derivatives of the thickness-dependent  properties.  The 
set of equations used for the simple case where  the melt 
composition is fixed  is listed in Table 2 .  The calculations 
are  done in generalized form by an APL program in a com- 
puter. 

Generation  of  regression  equations 
The film growth  conditions are varied in a  factorial  man- 
ner  to  generate  the number of points  required to solve for 
the  constants in the generalized  regression equation. 
More  points than  the minimum are  advisable so that a 
least  squares solution  can  be made.  The high and low lev- 
els of the  parameters should be as  far  apart  as possible to 
minimize the effects of measurement  error  and experi- 
mental scatter  on  the derived constants. Table 3 lists the 
experimental data  for a  (Eu,Y,Tm,),(FeGa),O,,  composi- 
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The  data  were  taken in the  order listed in the table in an 
attempt  to randomize  depletion  effects (or any other  sys- 
tematic  drift in growth  conditions) over rotation rate and 
growth temperature.  The  Ga  data in the table  show  a sys- 
tematic  drift in saturation  temperature with time due  to 
the small melt size used. Similar data were generated  for a 
(Sm,Y,Lu,Ca),(FeGa),012 composition. The  CaGe  data 
show better reproducibility because of the use of a  larger 
melt size. The  derivatives generated at a  typical set of 
growth  conditions are listed in Tables 4 and 5 for  the  Ga 
and CaGe systems, respectively. The  derivatives  for  the 
Ga system may be  somewhat in error  because of the large 
melt depletion  effect. Although the actual derivatives may 
not be  exactly correct, it  is believed that  the  trends  ob- 
served are  accurate and  that the general conclusions 
drawn are valid. These derivatives allow comparison of 
the  sensitivities of film properties to growth  conditions for 
the two systems. 

Figure 1 is a plot of Ms vs growth rate  as calculated 
from  the  regression equations.  The  actual  experimental 
data  are also  plotted on  the figure. Experiment  and  the 
regression fit agree within the measurement  error. 

Derivatives were also  generated  when films were 
grown with an oscillatory  rotation (washing machine mo- 
tion). The rotation speed in this case is the maximum ro- 
tation  speed  during the cycle. The  derivatives  for this mo- 
tion are listed in Table 6 and  are  seen  to be  very similar to 
the values  obtained for unidirectional rotation. 

Comparison of Ga and  CaGe  systems 
Examination of the sensitivities of the  properties  to 
growth parameters  for  the  CaGe and Ga  compositions 
shows  a few important  differences. First, M ,  in the  Ga 
system is a much stronger  function of rotation than that 
in the CaGe system.  Secondly,  the effect of T, on M ,  (and 
collapse field H o )  in the two systems  has  the  opposite 
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Table 4 Derivatives  for (Eu,Y,Tm),(Fe,Ga),012. Growth  conditions  were 198 rpm at 964.7"C for 1.42 min. Properties were M ,  = 
0.0298 T, = 0.396 pm, and h = 2.22 ym. 

5 i,.. L ") a T g  o, t  5 1,. w 

(rpm") ("C") (min") 
-~ 

g (ydmin)  0.0023 -0.0693 
M,(T X 104)a 0.1469 -3.3291 
e(pm) -0.0002 0.0041 
u w  (107J/~m2)b 0.0001 -0.0033 
H ,  (4?r~A~m-'/1000)C -0.0008 0.0084 
H,, (4n.A.m"/1000)' 0.2035 -5.293 1 50.4406 
w, (pm) -0.0004 -0.001 1 0.4282 
h (pm) 0.0032 -0.0984 1.5634 

'Numbers can  be read directly in gauss. 

<Numbers  can  be read directly in oersteds. 
bNumbers  can be read  directly in ergslcmz. 

Table 5 Derivatives  for (Y,Sm,Lu,Ca),(Fe,Ge),012 with unidirectional  rotation.  Growth  conditions  were 100 rpm at 915.5"C for 2.417 
min.  Properties  were M ,  = 0.0357 T, f? = 0.355 pm, and h = 1.95 pm. 

2 lTg, I *lo, L % lTg, w 

(rpm") ("c-l) (min") 
~~ 

g ( p d m i n )  0.0028 -0.0421 
M,(T X 1 0 4 ~  -0.0537 6.0891 
f? (pm) 0.0003 -0.0161 
u w  ( 10'J/cmZ)L' 0.0002 -0.0034 
H,  (4n.A.m"/1000)" 0.1946 1.9162 35.6384 
ws (pm) 0.0038 -0.1292 0.2164 
h ( 1 4  0.0067 -0.1017 0.8089 

"Numbers can be read directly in gauss. 

'Numbers  can be read directly in oersteds 
bNumbers can be redd directly In ergslcm. 

sign,  and the magnitude of dH,,/aT, for CaGe is smaller 
than for  Ga. Finally, dws/dT, for  Ga is much less  than for 
CaGe. Otherwise the  sensitivities of properties  to param- 
eters in both systems  are of similar magnitude. These ob- 
servations have  implications for  the ability to control  col- 
lapse field and  stripe width for the  two  compositions  stud- 
ied. 

The collapse field derivative equations, listed in Table 
2, involve three  terms, one  depending on magnetization, 
one on characteristic length,  and one  on film thickness. 
Similarly, dws/ax has two terms,  one involving e and the 
other h. Table 7 lists the values of these  terms  for  the  two 
systems. In the  CaGe system there is a  self-compensating 
mechanism for collapse field. A positive temperature fluc- 
tuation causes MF to increase  and 4 to  decrease, both 
of which cause  an increase in H , .  The  same fluctuation, 
however,  causes h to  decrease, producing  a compensat- 
ing decrease in H,,.  In fact, it is possible to  choose film 
properties and growth  conditions so that dH,/dT, = 0 for 
CaGe.  The stripe width is not  self-compensated. In the 
Ga system,  the self-compensating  mechanism  operates on 
stripe width rather than on collapse field. This apparent 

Figure 1 M ,  vs  growth  rate  for (Y,Sm,Lu,Ga)3(Fe,Ge),0,, 
with unidirectional  rotation. 

390 1 
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Table 6 Derivatives for (Y,Srn,Lu,Ca),(Fe,Ge)50,2 with oscillatory  rotation.  Growth  conditions were 100 rpm at 915.5"C for 2.417 rnin. 
Properties were M, = 0.0357 T, f? = 0.365 prn, and h = 1.88 prn. 

(rpm-9 

0.0021 
-0.0027 
0.0002 
0.0002 
0.1781 
0.0028 
0.0051 

("C") 

-0.0422 
5.5930 
-0.0164 
-0.0043 
1.3606 

-0.1306 
-0.1020 

36.1732 
0.1849 
0.7758 

"Numbers  can be read directly in gauss. 
bNurnbers can be read  directly in ergsicm. 
'Numbers  can  be  read  directly in oersteds 

Table 7 Expansion of temperature  derivatives. When the  equations in [21,  221 are  differentiated,  the  following  relations hold: 
(aH,,/aM,) >O, (dH,/af)  <O, (aH,/dh) >0, (dw,/ae) >0, and (&,/ah) >O. Units are consistent with those used in previous tables. 

~~ 

aH, 
a Tg 

2.49  3.91  -4.48  1.92 

CaCe 

a ws 
a Tg 

-0.102  -0.027  -0.129 

aH, 
a T g  

-1.36 -0.74  -3.17  -5.27 

Ga 

a ws 
a Tg 

0.026  -0.27  0.001 

disadvantage of Ga  systems can  be overcome by the use 
of a real time feedback control scheme during the film 
growth to  compensate  for  temperature  errors by changing 
the rotation rate. 

Rotation  compensation  for  temperature  errors 
In the LPE growth process,  temperature  can be  measured 
more quickly than it can be changed,  whereas the  rotation 
rate can  be  changed  almost instantaneously. This  sug- 
gests  a dynamic growth  control scheme in which errors in 
the  desired growth temperature  are  compensated by real 
time changes in the rotation rate, with the aim of keeping 

collapse field constant. Kasai and lshida [23]  report a sim- 
ilar scheme in which the run to run  rotation rate is 
changed to  keep growth  rate constant in the face of tem- 
perature  drifts.  The system described  here makes  within- 
run changes in rotation  rate  to  keep collapse field con- 
stant. 

The  amount of rotation compensation required can be 
calculated  from the derivatives in Tables 4 or 5. In order 
to keep  collapse field constant, 
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where ATg is the  temperature  error  and Aw is the  amount 
of  rotation  compensation  needed.  For  the  Ga  system 
studied, 

Am 
~ = 26 rpmideg  C. 

4Tg 

Further  examination  of  the  derivatives  for  Ga  shows 
that  the  change in w required  to  keep  collapse field con- 
stant  also  acts  to  closely  compensate film thickness.  This 
is because  the  bulk of the  collapse field change  for  Ga is 
due  to  growth  rate  variation,  and  the  compensation, 
therefore,  works  to  keep  growth  rate  constant.  The  stripe 
width  dependence  on  both Tg and w is small so the  stripe 
width  variation  produced by this  compensation  scheme is 
negligible. 

For  the  CaGe  system,  the  situation is different.  The 
same  collapse field compensation  scheme  can  be  applied, 
but  here  a  positive  temperature  error  causes  an  increase 
in collapse  field,  which  must  be  compensated  by  a  de- 
crease in rotation  rate.  This  further  reduces  the  thickness, 
which is already  low  because of the  higher  than  desired 
temperature.  Collapse field compensation  with  this  CaGe 
composition  thus  operates by adjusting  the film thickness. 
The  stripe  width  variation  with  temperature is relatively 
large so the  compensation  scheme  results in larger  errors 
in  stripe  width  than in the  Ga  system. 

In  summary,  the  CaGe  system  exhibits  a  self-compen- 
sating  mechanism  to  correct  collapse field for  temper- 
ature  errors,  but film thickness  and  stripe  width  vary. In 
the  Ga  system,  a  feedback  control  scheme is possible 
which  compensates  both  thickness  and  collapse field and 
causes  insignificant  variation in stripe  width.  This  feed- 
back  control  scheme  has  been  realized  with  a  process 
control  computer  and  has  been  applied  to  the  Ga  system. 
The  results  show  good  compensation  even  when in- 
tentionally  large  temperature  errors  are  introduced. 

Development of growth strategies 
With  each film grown,  there is a  depletion of garnet  con- 
stituents in the  melt,  which  changes  the  properties of the 
next film grown.  Hewitt,  et  al. [24] and  Kasai  and  Ishida 
[23] report  a  depletion  compensation  scheme in which 
temperature  and  time  are  changed  a fixed amount with 
each film grown  to  keep  collapse field and film thickness 
within  specified  limits.  Sumner  and  Cox [25] describe  a 
scheme in which  the  sensitivities of characteristic  length 
and  growth  rate  to  changes in temperature  are  determined 
for  each  melt.  These  derivatives  are  then  used  to  correct 
for  run  to  run  shifts of characteristic  length  and  growth 
rate. 

The  derivatives of Tables 4 and 5 can  be  used  to  de- 
velop  a  growth  strategy  for  keeping  collapse field, stripe 

width,  and film thickness  within  specified  boundaries. To 
do  this  the  following  equations  must  be  solved  simultane- 
ously: 

where Am, ATg, and 4t are  the  changes in growth  parame- 
ters  required  to  compensate all three  properties  for  deple- 
tion  effects,  and AH, dc,,, Aws and Ahde,, are  the  deple- 
tion  effects  (filmn-filmnP,).  These  depletion  corrections 
can  then  be  added  to  corrections  calculated  to  com- 
pensate  for  errors in the  properties  of  the  previous film 
grown.  The  error  corrections  are  calculated  by  replacing 
Adep with  the  deviation  from  desired  properties in the 
above  equations. In practice,  time  and  rotation  rate  can 
be  changed  more  easily  than  temperature  because of the 
long  time  constants of the  LPE  furnaces.  The  preferred 
strategy  is,  therefore,  to  compensate  the  two  most  rapidly 
varying film properties by changing w and t with  each film 
grown.  When  any  of  the  properties  drifts  out of specifica- 
tion  limits  or  when w or t take  on  unacceptable  values, 
then Tg is  also  varied to bring all properties  back  into 
range.  When  growth  temperature  changes  can  no  longer 
bring  about  the  desired  effects, melt additions  must be 
made to restore  the  melt  to its undepleted  condition.  New 
sets  of  derivatives  and  revised  growth  strategies  must  be 
calculated  periodically as  growth  conditions  change. 

Application to  (Eu,Y,Tm),(Fe,Ga),O,, film production 
An automated  growth  control  station  was  set  up  which 
included  computer  control  of  furnace  temperature  to 
kO.2"C  of setpoint, real time  rotation  compensation  for 
temperature  errors  (based on collapse  field), melt surface 
detection so growth  always  occurs  at  a fixed distance  be- 
low  the melt surface,  and  computer  timing  and  sequenc- 
ing  of the  growth  process.  Regression  equations  for  an 
(Eu,Y,Tm),(FeGa),O,, melt were  determined  from  data 
generated  with  a  melt  of small size, but similar  composi- 
tion, in an offline furnace. A series of 81 films were  grown 
over  a  period of five  weeks  from  a 1500-gram production 
melt. No additions of garnet  were  made  to  the  melt,  but 
PbO  was  periodically  added  to  maintain  saturation  tem- 
perature.  Films  were  grown  one  at  a  time  with  three films 
grown  between  remelt  cycles.  Derivative  calculations 
were  used  to  adjust  the  growth  conditions  for  each film 
based on the  properties  of  the  previous film and  depletion 
estimations.  Rotation  rate  and  growth  time  were  the  pa- 
rameters  most  often  adjusted.  The  data  reported  cover all 
films grown  from  this  melt,  including  four films grown ini- 427 
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Figure 2 Collapse field vs film number  for  (Eu,Y,Tm), 
(Fe,Ga),O,,. 

tially to determine  saturation  temperature,  five  films 
grown  when  there  were  computer  or  mechanical  prob- 
lems,  and 14 films grown  when  the melt was  seriously  de- 
pleted in PbO. No lead oxide  was  available  for  replenish- 
ment. Of these 23 films grown  under  adverse  conditions, 
15 were  outside  the  collapse field specification of 120 +. 
1.2 Oe (9600 +- 96 A.m"). The  overall  collapse field yield 
for  the  as-grown  films,  including  the  above  23  films,  was 
70 percent. All films  which met  the  collapse field specifi- 
cation  also  met  thickness  and  stripe  width  specifications. 
The  growth  times  for  these 81 films ranged  between 90 
and 105 seconds,  the  growth  temperatures  between 
966.9"C and 975.7"C, and  the  rotation  rates  between 100 
and 130 rpm.  The  collapse field data  are  plotted in Fig. 2. 

Conclusions 
An  empirical  regression  model for the  LPE  growth  proc- 
ess  allows  quantitative  determination  of  the  sensitivities 
of  all film properties  to  growth  conditions.  The  sensitivi- 
ties  determined  from  this  model  permit  quantitative  com- 
parison of the  ease of controlling  the  properties of CaGe 
and  Ga  garnets.  Although  CaGe films exhibit self com- 
pensation  for  collapse  field,  the  growth of Ga films should 
be  more  reproducible  when real time  feedback  control of 
collapse field is used.  The  property  derivatives  deter- 
mined  from  the  regression  equations  allow  feedback 
growth  strategies  designed to compensate  for  melt  deple- 
tion to  be  determined  easily. 
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