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Oxygen diffusion in laser deposited YBaCu0 thin films 
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Abstract 

Y B a C u O  t h i n  f i l n a s  w e r e  d e p o s i t e d  o n  p o l y c r y s t a l l i n e  Z r  s h e e t s  ( T  c = 8 9  K)  a n d  

s i n g l e - c r y s t a l l i n e  M g O  ( T  c = 9 0  K )  b y  K r F  l a s e r  a b l a t i o n .  T h e  o x y g e n  l o a d i n g  w a s  

s t t l c l i e d  by" r e s i s t a n c e  m e a s u r e m e n t s .  I n  t h e  c a s e  o f  f i l m s  o n  Z r  t h e  o x y g e n  

d i f f u s i o n  c o e f f i c i e n t s  a r e  s i m i l a r  t o  v a l u e s  d e t e r m i n e d  f o r  s i n t e r e d  p e l l e t s  b y  

t h e r m o g r a v i m e t r i c  m e a s u r e m e n t s .  F o r  f i l m s  o n  M g O ,  t h e  v a l u e s  a t ' e  r e d u c e d  b y  a 

f a c t o r  o f  x n o r e  t h a n  1OO. T h e s e  d i f f e r e n c e s  c a n  b e  u n d e r s t o o d  b y  t h e  d i f f e r e n t  

m i c r o s t r u c t u r e s  o f  t h e s e  f i l m s .  I n  t h e  c a s e  o f  f i l m s  o n  Z r - s h e e t s ,  t h e  c - t e x t u r e  

i s  n o t  p e r f e c t  a n d  l a r g e - a n g l e  g r a i n  b o u n c l a r i e s  a r e  ' o p e n  c h a n n e l s "  f o r  t h e  

d i f f u s i o n  o f  o x y g e n .  T h e  d i f f u s i o n  i n t o  t h e  g r a i n s  o c c u r s  p a r a l l e l  t o  t h e  Y B a C u O  

p l a n e s  i n  a / b - d i r e c t i o n .  O n  t h e  o t h e r  s i d e ,  i n  t h e  c a s e  o f  h i g h  q u a l i t y  f i h n s  o n  

M g O  w i t h  c r i t i c a l  d e n s i t i e s  j c ( 7 7 K )  = 3 " 1 0 6  A / c r n  2 ,  t h e  g r a i n  b o u n c l a r i e s  s e e ~ n  t o  

b e  ' d e n s e '  a n d .  t h e r e f o r e ,  t h e  o x y g e n  d i f f u s i o n  h a s  t o  t a k e  p l a c e  i n  c - d i r e c t i o n ,  

w h i c h  i n c r e a s e s  t h e  l o a d i n g  t i t h e s  by" a f a c t o r  o f  a b o u t  1OO d u e  t o  t h e  a n i s o t r o p i c  

o x y g e n  c t i f f u s i o n  i n  t h e  l a y e r e d  V B a C u O  s t r u c t u r e .  

1. Introduction 

Since a few yea r s  Y l B a 2 C u 3 O y  (YBCO) 
thin  f i lms  wi th  s u p e r c o n d u c t i n g  t r a n s i t i o n s  
of  a b o u t  90 K and cr i t ica l  c u r r e n t  dens i t i e s  
of  more  than  106 A / c m  2 at  77 K are 
o b t a ined  by' a l m o s t  every d e p o s i t i o n  m e t h o d  
used  so far .  Espec ia l ly ,  the  pu l sed  lase r  
d e p o s i t i o n  is f o u n d  to  be a su i t ab l e  m e t h o d  
for  the  p r e p a r a t i o n  of  high qua l i ty  YBCO 
f i lms  f r o m  s t o i c h i o m e t r i c  t a r g e t s  due to a 
l : l - c o n c e n t r a t i o n  t r a n s f e r  b e t w e e n  t a r g e t  
and f i lm. l ,2 ,  3 In o rde r  to  reach high supel:-  
c o n d u c t i n g  t r a n s i t i o n  t e m p e r a t u r e s  the  
f i lms  have to be c a r e f u l l y  p r epa red  at  high 
t e m p e r a t u r e s  of  a b o u t  750 °(2 and loaded  
wi th  oxygen  a f t e r  d e p o s i t i o n  at  l ower  
t e m p e r a t u r e .  For th is  r eason ,  it  is i m p o r t a n t  
to know the  loading  t imes  for  th in  f i lms  
p repa red  on d i f f e r e n t  s u b s t r a t e s .  

In th is  paper  we desc r ibe  our  r e s u l t s  
of  the  o x y g e n a t i o n  of  YBCO thin f i lms  
g r o w n  on po l i shed  p o l y c r y s t a l l i n e  Z r - s h e e t s  
and on s i n g l e - c r y s t a l l i n e  MgO s u b s t r a t e s .  
From the  o b t a i n e d  r e s u l t s  we p r o p o s e  a 
model ,  which  c o r r e l a t e s  the  d i f f e r e n t  loa-  
ding ve loc i t i e s  to  the  a n i s o t r o p i c  d i f f u s i o n  
c o e f f i c i e n t s  in the  a / b -  and the  c -d i r ec t ion .  

2. Experimental  Procedures 

Thin YBCO f i lms  were  in s i t u  d e p o s i t e d  
at  t e m p e r a t u r e s  b e t w e e n  700 and 800 0(7 
and an oxygen  par t ia l  p r e s s u r e  o f  a b o u t  
0.3 - 0.5 mbar  on po l i shed  Z r - f o i l s  and on 
s ing l e -  c r y s t a l l i n e  (100) MgO s u b s t r a t e s  by 
KrF exc imer  laser  ab la t ion  (Lambda Ph)s ik  
L P X I I 0 i )  as ear l ie r  descr ibed .  ¢ The s t r u c -  
tu re  and m i c r o s t r u c t u r e  of  the  d e p o s i t e d  
f i lms  were  e x a m i n e d  by X-ray  d i f f r a c t i o n  
and scann ing  e l e c t r o n  mic roscopy .  T c- 
m e a s u r e m e n t s  were  p e r f o r m e d  b)  a con-  
vent iona l  f o u r - p r o b e  me thod .  

The oxygen  loading was d i rec t ly  moni -  
t o r ed  by r e s i s t a n c e  m e a s u r e m e n t s  at  high 
t e m p e r a t u r e s .  For t he se  m e a s u r e m e n t s  the 
r e s i s t a n c e  of  the  f i lms  was  m e a s u r e d  by a 
f o u r - p r o b e  m e t h o d  wi th  s i lver  pa in ted  
c o n t a c t s  p r e s s e d  on the  f i lm. At c o n s t a n t  
t e m p e r a t u r e  the  oxygen  c o n t e n t  was 
changed  b3 vari ing the  oxygen  par t ia l  
p r e s s u r e  f r o m  10 -4 to 1 bar. 

3. Resul ts  and Discuss ion  

The qua l i ty  o f  the  c rys t a l  s t r u c t u r e ,  

0925-8388/93/$06.00 © 1993 - Elsevier Sequoia. All rights reserved 
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Figure 1. R e s i s t a n c e  vs. t ime  dur ing  oxygen  
load ing  of  YBCO on MgO 

the  grain  o r i e n t a t i o n s  and the  s u p e r -  
c o n d u c t i n g  p r o p e r t i e s  o f  the  YBCO f i lms  
on Zr fo i l s  s t r o n g l y  depend  on the  su r f ace  
r o u g h n e s s  o f  the  s u b s t r a t e ,  the  used  sub -  
s t r a t e  t e m p e r a t u r e  and  oxygen  par t i a l  
p r e s s u r e  dur ing  depos i t i on ,  s The b e s t  
s u p e r c o n d u c t i n g  p r o p e r t i e s  (T c = 89 K and 
jc(lOK)>lO 4 A / c m 2 ) ,  the  s h a r p e s t  rock ing  
curves  of  the  (O06) - r e f l ec t ion  o f  a b o u t  2.7 ° 
fu l l  w i d t h  a t  ha l f  m a x i m u m  (FWHM) and a 
c - l a t t i c e  p a r a m e t e r  o f  11.68 ~ were  ob t a ined  
in h ighly  c - t e x t u r e d  f i lms  g r o w n  on po l i shed  
Zr s h e e t s  a t  750 oct and  0.3 mbar  O 2 . These  
values  are c lo se  to  the  s t ab i l i t y  l imi t  o f  the  
p e r o v s k i t e  s t r u c t u r e .  6 

The s u p e r c o n d u c t i n g  p r o p e r t i e s  o f  
YBCO f i l m s  d e p o s i t e d  on s i n g l e - c r y s t a l l i n e  
MgO a t  780 °C and an oxygen  par t i a l  
p r e s s u r e  o f  O.S mbar  are c h a r a c t e r i z e d  by 
a Tc,o=90.5 K, a r e s i s t i v i t y  a t  lO0 K Of 
p(lO0 K)=ISO ~ cm, a r e s i s t i v i ty  r a t io  o f  
p(300 K)/p( lO0 K)=2.8, jc(4.2 K)=IO 7 A / c m  2 
and jc(77 K)>3 .106A/cm2.  7 In t h e s e  f i lms  
the  rock ing  curves  o f  the  (006) r e f l e c t i o n  
are sha rp  (FWHM ( 0.3 ° ) i nd ica t ing  t h a t  
t h e s e  f i lms  are s t r o n g l y  ep i t ax ia l ly  g r o w n  
wi th  ' pe r f ec t '  c - t e x t u r e .  

In o rde r  to  d e t e r m i n e  the  o x y g e n a t i o n  
t imes  fo r  the  th in  f i lms  g r o w n  on the  
d i f f e r e n t  t ypes  o f  s u b s t r a t e s  the  r e s i s t a n c e  
of  the  f i lms  was  m o n i t o r e d  dur ing  the  
load ing  p r o c e s s  a t  d i f f e r e n t  f ixed  t e m p e r a -  
tu res .  A typ ica l  r e s i s t a n c e  m e a s u r e m e n t  
p e r f o r m e d  a t  600 °C is s h o w n  in Fig. 1 fo r  
a 80 nm th ick  f i lm g r o w n  on MgO. As can 

be f o l l o w e d ,  a t  th is  t e m p e r a t u r e  the  
r e s i s t a n c e  d rops  wi th in  a few s e c o n d s  by a 
f a c t o r  o f  a b o u t  lO a f t e r  chang ing  the  
oxygen  p r e s s u r e  f r o m  1.10 -4  to  1 bar. The 
r e s i s t a n c e  is c o n s t a n t  a f t e r  load ing  indi-  
ca t ing  t h a t  the  t h e r m o d y n a m i c  equi l ib r ium 
is reached .  In Fig. 2 i t  can be f o l l o w e d  t h a t  
for  th in  f i lms  on Zr fo i l s  load ing  t imes  
( d e t e r m i n e d  by 95 % of  the  r e s i s t a n c e  de-  
crease)  o f  a few s e c o n d s  are ob t a ined  a t  a 
m u c h  lower  s u b s t r a t e  t e m p e r a t u r e  of  400 °C, 
a l t h o u g h  the  t h i c k n e s s  o f  t h e s e  f i lms  of  
a b o u t  SO0 nm was  m u c h  l a rge r  c o m p a r e d  
wi th  the  f i lm on MgO. 

For each o f  the  used  s u b s t r a t e s  such  
e x p e r i m e n t s  were  p e r f o r m e d  a t  d i f f e r e n t  
s u b s t r a t e  t e m p e r a t u r e s .  The r e s u l t s  are 
s u m m a r i z e d  in the  t i m e - t e m p e r a t u r e - t r a n s -  
f o r m a t i o n  (TTT) d i ag ram s h o w n  in Fig. 3. 
Obvious ly ,  the  load ing  t imes  for  f i lms  g r o w n  
on MgO s t r o n g l y  inc rease  wi th  dec reas ing  
t e m p e r a t u r e  f r o m  a b o u t  10 s a t  700 °C to 
a b o u t  25 rain a t  400 °C. On the  o t h e r  side, 
the  load ing  t imes  on po l i shed  Z r - f o i l s  are 
a b o u t  t w o  o rde r s  o f  m a g n i t u d e s  l ower  t han  
t h o s e  fo r  the  f i lms  on MgO. 

~. Conclus ions  

In o rde r  to  u n d e r s t a n d  the  d i f f e r e n c e s  
in the  load ing  t imes  of  the  th in  f i lms  on 
Zr fo i l s  c o m p a r e d  wi th  the  r e s u l t s  fo r  the  
f i lms  oil MgO, one has to compa r e  the  
d i f f e r e n t  t e x t u r e s  and m i c r o s t r u c t u r e s  o f  
the  YBCO samp le s .  

As ear l ie r  de sc r ibed  7,9 it can be con-  
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Figure 2. R e s i s t a n c e  vs. t ime  dur ing  oxygen  
load ing  of  YBCO on a Zr foil  
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Figure 3. T i m e - t e m p e r a t u r e - t r a n s f o r m a t i o n  
d i ag ram fo r  the  load ing  of  YBCO 
th in  f i lms  on Zr fo i l s  and on MgO 

c luded  f r o m  t e x t u r e  m e a s u r e m e n t s  using 
a fou r  c i rc le  d i f f r a c t o m e t e r  and f r o m  
scann ing  t u n n e l i n g  m e a s u r e m e n t s  t h a t  the  
YBCO f i lms  g r o w n  unde r  ' o p t i m a r  p repa -  
ra t ion  c o n d i t i o n s  on Zr fo i l s  are no t  only  
c - t e x t u r e d ,  bu t  a l so  a par t ia l  a l i g n m e n t  o f  
the  a / b - d i r e c t i o n s  i nduced  by the  ro l l ing  
t e x t u r e  o f  the  Zr s h e e t  occurs .  Due to an 
i s land  g r o w t h  in the  ear ly  s t age  of  the  f i lm 
g r o w t h  the  i n c o m p l e t e  a l i g n m e n t  of  the  
c- and a / b - d i r e c t i o n s  leads  to a la rge  
n u m b e r  of  l a r g e - a n g l e  gra in  b o u n d a r i e s  in 
the  f i lms  on Zr. On the  o t h e r  side, the  
ep i t axy  on the  MgO s u b s t r a t e s  leads  to 
c o m p l e t e l y  a l igned  a / b d i r e c t i o n s  and a 
p e r f e c t  c - t e x t u r e .  The re fo re ,  only  s m a l l -  
angle  grain b o u n d a r i e s  occur ,  a l t h o u g h  
the  ear ly  s t a g e s  o f  the  f i lm g r o w t h  on 
MgO are a l so  c h a r a c t e r i z e d  by an i s land 
g r o w t h .  On b o t h  s u b s t r a t e s  the  grain  size 
of  the  o b t a i n e d  f i lms  is s imi la r  and the  
su r f ace  t o p o g r a p h y  can be c h a r a c t e r i z e d  
by a large n u m b e r  o f  g r o w t h  s t eps  and 
g r o w t h  sp i ra l s .  

All the  o b t a i n e d  r e s u l t s  can be unde r -  
s t o o d  by the  f o l l o w i n g  model ,  which 
c o r r e l a t e s  the  s t r o n g l y  d i f f e r e n t  oxygen  
load ing  t imes  wi th  the  d i f f e r e n c e s  in the  
f i lm t e x t u r e s  and m i c r o s t r u c t u r e s :  

(1) In the  case  of  f i lms  on Z r - s h e e t s ,  
the  l a r g e - a n g l e  grain  bounda r i e s  are 
'open channe l s '  fo r  the  d i f f u s i o n  of  
oxygen  and,  t h e r e f o r e ,  the  d i f f u s i o n  in to  
the  gra ins  can occu r  pa ra l l e l  to  the  f i lm 
p lanes  in a / b - d i r e c t i o n .  

(2) On the  o t h e r  side, in the  case  o f  
high qua l i ty  f i lms  on MgO the  s m a l l - a n g l e  
grain b o u n d a r i e s  seem to  be 'dense ' ,  
a l t h o u g h  the  g r o w t h  s t e p s  and g r o w t h  
sp i ra l s  seen in scann ing  t u n n e l i n g  exper i -  
m e n t s  p robab ly  lead to a c o m p l i c a t e d  
s tuc ture  o f  these grain boundaries. 
Obviously ,  the oxygen uptake has to take 
place in c -d i rec t ion ,  which reduces the 
loading t imes by a fac to r  of  more than 100 
due to the an isot rop ic  oxygen d i f fus ion  
in the layered YBCO s t ruc ture ,  which is 
wel l  known f rom measurements on single 
crystals.  1o 

The d i f f us ion  coef f i c ien ts  fo r  the th in 
f i lms ola the d i f f e ren t  subst ra tes can be 
compared w i t h  values obtained fo r  s intered 
bu lk  pel lets.  The d i f f us ion  coef f ic ients  can 
be calculated by a random walk model by 
<x2>=2"D't  wi th  the  loading  t ime  t. In the  
case  of  th in  f i lms  on Zr fo i l s  the  grain 
radius  d e t e r m i n e d  by scann ing  e l ec t ro n  
m i c r o s c o p y  was used  fo r  x, whi le  in the 
case  of  f i lms  on MgO the  f i lm t h i c k n e s s  
has to be taken .  The ob t a ined  d i f fu s ion  
c o e f f i c i e n t s  are s h o w n  in Fig. 4. In th is  
f igure ,  the  r e s u l t s  of  the  increase  in we igh t  
m e a s u r e d  on bu lk  p e l l e t s  wi th  a dens i ty  o f  
a b o u t  7S Z b)  t h e r m o g r a v i m e t r i c  m e a s u r e -  
m e n t s  (see Ref. 8) are inc luded .  As expec -  
ted  f rom the  model  d i s c u s s e d  above, the  
d i f f u s i o n  c o e f f i c i e n t s  fo r  th in  f i lms  g rown  
on Zr fo i l s  are the  d i f f u s i o n  c o e f f i c i e n t s  
in a / b  d i rec t ion  D a / b  and, t h e r e f o r e ,  are 
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similar to those  of the bulk pel lets .  In 
both  cases  the oxygen a toms  can easily 
reach the a / b - p l a n e s  of the grains due to 
the 'open channels '  of  the l a rge -ang le  grain 
boundar ies  of the f i lms and the low densi ty  
of the s in te red  material ,  respect ively.  On 
the o the r  side, the  d i f fus ion coef f ic ien ts  
along the c -d i r ec t ion  Dc measured  for  f i lms 
grown on MgO are reduced  by two orders  
of magni tudes  due to the aniso t ropy of the 
oxygen di f fus ion in the layered perovski te  
s t ruc tu  re. 

From these  c h a r a c t e r i s t i c  di f fe rences  
in the d i f fus ion  behaviors one can conc lude  
tha t  a de te rmina t ion  of a slow oxygen 
uptake in thin f i lms by res i s tance  measu re -  
ments  can be taken as a crucial indicator  
for  a high quali ty of the thin f i lms with 
comple te  c - t e x t u r e  and only a small  
number  of  l a rge -ang le  grain boundaries .  

This work was suppor ted  by the BMFT 
under  Grants  No. FKZ 13NS493 and 
13NS493A. 
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