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A b s t r a c t  

Y-Ba-Cu-O thin films were prepared on yttria-stabilized zirconia (YSZ) (100), MgO (100) 
and SrTiOa (100) substrates by a spray pyrolysis method. The films on YSZ, which were 
heated rapidly at 1020-1030 °C and then exposed to argon gas until the furnace cooled 
to 960-970 °C, showed high Jc values of about 104 A cm -2 (77 K; 0 T). The films have 
an aligned grain structure consisting of large plate-like grains over a wide area. The 
melt-processing method in an argon ambient was found to be useful for the enhancement 
of the Jc of thin films. 

1. I n t r o d u c t i o n  

In order  to  p repare  thin and thick films of  supe rconduc t ing  YBaeCuaOT_x 
(the 1:2:3 compound) ,  a n u m b e r  of  fabricat ion techniques  have been  used. 
A m o n g  these methods ,  the non-vacuum techniques  such as screen  print ing 
[1], spin coat ing [2] and chemica l  spray pyrolysis  [3] are relatively simple 
and inexpensive.  In particular,  the spray  pyrolysis  me thod  is suitable for  
prepar ing  thin films at a high deposi t ion  rate on both  small and large areas  
with s toichiometry.  Almost  all films prepared  by this method,  however,  show 
surface roughness  and po rous  micros t ructure ;  so the critical cur rent  densi ty  
Jc is not  very  high (about  100 A cm-2) .  This has  been  at tr ibuted to the use 
of  convent ional  sol id-phase sintering me thods  [3 -10 ] ,  i . e .  the films have 
been  fired for a relatively long  t ime at a low t empera tu re  ( 8 0 0 - 9 5 0  °C at 
most )  in ei ther  an air or  an oxygen  a tmosphere .  To ove rcome  the difficulty 
of  low Jc, it is desirable to  melt  the Y - B a - C u - O  ceramics  to reduce  the 
granular  and po rous  s t ructure  [11 ]. In such a case, a brief heat  t rea tment  
would  be required to  suppress  the interface react ion be tween the film and 
the substrate.  We have appl ied the mel t -process ing me thod  to thin films by 
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using a rapid and brief heat t reatment  and obtained a high J¢ value of 4800 
A cm -2 (77 K; 0 T) as reported in another  paper  [12]. However, the optimized 
firing conditions had not  been established at that experimental  stage. Here 
we report  the effects of the firing conditions on the J¢ value of the thin 
films systematically. 

2. Exper imenta l  procedure 

The Y-Ba-Cu-O films were prepared in a fashion similar to those in 
the previous study [12]. In ref. 12, we used helium as the ambient gas. It 
has become evident that there is no great difference between helium and 
argon for the improvement of Jc. We therefore used argon in this experiment. 

To prepare an aqueous solution, Y(NOa)a'6H20, Ba(NOa)2 and 
Cu(NOa)2-3H20 were dissolved in ultrapure water  separately and then the 
solution was mixed in a [Y]:[Ba]:[Cu] = 1:2:3 molar ratio. At the same time, 
ethanol was added up to 20°/0 to the solution. The YSZ (100), MgO (100) 
and SrTiO3 (100) used as substrates (3 mm × 10 ram) were chemically etched 
to a mirror finish. During spray deposition, the substrate was kept at 300 
°C on the hot-plate. The temperature  of the substrate is monitored continuously 
during spray deposition with a chromel-alumel  thermocouple  and is controlled 
to within ± 10 °C. The films spray deposited were pre-heated at 500 °C for 
30 min in air. The films thus prepared were fired by a simple rapid heating 
as follows. Films were directly introduced, within 1 min, into the centre of 
the tube furnace under  flowing argon, which was pre-heated to the desired 
firing temperature Ts= 1020 or 1030 °C. After the films had been fired at 
Ts for 2 min, the furnace was cooled gradually. When the furnace temperature  
had fallen to Th, the gas flow was changed from argon to oxygen, which is 
the main point in which the work in ref. 12 is different. In ref. 12, the rare 
gas flow was carried out  only when the temperature was T~. After this, the 
films were gradually cooled in the furnace with an anneal at 600 °C for 2 
h, to room temperature.  The flow rates of argon and oxygen were 1 1 min-1 
and 0.5 1 rain -1 respectively. 

The thicknesses of the fired films were found to be about 2 /~m, using 
a surface profile meter.  The critical temperature T¢ and critical current  I¢ 
of these films were measured with a standard d.c. four-probe method. The 
J¢ value was calculated by dividing Ic, which was measured at 77 K in a 
zero magnetic field, by the average cross-sectional area of the film. The J¢ 
value therefore represents  the approximate average critical density. 

The microstructure of the films was investigated by scanning electron 
microscopy (SEM), X-ray diffraction (XRD), energy-dispersive X-ray analysis 
(EDXA) and electron probe microanalysis (EPMA). 

3. Exper imenta l  resul ts  and discuss ion 

We first studied the effects of varying the switching temperature Th on 
the Jc value of films formed on YSZ substrates. Figure 1 shows the Jc variation 
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Fig. 1. Critical current density Jc (77 K; 0 T) of films formed on YSZ as a function of the 
switching temperature Th at which the flowing gas is changed from argon to oxygen for furnace 
temperatures Ts of 1030 °C (Q) and 1020 °C (O). 

Fig. 2. Surface SEM photographs of the film fired at Ts= 1020 °C for switching temperatures 
T h of (a) 1010 °C, Co) 970 °C and (c) 920 °C. The inset of each photograph shows the EDXA 
for the region marked by an arrow. 

wi th  Th for  t he  f i lms f i red a t  a c o n s t a n t  t e m p e r a t u r e  Ts of  1 0 2 0  or  1 0 3 0  
°C. T h e  J¢ va lue  of  b o t h  se r i e s  is f o u n d  to  be  v e r y  s e ns i t i ve  to  Th. W h e n  
t he  f i lms w e r e  f i red a t  T s = 1 0 4 0  °C a n d  above ,  all  f i lms s h o w e d  p o o r  
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  ( 3 0 0  A c m - 2  at  m o s t )  a n d  i n s u l a t i n g  p r o p e r t i e s ,  
r e spec t i ve ly .  On  the  c o n t r a r y ,  J¢ for  the  f i lms fired a t  Ts--- 1 0 1 0  °C or  l o w e r  



196 

0 

,.,Q 

0 

c 

c 

(a) 

O 
9 

(b) 

(c) 

A_ 
20 

IJ ~ o Y2BaCu05 
6 N ~ ~ *BaCu02 

I I 
30 40  510 60  

2 e  (deg) 

Fig. 3. XRD pat terns  for the samples  shown in Fig. 2. 

was 3000-5000 A cm-2 at most and decreased abruptly with decreasing Th. 
Further enhancement of J¢ could not be expected in this low temperature 
range for the following reasons: (i) the period of heat treatment above the 
solidus temperature is so short that the periodic reaction of Y2BaCuO~ (the 
2:1:1 phase) with the liquid phase does not proceed sufficiently and (ii) as 
mentioned later the crystal growth of Y-Ba-Cu-O itself is prevented because 
of the deficiency of oxygen in this range. 

For convenience, we shall try to classify the data shown in Fig. 1 into 
three temperature ranges Th; above 990 °C, 950-980 °C and below 940 °C. 
Figure 2 shows SEM photographs of three kinds of sample fired at a constant 
temperature T,= 1020 °C, followed by switching at Th = 1010 °C, 970 °C and 
920 °C, respectively, which are the representative temperatures in each region. 
The inset of each photograph gives the EDXA on the region marked by an 
arrow. Figure 3 represents the XRD patterns of the same samples as in 
Fig. 2. 

3.1. T e m p e r a t u r e  r e g i o n / ,  Th > 990 °C 
The Jc values of films fired at Ts = 1020 °C and 1030 °C are 2500-3500 

A cm -2 and 0-2500 A cm -2 respectively. For 1020 °C films, (i) very large 
grains hav inga  plate- and needle-like structure are observed (Fig. 2(a)), (ii) 
the oblong-shaped grain (region A) was identified as Y2BaCu05 (the 2:1:1 
phase) and (iii) the predominant phase is 1:2:3 with a fairly strong intensity 
of (001) reflections, indicating that the preferred orientation of the c axis is 
promoted (Fig. 3(a)). For Ts= 1030 °C films, (i) the grain size was smaller 
than that of 1020 °C films, (ii) XRD patterns showed the reflection peaks 
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of the 1:2:3 phase with a smaller degree of preferred orientation and the 
reflection peaks of the 2:1:1 phase with increased intensities compared with 
the corresponding peaks in the 1020 °C films. These facts give rise to the 
difference between the J~ of the two series. 

Although the data points are considerably scattered, the Jc values of 
both series tend to decrease with increasing Th, accompanied by a decrease 
in grain size and the increase in impurity phases such as the 2:1:1 phase 
and BaCuO2. This result is characteristic of films exposed to oxygen at a 
high temperature.  Chen et al. [13] have reported that incongruent melting 
of Y-Ba-Cu-O occurs at a temperature about 60 °C lower in a reduced 
oxygen partial pressure than it does in air. We therefore replaced argon by 
oxygen in this temperature  region while the Y-Ba-Cu-O is still partially 
melted. As mentioned later, the decomposit ion of the stoichiometric 1:2:3 
phase would be activated under  oxygen at a high temperature.  This may be 
the reason why the J¢ values are low as a whole in this region. The lower 
Jc of the 1030 °C films is also attributable to the larger amount of impurities, 
which is observed in the XRD patterns, because of the higher heating. 

3.2. Temperature  region II, Th=950-980 °C 
The Jc value is at its highest ( 5000 -9500  A cm -2) in this region. Grain 

growth is enhanced, and a large plate-like structure up to 300 t~m× 300 
t~m in size can be seen over a wide area (Fig. 2(b)). In fact, a black lustre 
visible to the naked eye could be observed in various places on these films. 
This structure (region B) was identified as the superconducting 1:2:3 phase 
by EDXA. All the (001) peaks in the XRD pattern have pronounced intensities 
(Fig. 3(b)). In this temperature  region, no great difference between the Jc 
of the 1020 °C films and the 1030 °C films is found, i.e. in both series the 
large plate-like grains grow and stoichiometry is maintained without decom- 
position from the 1:2:3 phase in a low oxygen partial pressure. These results 
lead to a high J¢ of 9500 A cm -2. 

3.3. Temperature  region III, Th < 940 °C 
The surface of the film is rough as a whole and Jc is as low as 3000 

A cm -2. As the switching temperature  Th decreases, Jc decreases. When 
argon is passed continuously until Th < 920 °C, the XRD peaks corresponding 
to the 1:2:3 phase become smaller, as shown in Fig. 3(c). Discontinuous 
small grains with oblong shape (C) and a cloud-like structure (D) can be 
seen (Fig. 2(c)). Regions C and D are identified as the 2:1:1 phase and an 
yttrium poor  phase respectively by EDXA. For the cloud-like structure D, 
(i) it was always seen when argon was passed continuously until low Th, 
(ii) the molar [Y]:[Ba]:[Cu] ratio was about 1:3.5:7.4, which suggests that 
it consists of BaCuO2 + CuO in the main, (iii) the number and the size of 
these features tended to increase with decreasing Th and (iv) this structure 
was also observed in the screen-printed thick film formed with a similar 
firing condition [14]. These results suggest that the crystal growth of 
Y -B a -C u-O  itself is prevented because of the deficiency of oxygen. 
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Figures 1 -3  indicate that aligned grain growth is promoted  when the 
argon flow is maintained until the furnace temperature  drops to the range 
9 5 0 - 9 8 0  °C, and large plate-like grains with a strong c axis alignment would 
lead to a high Jc value of the film. 

The maximum Jc value of about  104 A c m  -2 is four to five times larger 
than that obtained in a thick film fabricated under  similar processing conditions 
[14]. In the thick film, a higher temperature  (Ts= 1060 °C) was required to 
melt the whole Y-Ba -Cu-O  film in a short  firing period. This high temperature 
t reatment  is accompanied by the following structural defects: (i) the stoi- 
chiometric deviation from the 1:2:3 phase occurs in a fairly wide region in 
the film, (ii) the reaction between the film and the substrate proceeds  and 
(iii) cracks are easily produced in the film as a result of extended volume 
reduction. In fact, the size of the plate-like grains in the thick film is smaller 
than that in the thin film as a whole. On the contrary, these defects would 
be hard to introduce in the present  thin film. 

We next  examine the effect of a flowing mixture of argon and oxygen 
on the J¢ value of the film. Figure 4 shows variations in the J¢ value of the 
films formed on YSZ vs. the mixture ratio of argon to oxygen. Films were 
fired at Ts = 1020 °C by keeping both the switching temperature  Th and the 
flow rate of mixed gas constant  at 1000 °C and 1 1 rain-1 respectively. The 
ratio x/(1 - x )  of argon to oxygen was varied according to x=  1, 0.95, 0.85, 
0.75, 0.5, 0.25 and 0. All films, except  for the film with x=O, attained zero 
resistivity above 77 K and showed a metallic behaviour from room temperature 
to Tc (onset). The Jc values of data points lying on the horizontal axis are 
less than 100 A cm -2. For reference,  the temperature  dependence of the 
resistivity for the two films with x = 1 and x = 0.5 is shown in the inset. The 
T¢ (zero) values of both films are 91 K (x= 1) and 88 K ( x = 0 . 5 ) .  It should 
be noted that the J~ value drastically decreases with increase in the oxygen 
content. This phenomenon is more marked than in the case of thick films 
[14], which suggests that the ambient gas exerts  its influence on a thin layer 
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Fig. 4. Var ia t ions  o f  J¢ vs. t he  m i x t u r e  rat io x/(1 - x )  of  a r g o n  to oxygen .  The  h e a t  t r e a t m e n t  
cond i t ion  is T s =  1020  °C, Th= 1000  °C. The  t e m p e r a t u r e  d e p e n d e n c e  o f  res is t iv i ty  for  the  
f i lms wi th  x =  1 and  x =  0.5 a re  s h o w n  in the  in se t  ( see  text) .  
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(probably a few micrometres) near the surface of the film in our processing 
conditions. 

Figure 5 shows XRD patterns of three samples with x = 1, x = 0.95 and 
x = 0.5. Some features can be noted on this figure. As the oxygen content 
increases, (i) the intensity of the (001) peaks decreases, (ii) the intensity of 
the impurity peaks corresponding to the 2:1:1 phase and BaCuO2 increases 
and (iii) the (013), (103) and (110) peaks become stronger and the oxygen- 
deficient (tetragonal) structure disappears. 

Figure 6 shows the surface SEM photographs and the EPMA mapping 
of yttrium, barium and copper for the same samples as used for Fig. 5. The 
element profiles were also analysed on the line. As the oxygen content 
increases, (i) the grain size decreases markedly, (ii) the uniformity in the 
composition of each element decreases and (iii) copper segregation along 
grain boundaries becomes pronounced, which causes a deviation from the 
1:2:3 phase. It is found from these figures that, when a small amount of 
oxygen is included in the flowing gas, the plate-like structure with the 
stoichiometric 1:2:3 phase disappears and granular second phases among 
the grains increase. These drastic microstructural changes are closely related 
to the superconducting property Jc, as shown in Fig. 4. 

Figures 4-6  indicate that the firing under flowing argon restrains the 
formation of secondary impurities and promotes the grain growth of the 
stoichiometric 1:2:3 structure. Mukherjee et  al.  [ 15 ] have reported that the 
oriented grain growth of Y-Ba-Cu-O is improved at low oxygen partial 
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pressures. Chen et  a l .  [13] have also observed that the shrinkage rate and 
relative density of Y-Ba-Cu-O increase with decrease in the oxygen partial 
pressure. Manabe et  al .  [16] recently investigated the effect of ambient gas 
on the reaction between Y-Ba-Cu-O and the YSZ substrate and concluded 
that the interface reaction decreases in the order air, oxygen and argon. 
These results qualitatively agree with the present experiment. 

In our experiment, the specimen was placed within the furnace tube 
with its surface parallel to the direction of the gas flow. It was sometimes 
observed in the same sample that grain growth on the surface exposed 
upstream differed from that on the surface exposed downstream. Figure 7(a) 
shows typical surface SEM photographs of the film fired at Ts = 1020 °C, 
Th = 970 °C; on the left is the surface exposed upstream and on the right 
is the surface exposed downstream. On the upstream side, a large grain of 
size about 150 ~ m × 1 5 0  ~m on the surface is grown. The rectangular 
structure seen in the centre of the large grain is found to be secondary 
2:1:1 phase from EDXA. On the contrary, a parallel needle-like structure 
apd rougher surface can be seen on the downstream side. In the extreme 
case, discontinuous small particles appeared on the downstream part. The 
SEM photograph and EPMA mapping shown in Fig. 7(b) is an example of 
a surface which was fired under similar conditions to the sample in Fig. 
7(a). As is found from this figure, the uniformity in composition of each 
element is lost over a wide region. The detailed mechanism causing this 
difference is not clear at the present stage. This phenomenon, however, 
seems to be related to the cooling process [17]. 

Thin films were prepared on MgO and SrTiO3 substrates fired in the 
same way as those formed on YSZ. However, these films showed inferior 
superconducting properties. Figures 8(a) and 8(lo) show the XRD patterns 
and surface SEM photographs of the film (Ts = 1030 °C; Th = 980 °C) formed 
on MgO and SrTiO3 respectively. Large plate-like crystals with preferred c 
axis orientation were found to be created on the MgO substrate, but its Jc 
value is very low. The best Tc (zero) and Jc values of the films on MgO 
were 80 K and 40 A cm -2 (77 K; 0 T) respectively. Komatsu et  al .  [18] 
have reported that the addition of a very small amount of magnesium decreased 
the Jc. The reason for this degradation has been suggested by Golden e t  a l .  

[ 19] to be as follows. 
(i) Magnesium ions diffuse into the Y-Ba-Cu-O films. The magnesium 

ions mainly substitute for the copper ions in the Y-Ba-Cu-O lattice because 
of the similar ionic radii of magnesium and copper. Owing to the difference 
between the electronegativities of magnesium and copper, the superconductive 
properties will be greatly affected. 

(ii) The stoichiometry is changed because of the diffusion of copper 
into the substrate. Other researchers [20] have also reported the diffusion 
of copper into the substrate and the large mobility of copper in the liquid 
phase of Y-Ba-Cu-O. This interface diffusion is enhanced in our liquid- 
phase processing and would be the main cause of the poor superconducting 
properties. 



203  

(a) 50  um 

Co) 6 0  pm 

Fig. 7. Sur face  SEM p h o t o g r a p h s  a n d  EPMA m a p p i n g  for the  f i lms f ired at  Ts = 1020  °C, 
Th = 970  °C. (a) The  u p s t r e a m  side (left)  and  t he  d o w n s t r e a m  s ide  ( r ight)  o f  a typ ica l  su r face .  
(b) SEM p h o t o g r a p h  and  EPMA m a p p i n g  o f  y t t r ium,  ba r ium,  coppe r ,  o x y g e n  and  z i r c o n i u m  
on  the  d o w n s t r e a m  par t  in the  e x t r e m e  case .  
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Fig. 8. XRD patterns and surface SEM photographs of the sample fired at T8 = 1030 °C, Th = 980 
°C, for the substrates (a) MgO and Co) StTiO3. The intensities in (a) are drawn to a quarter 
of the scale of those in (b). 

On the contrary ,  the film fo rmed  on SrTiO3 did no t  show any distinct 
peak of  Y - B a - C u - O  in the XRD pa t te rn  excep t  for that  of  the SrTiO~ substrate.  
Moreover,  SEM observa t ion  indicates tha t  the surface of this film looked 
glassy and its appea rance  differs cons iderab ly  f rom f i l l s  formed on YSZ and 
MgO. The r o o m  t empera tu re  resistivities of  all f i l l s  were extremely high, 
and no film showed  superconduc t iv i ty  above  77 K in our  exper imental  
condit ions.  This may  be at t r ibuted to con tamina t ion  of  the film due to the 
diffusion of  s t ront ium and/or  t i tanium into the film [21] or to the format ion  
of  YBaaTi2Oa.5 [22].  

The mos t  successfu l  subst ra te  in our  exper iment  was YSZ, where  BaZrO3 
p roduced  by the diffusion of  bar ium ions into the subst ra te  would  act  as a 
buffer layer  and inhibit fur ther  interface reac t ion  [23 -25 ] .  

4. C o n c l u s i o n s  

The main  conc lus ions  of  this p a p e r  are as follows. 
(1) Mel t -processing in an a rgon  ambien t  is very  useful for the enhancemen t  

of  Jc values of  thin f i l l s  p repa red  by the spray  pyrolysis  method.  A m a x i m u m  
Jc of  about  104 A cm -2 is obta ined with a firing condi t ion  of  Ts = 1020--1030 
°C, Th = 9 6 0 - 9 7 0  °C. Large plate-like grains with a s t rong c axis a l ignment  
are observed  over  a wide area in these films. 
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(2) T h e  Jc  v a l u e s  a n d  the  m i c r o s t r u c t u r e s  o f  t h e  f i lms  a re  v e r y  s e n s i t i v e  

t o  t he  f l owing  gas .  T h e  f i r ing  u n d e r  f l o w i n g  a r g o n  r e s t r a i n s  t h e  f o r m a t i o n  

o f  s e c o n d a r y  i m p u r i t i e s  a n d  p r o m o t e s  t h e  g r a i n  g r o w t h  o f  s t o i c h i o m e t r i c  

1 :2 :3  p h a s e .  

(3)  T h e  m o s t  s u c c e s s f u l  s u b s t r a t e  is YSZ in o u r  m e l t - p r o c e s s i n g  m e t h o d .  
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The  a u t h o r s  w o u l d  l ike  to  e x p r e s s  t h e i r  s i n c e r e  t h a n k s  to  Y. H a t a  a n d  

O. M a n o  o f  Mei jo  U n i v e r s i t y  f o r  t h e i r  t e c h n i c a l  a s s i s t a n c e .  Th i s  w o r k  w a s  
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