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Thick films of superconducting oxides, YBa2Cu307_ ~ , were successfully made by conventiona! 
screen-printing technology on AI203, MgO, and Zr02 substrates. Interdiffusion between the 
superconductive film and substrate was investigated using analytical electron microscopy. The 
results indicate that MgO and Zr02 are superior to AI203 for substrate materials. 

1. I n t r o d u c t i o n  
Since the recent discovery of high-temperature oxide 
superconductors, YBa2Cu307_6, extensive research 
has been conducted to improve their critical current 
density [1-8]. A number of studies have been also 
undertaken on mechanical forming processes such as 
hydrostatic extrusion [9, 10], wire drawing [9 11] 
and tape casting [12-15]. In electronic device ap- 
plications, however, where screen printing is the most 
economical process for patterning devices, only lim- 
ited attention has been paid to applying this techno- 
logy to the new oxides [16-19]. 

A major concern in screen printing is the bonding 
between the film and the substrate which results from 
the chemical interdiffusion of cations across the 
film-substrate boundary during high temperature 
sintering. The interdiffusion, if excessive, can cause 
the formation of undesired compounds near the inter- 
face [20, 21]. Such reactions could diminish or even 
destroy the film's superconducting properties. The 
purpose of the present research is to obtain quantitat- 
ive information about the interdiffusion of cations 
across the film-substrate boundary. Three substrate 
materials, single crystal MgO, polycrystalline A1203, 
and yttrium-stabilized ZrO2, were used. The results of 
A120 3 substrate were reported earlier [22], but are 
included here for the sake of comparison. 

2. Experimental procedure 
Three groups of specimens with different substrates 
were prepared in the study. The thick-film paste was 
made of YBa2Cu307_ ~ powder with organic vehicles 
(surfactant, binder, and solvent), using three stages of 
roll milling for homogeneity. The thick-film patterns 
were screen printed on the substrates, dried at 120 ~ 
for 20 rain, and subsequently heat treated at 500 ~ for 
organic burnout. The diffusion couples were sintered 
at four different temperatures under flowing oxygen: 
900~ for 5h, 930~ for 2h,  950~ for l h ,  and 
1000 ~ for 10 min. All couples were furnace-cooled to 

450 ~ annealed for 6 h at 450 ~ and slowly cooled 
to room temperature. A superconductive film of 20 
to 50 lam thickness was successfully printed on each 
substrate by the above thermal processing [19]. 

The resistance of the sintered specimens was deter- 
mined with a standard d.c. four-point probe at a 
current of 0.5 mA. The best electrical results were 
obtained on couples with MgO and ZrO2 substrates. 
Fig. 1 depicts the temperature dependence of resist- 
ance of a thick film on MgO substrate. The onset 
temperature (T~) of superconductivity of this film is 
about 87 K and the superconducting transition is 
completed (R = 0) at 79 K. The X-ray diffraction 
patterns show that, except for some characteristic 
peaks of the substrate, the major peaks can be as- 
signed to the orthorhombic superconducting phase 
(Fig. 2). Films printed on A120 3 substrate showed a 
drop in resistance at about 80 K, but the resistance 
never reached a "zero" state. This weak superconduc- 
ting behaviour is consistent with the diffusion results 
as discussed below. 

The short diffusion path, meant that concentration 
profiles were measured with a Philips 400 T analytical 
electron microscope in the STEM mode, which has 
high precision in point measurement. In preparing 
a STEM specimen for the interdiffusion study, the 
specimen must contain a well defined interface. Small 
sections containing the interface were cut out from the 
sintered plate with a diamond saw. Two pieces of the 
sections were glued together with the superconductive 
phase facing each other and then mounted with epoxy 
in a silver tube of 2.5 mm opening and 3 mm outer 
diameter. The filled silver tube again was cut into discs 
with the interface situated perpendicular to the surface 
of the disc. By lapping and finish-polishing both sides 
of the disc, the disc thickness was reduced to about 
50 ~tm. One side of the polished disc thenwas dimpled 
by a 15 mm brass wheel with 3 gm diamond paste and 
polished by a polishing wheel with 0.25 gm diamond 
paste. The dimpling step was carried out at several 
spots along the line perpendicular to the interface. 
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Figure 1 Temperature dependence of resistance of an YBa2Cu3OT_~ 
thick film on MgO substrate. Specimen sintered at 950 ~ for 1 h. 
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Figure 2 XRD pattern of an YBa2Cu3OT_ ~ film on M gO substrate. 
Specimen sintered at 950~ for l h (a) pure YBaCuO super- 
conductor, (b) YBaC uO-M gO.  

This procedure produced a homogeneous thin band 
5 gm in thickness, about  20 lam in Width and 150 gm 
in length. This band then was ion-milled using a 
Gatan unit at a 12 ~ ion-beam incident angle on the 
cold stage at liquid nitrogen temperature and a t 4  kV 
accelerated voltage and 0.5 A current, The ion-milled 
thin area was thinned further using a precise ion 
milling system (PIMS). The difference in hardness of 
the superconducting film and substrata materials 
means that a minor adjustment had to be made in the 
thickness of the dimpled band. 

The characteristic X-ray spectra for all elements 
along the line perpendicular to the interface were 
determined by an analytical electron microscope at 
120 keV. A quantitative analysis of the concentrations 
of cations was conducted based o n  the comparison 
with standard spectra of pure elements. The spectrum 
collection range was up to 20 keV. K lines were used 
for the quantitative analysis of all the elements except 
for Ba, for which the L lines were chosen because of its 
high atomic number. 

3 .  R e s u l t s  a n d  D i s c u s s i o n  

For solid-state diffusion in a multiple-component 
system, the mass transfer of an individual species 
depends not only on its own chemical potential gra- 
dient, but also on gradient fields of other species 
present [22, 23]. A formal mathematical analysis for 
such a system, however, is highly complex and no such 
attempt is made in this study. Our approach is to 
present the measured data to illustrate the diffusion 
characteristics of cations for different substrata mater- 
ials and correlate with the electrical measurements. By 
comparison, a suitable substrata for the film-substrate 
superconductors can be chosen. 

3.1. S p e c i m e n s  wi th  M g O  s u b s t r a t e s  
Typical concentration profi les  for specimens with 
MgO substrate are shown in Fig. 3a. The diffusion 
paths appear reasonably normal* except for Cu ions 
where a slight uphill diffusion is observed [22]. 
Change of sintering temperatures did not have a large 
effect on the shapes of cation distributions or on the 
characteristics of the diffusion paths, but it affected the 
penetration depths of each cation. The penetration 
depth of Mg 2- in the superconductive film was 5 to 
10 lain for specimens sintered at 950 ~ For  specimens 
sintered at 1000~ however, the depth was 25 to 
30 gm. In the substrate, the penetration distances of 
y3 +, Ba 2 +, and Cu 2 + were 20 to 25 gm for the 950 ~ 
specimens and more than 40 gm for the 1000 ~ speci- 
mens. In the latter case, the distance was beyond the 
measuring range of the instrument. For  specimens 
sintered at 900~ it was difficult to prepare good 
specimens for AEM because of the weak interface 
bonding. For specimens sintered at 930 ~ the meas- 
urement became difficult because a large number of 
pores were formed at the interface and within the film. 
Some of the 930~ data were obtained from the 
bonded portions of the specimens which had very 
short diffusion paths for all cations: 1 to 21,tm 
for Mg 1+ and approximately 5 gm for y3+, Ba/+, 
and Cu / § 

For specimens sintered at 950 ~ the weight frac- 
tions of y3+, Ba2+, and Cu 2§ measured at about 
15 lam from the interface were 16, 49, and 34, respect- 
ively, while the concentration of Mg 2 § was undetect- 
able. The ratio Of concentrations is consistent with the 
nominal ratio of the stoichiometric YBa/Cu3OT_~ 
compound. For specimens sintered at 1000~ the 

* By normal, we mean that the diffusion path behaves as in a conventional binary system. 
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nominal ratio was located at a distance of about 
37 lam, and for specimens sintered at 930 ~ the nom- 
inal ratio was located at a distance of about 3 ~tm. 

312. Spec imens w i t h  ZrO 2 substrates 
The concentration profiles for specimens with Z r O  2 

substrate sintered at 950 ~ are shown in Fig. 3b. The 
diffusion path of y3 + has a long tail in the substrate 
due to the yttrium additive in ZrO2. The cation 
distributions in the film were nearly normal except for 
a small y3 + peak. Unlike the case of MgO substrates, 
however, the concentration profiles were changed 
at higher sintering temperatures. In the 1000~ 
specimens, uphill diffusion was common (Fig. 4). 
Concentration peaks were observed in all cation 
profiles (Y3+, Ba 2+, and Cu 2+), and the y3 + peak 
was over 40 wt %. 

The penetration depth of Zr 4 + in the superconduc- 
tive film was about 15 p.m in the 950~ specimens. 
The distance did not change significantly in specimens 
sintered at 930 or 1000 ~ For  specimens sintered at 
900 ~ however, the penetration depth was decreased 
to about 5 ;am and pores were found at the interface 
and in the interior of the film. 

The nominal stoichiometric weight percentages of 
y3 +, Ba 2 +, and Cu 2 + were measured at the distances 
of 35, 25, and 20 I~m from the interface for Specimens 
sintered at 1000, 950, and 930~ respectively. For  

Figure 3 Concentration profiles of cations in screen-printed speci- 
mens of YBa2Cu3OT_a on three different substrates. (a) MgO, (b) 
ZrO z, and (c) A120 3. All specimens sintered at 950 ~ for I h. The 
interface is located at x - 0 with the superconductive phase in x < 0 
and the substrate in x > 0 . ( � 9  y3+, ~ Ba2+, �9 Cu2+, �9 Mg2+ in 
(a), Zr 4+ in (b) and A13§ in (c)) 

specimens sintered at 900~ the presence of pores 
precluded making such a measurement. 

3.3. Spec imens w i t h  AI203 substrates 
The diffusion characteristics of this group were 
denoted by the severe segregation of cations near the 
interface and a greater penetration depth of the A13 + 
cations in the film region. Concentration profiles of a 
950 ~ specimen are shown in Fig. 3c which illustrate 
the general features. The details of the diffusion pro- 
files have been reported elsewhere [22]. 

3.4. Compar ison  of results of 9 5 0  ~ s in ter ing 
For comparison, the results of the three grouPs of 
specimens, all sintered at 950~ for 1 h, are sum- 
marized. All three groups of specimens had good 
bonding, which was formed by cation interdiffusion. 
For  the MgO substrate, the bonding was formed by 
diffusion of y3+, Ba2+, and Cu 2+ to the substrate. 
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Figure4 Cation distributions in an YBazCuaOv_a-ZrO 2 couple. 
Specimen sintered at IO00~ for lOmin. ( �9  y3+ [] Ba2+ 
�9 Cu 2+, �9 Zr  4+)  
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The amount  of each cations transferred were propor- 
tional to its stoichiometric weight percentage and 
there was little effect on the overall stoichiometric 
ratio of the superconductive film. For  the ZrO 2 sub- 
strate, the bonding-required interdiffusion occurred 
moderately from both sides, while with AlzO 3 sub- 
strate, the bonding was due to diffusion of A13 +. The 
bonding layer in a specimen with a MgO substrate is 
shown in Fig. 5. The holes were formed by ion 
bombardment during specimen preparation. 

At 950~ there was no significant segregation of 
cations in specimens with MgO or ZrO 2 substrate in 
contrast to the results of specimens with A1203. In the 
latter case, severe segregation of Cu 2 + and Ba 2 + was 
observed near the interface (Fig. 3c). 

The penetration depths of the substrate cations, 
A13+, Mg 2+, and Zr 4+, in the film were different 
(Fig. 6). The large penetration depth of A13 + (about 
25 gm) and the severe segregation of y3 +, Ba 2 +, and 
Cu 2 + in the film were likely to affect the superconduc- 
ting behaviour of the oxide film. On the other hand, 
for films on a MgO substrate, the penetration depth of 
Mg 2+ was very small (approximately 5 gm) and the 
y3 +, Ba 2 +, and Cu 2 + cations were stoichiometrically 

Figure 7 Bright field TEM micrograph showing twinned structure 
at 15 gm from the interface in a specimen of YBa2Cu3OT_ 6 on MgO 
substrate. Specimen sintered at 950 ~ for 1 h. 

T A B L E  I Distance d from the interface to where the stoichi- 
ometric composition is resumed 

Temperature d (gm) Bonding 
(~ 

MgO Z r O  2 A 1 2 0 3  

1000 37 35 > 40 good 
950 15 25 40 good 
930 3 20 poor 

Figure 5 Bright field TEM image showing the bonding layer (B) 
formed in an YBazCu3OT_ ~-MgO couple (A-C). Specimen sintered 
at 950 ~ for 1 h. 

100 

80' 

= 6 0  
o 

,o 
.,.a 

4 0  
c 

20' 

[] 6) 
�9 0 

t3 

.e. ~ :  . . . . . . .  

-20 -10 0 10 

Distonce from interface (~m) 

0 �9 I , , , 

-30 20 30 

Figure 6 Penetration depths of substrate cations, AI 3 +, Mg 2+, and 
Zr 4+. Specimens sintered at 950~ for 1 h. ((3 Mg 2+, [] Zr 4+, 
�9 AI 3+ ) 
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distributed close to the interface. These features 
seemed to ensure the superconductivity of the film, as 
shown in the resistance measurement (Fig. 1). 

As mentioned earlier, the distance d from the inter- 
face to where the stoichiometric composition of the 
film was resumed varied for different substrates and 
sintering temperatures. For  specimens sintered at 
950 ~ the distances were 15, 25 and 40 lain for MgO, 
ZrO2, and AlzO 3 substrates, respectively. In the 
A120 3 case, the distance was almost at the outer 
surface of the film. For reference, all d values measured 
for the three substrates sintered at 1000, 950, and 
930 ~ are given in Table I. 

Micro-twins were observed in all the films examined 
[24-26]. A typical micrograph of a specimen sintered 
at 950 ~ is shown in Fig. 7. 

4. C o n c l u s i o n s  
The interdiffusion between the YBa2Cu307_ 6 oxide 
films and three substrates, A1203, MgO, and ZrO2, 
was studied using analytical electron microscopy. 
Concentration profiles of y3 +, Ba 2 +, and Cu 2 +, and 
A13+, Mg 2§ and Zr 4+ were measured using charac- 
teristic X-rays. The results indicate that MgO and 
ZrO 2 are better substrate materials than A1203 and 
that a suitable sintering temperature is about 950 ~ 
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