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Influence of calcium content  on the 
preparation of the high T c (110 K class) 
B i - P b - S r - C a - C u - O  thin f i lm 

KEIZOU TSUKAMOTO,  H I R O M A S A  S H I M O J I M A ,  CHITAKE Y A M A G I S H I  
Central Research Laboratory, Nihon Cement Co. Ltd, 1-2-23, Kiyosumi, Koutouku, Tokyo 135, 
Japan 

The Bi-Pb-Sr-Ca-Cu-O thin films with various Ca/Sr ratios were prepared by r.f. magnetron 
sputtering using multi-targets (Bio.sPbo.50 x, CaCuo.75Ox, SrCuo.75Ox). The high T c phase 
(2223  phase) was obtained by firing these films. The film with the highest Ca/Sr ratio 
(Ca/Sr > 1.0) produced the largest amount of 2223 phase on firing at 850~ The highest 
Ca/Sr ratio ( = 1.17) film contained 91% volume ratio of 2223  phase compared with the low 
T c phase (221 2 phase) after 15 h firing. However, the 2 2 2 3  phase decreased with 
increasing long-term firing (65 h). The resistance curve of the film with the highest Ca/Sr ratio 
fired for 65 h showed tailing, until the temperature fell below 20 K, suggesting that this 
phenomenon was due to the segregation of excess calcium and copper components around 
the grain, in the amorphous state. 

1. I n t r o d u c t i o n  
Since the discovery by Maeda et  al. [1] of the 
Bi-Sr-Ca-Cu-O system superconductor with a trans- 
ition temperature above 100K, many researchers 
world-wide have been investigating this compound. 
In the early studies, it was very difficult to prepare a 
110 K class superconducting phase BizSr/Ca2Cu30 x 
(2223 phase) without impurity phases, because a 
80 K class superconducting phase BizSrzCaCu20 x 
(2 2 1 2 phase) or a semiconducting phase Bi2SrzCuO x 
(220 1 phase) was simultaneously produced during 
firing. However, Takano et al. [2] and Endo et al. [3] 
reported that the 2223  phase without impurity 
phases could be easily obtained by the addition of 
PbO. In order to apply this superconductor to various 
electric devices, it is necessary to establish the pre- 
paration method of thin films of this compound. The 
sputtering technique is one of the many methods used 
for preparation of thin films. In the Bi-Sr-Ca-Cu-O 
[4-6] or Bi -Pb-Sr-Ca-Cu-O [7-12] systems, the 
sputtering method has been mainly used to prepare 
the thin films. However, PbO, which is necessary to 
stabilize the 2 2 2 3 phase, vaporizes immediately from 
the thin film during firing to crystallize the amorphous 
film. Therefore, it was very difficult to control the 
vaporization of PbO. Previous methods used to pre- 
pare the 2 2 2 3 phase in the PbO-doped system were 
(1) firing in air the thin film including excess PbO 
[7-10], (2) firing the thin film in a PbO atmosphere 
[11, 12]. However, as the preparation of the thin films 
with the 2 2 2 3 phase but without impurity phases was 
very difficult, a stable preparation method has not yet 
been established. Here, the preparation of 2 2 2 3 phase 
by firing the thin film with various Ca/Sr ratios in the 
Bi -Pb-Sr-Ca-Cu-O system is reported and the rela- 
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tion between the transition temperature and composi- 
tion of the thin film prepared by the sputtering 
technique is investigated. 

2. Experimental procedure 
2.1. Preparation of the thin film 
The Bi Pl:~Sr Ca Cu-O thin films were prepared on 
MgO (10 0) single crystal substrates by r.f. magnetron 
sputtering. The thin films were deposited on substrates 
from three targets which were simultaneously dis- 
charged while the substrates were circulated over each 
target. The three targets were the oxide powder and 
with the composition Bio.sPb0.50 x (mixed powders 
Bi20 3 and PbO), CaCuo.750 x (pulverized powders of 
the oxides which were CaCO 3 and CuO fired at 
950~ and SrCuo.75Ox (pulverized powder of the 
oxides which were SrCO 3 and CuO fired at 950 ~ 
The substrates were kept directly over each target for 
8 to 63.5 sec. The total length of the three holding 
times was 100 sec. About 5 nm film was deposited by 
one circle of each target, and circling of each target 
was repeated 400 times to give a film thickness of 2 I~m. 
It was possible to control precisely the chemical com- 
position of the thin film by adjusting the holding time 
over each target. The sputtering conditions are shown 
in Table I. The deposition conditions are shown in 

T A B L E  I Sputtering conditions 

R.f. power 100 W 
Sputtering gas Ar 100% 
Pressure 10 m torr 
Substrate MgO (10 0) 
Substrate temperature 200 ~ 
Film thickness 2 pm 
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Figure l Deposition time diagram for each target. 

Fig. 1, for the preparation of films A to E. The holding 
time of Bio.sPbo.5Ox was fixed at 8 sec and those of 
CaCuo.75Ox and SrCuo.TsOx were varied in order to 
obtain films with various Ca/Sr ratios. In this experi- 
ment, the holding times of CaCuo.750 x were 53.5, 56, 
58.5, 61 and 63.5 sec. 

2.2. Crystall ization of the thin film 
The deposited Bi-Pb-Sr-C~Cu-O thin films were 
amorphous because the substrate temperature was 
about 200~ during deposition. These films were 
fired at 850~ to achieve crystallization, the 2223 
phase being easily synthesized at this temperature. 
The thin films were fired with about 1.0g 
Bio.96Pbo.z4SrCaCul.60 x pellet (sintered at 850 ~ to 
prevent vaporization of PbO from the thin film. These 
thin films were fired for 15, 24 and 65h and cooled in 
the furnace to room temperature. 

2.3. Characterization of the thin film 
The compositions of as-deposited and fired films on 
MgO single crystal substrates were determined by 
electron probe microanalysis (EPMA) and inductively 
coupled plasma (ICP). The crystalline analysis was 
measured by X-ray diffraction (XRD). The volume 
ratio of the 222 3 phase compared with the 221 2 
phase was calculated from the ratio of the strengths of 
the (0 0 2) reflections: 

H(0 0 2) 
Volume ratio of the 2 2 2 3 = 

H(O 0 2) + L(0 0 2) 
(1) 

where H(0 0 2) is the strength of the (0 0 2) reflection of 
the 2 2 2 3 phase (20 = 4.7 ~ and L(0 0 2) is the strength 
of the (0 0 2) reflection of the 2 2 1 2 phase (20 = 5.8~ 

The c-axis lattice constant Of the 2 2 2 3 phase was 
calculated by (0 0 2), (0 0 8), (0 0 10) and (0 0 1 4) reflec- 
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tion angles corrected by (2 0 0) and (4 0 0) reflections 
of MgO. The electric resistance was measured during 
cryostat cooling at a rate of 2 ~ min- t using the four- 
probe method with a typical current of 10 p.A. The 
morphology was observed using a scanning electron 
microscope (SEM). 

3. Results and discussion 
3.1. Composi t ion analysis of the thin film 
The compositions of films A to E as shown in Fig. 1 
were determined by EPMA. The values of 2(Bi 
+ Pb)/(Ca + Sr), 2Cu/(Ca + Sr) and Bi/Pb of all films 
were about 1.5, 1.8 and 1.0, respectively. The Ca/Sr 
ratio increased with increasing CaCuo.750 x depos- 
ition time and its value for various films was A, 1.17; 
B, 1.09; C, 0.92; D, 0.90; E, 0.89. 

3.2. XRD analysis of the thin film 
Figs 2 a to c show XRD patterns of the thin films fired 
at 850 ~ for 15, 24 and 65 h. All films were crystallized 
at 850 ~ with the c-axis preferred orientation perpen- 
dicular to the (100) surface of the substrate. Of the 
films fired for 15 h, films A and B, having a Ca/Sr ratio 
more than 1.0, consisted of a large amount of 2 2 2 3 
phase. Films D and E were almost completely 2 2 12 
phase. The volume of the 2 2 2 3 phase decreased with 
decreasing Ca/St ratio. A small amount of 220 1 
phase was simultaneously formed in the films. In 
higher calcium content films, the (006) reflection 
(20 = 21.6 ~ of the 2201 phase was strong. On the other 
hand, films C, D and E synthesized little 2 2 0 1 phase, 
that is, the higher calcium content film increased the 
formation of the 220 1 phase which contained no 
elemental calcium. As shown in Fig. 2b, a similar 
phenomenon was observed in the film fired for 24 h. 
The amount of 2 2 2 3 phase increased with increasing 
Ca/St ratio. Film B, fired for 24 h, consisted of almost 
all 2 2 2 3 phase. Film A produced the 2 2 0 1 phase, as 
seen in the film fired for 15 h. From results from films 
C, D and E, the amount of 2 2 2 3 phase was seen to 
increase with increasing firing time in the film with 
lower Ca/St ratios. Fig. 3 shows the (0 0 2) reflection 
strength ratio of the 2 2 2 3 and 2 21 2 phases calcu- 
lated from the XRD pattern. The films fired for 24 h 
had more 2 2 2 3 phase than with other firing times. In 
particular, the film having a Ca/St ratio greater than 1, 
produced the largest amount of 2 2 2 3 phase on firing 
for 15 and 24 h. After firing for 65 h, the 2223 phase 
decreased. It appears that the 22 2 3 phase was de- 
composed into 2 21 2 phase by long-term firing. Fig. 4 
shows the c-axis lattice constant of the 2 2 2 3 phase of 
the films obtained under several firing conditions. The 
c-axis lattice constant was about 3.71 nm. This value 
was constant in films having various Ca/St ratios and 
films fired for various times. 

3.3. Critical temperature of the thin film 
Fig. 5 shows the critical temperature of the thin films 
fired for 15, 24 and 65 h. The temperature dependence 
of the resistance of film A is shown in Fig. 6. In the 
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Figure 2 X-ray diffraction patterns of the thin film fired at 850 ~ 
for (a) 15h (b) 24h (c) 65h. (�9 2223 phase, (A) 2212 phase, 
(D) 2201 phase. 

segregation of the compound into grain boundaries or 
around the 2 2 2 3 phase. In films fired for 24 h, the 
critical temperature had no influence on the Ca/Sr 
ratio and the volume of the 2 2 2 3 phase. In particular, 
the critical temperature of film B was 60 K although 
the volume of the 2 2 2 3 phase was 91%, while the 
volume in film C was 75% at a critical temperature of 
100 K. In films fired for 65 h, the resistance of film A 
dropped at 110 K and tailed to below 20 K. As shown 
in Fig. 6, film A showed no superconductive state. 
However, the temperature dependence of the resist- 
ance in films B and C having a Ca/Sr ratio of ~ 1.0 
did not tail to low temperature, as seen in Fig. 6, 
and showed critical temperatures of 78 K and 79 K, 
respectively. It seems that this result is anomalous 
considering the crystalline analysis by XRD. 

films fired for 15 h, the critical temperature of film A 
was 99 K. The critical temperature fell from 99 to 61 K 
in proportion to the decrease in Ca/Sr ratio. This also 
increased according to the volume of the 2 2 2 3 phase 
calculated using the (0 0 2) reflection strength ratios in 
the XRD patterns. Although the films with higher 
calcium contents were found to contain the 2 2 0  1 
phase, this semiconducting phase did not have any 
detrimental influence on the critical temperature by 

3.4. EPMA analysis of the thin film 
The compositions of the plate-like crystals of the 
2 2 2 3 phase in films A to E which were fired for 24 h 
were determined by EPMA. These plate-like crystals 
were approximately B i ' S r : C a : C u = 2 : 2 : 2 : 3 .  The 
chemical compositions of all crystals were found to be: 
A, B i a . 8 4 S r z . o o C a 2 . 0 0 C u 3 . 1 4 O x ;  B, Bil .72Sr2.00Ca1.98 

C u 2 . 9 6 O x ;  C ,  B i l . 6 8 S r 2 . o o C a x . 9 8 C u 3 . o 4 0 x ;  D, Bil.9o 
Sr2.00Cal.94Cu2.940~; E, Bia.s2Sr2.00Cat.64Cu3.t60~. 

1 3 2 3  
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Figure 5 The relationship between the critical temperature and the 
Ca/Sr ratio of the film. Firing time: (O) 15h; (A) 24h; ( I )  65h. 

These results indicated that the composition of the 
plate-like crystals had no relation to the Ca/Sr ratio of 
the as-deposited film. This also agreed with the c-axis 
lattice constant of the 2223  phase. Fig. 7 shows the 
chemical composition of as-deposited and fired films 
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analysed by ICP. No difference was found between 
them in the chemical composition, except for the lead 
content. Assuming that the fired films consisted of 
only the 2223  and 2212  phases, the calcium and 
copper components remained in the films. Moreover, 
the film containing higher Ca/Sr ratios, retained the 
largest amount of calcium and copper components. As 
no Ca-Cu-O compounds corresponding to CaCu203 
or CazCuO 3 were detected by XRD analysis, it is 
likely that the Ca Cu-O exists in the film in the 
amorphous state. 

3.5. M o r p h o l o g y  of the thin film 
Fig. 8 shows scanning electron micrographs of the 
surface of films A to E fired for 24 h and film A fired 
for 15 and 65h. These figures indicate that all films 
consisted of plate-like crystals perpendicular to MgO 
(100) and did not contain needle-like crystals corres- 
ponding to Sr-Ca-Cu-O compound. Compared with 
films A to E, the film containing the highest calcium 
content indicated an obscure grain boundary. The 
shape of the grain was clear in film A fired for 15 h but 



Figure 8 The relationship between the microstructure and the 
Ca/Sr ratio of the film fired for 24 h, showing the dependence of 
firing time on the microstructure of film A. (a) Film A fired for 24 h, 
(b) film B fired for 24 h, (c) film C fired for 24 h, (d) film D fired for 
24 h, (e) film E fired for 24 h, (f) film A fired for 15 h, (g) film A fired 
for 65 h. 

it became more and more obscure with firing time as 
seen in Fig. 8. It appears that all components, except 
for the 2 2 2 3  and 22 t 2  phases, segregated in the 
grain boundary. Therefore, the excess calcium is sup- 
posed to be excluded from the two superconductive 
phases in film A containing the highest Ca/Sr ratio 
(Ca/Sr = 1.17), even if the 2 2 2 3  phase was predomin- 
ant compared with the 2 2 1 2  or 2201  phase. The 

excess copper was also excluded from these phases 
because the 2Cu/(Ca + Sr) value of the as-deposited 
film corresponds to 1.8. Assuming that these excess 
components surround the crystal and disturb the 
superconductive current, acting as an insulator, the 
behaviour shown in Fig. 6 can be explained; as the 
2 2 2 3  phase decreased on long-term firing in film A, 
the excess Ca -Cu-O  segregated in proportion to the 
firing time and acted as an insulator in the grain 
boundary. For  the above reason, the resistance curve 
showed a tailing to low temperature. Thus it seems 
that the increasing obscurity of the grain boundary 
with long-term firing was caused by the segregation 
of the excess component around the grain as an 
amorphous state. 
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4. Conclus ion 
B i - P b - S r - C a - C u - O  thin films with various Ca/Sr 
ratios were prepared by r.f. magnetron sputtering 
using three targets: Bio.sPbo.50 x, CaCuo.750 x and 
SrCuo.750 x. The films obtained were fired at 850 ~ 
and evaluated. The following results were obtained. 

1. The higher the calcium content of the film, the 
larger was the amount of 2 2 2 3 phase produced. In 
particular, the highest calcium content (Ca/Sr = 1.17) 
film A produced more than 90% 2 2 2 3 phase com- 
pared with the 22  1 2 phase. In the thin film, the 
amount of 2 2 2 3 phase decreased on long-term firing 
(65 h). 

2. The highest calcium content film A showed a 
reduction in critical temperature on long-term firing. 
It appears that excess calcium and copper components 
act to disturb the superconductive current, because 
they segregate in the grain boundary as an amorphous 
state. 
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