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SYNTHESIS OF SINGLE PHASED Bi-Pb-Sr-Ca-Cu-0 SUPERCONDUCTOR 

KOICHI NIWA, TAKUYA UZUMAKI, ATSUSHI TANAKA, 
NOBUO KAMEHARA, AND KAZUNORI YAMANAKA 
FUJITSU LABORATORIES LTD., 10-1, Mor inosato-Wakamiya, Atsugi, 
Kanagawa 243-01, Japan. 

Abstract We studied high-Tc phase formation ( Tc -110 K) of 
bulk samples and films of the Bi-Pb-Sr-Ca-Cu-0 superconducting 
systems. We investigated the role of Ca2Pb04 in high-Tc phase 
formation. In the Pb-doped Bi-Sr-Ca-Cu-0 system, CazPb04 is 
formed at around 750 “c. During the formation of the high-Tc 
phase, CazPb04 decreases as the firing time increases. The 
bulk high-Tc phase was synthesized by adding CazPb04 to a 
mixture of the 80 K phase, the 10 K phase and CuO. The 
synthesized bulk consists mainly of the high-Tc phase, as 
determined by X-ray diffraction and magnetization measurments. 
It seems that the synthesis process of the high-Tc phase 
formation is accelerated by a reaction between the 80 K phase, 
CuO and Caz+ in the liquid phase which is composed of a Ca-Pb 
oxide flux. 

INTRODUCTION 

Since the high-Tc Bi-Sr-Ca-Cu-0 superconductor ( Tc-110 K) 
was dicovered by Maeda et al. I ,  many researchers have attempted 
to fabricate a single-phased sample of the 110 K phase in the 
Bi-Sr-Ca-Cu-0 system. The 110 K Tc superconductor is promising for 
application to electronics. Film and bulk formation have been 
studied extensively. The Bi2SrlCa n-lCU n 0 system was found 
to have 3 superconducting phases corresponding to Tc =7 K for n=l 
(10 K phaseI2* 3, 80 K for n=2 (low-Tc phase)’, and 110 K for n=3 
(high-Tc phase) I .  Takano et al. reported that the substitution of 
Pb for Bi increases the volume fraction of high-Tc phase. 
However, the process responsible for high-Tc phase formation is 
still not well understood. 

We examined the Bi-Pb-Sr-Ca-Cu-0 system using X-ray 
diffraction and Raman scattering. Powder X-ray diffraction of 
Bi-Pb-Sr-Ca-Cu-0 bulk samples fired at 841°C for 10, 50, and 200 
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hours mainly showed peaks corresponding t o  b o t h  high- and low-Tc 
phases. The high-Tc peaks became st ronger  a s  t he  f i r i n g  time was 
inc reased .  Unknown m a t e r i a l s  about  10Bm in  d i a m e t e r  were 
observed f o r  these  samples5. Micro-Raman s c a t t e r i n g  was used t o  
i d e n t i f y  unknown p e a k s  i n  X-ray d i f f r a c t i o n  p a t t e r n .  The 
measurement revealed tha t  PbO addition in the Bi-Sr-Ca-Cu-0 system 
causes  the  formation of Ca2Pb04. As t h e  f i r i n g  time f o r  t h e s e  
samples increases ,  t he  X-ray peaks of t he  Ca2Pb04 become weak. 
This indicates  t ha t  Ca2Pb04 i s  re la ted t o  the formation of high-Tc 
phase. 

We synthesized the  high-Tc phase in bulk and th in  films, and 
i n v s t i g a t e d  t h e  r e a c t i o n  process  f o r  t h e  high-Tc phase a s  i t  
r e l a t e s  t o  CazPb04. We report  on the  preparation of high-Tc phase 
samples with Ca2Pb04, t he  low-Tc phase and the 10 K phase, and on 
the  react ion process of high-Tc phase formation. 

SAMPLE PREPARATION 
Bi-Pb-Sr-Ca-Cu-0, and addition of CazPbO t o  Bi-Sr-Cu-0 

Samples were prepared by thermal r eac t ion  with the nominal 
compositions of 2:x:2:2:3 (x=O, 0.5, 1.0). Bi203, PbO, SrCOs, CaO, 
and C u O  s t a r t i n g  powders were mixed, ground, then shaped under 
200 MPa t o  form pel le ts .  The preparation conditions of the  samples 
a r e  l i s t e d  in Table I .  I n  sample 3C, 30 w t %  Ca2Pb04 was added t o  
Bi:Sr:Cu=2:2:3. The sample was then f i r e d  a t  848T fo r  24 hours, 
shaped under 200 MPa, and f i r e d  again a t  848°C fo r  50 hours. 
Addition of CazPbO t o  Bi-Sr-Ca-Cu-0 

We examined6 the high-Tc-phase formation by f i r i n g  a mixture 
of  t h e  10 K phase, low-Tc phase, CuO, and Ca2Pb04. Bi203, PbO, 
SrC03, CaO, and CuO s t a r t i n g  powders were mixed and ground with a 
nominal composi t ion of Bi:Sr:Ca:Cu=2:2:1.5:3.5. These ground 
powders were f i r e d  a t  820°C f o r  6 h in a i r .  This f i r e d  powder 
(sample 4A)was comprised of the low-Tc phase, the 10 K phase, and 
CuO. 14.5wt% Ca2Pb04 was then added t o  sample 4A. The powders 
were mixed, ground, and f i r e d  a t  8 4 5 t  f o r  23 h i n  a i r .  The 
f i r e d  powder was mixed, ground again, and then shaped under 200 
MPa. Sample 48 was fabr ica ted  by  f i r i n g  the  p e l l e t s  a t  845t fo r  
80 h i n  a i r .  
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SYNTHESIS OF SINGLE PHASED Bi-Pb-Sr-Ca-Cu-0 SUPERCONDUCTOR 321 

TABLE I Composition and preparation conditions. 

Specimen Nominal composition (at. ratio) Firing 
Bi Pb Sr Ca Cu 

2A 2. 0 0. 0 2.0 2.0 3.0 
28 2. 0 0. 5 2. 0 2. 0 3. 0 
2c 2. 0 1. 0 2.0 2. 0 3, 0 
20 2. 0 0. 5 2. 0 2. 0 3. 0 

3A 2. 0 0. 0 2. 0 0. 0 3. 0 
38 0. 0 1. 0 0. 0 2. 0 0.0 
3c Addition of sample 3B 

(30 wt%> to sample 3A 

841'c, 15 h, air 
841t, 15 h, air 
841t, 15 h, air 
7 5 0 t ,  9 h, air 
Quenched to room 
temper at ure. 
841t, 24 h, air 
817t, 17 h, air 
848C 74 h, air 

Bi-Pb-Sr-Ca-Cu-0 thin film 
Thin film samples were deposited by rf magnetron sputtering 

with three targets, as described in other previous reports*. 
The films were deposited on MgO (100) single crystals heated 
at 400'c. We used a Bi-Sr-Ca-Cu-0 (BSCCO) target with a 
composion of Bi:Sr:Ca:Cu = 3:2:2:3. PbO and CUD targets were also 
used. PbO and CuO layers were stacked repeatedly on BSCCO layers 
to precisely control composition. The films were sintered in air 
using a "two-step" process. They were first heated to around 
800t at 10" /min, and then further heated to around 850'c 

MEASUREMENT 
The DC resistivity of the bulk and film samples were measured 

at temperatures between 77 and 300 K using the four terminal 
method. X-ray diffraction patterns for the samples were obtained 
with monochromatic C u K a  radiation and a diffractometer. The 
samples were analyzed by electron microanalysis (EPMA) or 
inductively coupled plasma analysis (ICP). The magnetization 
hystersis curve of the sample 4B was measured at 77 .3  K, using a 
vibrating sample magnetometer. 

at 1 /min. They were sintered for  various intervals. 
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RESULTS AND DISCUSSION 
Bulk 

Figure 1 shows the X-ray diffraction patterns for samples 2A. 
28. and 2C. For x = 0, the peaks corresponding to the low-Tc 
phase, and a smaller one corresponding to the 10 K phase were 
observed, but there was no visible peak corresponding to the (002) 
high-Tc phase. No high-Tc phase materials were produced with the 
stoichiometric composition Bi:Sr:Ca:Cu=2:2:2:3 under the firing 
conditions shown in Table I .  For x = 0.5, the 4. 8" peak 
corresponding to the (002) high-Tc phase was observed. At x = 

1.0, no peak corresponding to the (002) high-Tc phase was 
observed. The CazPb04 peak increased as PbO content was 
increased. The high-Tc phase was synthesized with the 
composition of Bi:Pb:Sr:Ca:Cu = 2:x:2:2:3. The optimum amount of 
PbO was found to be about x = 0.5 

Figure 2 shows the X-ray diffraction pattern of sample 20 
which was quenched to room temperature. CalPb04 and the 10 K 

- 

phase were produced at 7 5 0 t .  In the other phase, 
was found. 

unreacted CUD 

Bi-Sr-Cu-0 
High-Tc phase 

o Low-Tc phase 
A Ca2Pb04 

B i - Pb-S r-Ca-C u -0 

1 I 1 I 1 

3 10 20 30 40 
2 8  (deg.) 

D 

FIGURE 1 Powder X-ray diffraction patterns for Bi-Pb-Sr-Ca-Cu-0 
= 2:x:2:2:3 (x = 0, 0.5, and 1.0) fired at 841t for 15 h. 
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SYNTHESIS OF SINGLE PHASED Bi-Pb-Sr-Ca-Cu-0 SUPERCONDUCTOR 329 

. Bi-Sr-Cu-0 

4 C a 2 P b 0 4  
0 CUO 

Bi-P b-Sr-Ca-Cu-0 
Quenched sample 

8 

3 10 20 30 40 50 60 
2 0  (deg.) 

FIGURE 2 Powder x-ray d i f f rac t ion  pat tern for  Bi:Pb:Sr:Ca:Cu 
= 2:0.5:2:2:3 f i r e d  a t  750t f o r  9 h and quenched t o  room 
t emper a ture. 

Sample 3A is comprised mainly of the  10 K phase b u t  some CuO 
was a l so  detected. The X-ray d i f f r ac t ion  pa t te rn  of sample 3C, in 
which Ca2Pb04 was added t o  sample 3A, i s  shown in Pig. 3. The 
high-Tc phase was produced and t h e  r a t i o  of  high- t o  low-Tc 
phases increased, compared with t h e  corresponding r a t i o  in 
the  Bi-Pb-Sr-Ca-Cu-0 sample’ which was f i r e d  a t  841°C fo r  200 h. 

i n  t he  Pb-doped Bi-Sr-Ca-Cu-0 system, the  X-ray d i f f r ac t ion  
r e s u l t s  suggest  t h a t  t he  10 K phase and CaaPb04 a r e  produced a t  
around 750 “C. The low-Tc phase can be formed a t  t empera tures  
higher than about 800°C. The 10 K phase decomposed a t  841°C a f t e r  
15 hours of f i r i n g ,  and high- and low-Tc phases were formed. The 
phase diagram of CaO-Pb0’ shows t h a t  Ca2Pb04 decomposes in to  CaO 
and a l iqu id  phase a t  8 2 2 t .  We bel ieve these  two phases a c t  a s  
acce le ra to r s  in the  formation of t he  high-Tc phase. The presence 
of CaO and a l iqu id  phase i s  expected t o  acce lera te  t he  chemical 
react ion between decomposed CaO. which moves in the  l iquid phase, 
and double CuO layers,  which a re  superconductive a t  80 K. 

CazPb04 suppl ies  CaO t o  the  system which consis ted of the 
10 K phase and CuO. The phase produced a t  840t when CazPb04 i s  
added t o  t h i s  system is mainly the  high-Tc phase. We suggest the  
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r eac t ion  process  shown schemat ica l ly  i n  Eqs. ( I ) ,  and (21, and 
consider  t h a t  Ca atoms in  the  c r y s t a l  s t r u c t u r e  of t h e  high-Tc 
phase a re  supplied by Ca2Pb04. 

aBi2Sr2Cu0 +bCa2Pb04+cCu0 
---+ dBi 2Sr L a  1 C U Z O  +eCa2PbO4+f CuO (1) 

a i r  

- 8 4 0 t  
dBi2Sr2CalCuz0 +eCapPb04+fCu0 - Bi2Sr2Ca2Cus0 (2) 

a i r  
a, b, c, d. e. f : coeffcient  

I I I I 1 I 

Bi-Sr-Cu-0 
0 High-Tc phase 

0 o Low-Tc phase 
I 

A Ca2Pb04 

Bi-Sr-Cu-0 t C a z P b O 4  

1 1 1 1 ,  Bi-Pb-Sr-Ca-Cu-0 

I I I I I I 

6 0  

FIGURE 3 Powder X-ray d i f f r ac t ion  pa t t e rns  f o r  t he  sample with 
30wt% Ca2PbO4 added t o  Bi:Sr:Cu = 2:2:3 and f o r  t he  composition 
Bi :Pb:Sr :Ca:Cu = 0.7:O. 3:l:l:l. 8. a t  8 4 1 t  fo r  200 h. 

We think t h a t  Ca2Pb04, t he  10 K phase, and the  low-Tc phase 
a r e  p r e c u s o r s  in  t h e  high-Tc phase format ion .  We a t t empted  
synthes is  of the high-Tc phase by react ion between the precusors. 
As a r e s u l t ,  Pig. 4 shows t h e  tempera ture  dependence of t h e  
r e s i s t i v i t y  for  sample 4B . The r e s i s t i v i t y  dropped a t  110 K and a 
Tce of 100 K was obtained. 

As the r e s u l t  of the magnetization measurement, the volume 
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" 

4 -  

2 -  

w e '  I I 
250 

0 '  
50 100 150 200 

Temperature (K) 

FIGURE 4 Temperature dependence of resistivity for sample 4B. 

Bi-Pb-Sr-Ca-Cu-0 

c=36.8 1 
0 

axbe5.4 A 

4 0  20 30 0 1 0  
2 0  (deg.) 

FIGURE 5 
at 845t fo r  103 h. 

X-ray powder diffraction pattern for the sample fired 

fraction of the superconducting phase above 77.3 K of sample 4B 
was calculated. The x-ray powder diffraction pattern showed that 
there is no low-Tc phase present (Fig, 5). This suggests that the 
volume fraction of the high-Tc phase is close to 74%. 
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F i  I m  
In the  t h i n  f ilm p repa ra t ion ,  t h e  s i n t e r i n g  tempera ture  

grea t ly  a f f e c t s  the amount of the high-Tc phase formed . The low- 
Tc phase forms below 848'p: and above 853°C. For Bi:Pb:Sr:Ca:Cu = 

1.OO:O. 80:l. 0O:O. 99:l. 64, we obtained a nearly single-phase high- 
Tc t h i n  f i l m  a f t e r  s i n t e r i n g  a t  851°C f o r  1 hour in a i r .  The 
r e s i s t i v i t y  showed z e r o  r e s i s t a n c e  a t  1 0 6 . 5  K'. t he  peaks  
co r re spond ing  t o  the high-Tc phase in the  X-ray d i f f r a c t i o n  
p a t t e r n  o f  t h e  f i lm  a r e  very s t r o n g  because o f  s t r o n g  c -ax i s  
or ientat ion.  

Figure 6 shows the  X-ray d i f f r a c t i o n  p a t t e r n s  of t h e  t h i n  
film samples for  which the  s in t e r ing  process was interrupted. The 
10 K phase and CazPbOI a r e  formed before the 805°C f i r i n g ,  and 
the low-Tc phase i s  formed during the  805°C f i r ing .  And then, the  
strongly-oriented low-Tc phase and s l i g h t  high-Tc phase formation 
i s  complete before 855°C s in te r ing .  During the 855°C s in t e r ing ,  
the  mount of high-Tc phase i n c r e a s e s ,  and the low-Tc phase  
decreases .  Unreacted C u  in these samples was de tec ted  by EPMA. 
Accordingly, t he  th in  f i lm a l so  has bas ica l ly  the same reac t ion  
process a s  the b u l k  samples. 

0 0 0 .  O.O Bi-Sr-Cu-0 

h 

c. v) 

C 
3 
.- 

4 
cll 

h 
UI c a 
C 

Y 

ICI 

4- - 
10 20 30 40 

2 0  (deg.) 

F I G U R E  6 X-ray d i f f r a c t i o n  p a t t e r n s  of t he  t h i n  f i lm  samples 
which had t h e i r  s i n t e r  ing process interrupted. 
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React ion mechanism 
I n  near-stoichiometric Bi-Sr-Ca-Cu-0 system fo r  t he  high Tc- 

phase, t he  high-Tc phase increases  b y  f i r i n g  a t  around 8 6 5 t  in 
a i r 1 p  '. However, according t o  other reports' ' ', the  high-Tc phase 
formation i s  promoted by f i r i n g  a t  around 8 4 5 t  in Pb  doped and 
near-s toichiometr ic  Bi-Sr-Ca-Cu-0 system. Also, our r e s u l t s  a r e  
i n  agreement with them. Pb seems t o  have the  funct ion s imi l a r  t o  
t h a t  of a c a t a l y s t  i n  t he  chemical reac t ion  forming the  high-Tc 
phase from the  Pb doped Bi-Sr-Ca-Cu-0 system. Many react ion paths 
fo r  t he  110 K phase formation a r e  predicted"". We assume tha t  
the  high-Tc phase i s  formed as  the r e su l t  of the reaction in which 
Cu, Ca ions  a re  supplied t o  the low-Tc phase, and i t  i s  necessary 
t o  have l a r g e  d i f f u s i o n  of Cu ,  Ca in t h e  thermal r e a c t i o n  in 
order t o  e f fec t ive ly  form the  high-Tc phase. I n  Pb-doped Bi-Sr-Ca- 
Cu-0, i t  seems tha t  the  f l u x  which a s s i s t s  the  diffusion of Ca, Cu 
ions  i s  t he  Ca-Pb-0 l i qu id  phase formed a t  temeperatures  lower 
than the synthsis  temperature,as shown in Eqs. (3). and (4). 

Bi2Sr2CaCu20 +pCa2Pb04+qCu0 
___* Bi2Sr2CaCu20 y +  (rCa2++sCu2+ ) in Ca-Pb-0 l iq.  (3) - 8 2 2 t , a i r  - Bi2Sr2CazCus0 (4) - 8 4 0 t , a i r  p, q, r, s: coef f ic ien t  
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