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Fabrication of Bi2Sr2CaCu20x films on metal 
substrates by the chemical process using 
metal alkoxides 

SHINGO KATAYAMA,  MASAHIRO SEKINE 
C o l l o i d  Research Institute, 350-10gura, Yahata-higashi-ku, Kitakyushu 805, Japan 

The formation behaviour of Bi2Sr2CaCu20 x from compounds prepared by hydrolysis of metal 
alkoxides was studied and Bi2Sr2CaCu20 x films on metal substrates were fabricated using a 
metal alkoxide solution. Bi2Sr2CaCu20 x was formed through intermediate phases such as 
Bi2Sr2CulOx, Bi2Cu04, SrC03, CaC03 and CuO. Bi2CuO 4 was initially formed with SrC03, 
CaC03 and CuO, and then reacted with SrC03 to form Bi2Sr2Cu lOx. Bi2Sr2Cu~Ox reacted 
with CaC03 and CuO to give Bi2Sr2CaCu20 x. Bi2Sr2CaCu20 , films were successfully 
fabricated on nickel substrates using the metal alkoxide solution at the nominal composition of 
Bi:Sr:Ca:Cu = 2:2:2:3.  Bi2Sr2CaCu20x was precipitated on Ni substrates at firing 
temperature of 770~ or above, and a sharp ATc was obtained at the firing temperature of 
800 ~ 

1. I n t r o d u c t i o n  
The Bi-Sr-Ca-Cu-O system has at least two super- 
conducting phases, Bi2Sr2CaCu2Ox and Bi2SrzCa 2 
Cu3Ox, with a transition temperature, To, of around 
80 and l l0K,  respectively [1]. Therefore, the 
Bi-Sr-Ca-Cu-O system with high-Tc superconductiv- 
ities is a candidate for many applications. Appli- 
cations of the high-To Bi-Sr-Ca-Cu-O superconduc- 
tor to electronic devices, magnetic shields, tapes for 
electric power transportation and magnets require the 
fabrication of films. A single-crystal MgO (100) has 
often been used as a substrate well-matched with films 
in the Bi-Sr-Ca-Cu-O system. However, ceramic 
substrates are not flexible so that they cannot be used 
for applications to superconducting tapes. 

Metal substrates are most desirable for possible 
applications for these flexible tapes, but few reports 
exist regarding deposition of Bi-Sr-Ca-Cu-O films 
on metal substrates. While the fabrication of 
Bi-Sr-Ca-Cu-O films on Ag substrates by organome- 
tallic chemical vapour deposition was reported by 
Zhang et al. [2], it is inert but an expensive substrate 
for the applications described above and this process 
requires an expensive and specialized apparatus. 
Yoshida et al. [3] have prepared Bi-Sr-Ca-Cu-O 
films on Ni substrates coated with two buffer layers 
of an Ni-A1 alloy and yttria-stabilized ZrO 2 by 
plasma spraying, but there are no reports that 
Bi-Sr-Ca-Cu-O films have been prepared directly on 
metal substrates. The deposition of Bi-Sr-Ca-Cu-O 
films directly on relatively cheap metal substrates is 
attractive; in general, however, the reactivity of metals 
with the film is higher at the firing temperature than 
that of ceramics. In the case of metal substrates, 
Bi-Sr-Ca-Cu-O films have to be fabricated at a 

temperature as low as possible to avoid reaction 
between film and metal. Consequently, it is considered 
that Bi2Sr2CaCu20 x film should be deposited on 
metal substrates, since the BizSr2CaCu20 x phase is 
the stable and dominant phase at low temperature, 
and thus can be easily synthesized even at low firing 
temperatures. 

The authors have successfully prepared an alkoxide 
solution in the Bi-Sr-Ca-Cu-O system by modifica- 
tion of the metal alkoxides, and fabricated Bi-Sr 
Ca-Cu-O films on yttria-stabilized ZrO2 and single- 
crystal MgO(100) substrates using this solution 
[4-6]; this method generally has the advantages of 
obtaining shaped ceramics such as fibres, films and 
bulks, as well as pure and homogeneous products at a 
relatively low temperature. In the present paper, the 
formation behaviour of Bi2Sr2CaCu20 x was first 
studied in the hydrolysed powder product of the 
Bi-Sr-Ca-Cu-O system from a homogeneous metal 
alkoxide solution. On the basis of these results, 
Bi2Sr2CaCu20 x films on metal substrates were fabri- 
cated using the metal alkoxide solution. 

2. Experimental procedure 
2.1. Preparation of alkoxide solution 
The starting materials for preparing the alkoxide solu- 
tion were Bi(O-iC3HT)3, Sr(OCzHs) 2, Ca(OC2Hs) 2 
and Cu(OCH3) a. Bi(O-iC3HT) 3 was commercially 
available (High Purity Chemicals Co.). Sr(OC2Hs)2 
and Ca(OC2Hs)2 were prepared by reaction of the 
corresponding metal with ethanol and the ethanol 
solution of these alkoxides was used as the starting 
solution. Cu(OCH3) 2 was synthesized by reacting 
CuC12 in methanol with KOCH 3 [7]. Commercially 
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TABLE I Calcination products of compounds prepared by hydrolysis of metat alkoxide solution; hydrolysed compounds were calcined for 
3 h in air 

Nominal composition 
(Bi : Sr: Ca: Cu) 

Calcination temperature (~ 

600 700 800 850 

2:2:1:2 

2:2:2:3 

Bi 2 C u O  4 Bi 2 Sr 2 C u O  x 

C a C O  3 C a C 0 3  

S r C O  3 C u O  

C u O  

Bi2 C u 0 4  Bi2 S r 2 C u O x  

C a C 0 3  C a C 0 3  

S r C O  3 CLIO 

C u O  

Bi2 Sr 2 C a C u  2 0 x Bi 2 Srz C a C u  2 0 x 

Bi 2 Sr 2 C u O ~  

C a C O  3 

C u O  

Bi 2 Sr 2 C a C u  2 0 ~  Bi 2 Sr 2 C a C u  2 0 x 

C u O  

available 2-dimethylaminoethanol (Kanto Chemical 
Co.) as a modifier of C u ( O C H 3 )  2 w a s  used without 
further purification. Ethanol as a solvent was dried 
over Mg(OCzHs)  2 and distilled. 

C u ( O C H 3 )  2 w a s  modified using 2-dimethylamino- 
ethanol in ethanol at a Cu(OCH3)z:2-dimethyl- 
aminoethanol molar ratio of 1:2 to make it soluble 
[83. Bi(O-iC3HT)3 was completely dissolved in an 
ethanol solution of Sr(OC2H5) 2 and Ca(OCzHs)  2 by 
the formation of a double alkoxide of Bi with Sr and 
Ca [4, 5]. Both solutions obtained by the above meth- 
ods were mixed so as to obtain a homogeneous alkox- 
ide solution (1.7-2.1M alkoxide) at a desired molar 
ratio of Bi: Sr: Ca: Cu. 

2,2. Preparation of hydrolysed powder and 
formation behaviour of Bi 2 Sr2CaCu20x 
during the heating process 

Alkoxides in the ethanol solution at a molar ratio of 
Bi: S r :Ca :Cu  = 2: 2:1:2 and 2:2:2 :3  prepared by the 
above procedure were hydrolysed by an addition of 
water diluted in ethanol (0.19-0.23 M) to the solution 
at an H20/a lkoxyl -grou  p molar ratio of 1:1 and 
followed by refluxing for 15h. The solvent was re- 
moved at 50~ under reduced pressure to yield a 
hydrolysed powdery product. This powder was cal- 
cined at various temperature in air for 3 h in an electric 
furnace to study the formation behaviour of 
BizSr2CaCuzOx, 

2.3. Fabrication of films on metal substrates 
The alkoxide solution at a molar ratio of 

Bi: Sr: Ca: Cu = 2: 2: 2: 3 (0.48 M alkoxide) prepared 
by the above procedure was dipcoated onto the sur- 
surfaces of Cu and Ni substrates ( 2 0 m m x  10 mm 
x 1 ram) at a draw-up speed of 3 mm s - 1 in a nitrogen 

atmosphere. The coated substrates were subsequently 
heated at 200 ~ for 5 min in air so that alkoxides were 
hydrolysed by the moisture in air. This coating and 
heating process was repeated 15 times to increase the 
film thickness. Finally, the films were fir~d in an 
electric furnace. 

2.4. Characterization 
The crystal structures of the samples were examined 
by the X-ray diffraction method (Rigaku Co.) using 

CuK~ radiation with a monochromator .  Scanning 
electron microscopy (SEM) was performed on a JSM- 
840A (JEOL) to determine the morphology. Electrical 
resistivity of the films was measured by the conven- 
tional four-probe method. 

3. Results and discussion 
3.1. Formation behaviourof Bi2Sr2CaCu20 x 
The X-ray diffraction patterns of hydrolysed powdery 
compounds with a nominal composition of Bi:Sr: 
Ca: Cu -- 2:2: 1 : 2 and 2: 2: 2: 3 were amorphous. The 
hydrolysed compounds were calcined at various tem- 
peratures for 3 h in air to study the formation behavi- 
our of the BizSr2CaCu20 x phase. Table I shows the 
products obtained by calcination of the hydrolysed 
compounds. For the nominal composition of 
Bi: Sr: Ca: Cu = 2: 2: 1 : 2, which is the same as a stoi- 
chiometric composition of Bi 2 Sr 2 CaCu 20x, Bi2 CuO4 
was formed with SrCOa, CaCO3 and CuO at 600 ~ 
At 700~ BizCuO 4 and SrCO 3 disappeared and 
Bi2SrzCuO x was formed with CaCO 3 and CuO. At 
800 ~ the fraction of Bi2Sr2CuOx, CaCO 3 and CuO 
decreased and BizSr2CaCuzO x was formed. The inter- 
mediate phase of BizSrzCuO x was completely conver- 
ted into BizSrzCaCu20 x at 850 ~ For the nominal 
composition of excess Ca and Cu (Bi :Sr :Ca:Cu 
= 2: 2:2: 3), the formation process of BizSr2CaCu20 ~ 

was similar to that for the nominal composition of 
2:2: 1 : 2. The complete conversion of BizSrzCuO:, into 
BizSrzCaCu20 x for the nominal composition of 
2: 2: 2: 3 occurred at a lower temperature than that for 
the nominal composition of 2: 2: 1 : 2. 

The formation behaviour of Bi2Sr2CaCu20 x for the 
nominal composition of 2: 2: 2: 3 was further studied 
between 750 and 800 ~ X-ray diffraction patterns of 
the calcined samples are shown in Fig. 1. Although 
Bi2SrzCaCu20 ~ was not obtained at 750~ it was 
slightly formed with Bi 2 Sr 2 CuOx at 770 ~ The com- 
plete conversion of BizSr2CuO x into Bi2SrzCaCu20 ~ 
was achieved at temperatures as low as 800 ~ which 
is lower than that of BizSrzCaCu20 x prepared by the 
conventional solid-state reaction method [9]. This 
may be due to the tact that the crystal particles were 
small and homogeneously mixed with each other. 

The Bi2Sr2CaCu20 x phase is formed through the 
intermediate phases as described above. BizCuO 4 is 
already formed at 600~ and reacts with SrCO a to 
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Figure l CuK~ X-ray diffraction patterns of samples with a nominal 
composition of 2:2:2:3 calcined at (a) 750 ~ (b) 770 ~ (c) 790 ~ 
and (d) 800 ~ for 3 h in air. (�9 Bi2Sr2CaCuOx, (&) Bi2Sr2CuO~, 
(a) CuO. 

form Bi2Sr2CuO ~ at temperatures above 600 ~ Also 
in the case of this chemical process using metal alkoxi- 
des, BizSrzCuOx may be formed by the incorporation 
of Sr cation into BizCuO 4 having a channel structure, 
as suggested by Beltran et al. [10]. BiaSr2CuO ~ 
subsequently reacts with CaCO3 and CuO to 
form Bi/SrzCaCu20 x. For  the formation of 
BiaSrzCaCu20 x by reaction of Bi/SrzCuO ~ with 
CaCOa and CuO, the reaction process may be similar 
to the formation of Bi /SrzCazCu30 ~ by diffusion of 
Ca and Cu into Bi2SraCaCuaOx, because the struc- 
ture of BizSrzCaCuaO x is constructed by adding extra 
layers of Ca and CuO to the Bi/SraCuO x matrix [11, 
12]. It is therefore considered that formation of 
Bi2Sr2CaCu20 x from BizSrzCuO x may occur due to 
the intercalation of extra layers of Ca and CuO into 
Bi2Sr2CuO~, as suggested by Dietderich et al. [13]. 
This speculation seems reasonable in that the diffusion 
process is obviously enhanced by increasing Ca and 
Cu content in the normal composition. 

For  promoting the formation of Bi2Sr2CaCu2Ox, 
therefore, the nominal composition of excess Ca and 
Cu (Bi :Sr :Ca:Cu = 2:2:2:3)  should be adopted due 
to a large amount of the diffusion species, as in the 
case of promoting the formation of Bi2Sr2Ca2Cu30 ~ 
discussed in previous papers [6, 14, 15]. 

3.2. Fabrication and characterization of 
Bi2Sr2CaCu20 x films on metal substrates 

As described above, the nominal composition of ex- 
cess Ca and Cu (Bi: Sr: Ca: Cu -- 2: 2: 2: 3). in alkoxide 
solution brought about the complete conversion of 
BizSr2CuO ~ to Bi2Sr2CaCu20~ at temperatures as 
low as 800 ~ Therefore, the nominal composition of 
2 :2 :2 :3  was adopted to make films on metal sub- 
strates. 
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Figure 2 CuK~ X-ray diffraction patterns of films on an Ni sub- 
strate fired at (a) 750 ~ (b) 770 ~ (c) 800 ~ and (d) 830 ~ for 3 h 
in air. (�9 Bi2SrzCaCuO~, (A) Bi2Sr2CuO~, ([B) Ni, ( I )  NiO, 
( x ) unknown. 

Films were coated on Cu and Ni metal plates using 
a metal alkoxide solution. The coated films, which 
were amorphous according to the X-ray diffraction 
analysis, were fired at 800 ~ for 3 h. In the case of the 
Cu plates, a part of the fired film exfoliated and the 
metal surface was exposed. The remaining part of the 
film could be easily peeled away. The X-ray diffraction 
pattern of the film on the Cu plates had peaks of 
Bi2Sr2CaCu20 x, CuO, Cur O, and Cu with unknown 
weak peaks. In the case of the Ni plates, the fired film 
adhered strongly to the substrate. Consequently, Ni 
plates were employed as a substrate in subsequent 
experiments. 

The films on the Ni substrates were fired at 
750-850~ for 3 h. BizSrzCaCu20 x film on the Ni 
substrate was not obtained at 850~ due to the 
reaction of film with the substrate. The X-ray diffrac- 
tion pattern of the film fired at 850 ~ had strong NiO 
peaks with weak peaks of Ni and undefined phases. X- 
ray diffraction patterns of films fired at 750, 770, 800 
and 830 ~ are shown in Fig. 2. The presence of NiO 
was recognized in the X-ray diffraction pattern of all 
films, as well as Ni of the substrate. The surface of the 
Nisubstrate was oxidized during firing. The film fired 
at 750 ~ had the BizSrzCuO x phase having relatively 
strong (001) reflections. The (001) reflections at- 
tributed to the BizSr2CaCu/O~ phase were observed 
above 770 ~ These indicate a preferred orientation of 
the c axis perpendicular to the substrate, despite the 
use of the metal substrate. 

The formation temperature of Bi/Sr2CaCu2Ox was 
lower for film than for powder. This is assumed to 
arise as follows. In the case of film, a homogeneous gel 
filmis formed by supplying H 2 0  from the moisture in 



the atmosphere. The homogeneous gel film gives a film 
with fine mixed crystal particles of intermediate 
phases, in which a better and larger area of interface 
between BizSr/CuO~ and diffusion species is built up. 
Consequently, BizSrzCaCu20~ is smoothly formed in 
the case of film. 

Although films fired at 770 and 800~ had the 
BizSrzCaCu20 x phase as a single phase, essentially, 
the X-ray diffraction pattern of the film fired at 830 ~ 
had unknown peaks with peaks of Bi2SrzCaCu20 x 
possibly because of a slight reaction between the film 
and substrate. The temperature dependences of elec- 
trical resistance normalized to that at 300 K for films 
on Ni substrates fired at 770, 800 and 830~ are 
shown in Fig. 3. The film fired at temperatures as low 
as 770 ~ exhibited Tc (onset) around 90 K. Whereas 
Tc (onset) of the film fired at 770 ~ was similar to that 
of the film fired at 800 ~ Tc (zero) increased as the 
firing temperature increased. This behaviour may res- 
ult from a better contact  among the grains grown at 
higher temperatures. Tc (onset) and Tr (zero) of the 
film fired at 830 ~ were lower than those of the film 
fired at 800 ~ The decrease of Tr (onset) and T~ (zero) 
at the firing temperature of 830 ~ is assumed to be 
due to slight impurity phases formed by the reaction 
between the film and substrate. In the fabrication of 
Bi 2 Sr 2 CaCu20~ films on Ni substrates using a metal 
alkoxide solution, therefore, firing at 800 ~ was re- 
quired to yield a sharp ATo without an excessive 
reaction between the film and substrate. 

The temperature dependences of electrical resist- 
ance normalized to that at 300 K for films on Ni 
substrates fired at 800 ~ for 1, 3 and 10 h are shown in 
Fig. 4. There was no change in the X-ray diffraction 
patterns of these films. Although Tr slightly decreased 
from 1 to 3 h, it was approximately constant between 
3 and 10 h. The decrease of Tc between 1 and 3 h may 
be due to the reaction of film with substrate. The 
constancy of To between 3 and 10 h may suggest no 
proceeding reaction between the film and substrate. 

SEM photographs for the film on Ni substrates 
fired at 800~ for 3 h are shown in Fig. 5. Fig. 5a 
shows the surface morphology of the film, where plate- 
like crystals with the c axis oriented perpendicular to 
the substrate were observed. Fig. 5b shows the fracture 

surface produced due to excessive bending. The film 
was about 1 gm in thickness. Spherical grains with a 
size of ~ 0.5 lam were observed under the film. It is 
assumed that the grains are NiO crystals formed by 
oxidation of a part of the Ni substrate on the basis of 
the X-ray diffraction data. Remarkably, bending did 
not produce a fracture between the NiO and Ni 
metals, but between NiO and Bi2Sr2CaCu20= film. 
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Figure 3 Temperature dependences of the electrical resistance nor- 
malized to that at 300 K for films on Ni substrates fired at (- - -) 770, 
( - - )  800 and ( - - - - - )  830 ~ for 3 h in air. 
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Figure 4 Temperature dependences of the electrical resistance nor- 
malized to that at 300 K for films on Ni substrates fired at 800 ~ for 
( - - - )  1, ( ) 3 and ( - - - 7  10h in air. 

Figure 5 SEM photographs of film on an Ni substrate fired at 800 ~ for 3 h in air: (a) surface of film, (b) fracture surface produced by excessive 
bending. 
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On the other hand, it was very easy for the film on the 
Cu plate to exfoliate at the interface between the 
copper oxides and copper metal. It is considered that 
the formation of NiO between Bi2Sr2CaCu20 x film 
and Ni substrate acts as a buffer layer so that 
BizSrzCaCu20 ~ film strongly adheres to the substrate. 

4. Conclusions 
The formation behaviour of BizSr2CaCu20 x from 
compounds prepared by hydrolysis of metal alkoxides 
were studied and BizSrzCaCu20 x films on metal sub- 
strates were fabricated using a metal alkoxide solu- 
tion. 

1. Bi2Sr2CaCu20 x was formed through intermedi- 
ate phases such as Bi2Sr2CulOx, B i z C u O 4 ,  S r C O 3 ,  

CaCO3 and CuO. Bi2CuO 4 was initially formed with 
SrCO3, CaCO a and CuO, and then reacted with 
SrCO3 to form BizSr2CulO ~. BizSrzCulO x reacted 
with CaCO 3 and CuO to give BizSr /CaCu20 x. 

2. The complete conversion of BizSr2CulO x into 
BizSr2CaCu20 ~ occurred at a lower temperature for 
the nominal composition of Bi: Sr: Ca: Cu = 2: 2: 2: 3 
than B i :S r :Ca :Cu  = 2:2:1:2.  

3. Although BizSr2CaCu20 ~ films on Cu sub- 
strates exfoliated, films were successfully fabricated 
on Ni substrates. The formation temperature of 
Bi2Sr2CaCu20 x was lower for the film than for pow- 
der. 

4. Bi2SrzCaCu20 x was precipitated on Ni sub- 
strates at a firing temperature of 770 ~ or above. A 
sharp ATe was obtained at the firing temperature of 
800 ~ Firing at 830~ or above resulted in a decrease 
in To. 

search and development of production technology of 
high performance ceramics with a controlled colloidal 
solution as a precursor". The authors also appreciate 
experimental support by Miss Akiko Kamimura,  
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