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temperature synthesis of oxide films was investigated by plasma 

and photo chemical vapor deposition . 

The author would like to express his deepest gratitude to 

Prof . Hideomi Koinuma for his valuable advice and continuous 

encouragement throughout the work . 

The author also would like to express his gratitude to Prof . 

Koichi Kitazawa and Prof . Kazuo Fueki who encourage him to work 

in the field . 

The author is grateful to Dr. M. Kawasaki , Dr . K. Kishio , 

Dr . T . Hasegawa , Dr . Y. Yoshida , Dr . M. Takata , Prof . Y. Okabe , 

Prof . T . Shiraishi , Dr . M. Kogoma , Dr . S . Okazaki , Prof . T . 

Yamamoto , Dr . K. Sato , Dr . Y. Takagi , Prof . A. B. Sawaoka , Prof . 

M. Kawai , Miss R. Sekine , Mr . T . Sung , Dr . S . Okazaki , Prof . 0 . 

Odawara , Prof . T . Hirano , Mr . M. Funabashi , Mr . T . Manako and Dr . 

M. Yoshimoto for their fruitful discussions . 

The author is much indebted to Mr . N . Takahashi , Mr . T . 

Nakamura , Mr . T. Kosaka , Dr . s . Nagata , Miss K. Masubuch i, Dr . 

M. Kudo , Mr . A. Kishi , Mr . T . Azumi , Mr . A . Inoue , Mr . T . 

Yoshida , Mr . T . Asakawa , Mr . K. Fukuda , Mr . Y. Suemune , Mr . 

i 



M. Nakabayashi, Mr. K. A. Chaudhary, Mr . Y. Takemura , Mr. T . 

Nagai, Mr. K. Inomata, Mr. H. Sakurai, and Mr . H. Nagata for 

their active collaboration in the course of the study. 

Messrs. A. Takano, S . Gonda, T. Tsukahara, M. Nakano, K. 

Takeuchi, Y. Saito, T. Nakajima, Y. Matsuzaki, Y. Sato. M. 

Sasaki, M. Fujishima , K. Hashida, S. Uchida, M. Sumiya, H. 

Ohkubo, M. Matsuse, s. Nakanishi and many other members of 

Koinuma Laboratory and Fueki-Kitazawa Laboratory offered the 

author many helpful suggestions and kind assistance, for which 

the author is deeply grateful. 

Finally the author expresses his deep gratitude to members 

of Aikido Club of University of Tokyo for their support to daily 

life and his parents for their support in all means . 

ii 

January , 1 991 

Takuya Hashimoto 

CONTENTS 

Preface ------------------------------------------------------ i 

Contents------------------------------------------------------iii 

Chapter 1 • General Introducrion------------------------------­

Chapter 2 . Screen-Printing/Sintering as a Preparation Method 

of Oxide Superconducting Films ------------------- 6 

2-1. Introduction ----------------------------------- 6 

2-2. Experimental ----------------------------------- 6 

2-3. Results and Discussion ------------------------- 7 

2-3-1. Superconductivity of screen printed films . --- 7 

2-3-2. Interaction between substrate 

and superconductors ------------------------- 8 

2-4. Conclusion------------------------------------- 10 

Chapter 3 . Semi-quantitative Evaluation of Interaction 

between Superconductors and Substrate Materials 26 

3-1 . Introduction ----------------------------------- 26 

3-2 . Thermal Expansion Coefficients of High-Tc 

Superconductors -------------------------------- 27 

3-2-1 • Experimental -------------------------------- 27 

3-2-2 . Results and Discussion ---------------------- 28 

3-2-3 . Conclusion --------------------------- - ------ 29 

3-3. Chemical Interaction between Superconductor and 

Substrate Materials in Solid State ------------- 30 

3-3-1 . Experimental -------------------------------- 30 

3-3-2 . Results and Discussion ----------- --------- -- 31 

3-3-2-1 . Chemical Reactivity of BYCO with Various 

iii 



Substrate Materials ---------------------- 31 

3-3-2-2. Chemical Reactivity of BLnCO with Oxides 

and Nitrides ----------------------------- 32 

3-3-2-3 . Reactivity of BLnCO and BSCCO with 

Alkaline Earth Fluorides ----------------- 33 

3-3-2-4 . Chemical Interaction between BSCCO and 

Sustrate Materials ------------ - ---------- 35 

3-3-3 . Conclusion -------------------------- - ------- 36 

3-4 . General Conclusion ----------------------------- 36 

Capter 4 . Preparation of Oxide Films Relating to High-Tc 

Superconductor at Low Temperature by Plasma CVD 62 

4-1 . Introduction - - - -------------------------------- 62 

4-2. Microwave Plasma CVD of Oxide Films Relating to 

High-Tc Bi-Sr-Ca-Cu-0 Superconductor ----------- 63 

4-2-1 . Experimental ------------------ - ------------- 63 

4-2-2 . Results and Discussion ---------------------- 64 

4-2-2-1 . Preparation of CuO Film from Cu ( HFA ) 2 ---- 64 

4-2-2-2 . Preparation of Bi 2o 3 Film from Bi ( C6H5 ) 3 - 65 

4-2-2-3 . Preparation of Oriented CaF2 

and SrF2 Films --------------------------- 66 

4-2-2-4 . Synthesis of Superconducting Film by 

Annealing Layered Film ------------------- 67 

4-2-3 . Conclusion ------------------- - -------------- 67 

4-3 . Deposition of Bi , Sr , Ca and Cu Oxide Films by 

Glow Discharge at Relatively High Pressure ----- 67 

4-3-1 . Experimental -------------------------------- 67 

4-3-2 . Results and Discussion ---------------------- 68 

4-3-2-1 . Film Preparation and Deposit i on Rate ----- 68 

iv 

4-3-2-2 . Crystal Structure and Composition 

of The Film ------------------------------ 69 

4-3-2-3 . Preparation of Superconducting Film ------ 70 

4-3-3 . Conclusion ---------------------------------- 71 

4-4 . General Conclusion ----------------------------- 71 

Chapter 5 . Purification and UV-VIS Light Absorption Property 

of Source MAterials for CVD of High-Tc 

Superconducting Films ----------------------------- 94 

5-1 . Introduction - - --------------------------------- 94 

5-2. Experimental ----------------------------------- 94 

5-3. Results and Discussion ------------------------- 95 

5-3-1 . Bi ( C6H5 ) 3 and Cu(DPM ) 2 ---------------------- 96 

5-3-2 . Ca ( DPM) 2 ------------------------- - - - -------- 96 

5-3-3 . Sr(DPM) 2 ------------------------- - - -- ------- 97 

5-3-4 . Light Absorption Property ( UV-VIS spectra) of 

Source Materials ------------------------ - --- 98 

5-4. Conclusion -------------------------------- - ---- 99 

Chap t er 6 . Photo CVD of Meta l Oxide Films Relating to Bi-Sr-

Ca-Cu-0 Superconductor ----------------------------116 

6-1. Introduction --------------------------- - - ------11 6 

6-2 . Experimental -----------------------------------117 

6-3. Results and Discussion -------------------------118 

6-3-1 . Deposition of Bi2o 3 Film -------- - -----------1 18 

6-3-2 . Deposition of CuO Film ------------ - ---------118 

6-3-3 . Deposition of Caco3 and CaO Film -- - ---------118 

6-3-4 . Deposition of Srco3 and SrO Film ------------119 

6-3-5 . Deposition of Ca-Cu-0 Film ---- - -------------1 20 

v 



6-4. Conclusion -------------------------------------121 

Chapter 7. General Conclusion --------------------------------137 

Publication List ---------------------------------------------1 38 

vi 

Chapter 1 

General Introduction 

Film preparation of high-Tc superconducting oxide have been 

attracting much interest from the viewpoint of not only practical 

application such as devices using Josephson junction, thermal 

sensor and shielding of magnetic field but also elucidation of 

physical and electrical properties deriving from anisotropic 

structure of the superconductor . 1 ) Superconducting films have 

been successfully prepared by dc-sputtering 2 ) , rf-magnetron 

sputtering3 ), molecu l ar beam epi taxy 4 ) , laser ablation 5 ) , 

chemical vapor deposition6 ) , spin coating?), screen printing8 ) 

and so on . However , few report have appeared on the interactions 

between superconducting films and substrate which must be 

considered in order to prepare high-Tc or high-Jc film . 

In addition , it is expected that high-Tc and high-Jc film is 

synthesized by using artificial layer-by-layer deposition since 

superconducting oxides have two-dimensional atomically l ayered 

struc tur e as Fig . 1-1 shows . 9 ) For example , Bi-Sr-Ca-Cu-0 

superconducting system has a structure of several number of 

Ca/Cuo 2 bi -layers sandwiched by two Bi2o 2 I SrO stacked layers . 

Furthermore , construction of new layered structures with some new 

phys i ca l or electrical properties which is thermodynamically 

unstable may be possible by an application of layer-by-layer 

deposition . So far , construction of multilayered film by physical 

vapor deposition such as molecular beam epitaxy , 1 0) laser 

ablation , 11 ) and sputtering 1 2) have been reported . Although 

chemical vapor deposition ( CVD) is the most promising for layer­

by-layer deposition due to its high controllability and 



possibility of low temperature process, its application to 

artificial construction of atomically layered structure has not 

been reported. 

The author successfully prepared high-Tc superconducting 

thick films by screen printing method at the first time of the 

world . Also evaluated were the physical and chemical interactions 

between superconducting oxide and substrate materials, such as 

mismatch of thermal expansion coefficients and solid phase 

reactions , which must be considered in order to prepare high 

quality film . The author also studied low temperature synthesis 

of oxide films relating to high-Tc superconductor by plasma CVD 

as a fundamental method for artific ial construction of atomical l y 

layered ceramic structure . The studies are extended to the 

purification method and UV-VIS absorption properties of CVD 

sources and to low temperature oxide film synthesis by photo CVD . 

The dissertation consists of seven chapters . Chapter 2 

presents preparation of superconducting thick films by screen 

printing method . Superconducting thick film was successfully 

prepared at first time using optimum su bstrate and s i ntering 

conditions . In chapter 3 , interaction between superconducting 

oxide and substrate materials are examined semi-quantitatively . 

Chapter 4 presents low temperature preparation of oxide film by 

chemical vapor deposition using microwave plasma and rf p l asma . 

In chapter 5 , purification and UV-VIS light absorption of source 

rna terials for CVD of high-Tc superconductors are investigated . 

The data are indispensable to photo CVD of oxide films . Chapter 6 

presents low temperature synthesis of Bi, Sr , Ca , Cu and Ca-Cu 

2 

oxide films by photo CVD using low pressure mercury lamp . In 

chapter 7 , general summary of this study is presented. 
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Chapter 2 

Screen-Printing / Sintering as a Preparation Method o f Ox i de 

Superconducting Films 

2-1. Introduction 

Film preparation of high-Tc superconducting oxides has been 

attracting much interest from the viewpoints not only of 

el~ctronic device application but also of t he elucida t ion of 

basic properties of superconducting oxides . A l ot of papers have 

already been reported on the preparation of superconducting films 

by such methods as sputtering , 1 ) vacuum evaporation , 2 ) laser 

ablation , 3 ) and molecular bean epitaxy . 4 ) However , th ese 

processes require high vacuum reactors and it is difficult to 

prepare films of large areas . Compared to these processes , 

screen-printing/sintering method is a simple low cost process and 

has been verified to be suitable for preparing CdS/CdTe solar 

cells , metallic patterns for interconnecting electronic circuits 

and so on . 5 ) As soon as the high-Tc superconductivity of La-M-Cu-

0 ( M= Ca , Sr , Ba ) system had been conf i rmed , 6 • 7 ) the author 

started his research on maki n g fi l ms o f n ew h igh-Tc 

superconductors by screen-printing/sintering method . 8 - 11 ) This 

chapter describes studies on the preparation of thick films by 

screen-printing/sint ering method , and presents preliminary data 

on physical and chemical interact i ons between the superconductors 

and substrate materials . 

2-2. Experimental 

Figure 2-1 depicts the flow chart of preparation of s uper­

conducting film by screen-printing method . The powders of super-

6 

and Bi-Sr-Ca-Cu-0 (BSCCO) were prepared by grinding in an agate 

mortar the sintered mixed powders of component metal oxides and 

carbonates . The paste , i . e . the ink for pr inting was prepared by 

mixing the superconducting powder and such an organic vehicle as 

hepthyl alcohol , octhyl alcohol and propylene glycol and it was 

prin t ed on several kinds of substrates (quartz , alumina , YSZ , 

SrTi0 3 and La 2cuo 4 ) through a 150mesh silk screen . The printed 

film was dried in vacuo at 150°C for more than 6h and then fired 

in a furnace for being sintered . The heat treatment conditions 

employed for various superconducting films were summarized in 

Table 2-1 . The sintered film thicknesses were determined to be 

1 0± 211m from the observation of film cross section by an optical 

microscope . The crystal structure of the films was determined by 

the X-ray diffraction analysis using a Rigaku RAD2C diffracto­

me t er . Surface state of the films was observed by an optical 

microscope . Resistivity vs . temperature re l ationship was measured 

by the conventional de four probe method on rectangular specimens 

o f the films . Four gold terminals were evaporated on a film 

printed and sintered on a substrate whose size was about 

1 4x7x1 mm . Magnetic susceptibi li tiy of some films was measured 

us i ng a SQUID magnetometer SHE model 905 . 

2-3. Results and Discussion 

2 - 3- 1. Supe rconductivity of screen printe d f i lms . 

Table 2- 1 shows representative results of film preparation , 

together with the preparation conditions . As Fig . 2-2 and Fig . 2-

3 show , zero resistivity of screen-printed and sinter ed f ilm were 

achieved at 7K for LSCO printed on YS Z and at 22K for LSCO on 

7 



La 2cuo 4 , and at 83K and 79K for BYbCO films on YSZ and on SrTi03 , 

respectively. In case of BSCCO , zero resistivity was achieved at 

11k and 68K on SrTi03 and YSZ, respectively as Fig. 2-4 and Fig . 

2-5 show. The critical currents{Jc) of these superconducting 

films were relatively small as Fig. 2-6 shows. BYbCO film printed 

on YSZ showed superconducting at 77 . 2K at a current density of 

0 . 02A/cm 2 . When the current density was increased to 14 . 2A/cm2 , 

Tc,zero decreased to 15 . 8K . The zero resistivity temperature 

{Tc,zero) and critical curent density {Jc) should be further 

increased by optimizing the sintering conditions . LSCO , BYbCO and 

BSCCO films printed on quartz became insulator by the heat-

treatments for 1h and longer at temperatures of 1000°C , 900°C and 

830 °C , respectively . Alumina appears to be a little better 

substrate than quartz, but it still was not satisfactory . LSCO 

films on alumina substrate showed resistivity drop at about 40K , 

but the resistivity did not reach zero even at 4 . 2K . BYbCO 

printed films were sintered at 900°C for more than 2h to be 

insulators . A BSCCO film showed a semiconductive temperature 

dependence of resistivi t y when it was sintered at 830°C for 1h . 

2 - 3 - 2. Interaction between s ubs tra t e a nd supe rconductors 

The observed strong dependence of superconductivity of 

printed and sintered films on substrate material prompted the 

author to evaluate the interaction between the superconductors 

and substrate materials in order to interpret the above results 

and to search for other appropriate substrates . 

One of the interactions which must be taken into account is 

solid state chemical reactions between the substrate materia l s 

8 

and the superconductors at high temperatures. When LSCO and BSCCO 

films on quartz substrates were sintered at 1000°C for 1h and at 

830 °C for 1h , respectively , the films changed their color from 

black to greenish black and turned to be insulators . Figure 2-7 

and Figure 2-8 show that the X-ray diffraction patterns of these 

LSCO and BSCCO films, respectively. Heating LSCO film in air at 

100 0 °C for 1 Omin made film-quartz interface grayish green 

although XRD pattern stayed substantially the same as the pattern 

of bulk {La0 . 9sr0 . 1 ) 2cuo 4_0 . The whole film of about 10)Jm thick 

turned to be grayish green film by the heating for 1h and 

remarkable change in XRD pattern was accompanied as shown in Fig . 

2 - 7{b) . In the XRD pattern of sintered BSCCO film , the peaks 

assignable to CuO, SrSi03 and CaSi03 were newly observed in the 

X-ray pattern of the sintered film . Phase separation was also 

observed to occur around the interface between the film and such 

substrate as quartz , alumina and SrTi03 by the sintering of the 

screen printed superconducting oxide film . Figures 2-9 and 2-10 

s how XRD patterns of BYbCO and BSCCO films prepared on various 

substrates . In the XRD patterns of BYbCO film on quartz and 

alumina , peaks assigned to BaCuo2 were predominant and both films 

turned to be insulating , while film on YSZ had a crystal 

structure assignable to superconducting BYbCO phase . In BSCCO 

film on alumina , the predominant crystal structure was Bi Sr CuO 
2 2 X 

{220 1) phase , that is , so-called 20K or semiconducting phase . 

When SrTi03 and YSZ were used as substrates and films were 

sintered below 840°C , XRD patterns were almost same as that of 

bulk specimen . When sintering temperature was 850°C , crystal 

9 



structure of the film on SrTi0 3 was predominantly Bi2Sr2CuOx 

phase , while the film on YSZ had a predominant structure of 

Bi 2 Sr 2cacu 2ox phase which was sur•erconductor with critical 

temperature of 80K . 

Thermal expansion coefficient was another significant f actor 

relating to the interaction between the superconductors and 

substrates . Although LSCO films prepared on alumina substrate 

maintained K2 NiF 4 structure in XRD , which was assigned to 

superconducting phase, 12 ) and showed Meissner effect ( see Fig . 2-

11 ), they did not give zero resistivity .( Fig . 2-12 ) This was due 

to crack formation on the film , which was observed by an optical 

microscope as Fig . 2-13 shows. This crack formation should be 

originated from a mismatch in thermal expansion coefficients of 

the super conducting oxides ( L S C 0 : 1 . 4 x 1 0 - 5 °C- 1 ) and 

alumina ( 0 0 7x1 o-5 oc- 1 ) 01 3) 

2 - 4. Conclusion 

LSCO , BYbCO and BSCCO superconducting thick films were 

prepared by a simple screen-printing/sintering method . Chemical 

and physical interactions between various superconductors and 

substrates must be taken into account for the preparation ~f 

superconducting film. YSZ and SrTi03 are preferabl e substrate 

materials to quartz and alumina . 
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Table 2-1 . Prepacation conditions and properties of screen 

printed films . 

Superconductor Substrate Sintering Resistivity Tc,zero 
Condition at r . t. 

#1 lSCD quartz 

#2 lSCD alumina 

1000°C, 1h >10 
1 000°C , 15m in 7.4x10-2 

#3 LSCD YSZ 1 000°C , 10min 4.6x1o-2 7K 

#4 LSCD La2Cu04 

#5 BYbCD quartz 

1 000°C , 10min 8 . 5x1o-4 22K 

900°C , 2h >1 o2 

#6 BYbCD alumina 900°C , 2h >1 o2 

#7 BYbCD YSZ 900°C , 2h 3 . 6x1o-2 77K 

#8 BYbCD YSZ 900°C , 5h 9 . 7x1o-3 83K 

#9 BYbCD SrTi03 
#1 0 BSCCO quartz 

900°C , 5h 2 . 2x1o-2 79K 
830°C, 1h >1 o2 

#11 BSCCO alumina 830 °C, 1h 2 . 4x1o-2 

#1 2 BSCCO SrTi03 
#1 3 BSCCO SrTi03 
#1 4 BSCCO YSZ 

840 °C , 1h 9 . 2x1o-2 11K 
850 °C , 1h 6 . 6x1o-3 

840 °C , 1h 1 . 5x1 o-2 35K 

#1 5 BSCCO YSZ 850 "C , 1h 9 . 1x1o- 3 68K 

1 3 
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printed BSCCO films on YSZ . 
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Fig . 2-9. XRD patterns of BYbCO fclms printed on quartz(a) , 

alumina(b), and YSZ(c) substrate. The films were heat treated at 

900 °C for 2h . The pat tern of BYbCO superconducting bulk sample 

(d) is also shown for comparison. 
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Fig. 2-13 . Optical microscope image of LSCO film on alumina . 
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Chapter 3 

Semi-quantitative Evaluation of Interactio n b et ween 

Superconductors and Substrate Materials 

3-1. Introduction 

In chapter 2, the author successfully prepared high-Tc 

superconducting films by screen-printing/sintering method and 

clarified qualitatively that chemi ::al and physical interactions 

between superconducting oxides and substrate must be taken into 

consideration to obtain high-Tc superconducting film . Such 

interactions have been reported on the preparation of 

superconducting film by not only screen-printing/sintering but 

other technique. For example , Fig . 3-1 shows SEM images of LSCO 

film on glass (Corning #7059) prepared by sputtering and annealed 

at 590 oc for 1 5h. The cracks spreading the whole surface were 

observed . Resistivity drop was observed at about 40K , however , 

zero resistivity was not obtained in the film . (Fig. 3-2)1) 

Chemical interactions , such as interdiffusions of elements , have 

also been investigated by Auger electron spectroscopy ( AES) , 2) 

secondary ion mass spectroscopy( SIMS ) , 3 ) Rutherford backward 

scattering(RBS) 4 ) and so on . However , there have been few studies 

to estimate interactions between superconducting oxides and 

various substrate materials quantitatively and to investigate the 

preparation conditions in order to obtain film with good quality . 

In this chapter , physical and chemical interactions are 

investigated semi-quantitatively . 5 -S) Thermal expansions of 

superconducting oxides and substrate materials were measured and 

the width of formed crack showed good agreement with the mismatch 

of thermal expansion between superconductor and substrate 
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materials . Chemical interaction was evaluated using powder 

mixture of superconductor and substrate materials by X-ray 

diffraction and ac-susceptibility measurement. MgO, BaTi0 3 , 

SrTi03 , YSZ , Zr02 , Sus316, Ti02 , Al 2o 3 , AlN , Si 3N4 , Si02 , Si, WC , 

cr 2o 3 , MgF 2 , CaF 2 , SrF2 and BaF2 were examined as substrate 

materials . 

3-2. Thermal expansion coefficients of High Tc Superconductors 

3-2-1. Experimental 

( La 0 . 9sr 0 . 1 ) 2Cu04 _6 (LSCO), Ba 2LnCu 3o 7 _ 6 (BLnCO Ln=Y , Yb , Ho) 

and BiSrCacu 2o ( BSCCO) powders were prepared by mixing the 

prescribed amounts of oxides (CuO, Ln 2 o 3 , Bi 2 o 3 ) and/or 

carbonates (Baco3 , La 2 (co3 ) 3 ) of component metals in ethanol and 

calcining the mixtures at 1000 °C for 16h in the case of LSCO, 

900°C for 12h in the case of BLnCO and 800°C for 12h in the case 

of BSCCO . After being regrounded in an agate mortar, each powder 

was pressed at 900kg/cm2 and sintered 20h at 1000°C for LSCO , 20h 

at 940°C for BYCO , 20h at 900°C for BYbCO and 20h at 800°C for 

BSCCO . The pellet was cut into rectangular specimens of 3x2x5mm3 • 

The specimens were then annealed at the temperatures described 

above for 20h and cooled in the furnace at a rate of about 

0 . 5 °C/min . X-ray diffraction measurement showed the presence of 

small amount of perovskite phase in the main LSCO phase, the 

single phase of BYCO , the presence of small amount of BaCuo2 in 

the main BYbCO phase and the main so-called 80K phase of BSCCO . 

The sintering degree of the specimens were calculated to be 

82-86% from the density of the specimens . 

Thermal expansion coefficients of these samples and ceramic 
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substrates were measured in the temperature range of 30°C through 

900 °C by dilatometer ( Sinku-Riko DL7000RH) whose push rod was 

fused silica . The measurement were carried out both in air and o2 

atmospheres. Heating and cooling rates mainly employed were 

50°C/min and 10°C/min , respectively. In some cases a heating and 

cooling cycle at 3°C/min was employed . Thermal expansion of 

substrate materials , MgO , SrTi03 , YSZ (3mol% yttria stabilized 

zirconia) , alumina , Corning #7059, quartz and sapphire were also 

measured . 

3-2-2. Results and Discussion 

Table 3-1 lists the mean thermal expansion coefficients of 

superconductor and substrate materials . Superconductors have 

expansion coefficients exceeding 1 . 2x1o-5oc-1 , exceptionally high 

as compared to the coefficients of easily available ceramics such 

as alumina and quartz . SrTi03 , YSZ and MgO have close thermal 

expansion coefficients to those of superconducting oxides. In 

Fig . 3-3 is shown the crack observed in a scanning electron mi-

crograph of LSCO film sputter-deposited on Corning #7059 glass 

substrate . Cracks about 0 . 04wm wide were formed in the film at 

about 10wm intervals when the film was annealed at 590°C for 15h . 

According to Table 3-1 , the mean linear expansion coefficient for 

LSCO is 1 . 44x10- 5oc-1 and that for Corning #7059 is 0 . 50x1o-5oc-

Supposing that the cracks were formed by the difference in 

thermal expansion coefficient between the LSCO and Corning #7059 , 

the width of crack is calculated as follows . 

10x(1 . 44x10- 5 -0 . 50x10- 5 ) x ( 590-20)=0 . 054 (wm ) 

This calculated value is consistent with the observed crack 

width . Thus, the thermal expansion coefficient is one of the most 
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significant factors in the choice of a substrate material in the 

preparation of superconducting films. Crack formation can be 

observed even in a BYbCO film sputter-deposited on SrTi03 and 

annealed in a furnace , although SrTi0 3 has only a slightly 

smaller mean thermal expansion coefficient than BYbCO . 

Figure 3-4 shows relative expansion and the temperature 

dependences of thermal expansion coefficients of BYCO and BSCCO 

measured in air . Two bending points appear at about 350 °C and 

650°C in thermal expansion of BYCO, apparently corresponding 

oxygen uptake and seccession9 l and to the orthorombic-tetragonal 

phase transition , 10 ) respectively . On the other hand, such clear 

bending points were not observed in the thermal expansion of LSCO 

and BSCCO . Figure 3-5 compares the thermal expansion of BYCO 

determined in this work and those calculated as the cubic root of 

cell volumes elucidated by either neutron diffraction11 ) or X-ray 

diffraction . 12 l The data were almost parallel . The slight 

difference could be attributed to the existence of voids in the 

sintered specimens used in this study . The data calculated from 

cell volumes correspond to single crystal specimens . The 

diffraction data indicate that the thermal expansion parallel to 

the c-axis is larger than that perpendicular to the c-axis . Based 

on the I-V curve measured on a single - crystal BYCO film deposited 

on SrTi03 (110 ) substrate , Enomoto and coworkers suggested the 

formation of microcracks along c-axis . 1 3 ) 

3-2 - 3 Conc lusion 

(1) Thermal expansion coefficients of high-Tc superconductor 

oxides are larger than those of ceramics which are conventionally 
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used as substrates. Therefore , the use of substrates which have 

relatively large therma 1 expansion coefficient ( YSZ , SrTi03 and 

MgO for example) is recommended for film deposition . 

(2) By examining the dependence of thermal expansion coefficients 

on temperature , information such as change of oxygen content and 

phase transition can be obtained . 

3-3 . Che mica l I nte rac tio n be tween Supe r conduc tor a nd Subs trate 

Mate r i als i n Solid Stat e 

3-3-1. Experime n ta l 

Figure 3-6 depicts the flow chart of experimental procedure 

for evaluating the chemical interaction . Substrate materials 

examined were powdery SrTi0 3 , Ba Ti0 3 , MgO , zro 2 , GGG ( gallium 

gadorinium garnet) , quartz , Ti0 2 , YSZ ( yttria stabilized 

zirconia) , Al 2o 3 , amorphous silica , MgO , CaF2 , SrF2 , BaF2 , AlN , 

Si 3N4 , sus 316 , WC and cr2o 3 . Average size of these powders were 

4-6um . These powders were dried in vacuo at 150°C or 200°C for 1h 

to remove adsorbed moisture . Ba 2LnCu 3o 7 _0 ( BLnCO : Ln=Yb , Y, Gd ) 

powder was prepared by ca l cining the nominal amount of mixture of 

Baco3 , Ln 2o 3 (Ln=Yb , Y, Gd ) and CuO at 900 ~ for 9h a nd 91 0°C for 

24h followed by slow cooling at a rate of °C/min . Powdery 

Bi 2sr2cacu2ox ( BSCCO ) was prepared by calcining the nominal amount 

of mixture of Bi 2o 3 , Srco 3 , Caco 3 and CuO a t 800 °C for 1 Oh 

followed by the heat- t reatment at 830°C for Sh . BLnCO and BSCCO 

were confirmed to be 90K-class and 80K-class superconductors , 

respectively , from ac-susceptibility measurement . X-ray 

diffraction measurement ( MAC Science MX P 3 ) showed that BYCO , 

BGdCO and BSCCO were single phase and BYbCO contained small 

amount of BaCuo2 . Average size of t hese superconducting powders 
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were 2-6um . 

Mixtures of 80vol . % of superconductor and 20vol . % of 

substrate materials were heated at 600°C , 700°C , 800°C and 900°C 

for 2h either in air or in dry Ar (80% ) and o 2 (20% ) mixed gas. 

The reaction products were characterized by X-ray diffraction 

measurement . The relative volume fraction of superconductivity 

was estimated from the ac-susceptibility at 1kHz measured from 

the change of inductance of the coil which was wound around a 

sample tube . The TG-DTA of the mixtures was measured to estimate 

the temperatures of solid phase reaction and impurity adsorption 

by using an MAC TG-DTA2010 . 

3-3-2. Re sults and Discus sion 

3-3-2- 1 Ch e mical Re activity of BYCO with Va rious Substrate 

Ma t e rials 

Figure 3-7 ( a ) shows the temperatu r e dependence of ac­

susceptibility measured for a mixture of BYCO and amorphous Si02 

after being he a ted at various temperatures . In order to semi­

quantitatively evaluate the deterioration of superconducting 

BYCO , a normalized relative volume fraction was defined by 

dividing the value of dL/W ( uH/g ) at 4 . 2K of the heat-treated 

mixture by that of the mixture prior to the heat-treatment (Fig . 

3-7 (b )), where dL and Ware the values o f ac-suscept ibility and 

the weight of the sample respectively . 

Figure 3-8 shows the same evaluation made for the mixtures 

of BYCO and the other substrate materials . Substrate materials 

r oughly be div i ded into 4 groups depending on the temperature at 

which the relative volume fraction decreases below 75% . The 
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relative volume fraction fo r the mixture of BYCO and either 

SrTio 3 or MgO was higher than 75 % even after a 900°C heat-

treatment for 2h. The heat-treatment at 900°C made the relative 

volume fractions for the mixtures of BYCO and YSZ, zro2 , Al 2o 3 , 

Ti02 and SUS316 less than 75%, although they were preserved to be 

higher than 75% after the heat-treatment at 800°C and below. The 

relative volume fraction for the mixture of BYCO and either 

amorphous Si0 2 or Si decreased below 75% at 800°C. The heat­

treatment at 600°C reduced the relative volume fraction below 75% 

for the mixture of BYCO and either one of CaF2 , WC or cr2o 3 . 

X-ray diffraction analysis of the heat-treated mixtures 

identified such reaction products as listed in Table 3-2 , in 

addition to the unreacted BYCO . The result indicates that barium 

in BYCO is likely reactive with metallic components of substrate 

materials; the heat-treatment generally produced oxides composed 

barium and components of substrate materials . 

3-3-2-2 Chemical Reactivity of BLnCO with Oxides and Nitrides 

Figure 3-9 shows the relative superconductor volume fraction 

for the mixtures of BLnCO and various oxide substrate materials 

heat-treated at 800 °C . Relative volume fractions ranged between 

75% and 100 % without any significant change depending on the 

lanthanide species . Compared to these oxides, nitride substrate 

materials showed higher reactivity with BLnCO as shown in Fig . 3-

10. Among the three BLnCO superconductors (Ln=Yb, Y, Gd) 

examined, BGdCO had the lowest reactivity . 

Table 3-3 lists the reaction products detected by XRD 

analysis for the mixtures of BYCO and substrate materials. The 

same Ba containing oxides were observed as the products in the 
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reactions with both oxides and nitrides. 

3-3-2-3 Reactivity of BLnCO and BSCCO with Alkaline Earth 

Fluorides 

The heat-treatment at a temperature as low as 600°C in air 

reduced not only relative superconducting volume fraction but 

also Tc, onset of the mixture of BYCO and CaF 2 as Fig. 3-11 

shows . Decreases of critical temperature by heat treatment in air 

as low as 600°C were also observed for the mixtures of BYCO and 

MgF 2 , SrF2 and BaF2 . Figure 3-12 shows the variation of Tc , onset 

for a mixture of BYCO and MF 2 (M=Ca, Sr , Ba) by the heat­

treatment at various temperature in air . On the contrary, Tc , 

onset values of mixtures of BSCCO and MF2 were unchanged by the 

heat-treatment under the same conditions(see Fig . 3-13) . It was, 

however , premature to conclude that BYCO is more reactive to MF2 

than BSCCO. Komatsu and coworkers reported that BYCO was inert to 

BaF2 for the heating of discs composed of BYCO and BaF2 at 900 ~ 

for 2 4h. 1 4 ) 

Figure 3-14 shows the TG-DTA measurement for a mixture of 

BSCCO and CaF2 . An endothermic peak accompanied by a small weight 

loss was observed at 175°C, suggesting the existence of moisture 

which adsorbed so strongly to CaF2 that it had not been removed 

by drying in vacuo at 150°C . The endothermic peak at 175°C was 

also observed in pure MF 2 powders dried at 150°C . Alternatively , 

BYCO may be deteriorated either with water , 1 5) which could be 

present in air , or which with a hydrolyzed product of CaF 2 with 

the water . To avoid the influence of this adsorbed moisture or 

con tam ina ted water in air , MF 2 powders were dried in vacuo at 
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200°C, mixed with the superconducting oxide and heated in an 

atmosphere of dry Ar(80%) and o2 mixed gas . Figure 3-15 shows the 

temperature dependence of ac-susceptibility for this heated 

mixture of CaF 2 and BYCO . Here , the mixture did not change its 

T f 92 K after heat-treatments both at 600°C and 800•C , 
c, onset 0 

although the ac-susceptibility decreased to some extent . When the 

heat-treatment at 600°C was done in air , the mixture reduced its 

Tc ' onset to 80K . This reduction of Tc , onset is obviously 

ascribed to the moisture in air . Such reduction of Tc , onset was 

not observed for the mixtures of MF2 and BSCCO , thus reinforcing 

the observation that BSCCO has a higher endurance than BYCO 

against moisture . 

Figure 3-16 shows the variation of relative superconducting 

volume fractions for the mixtures of BYCO and MF 2 after heat 

treatment in the dry atmosphere. Du'"' to the heat treatment at 

800°C, the volume fraction for the mixture of BaF 2 and BYCO 

decreased to 82% of that the preheated mixture . This value is , 

however , only slightly lower than the 88% obtained for the 

mixture of MgO and BYCO and far higher than the relative volume 

fraction ( 42%) obtained after heat treatment in air . Heat 

treatment in air induced a significant decrease similarly for the 

mixture BYCO with CaF 2 and SrF2 . Even in the dry atmosphere , the 

volume fraction for the CaF 2 -BYCO mixture greatly decreased , 

especially after heat treatment at 700°C and higher . By the XRD 

analysis , BaF2 was detected as the main reaction product for the 

heat-treated mixtures of MF 2 ( M=Ca , Sr ) and BYCO . Presumably , 

fluorine in MF 2 extracted Ba from BYCO . From the free energy of 

formation , 16 ) BaF2 is the most stable among these alkaline earth 
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fluorides and oxides . Due to the lack of thermodynamical data for 

BYCO , the change of Gibbs free energies ( ~G ) for the reactions of 

Ba0+MF2•MO+BaF 2 (M=Ca, Sr , Ba ) were calculated instead of those 

for the reactions between MF 2 and BYCO. Assuming that enthalpy 

and entropy are independent on temperature , ~G values at 800 C 

are -68 , -28 and OkJ/mol for the reactions of M=Ca , Sr and Ba , 

respectively, in good agreement with order of chemical reactivity 

of these fluorides . 

The chemical reactivity of MF2 with BSCCO was different from 

that of MF 2 and BYCO . The order of the chemical reactivity of MF2 

to BSCCO was SrF2 <CaF2 <BaF2 as Fig . 3-17 shows . More than 90% of 

the superconducting volume fraction was maintained for the 

mixture of CaF2 or SrF2 after a 700°C heat treatment . By the X-

ray diffraction measurement, SrF 2 was detected as a reaction 

product in the heated mixture of BaF2 and BSCCO . BaF2 was not 

detected as a reaction product in the heated mixture of BSCCO ~nd 

other alkaline earth fluorides , but peaks of some unidetified 

reaction products were detected instead by X-ray diffraction . 

3-3-2-4 Chemical Interaction between BSCCO and Substrate 

Materials 

Table 3-4 gives the relative superconductor volume fraction 

in the mixtures of BSCCO and substrate materials heated at 800°C . 

Substrate materials can be classified into three groups with 

their relative volume fraction of >95% , 85-50% , and <25% , 

respectively . More than 100% volume fractions were obtained for 

some mixtures presumably because the heat-treatment promoted 

further sintering of BSCCO rather than a solid state reaction 
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between BSCCO and the substrate materials . 

From the viewpoint of reactivity , GGG is considered to be a 

promising substrate material . A mixture of GGG and BSCCO gave 

volume fraction of 105% after the 800°C heat-treatment . Zr02 and 

YSZ(yttria stabilized zirconia) appeared to be largely different 

in the reactivity . Figure 3-18 depicts a TG-DTA curve for the 

mixture of BSCCO and Zro2 . An endothermic peak due to the melting 

of BSCCO was observed at about 880°C and any other peak 

suggesting a solid phase reaction was not observed . On the other 

hand , peak corresponding to a solid phase reaction was observed 

in DTA curve of the mixture of BSCCO and YSZ a t 80 4 °C (Fig . 3-19 ). 

From XRD analysis , Srzro3 was detected as a reaction product in 

the mixture of BSCCO and YSZ but it was not in the mixture of 

BSCCO and Zro2 . This result indicates yttrium enhances a chemical 

reaction between zro2 and BSCCO. Fukushima and coworkers reported 

that yttrium could substitute the Ca-site in BSCCO by the heat­

treatment at 920°C . 17 ) 

3-3 - 3. Conclusion 

It is verified that SrTi03 and MgO had low reactivity with 

superconductors . Al kaline earth fluorides in superconductors are 

easily react with substrate materials . 

3-4. Ge ne ral Conclusion 

Physical and chemical interactions between superconducting 

oxides and substrate materials were evaluated semi­

quantitatively . MgO and SrTi03 were suitable substrate materia l s 

to prepare superconducting films . In order to use other materials 

as substrate , low temperature synthesis be l ow 600°C woul d be 

required to avoid crack formation and solid phase reaction . 
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Fig . 3-1 . Scanning electron micrograph of LSCO films prepared by 

ac 50Hz sputtering and annealed at 590°C for 15h. (substrate: 

Corning #7059 glass) 
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Fig. 3-2 . Resistivity vs . temperature relationships for LSCO 

films sputter-deposited on Corning #7059 glass and subsequently 

annealed at 580 °C tor SOh ( 0) and at 585 °C for 15h (6) in o 2 . 
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Table 3-1. Mean thermal expansion coefficients of superconductor 

and representative substrate materials . 

Materials 

(Lao.95ro.1 l2Cu04-o 
superconductor Ba2Yeu3o7-o 

Ba2YbCuP7-o 
Bi1sr1ea1eu2o)S; 
SrTi03 
YSZ 
MgO 

substrate sapphire 
alumina 
#7059 glass 
quartz 
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Mean thermal expansion 
coefficient (lo-5oc1 ) 

3o-S00°C 3(}- 900°C 

1.44 1.38 
1. 44 1.69 
1 .27 1 . 50 
1 . 20 1. 35 
1.02 1 .11 
1 . 00 1.03 
1.24 1 .30 
0.68 0 . 75 
0 . 62 0 . 70 
0.50 
<0.1 <0 . 1 
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Fig . 3- 3 . Sca nning electron mic r ographs of LSCO surface deposited 

o n Corning #70 59 g l ass . a ) as-d·~posited, b ) af t er an neal i ng at 

590 °C f or 1 5 h . 
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Fig . 3-6 Experimental flow chart for the evaluation of chemical 

reactivity of superconducting oxide with substrate materials . 
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Tab l e 3-2 . Reaction products of solld state reaction between BYCO 

a'1•l ·>ubstrate materials detected from X-ray diffraction . 

Substrate Reac tion prcrluc ls Tanpe.ralure (° C) * 
YSZ BaZr03 , lla Y 20J05 900 

Zr02 BaZr03 , BaY20Jo5 900 

Al203 BaAl 2o4, BaY2a,o5 900 

Ti02 BaTi03 , BaY20Jo5 800 

Si02 Ba2Si0 4 800 

Si Ba2Si04 700 

Cr203 BaCr04, BaCr204 600 

we Bar.Q4 600 

* Ternperature of heat trea lnc nl a t whi ch reaction 
products were detected by X- ray diff raction mea­
surement. 
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Table 3-3 . Reaction products of solid state reaction b~tween BYCO 

and oxide and nitride used as substrate . 

Substrate 

YSZ 

Zr02 

Al203 
AlN 
Si 
a-Sio2 
Si3N4 
Ti02 
BaTi03 
SrTi03 
MgF2 
CaF2 

Reaction Product 

Ba3zr2o7 
Ba3zrp7 
BaA1p4 
Bal\l204 
Ba2Si04 
Ba2Si04 
&> 2Si04 

Bazr03 !3aY20JOx 
BaZrOJ BaY20JOx 
BaY20JOx 
BaY2CuOx 

Ba'l'iOJ BaY2Cu0x 
BaCu02 BaY2CuOx 
BaCu02(?)BaY2CuOx(? ) 
BaF2 
BaF2 
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Table 3-4. Relative volume fractions of the mixture of BSCCO and 

various substrate materials heated at 800°C. 

Group Substrate Volume fraction 
at 800°C ( %) 

SrTi03 120 
MgO 11 0 

A Zr02 11 0 
GGG 105 
Quartz 99 
Ti02 96 

sus316 85 
CaF2 80 

B Al203 74 
a-Si02 71 

fu.F2 51 

YSZ 22 
c Si 14 

AlN 11 
Si3N4 8 

59 



-

o'P Sample : ( 2212 )+ Zr0
2 

di' TG Sample : (2212)+YSZ 

-0.0 -TG 114.5mg ----
Ul -- tij Ul -- X ' Ul ---- ... Ul 

t? 0 303°C ' 0 DTA \ tij 

.-l 0.5 
.-l X \ 

+.l \ t 0 
.j...J tM 2.0 
.r:: .r:: \ 

tJ'l tJ'l \ 

• 
·..-! 1 . 0 ::l ·..-! tij 
Q) p, Q) 

:s: 0 :s: DTA 
::l 

air 100ml/min 804°C 
p, 

c.!) 
c.!) 0 

8 1 • 5 8 4.0 air 100ml/min 
rate 5. Odeg. /min 878°C rate S .Odeg ./min 

0 200 400 600 800 1000 0 200 400 600 800 1000 

Temperature ( 0 c) 
Temperature ( oc) 

Fig. 3-19 . TG-DTA curves for a mixture of BSCCO and YSZ . 

Fig. 3-18 . TG-DTA curves for a mixture of BSCCO and zro 2 . 

60 61 



Chapter 4 

Preparation of Oxide Films Relating t o High-Tc Superconductor at 

Low Temperature by Plasma CVD 

4-1. Introduction 

In chapter 3 , the author indicated physical and chemical 

interaction between high-Tc superconducting film and substrate 

materials . It was concluded that low temperature (below 600°C) 

process without interaction between superconductor and substrate 

was required in order to prepare film of desired quality . In 

addition , low temperature proc ess will also be necessary for the 

construction of artificially designed crystal structure by layer­

by-layer deposition to avoid interdiffusion among the layers . 

So far , various methods , such as activated reactive 

evaporation , 1 ) plasma assisted laser ablation , 2 ) light 

irradiation during sputtering , 3 l molecular beam epitaxy using 

ozone 4 l , N2o5 l , or N0 2
6 l and so on have been reported as low 

temperature processes . Fabrication of multilayered films by laser 

ablation , 7 l sputtering , 8 - 10 l, and molecular beam epitaxy11 ) have 

also been reported . Besides these physical vapor deposition ( PVD ), 

chemical vapor deposition ( CVD ) can also be a low temperature 

process . Figure 4-1 shows schematic energy diagrams of PVD and 

CVD . In case of CVD , low temperature sinthesis of a film can be 

expected by utilizing chemical energies of sources and 

electrochemical excitation by plasma or photon . Moreover , CVD is 

suitable for the fabrication of oxide films because film growth 

can be carried out under higher oxygen atmosphere than PVo . 12) In 

addition , CVD has been expected to be a process for layer-by­

layer deposition due to its higher controllability than PVD . 

Although CVD's of high-Tc superconductor have already been 

reported by several groups, 13 - 19 l most of them employed thermal 

CVD using substrate temperatures higher than 700°C . Decrease of 

substrate temperature to 570°C using plasma has been reported by 

Kanehor i et . al. , 1 5 ) Zhao et. al. , 1 6 ) and Kobayashi et al. , 1 7 ) 

however, they introduced source materials simultaneously and 

there have been few reports on the synthesis of multilayered film 

by CVD . 

As a fundamental study toward the artificial construction of 

layered structure , low temperature CVD ' s of oxide films relating 

to Bi-Sr-Ca-Cu-0 superconductor using microwave plasma18) and rf 

glow-discharge plasma 19 ) from each one of the sources were 

presented in this chapter . Constant deposition rates were 

obtained by using some sources examined . 

4-2 . Microwave Plasma CVD of Oxide Films Relating to High-Tc Bi­

Sr-Ca-Cu- 0 Superconductor 

4-2 -1. Experimental 

In Fig . 4-2 , structures of CVD sources used in the study are 

depicted . They were reported to have moderate high vapor 

pressures below 240°C . 20 l In the case of microwave plasma CVD , 

sources used were Bi (C6H5 ) 3 , Sr (PPM) 2 , Ca (P PM ) 2 , and Cu (HFA)2 . 

These sources supplied from Tri-Chemical Co ., Ltd . and/or 

purchased from Ube-kosan Co ., Ltd . were separately heated in oil 

baths and carried into the reaction chamber with helium at a 

total pressure of 100Torr. The evaporation temperatures were 

determined in view of the TG data ( Fig . 4-3) of the sources 

measured under Ar 1 OOTorr atmosphere using a Sinku-Riko model 



TGD-7000RH. To avoid the condensation of source materials , the 

gas lines were heated at a temperature above the highest oil bath 

temperature. Figure 4-4 shows schematically the microwave CVD 

apparatus used in this study. A 2.45GHz microwave was applied to 

either a quartz tubing for Ar flow or a double quartz tubing , 

inner and outer for the introduction of Ar and 0 2 gases , 

respectively , to generate the Ar (and oxygen) plasma . The 

evaporated source materials encounter with the plasma above the 

substrate to be decomposed and oxidated efficiently . The 

substrates , Mg0(100), Si(111), Si(100) , and GaAs( 100) were heated 

at a temperature between 200°C and 600°C by a focused IR lamp. 

The film thickness was measured by the stylus method using a 

Taylor-Hobson Talystep. The crystal structure and composition of 

the deposited films were analyzed by X-ray diffractometry (XRD: 

MAC Science MXP 3 ) and X-ray photo electron spectroscopy ( XPS : 

JEOL-JPS80) , respectively . 

4-2-2 . Results and Discussion 

4-2-2-1. Preparation of CuO Film from Cu(HFA) 2 

Cu(HFA) 2 was heated in an oil bath at 80°C and carried int 

the chamber in a stream of 80sccm He . The reaction pressure and 

microwave power were 1 . 5Torr and 90W , respectively. The crystal 

structure and composition of the films were highly dependent on 

the way of oxygen introduction to the reactor . Figure 4-5 depicts 

XPS spectra of Cu 2 p of the film prepared at a substrate 

temperature of 600°C on Mg0 (1 00 ). When the Ar and oxygen tubings 

were placed separately and away farther than 3cm from each other , 

only metallic Cu peaks were observed in the XPS of the deposited 

film. Satellite peaks which indicates the existence of divalent 
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cu appeared when the distance between the oxygen and Ar outlet 

came closer to 0 . 5cm. Hence , we employed a double quartz tubing 

to supply more excited oxygen above the substrate so that the 

decomposed fragments could be oxidized effectively . Figure 4-6 

shows XRD patterns of the films on Mg0(100) prepared at 400°C at 

various o2 /Ar ratios. The crystal structure of the film was 

amorphous at an o2 /Ar ratio of 5sccm/50sccm . The peaks of both 

CuF 2 and CuO were detected by increasing the o2 /Ar ratio to 

10sccm/50sccm . Increase in the o2 /Ar ratio to 15sccm/50sccm 

increased the intensities of CuO peaks and decreased those of 

CuF 2 . 

4-2-2-2. Preparation of Bi 2o3 Film from Bi(C6H5 ) 3 

The evaporation temperature of Bi (C6H5 J3 was determined to 

be 120°C because the weight decrease due to the sublimation 

started at about this temperature. The flow rate of He carrier 

gas , reaction pressure, and o2 /Ar ratio were set at 80sccm , 

1 . STorr , and 1 Osccm/50sccm , respectively . Figure 4-7 shows the 

XRD patterns of the films prepared from Bi(C6H5 ) 3 on Mg0 (1 00) 

substrate at a temperature of 200°C . The microwave plasma power 

was 60W or 90W . When 60W microwave was applied , the obtained film 

was amorpho~•s . The film prepared at microwave power of 90W showed 

XRD peaks all of which could be identified to be 8-Bi 2 o 3 . 

Increase in the amount of excited oxygen species is considered to 

work effectively for the formation of crystalline oxide film . As 

Fig . 4-8 shows , the deposition rate was constant at 0 . 56A/s 

throughout the reaction time of 60min to give a film of 2000A 

thick . Carbon contamination in the film was not observed by XPS 
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measurement. The deposition temperature ( 200 °C) was lower than 

that (300°C) reported by Okada et. al. for thermal CVD of Bi203 

using Bi(C2H5 ) 3 as a source material. 21 ) 

4-2-2-3. Preparation of Oriented CaF2 and SrF2 Films 

From the TG analysis, the evaporation temperature of 

Sr(PPM) 2 and Ca(PPM) 2 were determined to be 240°C and 200°C , 

respectively . Flow rate of He , Ar , and o2 were 80, 50 , and 

10sccm, respectively . The substrate temperature and reaction 

pressure were 400° C and 1. STorr. The microwave power was 90W. 

Figure 4-9 shows XRD patterns of the films prepared on Mg0(100) 

substrate. The CaF 2 and SrF2 films strongly oriented to (001) 

direction were prepared from Ca(PPM) 2 and Sr(PPM) 2 , respectively . 

The orientation of CaF2 film could be controlled by the substrate 

as Fig. 4-10 shows. Films oriented to (001) were obtained on 

Si(100) and GaAs(100), while (111) oriented film was on Si(111) 

substrate . Rocking curves of (222) peak of CaF 2 film on Si(111) 

substrate are shown in Fig . 4-11. With the decrease in the film 

deposition rate from 3 . 6A/s to 1 . 3A/s , FWHM of the curves 

decreased from 0.45 to 0.28, which was close to 0 .17 reported for 

the film epitaxially grown by MBE at 800°C . 22 ) XPS measurement 

indicated that the Ca/F composition ratio was 0 .4 -0 . 5 and there 

was a little carbon and oxygen contamination on the film . These 

results suggest that this microwave plasma CVD is a promising new 

method for the heteroepitaxial CaF2 and SrF2 film deposition on 

semiconductor substrates such as Si and GaAs, at such a low 

temperature as 400°C. Further optimization of reaction conditions 

including more careful cleaning of the substrate surface should 

decrease the carbon contamination and improve the crystal quality 

of CaF 2 and SrF2 films to such an extent that they could be used 

as a buffer layer between superconductor and semiconductor . 

4-2-2-4. Synthesis of Superconducting Film by Annealing Layered 

Film 

A layered film was prepared by successive deposition of 

Bi2o3 , SrF2 , CaF2 , and CuO films of about 2000A each . Annealing 

the film at 850°C for 30min in air yielded a Tc, onset at 65K as 

shown in Fig. 4-12 . However zero resistivity was not achieved. 

The interdiffusion required for the construction of 

superconducting phase should be difficult between such thick 

layers . Accumulation of thinner layers would facilitate the 

preparation of superconducting films at a low temperature . 

4-2-3 . Conclusion 

As-grown Bi 2o3 , SrF2 , CaF2 , and CuO films were obtained at 

400 oc or below by using a microwave plasma CVD apparatus . 

Superconducting film with Tc, onset of 65K was prepared by 

annealing a film accumulating four layers of Bi 2o3 , SrF2 , CaF2 , 

and CuO at 850 C for 30min in air . 

4- 3 . Deposition of Bi , Sr, Ca, and Cu Oxide Films by rf Glow 

Discharge Generated at Relatively High Pressure 

4-3-1. Experimental 

Figure 4-13 represents the setup of the apparatus used in 

the present study . The condenser type electrodes were specially 

designed to maintain the glow discharge at pressures as high as 

1atm . 23 ) The cathode electrode ( 30mm¢>) is composed of tungsten 

needles with a diameter of 0 . 2mm and the anode is covered with a 

quartz plate of 0 . 2mm thick . The substrate Mg0(100) was heated at 



400 °C . A mixture of plasma excited o 2 and Ar gases was introduced 

above the substrate to be mixed with the source materials carried 

on helium flow . Helium was indispensable for sustaining the glow 

discharge at pressures higher than 10Torr . Rf plasma in a high 

oxygen partial pressure was expected to facilitate the 

preparation of oxide films efficiently . Source materials employed 

were Bi ( C6 H5 ) 3 , Sr(DPM ) 2 , Ca ( DPM ) 2 , and Cu ( DPM) 2 , where DPM 

represents ( CH 3 ) 3CCOCHCOC ( CH3 ) 3 , supplied from Tri-chemical Co ., 

Ltd . They were heated separately in oil baths and carried into 

the reaction chamber by helium . The evaporation temperature were 

determined by TG measurement under Ar 100Torr atmosphere usi ng a 

Sinku-Riko TGD-7000RH mode l. (Fig . 4-14) To prevent the source 

materials from condensation , the gas lines were heated to 250°C . 

The film thickness was determined by the stylus method using a 

Taylor-Hobson Talystep . The crystal structure and elemental 

composition were analyzed by X-ray diffraction ( XkD : MAC Science 

MXP 3 ) and X-ray photoelectron spectroscopy ( XPS : JEOL : JPS-80 ), 

respective l y . 

4- 3 - 2. Results and Discussion 

4-3-2-1. Film Preparation and Depo s ition Rate 

Table 4-1 lists representative film preparation conditions . 

The relationship between the film thickness and reaction time was 

measured to conf i rm the proportional film growth . Figure 4-15 

shows the results . I n the cases of film deposition from 

Bi ( C6H5 ) 3 , Sr ( DPM ) 2 , Ca ( DPM ) 2 , and Cu ( DPM ) 2 , fairly good linear 

relationships were observed at the film deposition rates of 1 . 30 , 

1 . 67 , 1 . 25 , and 1 . 50A/s , respectively . For Cu ( HFA ) 2 , the 

linearity was not so good due probably to poor purity of t he 
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source . Since the thickness of each oxide layers in Bi-Sr-Ca-Cu-0 

superconductor is 2-3A , 24 ) the thickness of each oxide film must 

be controlled at that order for layer-by-layer deposition . The 

deposition rates we obtained (1 . 25-1 . 67A/s) appear to be little 

too high for the purpose of such layer-by-layer deposition. 

4- 3-2 - 2. Crys tal Str ucture and Composition o f the Film 

Figure 4-16 shows the X-ray diffraction pattern of the film 

prepared from Cu ( HFA) 2 at a substrate temperature of 350°C . The 

oxygen partial pressure in the reaction chamber was 0 . 45Torr . 

Peaks of CuO were detected . The contamination of fluorine and 

carbon from the ligand of Cu ( HFA) 2 was not detected by XPS 

analysis . X-ray diffraction patterns of the films prepared from 

Bi ( C6H5 ) 3 , Sr ( DPM ) 2 , Ca ( DPM) 2 , and Cu ( DPM ) 2 are shown in Fig . 4-

17 . The film as-deposited at a substrate temperature of 400°C 

from Bi ( C6H5 )3 shows crystal structure of Bi 2o 3 . Amorphous films 

were obt ained fro m Sr ( DPM ) 2 , Ca ( DPM ) 2 , and Cu ( DPM) 2 sources under 

the plasma CVD conditions listed in Table 4-1 . Annealing the 

deposited amorphous films at 400°C in air turned them to crystals 

of Srco3 , Caco3 , and CuO , respectively . 

The reason why crystal l ine films were not deposited from 

Sr ( DPM ) 2 , Ca ( DPM ) 2 , and Cu ( DPM ) 2 under the conditions of Table 4-

should include (1) too low su b s t rate temperature and ( 2) 

shortage of oxygen supply at the growing site . The former 

possibility is less probable , because the crystallization 

occurred by the subsequent annealing of the amorphous films at 

40ooc in air . Synthet i c reactions of Bi 2o 3 and MO ( M=Sr , Ca , Cu ) 

are represented as follows . 
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Bi ( C6H5 ) 3+45/202+ Bi 20 3+18C02 +15/2H20 

M(DPM) 2 +3202+M0+22C0 2+19H 20 

For the completion of oxidation reaction , the amount of oxygen 

should exceed 22 . 5 and 32 molar equivalents to the source 

materials , respectively . Under the reaction conditions listed in 

Table 4-1 for Ca(DPM) 2 , the molar ratio of o 2 /Ca(DPM) 2 in the 

steady state is calculated to be 180. More than 17% of oxygen in 

feed must be consumed for the completion of oxidation reaction . 

This suggests that the latter possibility is a main reason why an 

oxide crystal structure was not detected in the as-deposited 

films. Figure 4-18 shows XRD patterns of as-deposited films 

prepared from Ca(DPM) 2 at reaction pressures of 3Torr and 10Torr . 

The crystal structure of the film prepared at a pressure of 3Torr 

was still amorphous, whereas the peaks identified to Caco3 were 

clearly observed in the film prepared at an elevated pressure of 

10Torr. Thus , the author has verified that rf glow discharge 

under oxygen partial pressures higher than the conventional 

plasma CVD is a promising method for depositing artificially 

designed ceramic crystal films at a low temperature . 

4-3-2-3 . Preparation of a Superconducting Film 

Four films were deposited successively under the conditions 

of Runs 1 , 2 , 3 , and 4 in Table 4-1 from Bi(C6 H5 ) 3 , Sr(DPM) 2 , 

Ca (DPM) 2 , and Cu(DPM) 2 . Each layer was designed to have thickness 

of 1000A . The stacked film was annealed at 850°C in air for 

30min . Low temperature resistivity was measured by conventional 

four probe method . Tc , onset was observed at 80K as Fig . 4-19 

shows . Weak peaks assigned to Bi 2sr 2cacu 2ox appeared in XRD 

pattern of the film . It is expected that stacking a number of 
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more thinner layers will bear superconducting film with higher 

quality. 

4-3-3. Conclusion 

Crystalline Bi2o 3 , Srco3 , Caco3 , and CuO films were prepared 

by rf plasma assisted CVD at a temperature of 400°C . Increase of 

oxygen partial pressure was effective to prepare as-grown 

crystalline films . The accumulation of these four layers of about 

1000A thick each at 400°C and subsequent annealing at 850°C gave 

a film indicating a superconductivity at 80K . 

4-4. General Conclusion 

Application of microwave or rf plasma to CVD of oxide films 

relating to high-Tc superconductor was effective to decrease 

substrate temperature . By accumulating each oxide and subsequent 

annealing , superconducting oxide films were successfully 

prepared . 
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Al:breviation Name R R' 

DPM dipivaloylnethane C(OI))) C(OI3 )3 
HFA hexafluoroacetylacetonato CF3 CF3 
PPM pentafluoropivaloylnethilne c 2 F5 C(m3 J3 

Fig. 4-2. Structures of CVD source materials used in this study. 
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enables rf glow discharge at relatively high pressures . 
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Table 4-1. Representative preparation conditions of oxide films by rf 
plasma CVD of metal organic sources. 

Source Oil bath Evaporator Carrier gas Substrate Reaction 
material temp . (°C) press . ('Ibrr) flCM(sccm) temp . (°C) press . ('Ibrr) 

#1 Bi(C6H5 )3 130 100 40 400 3 

#2 Sr(DPM) 2 240 10 6 400 3 
#3 Ca(DPM) 2 220 10 6 400 3 
#4 Cu (DPM) 2 140 100 40 400 3 

#5 Cu (HFA)2 80 100 40 350 10 
#6 Ca (DPM )2 220 10 6 400 10 

rf pc:Mer : 100W Ar : 2sccm o2: 2sccm 
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Fig. 4 - 15. Time dependence of film thickness prepared from 

(a)Bi(C6H5 ) 3 , (b) Sr ( DPM ) 2 , ( c ) Ca ( DPM) 2 , and (d) Cu ( DPM ) 2 . 
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Chapter 5 

Purification and UV-VIS Light Absorption Property of Source 

Materials for CVD of High-Tc Superconducting Films 

5-1. Introduction 

In the chapter 4 , the author reported low temperature 

synthesis of oxide and carbonate by microwave or rf plasma 

assisted CVD and preliminary data for the accumulation of the 

films . In order to accumulate oxide films , thickness of which are 

atomic order , it is indispensable to control the source supply 

more precisely. However, relatively poor reproducibility of data 

is frequently observed in CVD of high-Tc films , presumably 

originating partly from contamination in the source materials . 

Although the vaporization pressures , 1 - 3 l thermogravimetric4 l and 

mass spectra data , 5 l and IR absorption spectroscopy , 6 l were 

reported using sources whose purities were not checked , no 

systematic and quantitative studies have been made on the purifi-

cation process or characterization of the CVD source materials . 

In this chapter , the author reports elucidation of the 

purification process and eva luation of the puri t y of source 

materials . The UV-VIS (ultraviolet and visible light absorption ) 

spectral data of the sources were also collected to estimate the 

possibility of photo-CVD which cou l d be another possible method 

of low-temperature film deposition . 7 l 

S-2. Experimental 

Bi(C 6 H5 ) 3 , Sr ( DPM ) 2 , Ca(DPM) 2 and Cu(DPM) 2 (D PM : 

dipyvaloylmethane (CH 3 ) 3CCOCH 2COC(CH 3 ) 3 : IUPAC name is 2 ,2, 6 , 6-

tetramethyl-3 , 5-heptanedione ) complexes were prepared by the 

chemical reactions given below , supplied in purified form from 
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Tri-chemical Co. , Ltd ., Nihonsanso Co ., Ltd. and Nihon Kagaku 

Sangyo Co ., Ltd . 

BiCl 3 +3C6H5MgBr -+ Bi ( c 6H5 ) 3 +3MgClBr 

in diethylether 

Sr+2 ( CH 3 ) 3cCCH2CC ( CH 3 ) 3 -+ Sr ( c 11 H1 9o2 ) 2+H 2 
II II 
0 0 in n-hexane 

Ca+2 ( CH3 ) 3CCCH 2cc ( CH3 ) 3 -+ Ca ( c 11 H1 9o2 ) 2+H 2 
I! II 
0 0 in n-hexane 

Cu(N03 J2· 3H 20+2(CH 3 )3CCCH 2CC(CH 3 ) 3 +2NH 40H-+Cu(C11 H19o2 ) 2 +2NH 4N03 +SH 20 
II II 
0 0 in n-hexane 

Each supplied compl·=x was further purified by sublimation in a 

glass apparatus as illustrated in Fig . S-1 An evaporation 

pressure of 20mTorr and temperatures of 95 °C , 140°C , 200° C, and 

240°C were employed for Bi(C6 H5 ) 3 , Cu ( DPM) 2 , Ca ( DPM) 2 and 

Sr ( DPM )2 , respectively . The TG-DTA (thermogravimetry-differential 

thermal analysis) was measured in 1atm Ar flow at a heating rate 

of 10 °C/min using a Seiko TG/DTA-32 0 . The IR ( infrared 

absorption) and 1H-NMR (nuclear magnetic resonance) spectra were 

recorded on each specimen before and after the purification . The 

IR s~ectra were measured using a Shimadzu IR-470 on disc samples 

made by pressing a mixture of the complex and KBr powders . 1H-NMR 

spectroscopy was performed using a JEOL NM3974 spectrometer for 

samples dissolved in CDC1 3 containing a~out 3% tetramethylsilane 

as a reference . The UV-VIS spectra were measured by a Hitachi 

200-2 0 spectrometer on hexane solutions of 1 , 2 , 5 , 7 , 1 Ox1 0-

5mol/l in the wavelength range between 190nm and 900nm . 

5-3 . Results and Discussion 
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5-3-1 Bi(C6H5 ) 3 and Cu(DPM) 2 

Table 5-1 summarizes the sublimation conditions and C and H 

contents for the complexes before and after the sublimation . The 

C and H contents were kept constant within 0.3% of the authentic 

values. The colors, TG-DTA curves(Figs. 5-2 and 5-3 ; At aooc , 

endothermic peak corresponding to melting point was observed in 

DTA curves of Bi(C6H5 ) 3 . Weight decrease start from 135°C and 

150°C and all sample was perfectly sublimated at 283°C and 266°C 

for Bi(C6H5 ) 3 and Cu(DPM) 2 , respectively . ), IR an:l NMR spect ,:a 

were also unchanged by the sublimation and no significant amounts 

of impurities were detected by these analyses . 

5 -3-2 Ca (DPM) 2 

Ca ( DPM) 2 was sublimated at 200 oc . Although no appreciable 

change was observed in C and H contents (see Table 5-1) as well 

as in ~he sample color (white) , slight variations were observed 

in the TG curves (Fig . 5-4) and 1H-NMR spectra (Fig . 5-5) by the 

sublimation . The peaks at 45 °C and 64 °C in the differential TG 

curve , both corresponding to weight ~ecrease , disappeared after 

sublimation . The main 1H-NMR peaks at 1 . 06ppm and 5 . 67ppm can be 

assigned , respective l y , to the tertiary buthyl protons and the 

proton bonded to the carbon between the two carbonyl groups in 

DPM of Ca ( DPM) 2 . In the spectrum of pre sublimation , minor addi­

tional 1H-NMR peaks were observed at 1 . 02ppm and 5 . 58ppm , which 

can be assigned to the tertiary buthyl and methylene protons in 

the dipyvaloylmethane ligand which is not coordinated to calcium , 

res~ectively . From the relative area ratio ol: the 1 . 06ppm peak to 

the 1 . 02ppm peak , the purity of as-supplied and sublimated 
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Ca(DPM) 2 were evaluated to be 91% and 100% , respectively. Thus, 

free dipyvaloylmethane was completely removed by the sublimation. 

5-3-3 Sr ( DPMJ 2 

Pale yellow as-supplied compound was evaporated by heating 

in a pressure of 20mTorr at 150°C and subsequently at 240°C to 

deposit yellow grains and white pow:lers, respectively , on the 

surface of a dry ice-coo1ed inner flask . The yellow grains can be 

identified as free dipyv~loylmethane ligand , since their 

elemental analysis given in Table 5-1 agreed well with the value 

calculated for c11 H19o2 . Figure 5 - 6 shows the 1 H-NMR spectra of 

three specimens , one before the sublimation and the others of the 

yellow and white sublimates. The 1H-NMR spectra of yellow grains 

reinforce the assignment to dipyvaloylmethane . Three peaks were 

observed in 1H-NMR sp-.ctra of as-supplied Sr ( DPM) 2 at 1. 03ppm , 

1 . 20ppm , and 1 . 35ppm that could be assigned , respectively , to 

the tertiary buthyl protons in Sr ( DPM) 2 , to those in free 

dipyvaloylmethane , and to an unknown impurity . The peak at 

1 . 03ppm was observed exclusively in the 1 H-NMR spectra of the 

white sublimate , indicating that the purity of Sr(DPM) 2 was 

substantially improved by the sublimation . Recrystallization 

prior to the sublimation was examined for further purification of 

Sr ( DPM) 2 . Although recrystalliza t ion of Sr ( DPM )2 from ethanol 

solution was already reported , 8 ) its effect was not discussed . 

The as-supplied sample of 5 . 0g was solved in 11g ethanol, which 

had been distilled in the presence of CaO , at 40°C a nd =ooled at 

-30 °C for 3 days . The precipitated rectang u lar crystals were 

dried in vacuo at 180°C for 6h to give white powders ( 3 . 6g ). They 

could be sublimated at a temperature as low as 195°C , a 
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significant decrease from the 240°C required for the as-supplied 

reagent . The C and H contents of the sublimate were remarkably 

improved, as shown in Table 5-1 . Figure 5-7 shows 1H-NMR spectra 

of the sublimated sample. From the relative intensity of very 

small peaks still remaining at 1 . 20ppm and 1 . 35ppm to the main 

peak at 1.03ppm, the purity of Sr(DPM) 2 is estimated to be 

improved from 85% to 95% . The TG curves of the Sr ( DPM) 2 measured 

before and after the recrystallization-sublimation are shown in 

FiQ . 5-8 . The weight decrease exceeds 95% in the refined samp l e . 

The purity should be further improv~d by repeating the sequential 

purification procedure . 

5-3 - 4 Light Absorption Property ( UV-VIS Spectra) of Source 

Materials 

Figure 5-9 shows UV-VIS spectra of hexane solutions 

((a)-(d)7x10-5mol/l,(e) 2x10- 5mol/l) of the Bi(C6 H5 ) 3 , Sr (DPM) 2 , 

Ca ( DPM) 2 , and Cu(DPM )2 purified by the methods described ~bove. 

The pattern of UV absorption spectrum showed good correspondence 

to the pattern reported by Fackler et . a1 . 9 l For all of the 

sources , strong light absorption was ob served in the range from 

1 90nm to 320nm but not in the range from 320nm to 900nm . Except 

for Bi (C6H5 ) 3 , the light absorption obeyed Lambert-Beer ' s law as 

Figs . 5-10, 5-1 1, and 5-12 show , making it poss ible to eva luate 

the molar absorption coefficients . The UV-VIS absorption pattern 

of Bi(C 6 H5 ) 3 was strongly dependent on the solution 

concentration . As Figure 5-13 depicts , the maximum absorption of 

Bi ( c
6

H5 ) 3 shifted to the longer wavelength at the higher con­

centration , clearly indicating the aggregation of Bi(C6 H5 l 3 in 
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this concentration range . 

Table 5-2 lists the molar absorption coefficients of 

Bi ( C6 H5 ) 3 , Sr(DPM) 2 , Ca ( DPM) 2 , and Cu(DPM) 2 at sev e ral 

wavelengths frequently used in photo-CVD of various kinds of thin 

films . At 249nm ( KrF excimer laser) and 254nm (low-pressure 

mercury lamp) , the absorption coefficients are in the range of 

10 3-10 4 1/mol • cm . Although the light absorption behaviors may be 

slightly different from those in hexane solution , the examined 

concentration range of 10- 5-1o- 4mol/l corresponds to the pressure 

range of photo-CVD ( 0 . 2-2 . OTorr) . Thus , these source rna terials 

have a high potential as good sources for photo-CVD using a low-

pressure mercury lamp or a KrF excimer laser . Studies on photo-

CVD of oxide films by oxidative decomposition of each and of 

mixed sources are reported in the next chapter . 

5-4. Conclusion 

Purification and spectral properties of source materials for 

CVD of high-Tc superconducting films have been investigated quan-

titatively . Based on elemental analysis , TG , IR spectroscopy , and 

1H-NMR spectroscopy , sublimation was verified to be satisfactory 

for ':he purification of Bi(C6 H5 )3 , Ca(DPM) 2 , and Cu(DPM) 2 (DPM : 

dipyvaloylmethane) . Sr(DPM ) 2 was not sufficiently purifi~d by the 

sublimation alone , but recrystallization from an ethanol solution 

in advance improved the purity of the sublimate , as verified by a 

significant decrease in the sublimation temperature . The UV-VIS 

spectra revealed that Bi (C6 H5 )3 , Sr ( DPM ) 2 , Ca (DPM) 2 and Cu(DPMl 2 

had high absorption coefficients at wavelengths around 254nm , 

suggesting high possibilities of their photochemical decompo-

sition by light irradiation from a low-pressure mercury lamp . 
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Table 5-1 . Sublimation conditions and C and H contents of as-

supplied samples and sublimates . 

As-supplied Sublimation Sublimated Calculated 

Mater i a l sample ( %) Temp. (°C) sample(%) value ( %) 

c H c H c H 

Bi ( C6H5 ) 3 49 . 3 3 . 6 95 49 . 2 3 . 5 49.1 3 . 4 

Cu(DPM) 2 6 1 . 5 8 . 9 140 61 . 2 9 . 2 61 . 4 8.9 

Ca ( DPM) 2 6 4. 7 9 . 6 200 64 . 8 9 . 7 6 4. 9 9 . 4 

r 50 
73 . 0 10 . 2 } Sr (DPM ) 2 57 . 5 8 . 3 240 52 . 4 8 . 0 58 . 2 8 . 4 

1 9 * 7 . 6 8 . 2 

* After recrystallization from ethanol 
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Fi g . 5-2 . TG-DTA curves of Bi(C 6 H5 ) 3 at l\r 1atm atmosphere . 

Hea t i n g rate was 10°C/min . 
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Table 5-2. Molar absorption coefficients of hexane solutions of 

source materials at various wavel e ngth . 

ArF excimer KrF excimer ro...- press. XeCl excimer High- press. 
!Bterial laser(193rrn) laser(248mt) Hg lamp(254mt) laser(308mt) Hg lamp(313mt) 

. * B1(C6H5 )3 
Sr(~J2 
Ca(~)2 

0.1(~)2 

4.2x104 

4.Dx1 o3 

3.9x103 

1.1x104 

*value at 1.0x10- 5=l/l 

1.6x104 

5.8x103 

6.8x103 

1. 7x104 

1.4x104 

9.5x103 

1.0x104 

1. 7x104 
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Chapter 6 

Photo CVD of Metal Oxide Films Relating to Bi-Sr-Ca-Cu-0 

Superconductor 

6-1 Introduction 

In chapter 5, the author established the method for the 

purification of source materials of CVD for high-Tc 

superconductors. The studies were extended to UV-VIS light 

absorption property of sources. The author clarified high 

potential of Bi(C6H5) 3 , Sr(DPM) 2 , Ca(DPM) 2 , and Cu(DPM) 2 as 

photo CVD sources. Most CVD's of high-Tc superconducting film so 

far reprted have employed thermal decomposition of sources ,1 -3 ) 

or plasma decomposition using rf 4 ) or microwave . 5) There are 

reports neither on the preparation of high-Tc superconducting 

film nor multilayered film by photo CVD. 

In Fig . 6-1, schematic representation of photo CVD process . 

In the gas phase , A source gas molecule (A in Fig . 6-1) is 

excited by the photon absorption . The electrochemically excited 

molecule (A*) can be decom.;>osed to activated species (X and y) . 

Secondary reactions of the source gas molecule (A) with these 

activated species (X and Y) can generate other active species (z) 

as well . The active species (X, Y, ur Z) as a precursor of film 

deposition is transfered and adsorbed on the surface of film 

growth . Then the adsorbed precursor (s*) migrates on the film 

surface , before it reacts at an active site in solid network (Sn) 

to be incorporated in the film ( sn+1) 6) Improvement of 

crystallinity of the film could be expected by enhancement of 

this migration by photon irradiation . 7 ) 

In this chapter, the author reports low temperature 
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preparation of Bi, Sr, Ca, Cu, and Ca-Cu oxide films by photo CVD 

using highly purified sources by the method decribed in the 

chapter 5. 

6-2 Experimental 

Source materials used were Bi ( c6H5 ) 3 , Sr ( DPM) 2 , Ca ( DPM) 2 , 

and Cu(DPM) 2 complexes which were supplied by Tri-chemical Co ., 

Ltd ., Nihonsanso Co., Ltd., and Nihon Kagaku Sangyo Co., Ltd . 

They were purified by the method described in the author's 

preceding paper.B) Bi(C6H5 ) 3 , Sr(DPM) 2 , Ca(DPM) 2 , and Cu(DPM) 2 

were heated at 120°C , 200°C, 220°C, and 130°C, respectively , and 

carr i ed through heated stainless pipe into the CVD chamber by 

Ar(50sccm) . 

Figure 6-2 depicts schematic diagram of the photo CVD 

apparatus. Source materials carried with Ar and an oxidant gas 

(0 2 , N20 , or N02 ; 20sccm) were introduced by separate gas lines . 

The reaction pressure was 20Torr . The substrate , Mg0(100) , was 

placed at 2cm below the quartz window and heated at temperatures 

between 300°C and 600°C . A low pressure mercury lamp (Ore Co ., 

Ltd. ; 110W) was employed as UV light source . The film thickness 

was measured by the stylus method using ULVAC Dektak-301 0 . 

Crystal structure , composition , and surface morphology of the 

films were measured by X-ray diffraction ( XRD , MAC Science : MXP3 ) 

using CuKu • X-ray photo-electron spectroscopy(XPS , JEOL : JPS-80) , 

and scanning electron microscopy(SEM, JEOL: JSM-T300), 

respectively . ICP (inductive coupled plasma) emission analysis 

using SEIKO-SPS1200 model was made to determine the film 

composition . 
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6-3 Results and Discussion 

6-3-1 Deposition of Bi2o 3 Film 

A thick white film about 1000A was deposited from Bi ( C6H5 ) 3 

at 300"C by photo CVD for 2h , where.ts no film was obtained with-

out the uv irradiation . The presence of bismuth , oxygen , and 

trace of carbon in the film was confirmed by XPS . Figure 6-3 

shows XRD pattern of the deposited film . Peaks assignable to 

( 121 ) and (304 ) of ~-Bi 2 o 3 were clearly observed . From the SEM 

image shown in Fig . 6-4 , the film surface was flat and smoo=h . 

6-3-2 Deposition of CuO Fi lm 

At substrate temperatures of 300 •c and 400 •c , black f ilms 

about BOOOA thick were obtained fcom Cu ( DPM )2 in 1h . Figure 6-5 

shows XRD patterns of the films prepared (a ) at 300"C by photo 

CVD , ( b ) at 400"C by thermal CVD , and (c) at 400"C by photo CVD . 

At a substrate temperature of 300"C , XRD peak was observed in 

neither of the two films prepared by thermal CVD nor photo CVD . 

crystalline CuO peaks were observed when the substra~e 

tempera t ure was raised up t o 400 C. The peak intensit i es of CuO 

prepared by photo CVD were a bout 1. 3- 3 t imes highe r tha n t hose 

prepared by therma l CV D, indicating i mp r ovement of fi l m 

crystallinity by the UV irradiation . XPS revealed the divalent 

state of copper and the presence of oxygen and carbon in the 

fil ms of Fig . 6-5 ( b ) and ( c ). The films were no t so smooth and 

pyramidal grains as large as 0 .4 ~m were observed by SEM .( Fig . 6-

6 ) 

6 - 3-3 Deposition of Ca co3 and CaO Film 

From Ca ( DPM ) 2 photo CVD gave white films containing calcium , 

oxygen , and carbon confirmed by XPS . XRD patterns of t he films 

prepared unde~ various conditions are shown in Fig . 6-7 . In the 

XRD pattern of the film prepared at 300"C , there w.1s no peak(Fig . 

6-7 (a )). By increasin~ the substrate temperature to 400"C , (001) 

oriented Caco3 films were prepared both by thermal CVD (Fig . 6-

7 ( b )) and photo CVD (Fig . 6-7 (c) ). The film prepared by photo CVD 

had the peak intensities higher than the film prepared by thermal 

CVD . By further increase of substrate temperature to 500"C , 

strongly (100) oriented CaO films were obtained both with and 

without UV irradiation (Fig. 6-7 (d )), indicating that thermal 

process was predominant . It is noteworthy that Caco3 formation 

was suppressed and CaO formation was promoted at 400"C by using 

N2o gas as Fig . 6-7(e) shows . Peak identified to (002 ) of CaO was 

observed in the film prepared at 400"C whereas no peak assignable 

to Caco3 was observed . SEM images shown in Fig . 6-8 demonstrate 

that the grains in Caco3 film pr,.;pared at 400" C had diameters 

less than 0 . 2~m , far smaller than the grains of about 2wm in the 

CaO film prepared at 500"C . The reason for the conversion from 

Caco3 to CaO by increasing the substrate temperature from 400"C 

to 500"C will be discussed later . 

6-3 - 4 De pos it i on o f Srco3 a nd SrO Film 

F igure 6-9 shows XRD patterns of the films prepared from 

Sr ( DPM )2 under various conditions . Al l these fi l ms were confirmed 

to contain Sr , C , and 0 by XPS . Peaks assigned to Srco 3 were 

observed in the XRD patterns o f the films prepared a t 400"C and 

5 00 "C by photo CVD . Without UV irradiat i on , no XRD peak was 

observ e d for the film prepared at 500"C . Films prepared at 500"C 

a nd 550 "C ga~e XRD patterns of SrC03 with ( 00 1) orienta t ion more 
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stro ngly by u ~ ing N0 2 gas than by using o 2 gas. At a temperature 

of 600 °C, sro film was formed irrespective with or without UV 

irradiation. The temperature required to obtain SrO was higher 

than CaO , being in good agreement with thermodynamics . From 

thermodynamic calculation for the following deca:-bonation 

reactions; 

Caco3-+ Ca0+C0 2 (ll Hf=1 78 . 3kJ /mol, l\ Sf=1 90 . 3J /mol • K) 

srco3-+ Sr0+C02 (ll Hf=234 . 5kJ /mol , ll Sc1 70 . 6J /mol • K) 

CaO and SrO should be formed at 517°C and 863°C, respectively . 

Here , -4 d the partial pressure of co2 was assumed to be 10 Torr an 

that the enthalpy (ll H) and entropy (ll S) for the reactions were 

fixed at the standard values in the temperature range . The 

substrate temperatures required for the formation of CaO and SrO 

in this study were slightly lower than the values of this 

calculation. For better control of product, oxide or carbonate , 

we should pay m~re attention to the oxidation condition . Figure 

6-10 shows SEM photographs of the films prepared at 500°C(a) and 

600°C(b) by photo CVD. Film grown at 500°C has surface , smoother 

than the film grown at 600°C which is composed of grains about 

2]J m diameter . 

6-3-5 Deposition of Ca-Cu-0 Film 

The preparation of CaCuo2 attracts the author's interest as 

a material with Cu-0 2 plane , which is supercurrent layer in high­

Tc superconductors , 9 ) and preliminary study was performed . By 

simultaneous supply of Ca ( DPM) 2 and Cu ( DPM) 2 , black films were 

obtained at a substrate temperature of 400 °C both with and 

without UV irradiations . The deposition rate was about 2 . 2A/s . 

Figure 6-11 shows XRD patterns of BOOOA films prepared by (a) 

120 

photo CVD and (b) thermal CVD. No peak was obse rved in the film 

prepared by the thermal CVD, whereas Ca 2cuo3 was formed by the 

photo CVD. No peak assignable to Caco3 or CaCuo
2 

was detected. 

Presence of calcium , oxygen, carhon, and divalent state of copper 

was observed in the photo CVD film by XPS (Fig. 6-12) and the 

Ca/Cu ratio was determined to be 0.5/1.0 by ICP analysis . Figure 

6-13 shows SEM inages :Jf the film of Fig . 6-11 (a). On the flat 

matrix, particles considered to be CuO were observed . 

U!1der the conditions examined , ca 2cuo3 was predominantly 

formed due probably to the higher thermodynamical stability than 

CaCu0 2 . 1t must , however , be noted that the simultaneous supply 

of Ca(DPM)2 and Cu(DPM) 2 resulted in the formation of oxide film, 

rather than carbonate, since Caco3 was formed from Ca(DPM)
2 

under 

similar conditions . 

6-4 Conclusion 

Table 6-1 lists prearation conditions and results of this 

work . UV light ir~adiation induced crystalline Bi
2

o
3 film 

formation from Bi(C6H5 )3 at 300°C , whereas no film was obtained 

without UV light irradiation. Srco3 was formed at 400°C by photo 

CVD , whereas amorphous film was obtained under otherwise the same 

conditions without UV irradiation . Higher crystalline Caco
3 

and 

CuO films were obtained at 400°C by photo CVD than the film 

prepared by thermal CVD . By simultaneous supply of Ca(DPM)
2 

and 

Cu ( DPM) 2 , amorphous and ca2cuo3 films were formed at 400°C by 

thermal CVD and photo CVD , respectively . 
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Fig . 6-4 . SEM image of the film prepared from Bi ( C6 H5 ) 3 at 300°C 

by photo CVD . 
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Fig . 6 - 6 . SEM image of the film prepared from Cu(DPM)
2 

at 400°C 

by photo CVD . 
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(a) 

(b) 

Fig . 6-8 . SEM images of the films prepared from Ca(DPM) 2 by photo 

CVD at (a) 400°C and (b) 500°C . 
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Fig . 6-10 . SEM images of the films prepared from Sr (D PM ) 2 at 

(a) 500°C and ( b ) 600°C by photo CVD . 
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Table 6-1 . Preparation conditions and results of photo CVD 

Source Oxidatioo gas Sub. terop. Cry ==s:.:tal=c_...:s::tru==c=ture=.: Carment 
flaw ( s=n) ( ' C) lN on lN off 

H1 Bi (C6H5 )3 02: 20 300 Bi 2o 3 rv fi lm 

N2 lli(l:DI)2 02: 20 300 amorphous amorphous 

N3 D..!(I:JRol)2 02: 20 400 D..!O D..!O higher XRD peak intensity 

by lN irradiation 

#4 lli(l:DI)2 N20: 20 400 D..!O ( 110) orientation 

HS ca(l:DI)2 0 2 : 20 400 cam3 cam3 higher XRD peak i n tensity 

by lN :irradiatioo 

116 ca(l:DI) 2 02: 20 500 cao cao high (100) ori entation 

#7 ca (I:JRol)2 Np : 20 400 cao amorphous cao ( 200) peak was observed 

#B Sr(IXM) 2 0 2 : 20 500 srcn3 amorphous 

N9 Sr(IXM) 2 02 : 20 600 SrO SrO high (100) ori entati on 
#1 0 Sr(IXM) 2 N02: 20 500 SrCD3 high (001) orientation 

ca(IXM)2 

#11 & 0 2: 20 400 ca20J03 amorphous carbonate was not observed 
lli(IXM) 2 

Reaction Pressure: 20'fu= lu: flaw : 50scon 
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Chapter 7 

General Conclusion 

( 1) High-Tc superconducting thick films were successfully 

prepared by s:;reen printing/sintering method . Maximum Tc , zero 

were observed 25K , 83K , and 68K for LSCO , BYbCO , and BSCCO , 

respectively . Properties of the films were highly depe;1dent on 

substrate materials . 

( 2) Physical and chemical interactions between high-Tc 

superconducting oxide and substrat2 materials were clarified 

semi-quantitatively . Therma l e x pansion coeff i cients of 

superconduc t ors were verified to be higher than conventionally 

use d substrate materials . Alkaline earth elements i n high-Tc 

superconductors easily reacted substrate materials in solid state 

at high temperatures . MgO and SrTi0 3 were confirmed to be 

suitabl e as substrates for superconducting film . 

( 3 ) The purification methods of sources for CVD of high-Tc 

superconducting film were established . Therma l and l ight 

abs o rp ti on properties o f the sources were also clarified . 

Application of plasma or UV irradiation to CVD of oxide fil~, ~as 

conf irmed to be effective to d~crease substrate temperature . 
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