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General Introduction 
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Construction of a material with an arbitrary structure which 

we desire is an attractive work for many material scientists. 

The first work of this area may be the construction of 

superlattice based on GaAs by atomic layer 
( 1 ) 

epitaxy. 

Nowadays , manipulation of one atom was performed by application 

( 2) 
of the technique of scanning electron microscopy. These 

techniques , however , have been applied to a few materials. 

Recently , the materials which are suitable to the construction 

of two-dimensional superlattice were discovered. They are 

cuprate superconductors with layer-tYP ,e crystal structures. 

High temperature superconductivity of the cuprate system was 

discovered in LaηBa_CuO A at first by Bednorz and Muller in 2-x~~x~-~4 

(3) 
1986. Since the first discovery , basic study of cuprate 

superconductor has been performed powerfully from the various 

viewpoints of materials , properties and mechanisms. Nowadays , 

the cuprate superconductors more than 30 kinds have been found 

out (4) , 

observed 

systems. 

and the critical temperature (T_) above 90K has been 
c 

(5) Tl.t...._,,_ ".. 1"'¥(6) __~ ,..,." Tl_ ,,_ "..1"'¥(7) in Y-Ba-Cu-O\~/ ， Bi-Sr-Ca-Cu-O\~I and TI-Ba-Ca-Cu-Q 

The characteristic feature of this superconducting family is 

that these materials have layer-type crystal structures , namely 

the crystal structures will be constructed by the stacking of 

some two-dimensional layers. (The crystal structure of 

BinSrnCaCunOo is shown in Fig.1 as an example.) Even though the 2~~2~~~-2~8 

(8-11) 
system includes many elements. \~ ~~/， the structure of each two-

dimensional layer is very simple. Therefore , it will be 
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reasonable to synthesize these structures by layer-by-layer 

stacking of such simple layers. One of the main purposes of the 

present study is control of the crystal structures of the 

cuprate superconductors using the layer-by-layer construction. 

"Structure control" in this study means not only the preparation 

of a single-phase sample but also the <lrtificial construction of 

the materials with the structures which we desire. 

All 

plane , 

the cuprate superconductors have two-dimensional Cu0
2 

which1s the fundamentaIComponent of the highJrc 

superconductivity , in their crystal structures. So these 

materials are constructed by the periodical stacking of Cu0
2 

planes and other various layers. Furthermore , by the variation 

of the combination of such layers , it may become possible to 

synthesize a new material or a superlattice structure. The 

properties of the new materials give us new informations 

the cuprate superconductors. 

about 

The metastable structures such as superlattice cannot be 

obtained in bulk samples , because the preparation of bulk 

samples are usually accompanied with heat-treatment at h1gh 

temperature , and only thermodynamically stable structures can be 

prepared. Therefore , the technique of thin film preparation is 

essential for such artificial construction. In the present 

study , the thin films were formed by laser ablation method or 

laser molecular beam epitaxy method. Laser ablat10n 1s a 

phenomenon in which a solid surface 1s decomposed into atoms or 

ions by the irradiation of laser pulses with high energy density. 

The solid decomposed by the irradiation is called "target". The 

7 



emitted atoms and ions from the targets are accumulated on the 

substrate to form a thin film. This 1s an outline of the laser 

ablation method. "Laser molecular beam epitaxy" means the 

laser ablation under molecular beam epitaxial condition , where 

the particles emitted from the targets arrive at the substrate 

without a collision with molecules of ambient gas. 1t should 

be mentioned that thermal evaporation method by infrared- laser 

ir・ radiation ， which has been used from earlier stage , is quite 

different from the laser ablation method. Laser ablation uSlng 

a strong pulse-laser is a new method of film preparation and the 

formation process is very different from that of the other 

methods such as infrared laser method. The details of the 

formation process in laser ablation method was still unknown. 

The study of formation process of "laser ablation method" is one 

of the purposes of this work. 

The contents of this paper are roughly described below. 

1n Chapter 1 , chemical species generated by the excimer-laser 

ablation are investigated using mass and emission spectroscopies 

in order to clarify the process of the film formation. 

1n Chapter 2 , the formation of supc~rconducting thin films by 

laser ablation method is reviewed , and the characteristics of 

laser ablation method are discussed. Furthermore , the effect of 

oxidation gas is studied , which is very important factor to form 

a film of oxide superconductor. 

1n Chapter 3 , superconducting films were prepared by heat-

treatment. The effect of lanthanide ion (Ln) in LnBanCunO 2~~3~y 

system is studied in Chapter 3-1. 1n Chapter 3-2 , the phase 
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stacking is attempted. Bi~Sr~Ca ACU 0 
2~L2~~n-l~~n~2n+4 structure is 

constructed by the insertion of BinOn/SrnOn layer into the parent 2~2' 'JL 2~2 

structure of (Ca , Sr)CuO o • Furthermore , the growth mechanism is 2. 

investigated by in-situ spectroscopy. 

Finally , the properties of metastable phases synthesized by 

the layer-by-layer construction are studied in Chapter 5. 

Furthermore , the charge distribution in this system is determined 

by the calculation of Madelung energies. From these results , 

the intrinsic feature of Bi~Sr~Ca ACU O~ . is discussed and the 
2~L2~~n-l~~n~2n+4 

origin of the feature is considered. 
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layers. 



Chapter 1 

Ablation Phenomenon Induced by Laser Irradiation 
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Abstract 

The ablation phenomenon 1nduced by the 1r・ rad1at1on of xcimerｭ

laser pulse 1s stud1ed by mass spectroscopy and emission 

spectroscopy. When the laser pulse w1th h1gh energy density 

irradiates a so11d , the so11d surface 1s decomposed 1nto atoms 

and ions , wh11e clusters or molecules are not produced. A part 

of the spec1es are 1n electron1cally exc1ted state. The velocity 

d1str1but1on of the spec1es does not obey Maxwell-Boltzmann 

distribut10n and suggests that the ablat10n 1ncludes non-thermal 

process. Compared w1th thermal evaporat1on method , the species 

produced by the laser ablat10n have very fast veloc1ty. 
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Introduct1on 

When strong laser pulses 1rrad1ate a so11d , the solid 

surface is decomposed and some k1nds of spec1es are generated. 

This phenomenon 1s called "laser ablat10n". The so11d irradiated 

by laser 1s called target. In th1s paper , th1n f11ms of cuprate 

superconductors have been prepared by app11cat10n of laser 

ablation phenomenon [see F1g.1]. Th1s method 1s new way to 

prepare thin films , so the process of the f11m formation has been 

unknown. 

In my exper1ment , the f11m format10n 1s carried out by 

irradiat10n of ArF exc1mer laser 1nto the target placed 1n a 

vacuum chamber. Th1s exper1mental setup 1s s1m11ar to the 

apparatus for the study of the dynam1cs of photo-1nduced surface 

(1 ) 
reaction on sem1conductors. Thus , the s1m11ar analyzing 

technique may be possible to study the laser-ablation process. 

In this section , time-resolved measurement us1ng mass 

spectrometer was attempted to the investigation. 

Furthermore , the laser ablation process is accompanied with 

the emission of visible-light , whose color is dependent on the 

elements 1ncluded in the target solid. This suggests that excited 

species are generated by the laser ablation process. By the 

emission spectroscopy , the excited state of the ablated species 

was studied. 

13 



Exper1menta1 

The experimenta1 apparatus 1s shown 1n F1g.2. The 1ight 

source was ArF exc1mer 1aser (Lambda-Phys1k EMG-103) and the 

wave1ength was 193nm. The 1aser pu1ses were focused by a 1ens on 

a target p1aced 1n the vacuum chamber , and em1tted species were 

detected em1ss1on spectrometer and quadrupo1e mass spectrometer. 

Some meta1 or ox1de targets were used for th1s exper1ment , which 

were a1so used for the format1on of th1n f11ms. The deta11 of 

the preparat10n of the targets w111 be descr1bed in Chapters 3 

and 4. 

The em1ss1on was detected by a streak camera (Hamamatsu C2830) 

through a s11t of po1ychrometer , and ana1yzed by a mu1tichanne1 

ana1yzer (Hamamatsu C2491). 

( 1) The mass number and the ve1oc1ty d1str1but1on\~' of the 

emitted spec1es from the target were obta1ned using mass 

spectrometer (VG SXP-300). To obta1n the ve1oc1ty distribution , 

the output s1gna1 of mass spectrometer was sent to a transient 

memory (Kawasak1 MR-50E) and t1me-reso1ved mass spectra was 

obtained at f1rst. These data were co11ected by m1cro-computer 

(NEC PC-9801ES) and transferred to 1ntens1ty-energy curve using 

fo11ow1ng re1at1ons. The k1net1c energy of a f1y1ng partic1e 

(E) 1s given by 

E=mv
2
/2=m(1/t)2/2 (1 ) 

where m and v 1nd1cate mass and ve1oc1ty of partic1e , 

respective1y. "1" 1s the d1stance between the target and mass 

spectrometer (1=344mm 1n th1s system). "t" 1s the t1me when 

the s1gnal 1s detected , and t=Q 1s the t1me of laser f1ring. 

14 



[The laser reaches the target w1th1n 20 nanoseconds and the width 

of one laser pulse 1s 15ns. These t1me are enough short , so they 

can be neglected. Namely , the ablat10n occurs only at t=o (delta 

function approx1mat10n).] From eq.(l) , follow1ng equation is 

derived. 

2 1.3 
dE=-ml-/t ・ dt (2 ) 

Th1s equation leads to 

3 11  , 2 
dN/dE=t~/(ml-) ・ dN/dt (3) 

where N 1s number of part1cle , and dN/dt and dN/dE are 

proportional to the s1gnal 1ntens1ty 1n intens1ty-t1me curve and 

intensity-energy curve. 工 f the particles come to thermal 

equ111br1um 1n the ablat10n process , next relat10n should be 

(2 , 3) 
satisfied from Maxwell-Boltzmann d1str1but10n\-'~/ ， 

0.5 
ln{(dN/dE)/E~'~}=-E/kT + constant (4) 

where k 1s Boltzmann constant and T 1s temperature. 

0.5 1n th1s case , ln{(dN/dE)/E~'~} -E plot should 1nd1cate a linear 

line. 

These exper1ments were performed under the base pressure of 

1X106pa. The energy dens1ty of laser was ca11brated by power-

meter (Gentec ED-200). 

15 



Results and Dlscusslon 

When the energy denslty of laser was much lower than 

100InJ/cm2 , the eI111S S1on of V1sible-11ght C0111d not be de tected. 

Under this condltion , a large part of the generated species from 

YBaoCu~O.. target has a mass number of 44 , whlch Is corresponding 2~~3~y 

to CO 2 ・ The orlgln of COn wl11 be one adsorbed on the surface , 
2 

because the x-ray dlffract10n pattern of the target did not 

include peaks due to carbonates. The metal elements detected 

were Y , Ba and CuO , and the s1gnal of Yn and Ban cluster could 2 ~..~ ~~2 

not be observed by mass spectroscopy. These slgnals disappeared 

with cut-off of the f11ament 1n lonlzat.ion chamber , so these were 

neutral atoms and molecules. The .intenslty of mass signal for 

Ba had the laser-energy dependence 1n second order , and that for 

Y had hlgher order dependence than second order. The signal 

intenslty Is proportlonal to the amount of the specles comlng 

into the mass spectrometer , so these data show the energy 

dependence of the amount of the products. The 1ntensity did not 

show the exponent1al-type dependence , so the formation process of 

(4) 
these specles should 1nclude non-thermal process. \~I Since 

YBa~Cu~O 
2~~3~y 

1s essent1ally an 10n1c crystal , the following 

processes should occur 1n the format10n of the neutral atoms. 

'ー-Ba"'-+2e • Ba 

、- -
Y~ +3e • Y 

The energy dependences suggest the photo-chemlcal process with 

(4) 
multlphoton excltatlon¥ XI where absorptlon of one photon supplies 

one electron to catlon from anlon. 1n thls experlment , Cu was 

not observed and only CuO was observed. Thls result suggests that 

16 



the Cu-O bond ln YBanCunO~ lncludes covalence compared wlth Ba-O 
2~~3~y 

or Y-O. 
( 5 ) 

When the energy dens 1ty exceeded 100mJ/cm2 , 1aser ablation 

process occurred at the target surface. Flg.3 shows the time-

resolved emlsslon spectra for the ablatlon of B1SrCaCunOT7 target. 2~y 

Just after the lrradlatlon of laser , the very broad continuum 

(6 ) 
emission due to plasma state was observed\~1 [see Flg.3(a)]. 

The plasma emisslon decayed wlth half-llfe perlod of about 70ns , 

followed by strong absorptlon by ca , ca+ , Sr and + 
Sr [see 

Fig.3(b)]. Interestlngly , these absorptlon 11nes are 

corresponding to the excltatlon from the ground states of the 

species , and the absorptlons by exclted atoms and lons are not 

detected at thls stage. In Flg.5(a) , the energy dlagram of Ca is 

shown. For Ca , only the 11ne at 423nm corresponding to the 

excitatlon from the ground state could be observed , and the 

absorptions at 430 , 432 , 444 and 445nm due to the exclted atoms 

are not observed ln thls early step. In the next stage , the 

plasma emlsslon dlsappeared , and the emlsslon peaks appeared , 

whlch were correspondlng to the absorptlon observed in the 

earlier stage [Flg.3(c)]. These peaks show the inactivation of 

exclte specles whlch are produced by the absorptlon of energy of 

plasma ln the earller stage. The emlsslon showed the relatively 

long 1lfe-tlme of the exclted specles , whlch was longer than 1 

microsecond [Flg.3(d)]. 

Time-integrated emlsslon spectra Is shown ln Flg.4. The 

targets were Ca , Sr , Cu metals and Bl"O 
2:~3 

The asslgnments of 

(7 ) 
these emlsslon peaks are shown ln energy dlagrams ln Flg.5. 
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The difference between Fig.3 and Fig.4 is the existence of the 

emission due to the inactivation to first excited states , which 

was not observed in Fig.3. But , this will be due to the 

different time-scale between Fig.3 and Fig.4. Such species will 

be formed at later stage. A large part of the emission peaks 

in Fig.4 is also observed in Fig.3 , 50 1 consider that the 

essential difference does not exist between oxide targets and 

metal targets. In the emission spectra , only neutral atoms and 

monovalent cations of the metal elements were observed. The 

emission also shows that a part of the species generated by the 

laser ablation are in electronically excited states and have 

excess energy of 2eV or 4eV. 

Under the same condition , mass spectra were obtained. Used 

targets were Ca , Sr , Cu , CaCuOo and BioO Q • The detected mass 2 ...~~..... AJ  _._ 2 ...... 3 . 

numbers we re4O , 63.88and 209cor r e sponding to Ca+ , Cu+ , Sr + 

and B1+r e spe c tiveIy.CIlls te r s , mol eC111e s or d1vaIentions colild 

not be detected. Fig.6 shows the laser-energy dependence of mass 

signal intensity. The broken lines were obtained when the 

filament in ionization chamber was turned off , so these lines 

show the amounts of cations. The full lines show the data with 

turned-on filament , so these show the total amounts of neutral 

atoms and cations. The result shows that a large amount of ion 

is produced. This behavior is so different from that observed 

with low laser-energy density. The generation of a large amount 

of ions is one of the characteristics of laser ablation method. 

Fig.6 also shows that each element has a threshold intensity 

where the signal intensity increases steeply. The threshold of 

Ca for Ca metal target and that for CaCuOo are different , thus 
2 
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the thresho1d intensity is dependent on not on1y kinds of 

e1ement but a1so states in the target solid. 

When the target inc1udes some meta1 e1ements and the 1aser 

intensity is near the thresho1d of one of the e1ements , the 

chemica1 composition of the fi1m may be drastica11y changed by 

the slight f1uctuation of 1aser intensity. Therefore , when the 

target inc1udes some kinds of meta1 e1ements , it is important for 

the fi1m formation that the 1aser energy shou1d be higher than 

the thresho1d intensities of the a11 meta1 e1ements. Above the 

thresho1d intensity , any e1ement shows simi1ar behavior , where 

the signa1 increased 1inear1y with increase of the 1aser energy. 

Therefore the composition of the fi1m wi11 not be sensitive to 

the f1uctuation of 1aser intensity in the region with high 1aser-

energy. 

The distribution of the velocity of Ca , Cu and Bi with enough 

high 1aser-energy are shown in Fig.7. The used targets were 

CaCuOn for Ca and Cu , and BinOn for Bi. The spectra had a 1arge 2~3 

tai1ing in high energy side. Fig.8 shows 
0.5 

1n{(dN/dE)/E~'~}-E 

curve for Cu which is obtained by transformation of the data in 

(2 , 3) 
Fig.7. In the low energy region where the ve10city of the 

partic1e is slow , the reliability of the data is slight1y poor , 

because the signa1 intensity may become 1arger by the saturation 

of the particles in ionization chamber of mass spectrometer. 

However , even in the high energy region , the slope cou1d not be 

fitted by 1iner line perfectly. This result shows that Maxwell-

Bo1tzmann distribution is not rea1ized in 1aser ab1ation process , 

and suggests that the ab1ation process inc1udes non-therma1 
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process. From the data ln hlgh energy reglon ln Fig.8 , 

5 temperature was roughly estlmated to be 5xl0~K. Thls temperature 

is very h1gh and correspondlng to the energy of 40eV or the 

ve10C1ty of 1.1X104m/s for Cu . 

The emiss10n spectra showed that l1fe-t1me of the excited 

species 1s 1n order of 1μs. Based on the velOC1ty of 1X104In/s , a 

part of exc1ted spec1es may arr1ve at the substrate without 

inact1vat1on , 1f the d1stance between the target and the 

substrate 1s around 10mm. If the d1stance becomes larger than 

100mm , a large amount of the exc1ted spec1es is inactivated 

before reach1ng the substrate. 

The prof11e of the laser ablat10n process suggested by mass 

and emiss10n spectra 1s shown 1n F1g.9. By the 1rrad1ation of 

strong ArF exc1mer laser , the so11d sUlrface 1s decomposed and a 

plasma state 1s produced at f1rst. W:lth decay of the plasma , 

atoms and 10ns 1n ground state 1s formed , and the species are 

excited electron1cally by absorpt1on of the plasma em1ssion. The 

exc1ted atoms and 10ns have excess 1nternal energy of 2eV or 4eV. 

The neutral atoms and monovalent 10ns 1ncluding such excited 

species reach the substrate surface to form a th1n film. The 

species have relatively high k1net1c energy which 1s in order of 

10eV. 
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Conclusion 

The ablation phenomena induced by excimer-laser irradiation 

was investigated using mass and emission spectroscopies. Just 

after the irradiation , a plasma state is produced and after that , 

atoms and monovalent ions are formed. A part of the species is 

in the electronically excited state. Clusters , molecules or 

divalent ions are not produced. Each species has threshold 

laser-intensity , and the threshold depends on kinds of element 

and states in the target solid. The distribution of the velocity 

of the particles is not consistent with Maxwell-Boltzmann 

distribution. This result suggests that the laser ablation 

includes non-thermal process. The velocity of the species is 

very fast. The rough estimation shows the velocity is in order 

of 104In/s. 
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Flg.2 The experlmental apparatus for ArF exclmer-lnscr ablatlon. 

The specles were detected by quadrupole mass spectrometer nnd 

emlsslon spectrometer. 
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Chapter 2 

Laser Ablation and Thin Film Crystal Growth 

23 

-・・・・・・・・・・・・・・・・・・・・・・・・・・・・・_.;;<ト 調・



Abstract 

Thin fi1ms of cuprate superconductors and the re1ated 

materia1s are grown by 1aser ab1ation method , and characteristics 

of this method are investigated. One of the advantages of this 

method is that the chemica1 compositlon of the targets is 

transferred to that in the fi1m. Therefore , this way is very 

suitab1e for the fi1m preparation of the system inc1uding many 

elements. The effect of the excited species generated by the 

laser ab1ation is a1so discussed. Furthermore , three kinds of 

oxidation gas , O~ ， N~O and NO~ ， are used during the fi1m 2' .1'2"" ¥.A................ .1.''-'2' 

deposition , and the effects of the gases are studied. Compared 

with conventiona1 O~ ， N~O is effective for the preparation under 2' ~'2 

low-temperature condition , and NOn is usefu1 under 10w-pressure 2 

condition. 
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Introduction 

Thin films of oxides have been grown by various methods , such 

as 
( 1 , 2 ) ~ ~ ..:1 ~ ~~ ~ ~ ~ ~ ~ -4--t ~ _ _ _ -4-l.... _ ...1 _ ( 3 , 4 ) 

sputtering'~'-' and evaporation methods\~'~/. In my 

experiment , the ablation phenomenon induced by ArF excimer-laser 

irradiation is applied for the film formation of cuprate 

superconductors or the related materials. The laser ablation 

method has some characteristics which are not observed in other 

methods. Thus , the features of this method are clarified in this 

section. 

There are two ways to form a oxide thin film. One is the 

formation through two steps. In this way , the amorphous film is 

deposited in vacuum at room temperature at first , and after the 

deposition , the film is sintered for oxidation and 

crystallization. This is a way similar to the formation of 

powder samples. The other is a film-formation with one step , 

where the deposition , oxidation and crystallization of the films 

occur simultaneously. In this way , the films are deposited on a 

heated substrate under an oxidation gas. The films formed by 

this way are cal1ed "as-grown films". In this section , the 

films have been formed by these two ways , and the properties of 

the prepared films have been investigated to study the 

characteristics of laser ablation method. 

For the preparation of as-grown films of cuprate 

superconductors , oxidation gases must be introduced into the 

formation chamber during the film growth , because copper is hard 

to be oxidized. The properties of the cuprate superconductors 

are very sensitive to the slight difference of oxygen 
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(5 , 6) 
content\~'~/ ， so the effect of the oxidation gas is very 

important. 1 have been used N~O and NO~ with strong oxidation 2~ ~~~~ ......, 2 

power(7) as idation gases. The film prepared under N
2
0 or N0

2 

gas was compared with that formed under conventional O
2 

gas , and 

the effects of the gases were studied. 



Exper1mental 

Thin films were prepared by laser ablation method. The 

experimental setup 1s shown 1n F1g.1. The d1stance between the 

target and the substrate was 20mm 1n th1s apparatus. Pulses of 

ArF excimer-laser were focused on the target placed in the vacuum 

chamber , and em1tted atoms and 10ns were accumulated on the 

substrate placed at the oppos1te s1de of the target. The 

preparation of the targets 1s descr1bed 1n Chapters.3 and 4 in 

detail. 

Thin f11ms of YBa~Cu~O_. were prepared by the ablat10n of 
2~~3"y 

YBa~Cu~O_y target. The f11ms were depos1ted on cubic-ZrO~ (100) 
2~~3"y 

substrates at room temperature , and the obta1ned amorphous films 

were s1ntered 1n a furnace after the deposit1on to form Y-Ba-Cu-O 

films [see Chapter 3-1]. On the other hand , as-grown films of 

Bi-Sr-Ca-Cu-O were prepared on MgO (100) substrate by successive 

supply of B10 . SrCuO . CaCuO and SrO . Deta11s of this method 
x' x' x x 

is shown in Chapter4-1. 

During the f11m format1on , the substrate was heated and 

oxidat1on gas was dosed 1nto the format1on chamber. Three kinds 

of ox1dat1on gases were used , wh1ch were O~ ， N~O and NO~. The 2' ."2 

laser beam was sp11t 1nto two d1rect1on. One beam was for 

ablation , and the other was for substrate 1rradiation [see 

Fig.1] . 

X-ray d1ffract1on patterns of the prepared f11ms were obtained 

using R1gaku RAD-RC system w1th CuKα 11ne. the measurement 

method was a convent1onal 8-28 scann1ng. From the d1ffraction 

patterns , the features of laser ablat10n method were 



investigated. Furthermore , the effect of oxidation gas and 

substrate irradiation were also studied. 
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Resu1ts and Discussion 

A Y-Ba-Cu-O thin fi1m was prepared by the deposition with 

1aser ab1ation fo11owed by heat-treatment. Fig.2 shows the x-

ray diffraction pattern of the fi1m prepared by heating at 1193K 

for 1 minute. A11 diffraction peaks can be assigned to these of 

YBanCu~O_. except the peak of the substrate , so this fi1m was 2~~3~y 

consist of the sing1e-phase of YBanCunO 
2~~3~y 

The indices of the 

ref1ections are a1so presented in Fig.2. This YBanCunO_. system 2~~3~y 

is very sensitive to the deviation of chemica1 composition of the 

meta1 e1ements and the slight deviation of the chemica1 

( 8 ) 
composition resu1ts in the formation of a second-phase. '~I Thus 

Fig.2 indicates that the chemica1 composition in the target and 

that in the fi1m are a1most same , since the chemica1 composition 

of the target was a1so YBanCuQO_.. Namely , in 1aser 2~~3~y. ab1ation 

method , the composition in the target is transferred into the 

fi1m without a 1arge deviation. This behavior , which is so 

(1-4) 
different from that in other method\~ ~/" is the characteristic 

feature of 1aser ab1ation method. For this reason , this method 

is very suitab1e for the fi1m formation of the system inc1uding 

many e1ements. The fi1ms of such system wi11 be obtained by the 

ab1ation of the bu1k materia1 which we want to prepare. 

1n the formation of as-grown fi1ms , a slight deviation of the 

chemica1 composition occurs , because high temperature of the 

substrate 1eads to the reevaporation of the e1ements. (9) Thus , 

a correction of the target composition may be necessary in this 

way. 1n genera1 , however , the deviation is very sma11 , so the 

advantage of 1aser ab1ation method does not disappear. 
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This result should be compared with the data obtained by mass 

spectroscopy , which have been shown in Chapter 1. The mass 

spectroscopy showed that each metal element in a target has 

different threshold laser-intensity [see Chapter 1 , Fig.7]. This 

result suggests that the energy density of the laser should be 

higher than the threshold of any element in the target to take 

advantage of laser ablation method. If not so , the element with 

higher threshold intensity than the laser energy can not be 

ablated resulting in the drastic deviation of chemical 

co皿position.

The formation of as-grown Bi-Sr-Ca-Cu-O films indicated that 

the laser intensity had another effect on the film growth. 

Figs.3(a) and 3(b) show the x-ray diffraction patterns of the as-

grown Bi-Sr-Ca-Cu-O thin films. The film in Fig.3(b) was 

prepared with weaker laser power than that in Fig.3(a). 

condition was same , where the substrate temperature was 

Other 

873K , 

and 10Pa of N~O gas was dosed as an oxidation gas. 
2 

Furthermore , 

the deposition rates of the two films were controlled to be same 

by the change of repetition rate of the laser pulse. Even though 

the almost same condition , the x-ray diffraction patterns were so 

different , and the film prepared with stronger laser power had 

better crystallinity. This difference , however , is not due to 

the deviation of chemical compositions of these two films , 

because the laser energies for both experiments were stronger 

than the threshold intensities of all elements. 1 consider that 

it is due to the difference of excess energy included in the 

particles emitted from the target by the laser ablation. Since 

30 



the result of mass spectroscopy showed the veloc1ty d1str1but10n 

was not sens1t1ve to the laser energy , the excess energy 1n the 

electron1cally ex1ted state w111 be poss1ble for the cause of the 

d1fference. 1n pract1ce , 1t was detected by my eyes that the 

em1ss1on of the exc1ted spec1es reached the substrate surface 1n 

the f11m format1on for F1g.3(a) , and it d1d not reach for 

F1g.3(b). 1n order to clar1fy th1s problem , 1 should compare the 

em1ss1on spectra between these two cond1tions. The spectrum w1th 

weaker laser power , however , could not obta1ned , because the 

em1ss1on 1n such cond1t1on 1s too weak to be detected by our 

apparatus. 

1n next step , the gas effect and substrate 1rrad1at10n effect 

on the format1on of as-grown B1nSrnCuOr. f11ms were stud1ed. 
2~~2~~~B 

F1gs.4(a)-4(c) show x-ray d1ffract1on patterns of as-grown films 

prepared at 873K 1n 6Pa of (a) NnO w1thout substrate irradiation , 
2 

(b) N
2
0 with 1rrad1at1on and (c) O

2 
w1th 1rrad1at1on. Although 
2 

both f11ms formed 1n NnO showed the d1ffract10n peaks of 
2 

B1nSrnCuOn , the peaks of the f11m formed w1thout the substrate 200...1L 2'-'....'-'6' 

1r・ rad1at1on [F1g.4(a)] were much weaker and broader than those 

with the 1rrad1at1on [F1g.4(b)]. Th1s behav10r shows that 

substrate 1rrad1at1on 1s effect1ve for the formation of 

BinSrnCuOn structure 1n NnO amb1ent. 1n contrast , the as-grown 2~~ 2~~~6 ~ ~~ ~~ ~~~ ~ ~&& .'2 

film formed 1n On at the same substrate temperature of 873K gave 
2 

only some weak peaks , and even the 1rrad1at10n 1n O
2 
gave no 

changes on the f11m format10n [F1g.4(c)]. Thus NnO 1s effect1ve 
2 

when comb1ned w1th substrate exc1tat1on by ArF exc1mer laser. 

The reason for th1s result seems to be the 1ncrease of active 

oxygen rad1cals generated by the decompos1t1on of N
2
0 by the 
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(10) 
irradiation The variation of the diffraction patterns 

versus the substrate temperature indicated that the crysta1 

structure of Bi
2
Sr
2
Cu0
6 
was formed above 873K in 6Pa of N

2
0 , and 2~~2~~~6 

above 923K in O2 ・

A1though as-grown crysta11ized fi1ms cou1d be prepared above 

923K in either gas , there were some differences in the properties 

between the fi1ms formed in NnO and On. Figs.5(a) and 5(b) show 2"" ......."A '"'2. 

x-ray diffraction patterns of the as-grown fi1ms formed at 953K 

in 6Pa of (a) NnO and (b) On with substrate irradiation. 2~ ~....~ '~I ~2 
Though 

the diffraction pattern showed that the fi1m formed in N
2
0 was 

the sing1e phase of BinSrnCuOn [Fig.5(a)] , in spite of that , the 
2~~2~~~6 

fi1皿 had a h1gh re s1st1V1ty of over102ohm ・ cm . On the other 

hand , the fi1m formed in On inc1uded the impurity of CuO [see 
2 

F1g.5(b)] , but th1s f11In has aIow re s1stiv1ty of 1X103oh In ・ cm.

The disadvantages of high resistivity and CuO impurity for each 

gas cou1d be e1iminated by using the mixture of N
2
0 and O2 ・

Fig.5 (c) shows the diffraction pattern of the fi1m prepared in 

the mixture of 5Pa of N~O and 1Pa of O~ (which is ca11ed "mixed 
2 

gas" ) . The fi1m formed in the mixed gas gave a diffraction 

pattern of sing1e-phase of Bi
2
Sr

2
Cu06 , inc1uding no impurity peak 

-3 
such as CuO , and had a 10w resistivity of 1x10 ~ ohm ・ cm. Thus , 

the mixed gas of NnO and 00 is usefu1 to form a sing1e-phase fi1m 2~ ~....~ ~2 

with 10w resistivity. 

In addition to the difference of impurlty and reslstivity , the 

1attice constant c was a1so varied with the change of the ambient 

gas. The 1attice constant c ca1cu1ated from the diffraction 

peaks in Figs.5(a) , 5(b) and 5(c) are 2.460 , 2.455 and 2.455nm , 
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respectively. The film formed in NnO , which had a 
2 

high 

resistivity , had a longer c-axis than those of the other two 

films. These changes can be explained as follows. The Bi-Sr-Caｭ

(11) 
Cu-O system has an oxygen nonstoichiometry\~~/ ， and the sample 

with longer c-axis has a smaller oxygen content according to the 

(12) 
correlation reported by Takeuchi et al. \~~I Since the carrier in 

this system is mainly supplied by the excess oxygen in BinO 
2~2 

(12-14) 
layer the film with smaller excess oxygen has a lower 

carrier concentration resulting in higher resistivity. Thus , the 

differences in the lattice constant and also the resistivity are 

due to the differences of the content of excess oxygen in the 

BinSrnCuO~ structure. The results in this experiment show that 2'__' A. 2~~~6 

the sample formed in NoO has a lower oxygen content than the one 
2 

formed in On or the mixed gas. This is due to that the 
2 

concentration of the oxygen radical produced from NoO would not 
2 

be so high in this experimental condition. Even if the 

concentration is low , the oxidation and crystallization of the 

films are promoted by the high chemical activity of oxygen 

radical , and the substrate temperature to form a crystallized as-

grown film is lowered in N
2
0. However , the low oxygen 

concentration leads to the low content of excess oxygen in the 

structure , so the oxygen content of the film formed in N0
2 
is 

lower than that formed in On or the mixed gas. 
2 

Concerning the CuO impurity in the film formed in O
2 

[Fig.5(b)] , this impurity did not come from the deviation of 

chemical composition , because it appeared even in the film 

prepared from Cu-poor targets in 00 ambient. The disappearance 2 

of the CuO peak in the film formed in the mixed gas [Fig.5(c)] 
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suggests that CuO is formed on1y in a re1ative1y high O
2 

pressure , such as 6Pa. In the mixed gas , the partial pressure of 

O
2 
is 10wer , which is 1/6 of that of the pure O

2 
ambient we used , 

so CuO wou1d not be formed in the mixed gas. 

Figs.6(a) and 6(b) show x-ray diffraction patterns of the as-

-2 
grown fi1ms formed at 923K in (a) 1x10 -Pa of N0

2 
and (b) 4X10-2 

Pa of O
2 
with substrate irradiation. While the film formed in O

2 

was amorphous [Fig.6(b)] , crysta11ized fi1m could be formed in 

-2 
N0
2 
at such 10w pressure of 1x10 -Pa [Fig.6(a)]. Since the fi1m 

formed in1X102pa of N O was aIso amorphous , NO was found to 
2 

be very effective for the fi1m growth under 10w-pressure 

conditions compared with On or NnO. 2 ~L .'2 

The changes of the free energy were calcu1ated for the 

production of 1mol of oxygen atom from On , NnO and 2' .'2 N0
2 
at 

ー 2~_ __~ 1nnn~ (15) 
1x10 -Pa and 1000K. The ca1cu1ated va1ues are shown as 

(1/2)02
• O G゚= 121.9kJ , 

N20 • N
2

+O ﾟ G= -99. 8kJ , 

N0 2
• NO+O G゚= 38.6kJ. 

These resu1t indicate that the re1ease of oxygen atoms from N2
0 

is the easiest among the three reactions. The resu1t , however , 

indicated that NO~ is the most effective for the oxidation under 
2 

10w-pressure condition. This discrepancy suggests the difference 

of the oxidation mechanism in each gas. For example , from the 

ana10gy with meta1 nitrates , adsorption of NO~ on meta1 e1ement 
2 

may readily occur and a stable intermediate chemica1 species may 

be formed. If the oxidation in NOn proceeds through the 2 

formation of the intermediate meta1 nitrate , the activation 
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energy of the reaction must be low. In thts case , the oxidation 

rate in N02 must be more rapid than that in N2
0. 
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Conclus1on 

Thin f11ms of the cuprate superconductors were prepared by 

laser ablation method. The characteristic feature of this method 

is that the chem1cal compos1t1on of the f11m 1s almost same with 

that in the target so11d. The crystal11n1ty of the films is 

dependent on the laser 1ntens1ty 1n the laser ablation method. 

This w111 be due to the effect of excess energy of the 

electronically exc1ted spec1es , wh1ch 1s not formed in sputtering 

or evaporation methods. Though NoO gas w1th substrate excitation 
2 

is effect1ve for the format1on of a single-phase BioSroCuO~ film 2~~2~~~6 

at lower temperature , the f11m had a h1gh res1st1vity because of 

a low oxygen content. For the format1on of a s1ngle-phase film 

with low res1st1v1ty , the mixture of NoO and 00 was effective. 2""" .....~....... """2 

On the other hand , NOn was very effect1ve for the formation under 2 

low-pressure cond1t1on. 
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lRRAOlATlO_N 

ArF EXCIMER 

LASER 

F1g.1 Apparatus used 1n th1s sect1on. The laser beam 1s spl 

1nto two d1rect1ons. One 1s used for the ablat10n and the oth 

for substrate 1rrad1at1on. 
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Chapter 3 

Crystal Growth of High T
n 
Superconducting Oxide by Co-deposition 
c 

and Heat treatment 
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Chapter 3-1: 

Effect of Lanthanide Ions on the Propertles of LnBanCunO~y Thin 
2~~3~y 

Films 

Abstract 

LnBa~Cu~O thin films with nine different lanthanide ions have 
2~~3~y 

been prepared by co-deposition of metal elements of lanthanide , 

barium and copper at room temperature , fol1owed by heat treatment 

at high temperature. Systematic changes of the structure and 

superconducting properties are observed with the change of the 

lanthanide element. It becomes clear that the changes are 

related to the radii of the lanthanide ion. 
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Introduction 

The superconducti vi ty in YBa r) Cu I") O~y was: reported by Chu et a1 2~~3~y 

(1 ) 
in 1987 at first. \~， This superconductor has a oxygen deficient 

(2 ) 
type trip1e 1ayered perovskite structure\~'. The crysta1 

structure of this system is shown in Fig.l. Since the 1anthanide 

ion has small ionic radius , the oxygen site beside the lanthanide 

ion is usually deficient. The oxygen content (y) in this system 

can be varied from 6.0 to 7.0 and the structure and properties 

are drastically changed with the variation of the oxygen 

(3 ) 
content. \~， This oxygen nonstoichiometry is due to the 

(4 ) 
variation of occupancy of 0(1) oxygen site [see Fig.1(a)]. 

With the oxygen content (y) above 6.7 , oxygen site beside Cu(1) 

is perfectly deficient along a-axis and only that along b-axis is 

occupied to form Cu(1) ー 0(1) chain structure. In this region , 

the system has an orthorhombic crystal structure and becomes 

superconductor below 90K. The occupancy of 0(1) decreases with 

the decrease of oxygen content. The transition temperature is 

about 60K with oxygen content (y) between 6.4 and 6.7. With y 

below 6.4 , the system changes to a semiconductor having a 

tetragonal crystal structure [see Fig.1 (1))]. It is well known 

that the change of the electric properties is due to the change 

of carrier concentration accompanied with the change of oxygen 

(5 ) 
content. 

One of the characteristic feature of YBa r) Cu r) O~y system is that 2~~3~y 

the substitution of lanthanide ions , such as Er , Ho and Dy , for 

Y site does not decrease the superconducting transition 

temperature no r--
、
.
J

C
 

T
 

However , the systematic changes in the 
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properties as a result of the d1fferent lanthan1de 10ns have not 

been studied yet. 

1n thin films , the oxygen content wl11 quickly come to the 

equilibrium value compared with bulk samples. Therefore , it is 

easier to obtain the samples with homogenous oxygen content in 

the thin films. 1n th1s sect1on , the var:iation of the properties 

of LnBa"Cu~O~ th1n f11ms against n1ne k1nds of lanthanide ions 2'-''43'"'y 

are described. The lanthanide ions represented by "Ln" are Er , 

Ho , Dy , Y , Gd , Eu , Sm , Nd and La. 
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Experimental 

Since a slight deviation of chemical composition leads to the 

(7 ) formation of second phase in Ln-Ba-Cu-O system\IJ , the strict 

control of the composition is needed for the film formation. In 

laser ablation method , the chemical composition of the films does 

not change significantly from that of the target materials as 

described in Chapter 2 , so this method is suitable for this 

experiment. In order to take the advantage of this way , the films 

were deposited on substrates at room temperature in order to 

prevent the deviation of the chemical composition by the 

reevaporation at high temperature. The deposited films are 

amorphous-like , so the films were sintered at high temperature 

after the deposi tion to prepare LnBaoCunO__ samples. In this 
2~~3Vy 

way , the films including the different lanthanide elements can be 

synthesized by the same procedure without the 

deviation of the chemical composition. 

significant 

Nine kinds of LnBaoCu~O__ targets for the ablation were 
2~~3~y 

prepared by sintering the mixture of LnoO~ (Seimi , purity 99.9%) , 
2~:3 

BaC0
3 

(Wako , 99%) and CuO (Wako 99.9%) with the molar ratio of 

Ln:Ba:Cu=1:2:3 at 1123K for 10 hours under 00 atmosphere. The 2 

lanthanide ions represented by "Ln" are Er , Ho , Dy , Y , Gd , Eu , 

Sm , Nd and La. The experimental setup has been shown in Chapter 

2. Cubic ZrOo (100) (Tateho Chemical) were used as a substrate. 2 

Typical film thickness is about 2μm. All the films were treated 

in a furnace under the same condition , where the films were 

heated at 1193K for 1 minutes to crystallize and oxidize the 

sample , followed by annealing at 823K for 5 hours under O
2 
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atmosphere. The anneallng process at 823K was needed to supply 

enough oxygen lnto the LnBa~Cu~O 
2~~3~y 

system , because the 

semiconducting tetragonal phase wlth poor oxygen content is more 

stable above 873K and below thls temperature the orthorhombic 

(4) 
phase becomes stable 

Resistivity-temperature (R-T) curves of the fl1ms were 

obtained wlth a standard four-probe technlque. 1n thls method , 

four electrode are attached to the sample , and outside two 

electrodes are used for supply of the current and lnside two for 

voltage measurement. The reslstlvlty can be obtalned from the 

supplied current and measured voltage. By this method , sample 

resistivlty can be measured wlthout the effect of the contact 

reslstance between the fl1ms and the electrodes. The samples 

were cooled ln a glass Dewar with 11quld He , and the temperature 

was measured uslng a callbrated semlconductor sensor. Gold wire 

leads were attached to the films through :lndium electrodes. The 

lowest resistivlty we could measure in this system was 10-
6 

ohm ・ cm. The typlcal current denslty ln the measurement of 

resistance was 1A/cm2
• 

X-ray dlffractlon (XRD) patterns were measured 

with conventlonal 8-28 scannlng. 
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Results and Discussion 

Typical resistivity-temperature curve of YBaCunO__ is shown in 
3~y 

Fig.2. The decrease of resistivity due to superconductivity can 

be observed around 90K. 

Fig.3 shows the (001) and (200) , (020) peaks in the XRD 

patterns for the series of LnBanCu ,., O__ films. 
2'"'~3'"'y 

1n this figure , we 

see that the films with smaller lanthanide ions , such as Er , Ho , 

Dy and Y , show clear separation between (200) and (020) peaks , 

indicating the formation of orthorhombic structures. 

Furthermore , the intensities of the (001) peak , which is due to 

the triple layered perovskite structure , are strong in these 

compounds. These films exhibited superconductivity below 90K. 

Contrary to the above , the films with the larger lanthanide ions , 

such as Gd and Eu , exhibited unclear separation between (200) and 

(020) peaks , finally overlapping to form single peak in the 

5mBa~Cu~O and NdBa~Cu~O films. The LaBa~Cu~O film showed the 2'"'~3'"'y .............. ........A.J ....2'"'~3'"'y ... ~~~~. .......~ ..........A.J '....2'"'~3'"'y 

narrowest single peak. The (001) peak tended to become weaker 

for the larger lanthanide ions and (001) peak disappeared in 

NdBa~Cu~O and LaBa~Cu~O 2'"'~3'"'y ............. ...........A.J ....2'"'~3~y The films with larger lanthanide 

ions exhibited semiconducting resistance-temperature behaviors. 

The changes in separation between the (200) and the (020) 

peaks can be explained as follows. When smaller lanthanide 

element was exchanged for a larger one , 1t was observed that the 

elongation of the latt1ce constant c of LnBanCunO.
T 
was smaller 

2~~3'-'y 

(8 ) 
than the increase of the ionic radius of lanthan1de. ''"'1 Namely , 

Ba-Ba length is compressed by larger lanthanide ions [see 

Fig.41. Therefore , oxygen 1n the Cu(l) ー 0(1) chain cannot be 
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easily incorporated between Ba-Ba and oxygen content y in 

LnBa~Cu~O.. approaches 6.0 when the lanthanide becomes larger [see 2~~3~y 

Fig.4]. In these case , it is difficult to obtain a 

superconductor with orthorhombic structure including enough 

oxygen content. For this reason , the structure comes close to 

tetragonal symmetry with poor oxygen content when the lanthanide 

ionic radii become larger. 

In terms of the changes in the (001) peak intensity , three 

different explanations will be possible. The first is that the 

film with the smaller lanthanide ion may have been oriented to 

the direction with its c-axis perpendicular to the substrate 

surface , thus giving a stronger (001) pea]壬. The XRD patterns of 

all the films , however , resemble those of the powdered samples 

and the intensity of (003) peak was not particularly strong in 

the film with smaller lanthanide. Therefore , these films were 

not oriented as above , making this explanation invalid. 

The second explanation is that the structural factor of the 

(001) peak may be smaller for larger lanthanide systems , because 

the scattering factor of a larger lanthanide ion is close to that 

of the Ba2+ ion , and the scatte r1ngs by Ln3+and Ba are 

compensated each other in (001) diffraction. Actually the 

scattering 
3+ 

factor of La~. is nearly equal to that of Ba
2+. In 

order to check this assumption , the peak intensities of (001) and 

(113) were calculated for orthorhombic ErBanCU~09Y and tetragonal 2~~3~y 

(9 ) 
LaBanCunO_y using the following equation. 

2~~3~y 

2~ 1 , 2 ,, 2 
I=L ・ P ・ [L f i exp{ ー 2πi(hx+ky+lz)}exp( ーBisin"e /入)].. (1) 

where 1 is intensity , L is Lorentz factor , p is polarization 

46 



(10) factor , f
1 
1s atom1c scattering factor\~LV" h , k , l are Miller 

(11 , 12) indices , x , y , z are atom1c posit10ns\~~'~4~' and B~ is temperature 
1 

(11 , 12) 
factor'~~'~-I The calculat10n shows that the intensities of 

(001) and (113) for LaBanCunO__ should be about 50% and 10% of 
2~~3~y 

those for ErBaoCuoO.. , respectively. S1nce the (113) peaks were 
2'"'~3"y' 

clearly seen 1n both the La-Ba-Cu-O and Er-Ba-Cu-O systems , the 

(001) peak of LaBaoCuoO.. should appear 1f the film really has the 2'"'''""3''y 

triple perovsk1te structure. 

Thus the third explanat10n , being the most plausible 

explanation for the disappearance of the (001) peak 1n larger Ln 

systems , 1s that the oxygen deficient type triple layered 

perovskite structure was not formed under our experimental 

condition and 1nstead a structure 11ke a normal perovskite 1s 

favored. The larger lanthan1de 10ns have a larger coordination 

number , such as 12 for oxygen anion , so that the oxygen def1cient 

layer will not be formed around the larger lanthanide ions. (see 

Fig.1) Furthermore , large lanthan1de ions are readily exchanged 

for Ba2+ 10n (13) For these reasons , the prof11e of the XRD 

pattern of LnBaoCuoO~ w1th larger lanthanide may come close to 
2~~3~y 

that of normal perovsk1te structure , thus the (001) peak becomes 

weaker. 
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Conc1usion 

1n conc1usion , the incorporation of the sma11er 1anthanide ion 

in LnBaoCu~O~ fi1m resu1ts in easier formation not on1y of the 2~~3~y 

orthorhombic structure but a1so of the oxygen deficient type 

trip1e 1ayered perovskite structure. Larg:er 1anthanide e1ements , 

such as La , Nd and Sm , prevent the incorporation of oxygen which 

is necessary for the formation of cu-o chain structure. These 

behaviors strong1y affect the superconducting properties of 

LnBa~Cu~O 2~~3~y thin fi1ms. Thus the superconducting fi1ms with T C 

around 90K can be easi1y formed in the systems with s皿a11er

1anthanide ions such as ErBa~Cu~O. HoBa~Cu_O 
2~~3~y' .L"~~~2~~3~y 

YBa~Cu_O 
2~~3~y 

y

y

 

o

o

 

つ
u
q
u

u

u

 

F

U

F

U

 

つ
副
つ
臼

a

a

 

B

B

 

y

d

 

D

N

 

and GdBa~Cu~O. whereas orthorhombic LaBa~Cu~O 2~~3~y' ......"'... "'~..... .....,... .............,... .........,.......,......'" ......~.....， ~2~.....3~y 

5mBaoCuoOw • and EuBaoCuoO w • are not readily formed. 2~~3~y ~.L.L~ ~~~~2~~3~y 

Finally , in LaBanCunO_. system , a trip1e 1ayered perovskite 
2~~3~y 

structure itse1f is not easi1y formed. 
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Chapter 3-2: 

Phase Control of BioSoCa_ 1CU_OO_. A with n=1 , 2 , 3. 
2~2~~n-l~~n~2n+4 

Abstract 

Bi-Sr-Ca-Cu-O and Bi-Pb-Sr-Ca-Cu-O thin films have been formed 

by co-deposition of metal elements at room temperature followed 

by sintering at high temperature. The prepared films are 

classified into three phases: a semiconductor , a superconductor 

with transition temperature (T~) of 80K and a superconductor with 
c 

Tc of 110K. The products can be controlled by choosing the 

heat-treatment condition. The effect of substrate , and the 

relation between the properties and the morphology are also 

discussed. 
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Introduct1on 

The superconduct1v1ty 1n B1-Sr-Ca-Cu-O system above liquid-

nitrogen temperature was observed by Maeda and co-workers in 

(1 ) 
1988. In th1s system , three phases have been found , which 
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three phases have s1m11ar crystal structures and only the numbers 

of Cu0
2 
planes between adjacent B1

2
0
2 
layers are different. 

2~2 

Therefore , the three phases have the almost same lattice 

constants a and b , and d1fferent latt1ce constant c. Bi~Sr~CuO 
2~~2~~~6 

phase including single Cu0
2 

layer , BinSrnCaCunOn phase with ~~~~ 2'-'....'-'~2~8 

double CuOn layers and B1nSrnCanCU~01^ phase w1th triple CuO 2 ~~~ ~~ ~ ~~~~ ~~ 2~~ 2~~2~~3~ 10 

layers are called "2201" , "2212" and "222::~" phase , respectively. 

Each phase has the latt1ce constant c of 2.44nm , 3.08nm or 

It 1s very 1nterest1ng that these phases have so different 

3.68nm. 

properties even though they have similar erystal structure except 

the number of CuOn planes. 2201 phase is a semiconductor , and 
2 

2212 phase 1s a superconductor w1th Tc of 80K. 2223 phase shows 

the superconductivity above 100K. Detailed investigation of the 

properties of each phases will be effective for the clarification 

of the superconducting mechanism in cuprate superconductors. 

Pb-Sr-Ca-Cu-O were prepared by the co-deposition of metal 

For such study , it is necessary to form a single-phase sample of 

each phase , but these are often obtained in mixed-phase sample. 

In th1s sect1on , thin films of Bi-Sr-Ca-Cu-O and Pb-doped Bi-

elements at room temperature followed by sinter1ng at high 
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temperature. The changes of the structure and property of the Biｭ

Sr-Ca-Cu-O films accompanled wlth the varlatlon of heat-treatment 

condltion were lnvestlgated. The phase control by heat treatment 

is the most conventlonal and baslc way of phase control. 

Furthermore , the fl1ms were prepared on MgO , cubic Zr0
2 
and 

SrTi0
3 

substrates , and the effect of the substrate was 

investlgated. 
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Experimental 

Bi-Sr-Ca-Cu-O system is not sensitive to the deviation of the 

chemical composition of starting materials from the ideal 

composition. In this experiment , the chemical composition of 

the target is fixed at Bi:Sr:Ca:Cu = 1:1:1:2 for Bi-Sr-Ca-Cu-O 

or Bi:Pb:Sr:Ca:Cu = 0.8:0.2:1:1:2 for Bi-Pb-Sr-Ca-Cu-O system in 

(1 ) 
molar ratio. \~I The targets for the ablation were synthesized by 

calcining mixture of BioOo (Wako , purity=99.9%) , PbO (Wako , 99%) , 
2~3 

SrC0
3 

(Wako , 99.9%) , CaC0
3 

(Mitsuwa , 99.9%) and CuO (Wako , 99.9%) 
3 

at 1153K for 10 hours. The films were deposited by ArF laser 

ablation of the targets at room temperature and after that , the 

films are oxidized and crystallized by heating in a furnace. 

The furnace temperature was raised to 1073 or 1173K. The 

typical thickness of the film was 2μm. MgO(100) , cubic-

Zr0
2
(100) or SrTi0

3
(100) (Tateho Chemical) was used as a 
3 

substrate. 

Resistivity-temperature (R-T) curve of the film was obtained 

using standard four probe technique. X-ray diffraction (XRD) 

pattern was measured using CuK_ with 8-28 scanning. 
α 

The 

surface morphology of the film was obtained by scanning electron 

microscopy (SEM) using JOEL JSM-25S system with acceleration 

voltage of 25kV. 
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Resu1ts and D1scuss1on 

F1gs.2(a) and 2(b) shows a res1st1v1ty-temperature curve and 

an x-ray d1ffract10n pattern of a B1-Sr-Ca-Cu-O f11m on MgO 

(100) substrate prepared by heat1ng at 11B3K for 1 m1nute 1n a1r. 

The fi1m exhibited sem1conducting res1stance-temperature behavior 

in which the res1st1v1ty 1ncreased w1th decrease of temperature. 

The x-ray diffraction pattern showed a selr1es of strong peaks at 

28 7 .20 , 21.9 0 , 29.20 , 36.80 and 44.50 These peaks are 

correspond1ng to (001) d1ffract10n of 2201 phase 1nc1uding sing1e 

(2 ) 
Cu0
2 
p1ane.¥-' Since the (001) peaks w1th odd 1 are disappeared 

with the disappearance ru1e of x-ray d1ff Jr act10n , on1y the (001) 

with even 1 can be seen. The strong (001) 11nes 1nd1cate that 

the fi1m is oriented with its c-axis perpendicu1ar to the 

substrate surface. The 2201 phase was formed when the fi1m was 

sintered above the me1t1ng point of 1163K for 1 minute or be10w 

1073K for 1 hour. 

Annea11ng the B1-Sr-Ca-Cu-O f11m on MgO substrate at a 

temperature between 1163K and 1073K 1ed to the appearance of x-

ray d1ffract1on peaks at 28= 5.70 , 23.2 0 , 29.30 and 35.10 

instead of the 7.20 ser1es peaks. F1gs.3(a) and 3(b) show an R-T 

curve and an XRD pattern of a B1-Sr-Ca-Cu-O f11m sintered at 

1123K for 15 m1nutes fo11owed by 1153K s1nter1ng for 1 m1nute 1n 

alr. The strong peaks were correspond1ng to the (001) 

diffraction of 2212 phase 1nc1ud1ng doub1e CuOq p1ane in the 2 
(3 , 4) 

crysta1 structure. \~，~， The d1ffract1on pattern shows that the 

fi1m is or1ented w1th the c-ax1s perpend1cu1ar to the substrate 

surface , wh1ch 1s s1m11ar to the 2201 f11m descr1bed above. The 
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R-T curve showed a superconducting transition with zero 

resistance temperature of 80K. The critlcal current density of 

5 & I 2 this film is about 1x10~A/cm~ at 10K. 

The films on MgO annealed at 1123K for 1 minute also 

exhibited a diffraction pattern of 2212 single - phase , but the 

pattern was similar to the powdered sample indicating a random 

oriented film without a preferred orientation. In most cases , 

annealing at the temperature between 1138K and 1158K led to the 

formation of the oriented 2212 film , whereas sintering above 

1163K formed the oriented 2201 film. Thus , 1 could separately 

prepare the oriented Bi-Sr-Ca-Cu-O film including single or 

double Cu0
2 
planes by choosing proper heating temperature. 

The heating temperature around the melting point was really 

critical for the superconducting property of these films. 

Figs.4(a) and 4(c) show R-T curves of the films sintered at 

1153K for 1 minute and that sintered at 1158K for 1 minute. These 

films had almost same x-ray diffraction patterns of oriented 2212 

films. In spite of that , the resistivity-temperature behaviors 

were so different. The film heated at 1153K had the tailing of 

the resistivity below 80K in the R-T curve , while the film heated 

at 1158K exhibited a sharp superconducting transition without the 

tailing. The tailing observed in the former film were enlarged 

by the increase of the measuring current density. 

was strongly related to the morphology of the films. 

The tailing 

Figs. 4(b) 

and 4(d) show SEM photographs of those films. It revealed that 

the film annealed at 1153K consisted of small grains whose 

diameters are about 5μm [see Fig.4(a)]. The heating at 1158K 
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just below the melting point changed the morphology of the film 

dramatically giving continuous film as shown in Fig.4(d). These 

results suggest that the tailing in R-T curve is due to the weak 

coupling of the superconducting partlcles. Bi-Sr-Ca-Cu-Q 

superconductors have very short coherence length , which is 

discussed in detail at Chapter 5. Due to the short coherence 

length , the superconductivity in this system is easily 

by a little amount of impurity. In the film with the 

morphology as shown in Fig.4(b) , the tailing 

disturbed 

granular 

of the 

superconducting 

grain boundary. 

transition arises from the disturbance by the 

The enlargement of the tailing by the increase 

of current density can be explained by the presence of many weak 

couplings with different critical currents in the sample. The 

heating just below the melting point makes the continuous film 

as shown in Fig.4(d) , and decreases the weak coupling of grain 

boundary drastically. Thus that film shows a sharp 

superconducting transition without the tailing. 

Concerning 2223 phase , a slight decrease of the 

resistivity around 110K were observed in the film heated at 1158K 

in 1 minute [see Fig.5(a)]. The heat treatment just below the 

melting point is essential to the appearance of the resistivity 

decrease at 110K , and the film annealed above 1163K or below 

1153K did not show the decrease at 110K. The XRD pattern of the 

films with resistivity decrease at 110K , however , indicated 

that main product was 2212 phase [see Fig.5(b)]. The peaks due 

to 2223 phase could not detected in the pattern , thus a very 

little amount of 2223 phase must be formed in the films. Though 

Bi-Sr-Ca-Cu-Q films were formed under various heating condition 
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1n th1s exper1ment , 1t was very d1ff1cult to grow a large amount 

of 2223 phase. So 1 performed Pb doplng 1nto B1-Sr-Ca-Cu-Q 

f11ms , wh1ch promoted the format10n of 2223 phase 1n bulk 

( 5) 
ample. The B1-Pb-Sr-Ca-Cu-O f11ms prepared by the ablat10n 

of B10.8PbO.2SrcaCu20y target had lower melt1ng p01nt of 1123K 

than Pb-undoped B1-Sr-Ca-Cu-Q system , and the decrease of the 

res1st1v1ty around 110K also appeared w1th the heat1ng just below 

the melt1ng temperature. F1gs.6(a) and (゚b) show the R-T curve 

and XRD pattern for the B1-Pb-Sr-Ca-Cu-Q f11m s1ntered at 1123K 

for 15 hours followed by annea11ng at 773K for 15 hours. The 

d1ffract1on pattern shows that the sample 1s the m1xture of 2212 

and 2223 phases , but 1n Pb-doped B1-Pb-Sr-Ca-Cu-O , the 

d1ffract1on peaks at 28 = 4.80 , 23.90 , 28.8。 and 33.70 

correspond1ng to those of the 2223 phase w1th tr1ple Cu0
2 
planes 

can be clearly observed. The R-T curve shows that the 

resistivity of th1s f11m decreases around 110K and zero-

res1stance temperature 1s 95K. 

1n my exper1ment , the product of B1-Sr-Ca-Cu-O and B1-Pb-Sr-

Ca-Cu-O thin f11ms can be controlled by choos1ng the heat1ng 

temperature. The relat10n between the heat1ng temperature and 

products 1s summar1zed 1n F1g.7. 

1n th1s step , the promot1on of 2223 format1on by Pb dop1ng are 

expla1ned as follows. S1nce a large amount of 2223 phase 1s 

formed 1n the temperature range , wh1ch 1s above the melt1ng point 

of 2212 and below that of 2223. Though the melting point of 

2223 1s very close to that of 2212 1n Bi-Sr-Ca-Cu-O system , the 

d1fference between the melting point of 2212 and that of 2223 
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(6 ) 
becomes w1der w1th dop1ng of Pb. For th1s reason , 

dop1ng of Pb makes 1t eas1er to prepare the 2223 phase. 

the 

Finally , the effect of the substrate 1s descr1bed. In the 

above experiments , MgO (100) was used as a substrate. Cubic-Zr0
2 

(100) and SrT10~ (100) substrates were also examined , 
3 

and the 

property of the f11m on each substrate was compared. The 2212 

f11ms on cub1c ZrO~ exh1b1ted a R-T behav10r s1m11ar to that on 
2 

MgO , wh11e the f11ms on SrT10
3 
showed semlconduct1ng R-T behav10r 

above 100K and a broad superconduct1ng trans1t10n w1th a very low 

zero-res1stance temperature around 15K. Thus MgO and c-Zro
2 
is 

better cand1dates as the substrates for B1-Sr-Ca-cu-O films and 

SrTi0
3 
1s improper , when the films are formed by annealing at 

high temperature. Recent result of secondary 10n mass 

spectroscopy(7) suggests that 1nter-d1ffus10n between SrTI0
3 
and 

the film deter10rates the superconduct1v1ty , and the diffusion is 

suppressed in the f11ms on MgO substrate. However , it should 

be ment10ned that SrT10n substrate 1s appropr1ate from the 3 

viewp01nt of the crystal structure , because the crystal structure 

and the lattice constants a and b of the SrT10~ is similar to 
3 

those of the cuprate superconductors. If the f11ms can be 

formed at lower temperature and 1nter-d1ffus1on can be 

suppressed , SrT10
3 
(100) substrate becomes very useful. In 

practice , SrT10
3 
1s used as a substrate 1n following section in 

order to obta1n ep1tax1al f11ms. In those exper1ments , the as-

grown f11ms are prepared at relat1vely low temperature , so the 

inter-diffus1on should be suppressed. 
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Conc1us1on 

B1-Sr-Ca-Cu-O and B1-Pb-Sr-Ca-Cu-Q th1n f11ms were prepared 

by co-depos1t10n fo11owed by h1gh-temperature s1nter1ng. The 

three types of the or1ented f11ms w1th 1ts c-ax1s perpend1cu1ar 

to the substrate surface were formed , and they were c1assified to 

2201 , 2212 and 2223 phases. The 2201 and 2212 f11ms can be 

prepared separate1y by choos1ng the heatlng temperature. The 

2223 phase can be formed on1y 1n B1-Pb-Sr-Ca-Cu-Q f11m , but it 

was difficu1t to obta1n a s1ng1e-phase samp1e. The 2201 f11m 

shows semiconduct1ng res1stiv1ty-temperature behavior , and 2212 

and 2223 fi1ms exh1b1t superconductivity be10w 80K and 

110K , respect1ve1y. The superconduct1ng propert1es 1n these 

fi1ms are strong1y dependent upon the morpho10gy of the fi1ms 

ref1ecting the short coherence 1ength of this system. The 

tai1ing of superconducting transition was often observed on the 

f11m w1th granu1ar morpho1ogy. To prevent the appearance of the 

tai1ing , the heating just be10w the me1t1ng temperature to form a 

continuous morpho1ogy is effective. MgO (100) and c-Zr02 
(100) 

substrates are suitab1e as the substrate in this preparation 

method. In the fi1m with SrTiOo (100) substrate , 
3 

the 

deterioration of the superconducting property caused by high 

temperature treatment was often observed. 
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Chapter 4 

Layer-by-layer Crystal Growth of B12Sr2Can_1Cun02n+4 by Laser 

Molecular Beam Epltaxy 
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Abstract 

The phase contro1 of B1nSrnCa_ 1CU_On_. A 1s performed by 2~-2--n-1--n-2n+4 

art1f1c1a1 construct1on of the structure by 1ayer-by-1ayer 

depos1t1on. At f1rst , the ep1tax1a1 f11m of the parent mater1a1 

of the cuprate superconductors , wh1ch 1s (Ca , Sr)CuO n , is formed. 
2 ' 

In next step , B1nOn/SrnOn 1ayer and the parent materia1 1ayer are 2~2'''''-2~2 

periodica11y stacked to form a B1nSrnCa_ 1CU_On_. A fi1m. The 2~-2--n-1--n~2n+4 

epitaxia1 fi1m of (Ca , Sr)CuO n can be ~~rown on SrTiOQ (100) 2 

substrate. The 1ayer-by-1ayer stack1ng makes 1t poss1ble not 

on1y to prepare the structure w1th d1fferent n separate1y , but 

a1so to grow the phase w1th n > 3 , wh1ch can not be obta1ned in 

bu1k samp1es. 
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工ntroduction

In Chapter 3-1 , the phase control of Bi-Sr-Ca-Cu-O films by 

choosing the heat-treatment condition was described. This 

method , however , is the same way applied ln bulk samples. Here , 

the phase control by the characteristic way of film samples , 

namely the control by layer-by-layer deposition is attempted. 

In this method , an artificial construction of the structure is 

performed by layer-by-layer stacking of some atomic or molecular 

layers according to the desired crystal structure. 

The phases in Bi-Sr-Ca-Cu-O system can be represented by the 

chemical formula of Bi~Sr~Ca 4CU O~ ~. vvhere n shows the number 
2~~2~~n-1~~n~2n+4' 

of Cu0
2 
planes between adjacent Bi

2
0
2 
layers. The crystal 

2~2 

structures with n=1 to 5 are shown in Fi~~.1. Among these , only 

the phases with n=1 , 2 , 3 can be prepared il1 bulk samp1es. These 

materia1s have 1ayer type crysta1 structures , in which simp1e 

meta1-oxide 1ayers such as BiO , SrO , CaO and Cu0
2 
1ayers are 

periodica11y stacked a10ng the direction of c-axis as shown in 

( 1 ) 
Fig.1.\~1 Thus , the synthesis of BinSrnCa_ ~CU_On_.A by 1ayer-

2~~2~~n-1~~n~2n+4 

by-1ayer stacking of these 1ayers must be possib1e , and the fi1m 

wi1l be prepared with its c-axis oriented in perpendicu1ar 

direction to the substrate surface. 

It is we11 known that a1l the cuprate superconductors have 

two-dimensional CuOn planes in their crysta1 structures. The 2 

material with the simp1est crysta1 structure inc1uding Cu0
2 

p1anes is Can onSrn ~ACUOn discovered by Siegrist et a1 in O.86~~O.14~~~2 

(2 ) 
1988.\~1 This has a oxygen-deficient simp1e perovskite 

structure which consists of two dimensiona1 CuOn p1anes separated 2 
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by Ca(Sr) 10ns as shown 1n F1g.2. Th1s mater1al is a 

semiconductor , not a superconductor , and called "parent material" 

of cuprate superconductors 1n v1ew of the crystal structure. 

The structure of cuprate superconductors can be constructed 

by the period1c 1nsert1on of the layers" such as LaoOo and/or 2~2 
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superconductor 
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(4 ) 
YBa~Cu~O 
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BioOo/SroO 2~2'~~2~2 
This 1S 

my gu1d1ng pr1nc1ple for layer-by-layer construct10n of their 

structures. Based on th1s concept , the preparation of 

(Ca , Sr)Cu02 film has been tr1ed at f1rst , wh1ch is the most 

fundamental techn1que for the f11m format1on of the cuprate 

superconductors by layer-by-layer construct10n. 

perpend1cular to the substrate surface 1s des1rable. Therefore , 

For the construct1on of B1oSroCa~ 1CU~OO~.A by layer-by-layer 
2~~2~-n-l~~n~2n+4 

stacking , an ep1tax1al growth of (Ca , Sr)cu02 w1th its c-axis 

a (Ca , Sr)CuO n th1n f11m 1s prepared , and the or1entat1on of the 
2 

film is invest1gated at f1rst. In next step , B1oSrnCa_ 1CU_O 2~~2~-n-l~~n~2n+4 

thin films are constructed by the 1nsertion of B1oOo/SroOo layer 
2~2'~~2~2 

into the parent structure of (Ca , Sr)Cu02 Furthermore , 1 have 
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Exper1mental 

The f11ms prepared by layer-by-layer stack1ng often have 

metastable structures. Such phases are decomposed into a 

thermodynam1cally stable structure w1th heat-treatment at high 

temperature , so the h1gh-temperature annea11ng after the film 

deposition should be av01ded 1n th1s exper1ment , namely as-grown 

films should be prepared. In th1s sect1on , the as-grown films 

were prepared by laser ablat10n method under molecular beam 

epitax1al cond1t10n (called "laser MBE"). The molecular beam 

epitax1al cond1t10n means that the mean free paths of particles 

emitted from a target are much longer than the d1stance between 

the target and the substrate , namely the particles reach the 

substrate w1thout a col11s10n w1th the molecules of ambient gas. 

Of course , the pressure of ox1dat10n gas must be low , thus N0
2 

was used , wh1ch 1s effect1ve for the preparat10n under low-

pressure cond1t1on as descr1bed 1n Chapter 2. In this 

exper1ment , 

where the 

1X103pa of NO was dosed dur1ng 
2 

mean free paths of atoms or 10ns are 

the deposition , 

about 5X104mm. 

This value 1s much longer than the distance between the target 

and the sub strate(1X102mm). 

The film growth under MBE cond1t1on has some advantages as 

follows. 

1. S1de react10n caused by the col11s1on of atoms(1ons) and gas 

皿olecules can be avo1ded , 

2. Roughen1ng of f11m surface caused by the ox1d1z1ng gas with 

high pressure can be avo1ded , 

3. The surface of the grow1ng f11m can be observed by in-situ 
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reflect10n h1gh energy electron d1ffract10n (RHEED). 

For the ep1tax1al growth , the latt1ce eonstants of substrates 

should be close to those of the f11m , so SrT10n (100) (Earth-3 

Jewery , surface roughness < 0.5nm) was used as a substrate. The 

symmetry of the crystal structure of (Ca , Sr)CuOo 1s tetragonal , 
2 

and the latt1ce constants a and c are 0.386nm and 0.320nm , 

(2 ) 
respect1vely. ,-, SrT100 has a cub1c structure w1th latt1ce 3 

constant of 0.391nm. The latt1ce m1smatch between a-ax1s (and 

b-ax1s) of (Ca , Sr)CuO n and that of SrT10n 1s about 1.3%. 2 

Furthermore , the SrT100 has a perovsk1te structure , wh1ch 1s 
3 

s1m11ar to that of (Ca , Sr)CuOo , so SrT100 must be proper as a 2' ""''''' ......................3 

substrate , and the ep1tax1al growth 1s expected. The apparatus 

for the laser MBE has been shown 1n Chapter 1. The f11m of 

ヮ
“
，

n

u

q

u

 

u

-

F

u

n

u

 

r
 

Q

U

'

 

,

A-z 

a

1

 

F

U

ｭ

-
t

ハ
U

was prepared by the abIat1on of Ca1-xsrxC110y 

0.5) targets. For the B1nSroCa_ 1CU_0 2.........2.....~n-1.....~n""2n+4 

(x=O , 

film , 

Srn nCuO__ , Can onSrn 1 ACUOO' Sr metal and B1nOo targets were 0.9.....~""y' .....~0.86.........0.14.....""-""2' ......... L&A ""V~"'" ~... ........ """""'2""3 

used. The targets of Ca-Sr-Cu ox1de were prepared by calc1ning 

the mixture of CaCO~. SrCO~ and CuO at 1173K for 6 hours. The 3' ..............""3 

chem1cal compos1t1ons of the targets represented here are the 

m1xing rat10s of the start1ng mater1als. 

Before the f11m growth , SrT100 substrate was cleaned by 3 
-4 

heating 1t 1n 5x10 "'Pa of NOo at 923K for 20 m1nutes to remove 2 

the carbon contam1nat1on on the surface. On the cleaned 

surface , the f11ms were prepared by laser MBE method at the 

-3 
substrate temperature of 873K or 923K under 1x10 ..... Pa of N0

2 

B1oSrnCa_ 1CU_OO_.A was prepared by the success1ve ablat10n of 2......L2.....~n-1.....""-n""2n+4 
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four kinds of targets. Sr" "CuO__ target was used for the 
O.9'-' ，-& ~y 

formation of SrO/Cu0
2 

layer , (Ca , Sr)Cu02 
target for Ca(Sr)/Cu0

2 2 ~ '-AoJ ,,_ L , ¥ """...... , '-' L I '-' ¥.A. '-J 2 

layer , Sr target for SrO layer and BinOn target for BinOn layer 2~3 ~~LO~~ L~L ~~2~2 

This was 1 cycle for the layer-by-layer stacking , and it is 

corresponding to half thickness of the unit-cell of BinSrnCa_1-2~L2'-'~nl 

Cu
n
0
2n
+
4 
[see Fig.l and Fig.41. The number of Cu0

2 
plane (n) in 2n+4 

this system was controlled by the changing the deposition 

thickness of Ca(Sr)/CuOn layer in the one cycle. 2 
The cycle of 

the successive deposition was repeated to form the film. Typical 

thickness of the film was 60nm. The profile of the layer-by-

layer construction by the successive ablation is shown in Fig.4. 

During the film growth , the film surface was investigated by 

in-situ RHEED observation with acceleration voltage of 15kV 

(Physitec , RHG-I000). The formation process was controlled by a 

computer system (NEC PC-9801F). In the preparation of 

BinSrnCa~ ~CU~On~.A by the successive ablation , the replacement 
2~L2'-'~n-l'-''-&n~2n+4 

of the targets was carried out using a pulse motor with feedback 

from the film thickness monitor with quartz oscillator (Inficon , 

XTC deposition monitor) and variation of the RHEED signal 

intensity. The structures of the films were investigated using 

RHEED and x-ray diffraction (XRD). 
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Resu1ts and D1scuss10n 

Figs 5(a) and 5(b) show the RHEED pattern of the SrTi0
3 
(100) 

and that of the as-grown f11m formed on the substrate by the 

ab1at10n of Can o~Srn 1 ACUOO target. The streak pattern of RHEED 0.86~~0.14~~~2 

indicates the ep1tax1a1 growth of the f11m with smooth surface , 

because random or1ented f11m shou1d have a r1ng-11ke pattern or 

rough surface makes the pattern spotty [refer Append1x A]. The 

x-ray diffract10n pattern of the same f:i1m 1s shown 1n Fig.6. 

The pattern has on1y (001) d1ffract10n peaks of the parent 

mater1a1 w1thout peaks attr1buted to other phases. 

patterns show the s1ng1e-phase f11m of (Ca , Sr)Cu0
2 

grown w1th the ep1tax1a1 d1rect10n wh1ch 1 expected. 

These 

cou1d be 

The XRD patterns of Ca 句 Sr__CuO o w1th x=O , 0.14 , 0.3 and 0.5 
_i-X X 乙

are shown in Fig.7. The thicknesses of these fi1ms were about 

6nm , wh1ch 1s th1nner than that of the fi1m 1n F1g.6 (50nm) , so 

the d1ffraction peaks 1n F1g.7 became weaker than those 1n Fig.6. 

The patterns 1nd1cate that these f11ms had the same crysta1 

structure with the parent mater1a1. The RHEED patterns were a1so 

simi1ar. Thus , the parent structure can be grown in wider 

range of Sr concentration from x=o to 0.5 in the thin fi1ms , 

whi1e the structure can be formed on1y within the very narrow 

range of chem1ca1 composition near Can o~Srn 1 ACUOO in bu1k O.86~~0.14~~~2 

(2 ) 
amp1es. Th1s resu1t must be the effect of the substrate , 

name1y the ep1tax1a1 growth on the SrT10~ substrate forces to 
3 

form the structure of the parent material , because the crysta1 

structure of the parent mater1a1 1s so simi1ar to that of SrTi03 ・

Though the th1n f11ms of Ca4 Sr CuO~ with x=O to 1-x~~x~~~2 
0.5 had 



the same crystal structure , the crystallinity and the morphology 

of the films were slightly changed with the variation of the Sr 

concentration. In lower Sr concentration , the streaks in the 

RHEED pattern had light and shaded parts~ and the widths of the 

streaks were wider. With increase of Sr , the streaks became 

sharper , and the intensity distribution became homogenous. This 

variation indicates that crystallinity and smoothness of the 

films are improved with the increase of Sr concentration. The 

x-ray diffraction patterns , on the other hand , show that the film 

with such a high strontium concentration of x=O.5 contains a 

little amount of other phases [see Fig.7(d)]. These behaviors 

can be explained by two factors. One i8 the matching of the 

lattice constants between the film and the substrate , and the 

other is the charge balance of the substance during the film 

growth. According to the investigation in the bulk 

CaA nnSrA 1 ACUO n , the lattice constant a (a=O.386nm) is slightly 
O.86LJ..O.14'-'....~2' 

(2 ) 
smaller than that of the SrTi0

3 
substrate (a=O.391nm). \~I Thus , 

the lattice matching should be improved by the substitution of 

larger Sr ion for smaller Ca. This effect may result in the 

improvement of crystallinity and smoothness of the films. A 

high concentration of Sr , however , promotes the inclusion of 

excess oxygen at the normally deficient oxygen-site , because 

larger Sr ion occupies a cation site coordinated by 12 oxygens. 

Since too much oxygen breaks the charge balance in the system , 

high Sr concentration leads to the instability of the parent 

structure resulting in the formation of other phases. In this 

manner , appropriate Sr concentration is determined by the lattice 
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matching and the charge balance. Under our experimental 

condition , optimum Sr concentration ranges from 10 to 20% of Ca , 

that is Ca4 Sr CuO~ with x=O.l to 0.2. 1-x~-x~~~2 

Bas ed on the techni que of (Ca , sr)C1102format ion , Bi~Sr~-
2~~2 

Ca~ ~CU~O~~.A thin films were grown by successive ablation of 
n-1~~n~2n+4 

srcuoy , (Ca , Sr)Cu02 , Sr metal and Bi
2
0
3 
targets. Fig.8 shows the 2' ...,... ......~V '-A-L. '-A....'-4 JI..J..L2'"'3 

x-ray diffraction patterns of the Bi~SrnCa_ 1CU_On_.A films with 
2~~2~~n-1~~n~2n+4 

changing the thickness of Ca(Sr)/CuO~ layer in one cycle of the 
2 

deposition. When the film was formed from three targets of 

srcuoy , Sr and Bi
2
0
3 
without (Ca , Sr)Cu02 , the film had the XRD 2~3 .._.._~~~~~~ ，~~，~- 1~~~2' 

pattern of BinSrnCuOn structure including single CuOn plane 2~~2~~~6 

(n=l) , which is shown in Fig.8(a). The film was oriented with 

its c-axis perpendicular to the substrate surface and had the 

lattice constant c of 2.44nm. By the insertion of (Ca)sr/Cuo
2 

layer using (Ca , Sr)CuO n target , the structure was changed to 
2 

Bi~Sr~CaCu~Oo (n=2) with c-axis of 3.06nm [see 2~~2~~~~2~8 
Fig.8(b)]. 

Furthermore , the increase of the thickness of Ca(Sr)/Cu0
2 
made 

the BinSrnCanCUn01A (n=3) film , whose c-axis was 3.73nm as shown 2~~2~~2~~3~10 

in Fig.8(c). The phases with n > 3 can not be obtained in bulk 

samples , whereas the layer-by-layer deposition method makes the 

growth of such phases possible. The diffraction patterns in 

Figs.8(d) and 8(e) show that the Bi-Sr-Ca-Cu-O films with lattice 

constants of 4.35nm and 5.00nm were formed. These values 

correspond to the lattice constants c of the BinSrnCa_ 1CU_O 
2~~2~~n-1~~n~2n+4 

structure including four and five CU0
2 
layers (n=4 and 5) , 

respectively. In order to make sure that the films have the 

structures with four and five Cu0
2 

planes , 1 have assumed the 

ideal structures of these phases [see Figs.1(d) and l(e)] and 
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ca1cu1ated the x-ray d1ffract1on 1ntens1t1es of (001) peaks of 

these structures. The equat10n for the ca1cu1at1on of x-ray 

diffract10n 1ntens1t1es has been descr1bed 1n Chapter 3-1 [see 

(5 , 6) 
Chapter 3 , eq(1)]. The XRD pattern and ca1cu1ated resu1t 

for n=5 are shown 1n F1g.9. The good agreement 1ndicates that 

the structures w1th n=5 , wh1ch can not be obtained in bu1k 

samp1es , cou1d be actua11y grown. Using the 1ayer-by-1ayer 

depos1t1on techn1que , 1 have succeeded 1n the formation of 

Bi~Sr~Ca~ 1CU~O~~.A w1th n up to 10 , and among them , the 2~~2~~n-1~~n~2n+4 

structures w1th n > 3 are new mater1als. The XRD pattern and 

the ca1culated d1ffract1on pattern of B1oSroCanCU1AOoA w1th n=10 
2~~2~"'9~~10~24 

are shown 1n F1g.10. 

F1g.11 shows the RHEED pattern of B1oSroCaCuoOn f11m formed by 2~~2~~~~2~8 

layer-by-layer depos1t1on. Th1s 1s the pattern of the surface 

just after the depos1t1on of B1000 1ayer. The streak pattern 
2~2 

indicates that the f11m was ep1tax1ally grown and the surface had 

a good smoothness. Along (010) d1rect1on , wh1ch 1s corresponding 

to the (110) d1rect1on of (Ca , Sr)Cu02 or SrT103 , a superstructure 

(7 , 8) due to an 1ncommensurate modulat1on could be observed. ¥. '~I The 

per10d of the modulat1on 1s about 4.7 t1mes of b-ax1s , which is 

the same va1ue observed 1n bu1k samp1es. 1f the f11m 1s single 

crysta1 , the superstructure appears along only b-axis. 1n this 

a tw1n structure. The RHEED pattern hardly changed w1th the 

film , however , the same superstructure appeared when the sample 

was rotated 1n 90 degrees. Th1s result shows that the f11m have 

、

Ge
 

可
ia
 

4

e

 

+

n

 

n

n

 

2

a

 

n
u
 n
 

u

e

 

c

r

 

4

i

e

 

-

w

 

n
 

a

q

u

 

F
U
 

っ
“
>

r
 
s

n

 

ワ
臼
1

h

 

R
U
+

し4
i
 

n

w

 

s
i
 

cu 

)

m

 

n
1

よ

r
E
、

s
ifi
 

s
 
e

4

 

n

+

 

a

n

 

1

2

 

P

O

 
n
 

2

u

 

n

u

p

u

 

U

1

 

F
U

一n
 

f

A

a

 

O

F

U

 9hｭ

r

r

 

e

s

 

'
D

ワ
臼

m

1

 

u

B

 

n
 
e
 

f
-
-
n
 

o

t

 

n
 
o

n

 

-
-
e
 

t

h

 

a

w

 

-
唱ir
 
a
 
v
 



at temperature above 923K after the growth , the structures 

decomposed into Bi~Sr~CaCu~Oo with n=2 , name1y such crysta1 2~~2~~~~2~8 

structures must be unstab1e at high temperature. In practice , 

the phases with n > 3 can not be formed in bu1k samp1es at 

present. The reason for the growth of the metastab1e phases in 

the as-grown fi1ms wou1d be that the 1ayer-by-1ayer stacking 

forced the fi1ms to have such crysta1 structures. In addition , 

re1ative1y 10w substrate temperature suppressed the diffusion of 

e1ements which make a thermodynamica11y stab1e structure. 

Furthermore , the growth under the condition where the parent 

materia1 can be formed was a1so important for the formation of 

the metastab1e phases wlth 1arger n. The structure of the 

parent materla1 of (Ca , Sr)CuO n conslsts of infinite CuOn p1anes. 2 

Thus , if the parent structure can be grown , the structure 

Bi~Sr~Ca~ 1CU~O~~.A with any n can be prepared in princip1e. 
2~~2~~n-l~~n~2n+4 

Actua11y , it was very difficu1t to form the structure with 1arger 

n under the condition where the parent structure was not grown. 

For the growth of BinSrnCa_ 1CU_On_.A by this 皿ethod ， it is 
2~~2~~n-l~~n~2n+4 

very lmportant to contro1 the depositlon thickness of each 1ayer 

in 1ayer-by-1ayer stacking strict1y. If not so , the other phases 

were formed instead of the desired struc:ture , and sometimes the 

fi1m became amorphous. The thickness of each 1ayer , however , was 

very thin (a few angstrom for one 1ayer) , so the contro1 was not 

so easy. In my experiment , the thickness was contro11ed using 

the osci11ation of RHEED intensity observed during the growth. 

Since one osci11ation of the intensity 1s corresponding to the 

formation of one 1ayer , the thickness can be contro11ed by this 

technique strlct1y (see Appendix A). The varlation of the RHEED 
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intensity 

film , so 

thickness 

is strongly related to the growth mechanlsm of 

the detal1s of the lntenslty oscl11atlon and 

control uslng the oscl11atlon are dlscussed 

the 

the 

in 

following Chapter 4-2 , ln connectlon wlth the growth mechanism of 

the film. 
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Conclusion 

The epitaxial film of the parent material of cuprate 

superconductors , Ca噌 Sr_.CuOI"") , was glrown on 
_l-X X 乙

SrTi0
3 
(100) 

substrate. The range of Sr concentration where the parent 

structure could be made was x=o to 0.5 , and it is much larger 

than that for bulk samples. The variatlon of the crystallinity 

and the morphology with the change of Sr concentration can be 

explained by two factors , which are the lattice matching and the 

charge balance. Based on the technique of (Ca , Sr)Cu02 

formation , Bil"")Srl"")Ca_ ~CU_O I"") _.A films were prepared by layer-by-
2~~2~~n-1~~n~2n+4 

layer stacking. This method makes it possible not only to form 

the structure with different number of Cu0
2 
planes n

 
separately , but also to grow the structures with n > 3 , which can 

not be obtained in bulk samples. 
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Chapter 4-2: 

Layer-by-Layer Growth Mechanism of BinSrnCa_ 1CU_On_. A and the 
2~~2~~n-1~~n~2n+4 

Re1ated Materia1s 

Abstract 

In order to study the growth mechanism in 1ayer-by-1ayer 

construction of BinSrnCa_ 1CU_On_.A thin fi1ms , the surface of 
2~~2~~n-1~~n~2n+4 

SrTi0
3 
(100) substrate and the growth of Ca(Sr)Cu0

2 
have been 

2 

investigated using ref1ection high energy e1ectron diffraction 

(RHEED) and Auger e1ectron spectroscopy (AES). It is confirmed 

that the topmost of the native SrTiO~ (100) is TiOn 1ayer and the 3 '~~~J ~~ ~~~2 

surface is changed to SrO by the supp1y of Sr in NOn atmosphere. 2 

In the growth of SrCuO_. 1ayer on SrTiO~ ， either SrO or CuOn 1ayer X -L.~.J'"'''' ....,.... """'~~~3' 

becomes surface 1ayer depending upon the composition of the 

substrate surface , when Sr and Cu are supp1ied simu1taneous1y. 

The variation of RHEED intensity shows that Ca(Sr)Cu0
2 
is grown 

on the substrate with two dimensiona1 1ayer growth mechanism. 

When a11 the meta1 e1ements , Ca(Sr) and Cu , are supp1ied in N0
2 

simultaneous1y , the unit of the layer growth is the unit-cell of 

Ca(Sr)Cu0
2 

Furthermore , the successive supp1y of each meta1 

e1ement 1eads to one atomic-1ayer growth of this materia1 , name1y 

the growth unit can be separated into Ca(Sr) atomic 1ayer and 

Cu0
2 
atomic layer. By the layer-by-layer stacking of SrCuO . 

X' 

(Ca , Sr)CuO n , SrO and BinO n , the structures of BinSrnCa_ 1CU_0 2""'2' V.&..&.'- t.J V .L¥A.'-v.......L""'t.J 'J..L .J.J..L 2""' .L. 2'-' '-..Aon -l ,",,\A.n'-'2n+4 

are constructed. The variation of RHEED intensity is a1so 

observed indicating two-dimensional layer growth in all the steps 

of 1ayer-by-1ayer stacking. Using the intensity variation , the 
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thickness of each layer 1s controlled w1th1n the monolayer 

accuracy. 
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Introduct1on 

The structures of B1 ", Sr ", Ca__ .. Cu__ 0 ",__ ~ w1 th des1red n value 
2~~2~~n-1~~n~2n+4 

have been constructed by the 1nsert1on of B1oOo/SroOo layer into 
2~2'~~2~2 

the parent structure of (Ca , Sr)CuO o us1ng the layer-by-layer 2 

deposition techn1que. However , the problem rema1ns whether 

the structure 1s really constructed w1th layer-by-layer growth 

mechanism , even 1f the f1nal product 1s B1nSrnCa_ 1CU_O 2~~2~~n-1~~n~2n+4' 

For the real layer-by-layer construct1on of des1red structures , 

the control of the surface atom1c layer dur1ng the layer-by-layer 

growth must be essent1al. In order to ach1eve the atomic layer 

control , the 1nit1al stage of the growth , such as the substrate 

surface and the first deposited layer just on the substrate , are 

definitely 1mportant. 

In this sect1on , the growth mechan1sms of (Ca , Sr)Cu02 and 

Bi~Sr~Ca ~Cu 0 
2~L2~~n-1~~n~2n+4 

formed by layer-by-layer stacking were 

studied. Furthermore , the in1t1al stage of the growth , which is 

the surface of SrT10~ (100) substrate or the growth of 
3 

SrCuO 
X 

layer just on the substrate , has been investigated , and the 

control of the surface layer 1n SrCuO_. has been tried. Here , the 
x 

growth mechan1sm of the f11m has been 1nvest1gated using 

reflect10n h1gh energy electron d1ffract1on (RHEED) and Auger 

electron spectroscopy (AES). In add1t1on , the control of the 

layer-by-layer depos1t1on process us1ng RHEED 1ntensity is 

described. Th1s techn1que makes 1t poss1ble to control the 

thickness of each layer 1n atomic layer scale. 
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Experimental 

Details of the film formation have been described in Chapter 

4-1. The targets of Can o~Srn ~ ACUOO' Srn nCuO_. , Sr metal , BioO 0.86~~O.14~~~2' ~~0.9~~~x' ~~ ~~V~~ ， ~ ~ 2~3' 

Cu metal and Ti0
2 

(Katayama , 99.9%) were used , and the substrates 

were SrTi0
3 
(100). The surface of the film was investigated 

using in-situ RHEED observation (Physitec , RHG-1000) and Auger 

electron spectroscopy (ULVAC ULA-1000 controller , and ULVAC-PHI 

Model 10-120 LEED-Auger unit). The experimental apparatus has 

been shown in Chapter 1. 

The RHEED pattern was observed with acceleration voltage of 

15kV. During the film growth , the RHEED pattern was taken by a 

CCD camera (Hamamatsu C3077) and recorded by a VTR (Sony EDV-

6000) . The RHEED image was digitized and analyzed by a 

皿icrocomputer (NEC PC-9801ES). 

The AES unit was attached to the same vacuum chamber , so 1 

could obtain the Auger spectra without the exposure of the films 

to air. The energy of incident electron for AES measurement was 

2kV , and the spectra were obtained using lock-in amplifier (NF 

Electronic , 5600A). 

The sub strate surface s were cIearle d by heat 1ng them in 5X104 

Pa of N0
2 
at 923K. After the annealing , the Auger signal of 

carbon (271eV) was not detected on the surface , and the signals 

of Ti , Sr and 0 were observed. At first , the films of the 

parent material were prepared by the ablation of Can o~Srn ~ACUO 0.86~~0.14~~~2 

target or the successive ablation of Ca(Sr) and Cu , and the 

growths were studied. By the application of the observed growth 

process in the formation of (Ca , Sr)Cu0
2 some surfaces were 
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formed on the substrate by the ablation of Sr and Ti0
2 
targets. 

The prepared surfaces were compared in order to investigate the 

substrate surface. Furthermore , SrCuO~r layer and Bi r)Sr r) Ca~ .,­x ~~.， ~~ ~AA~ ~~2~~ 2~~n-l 

CU~O r)~.A film were formed , and the growth was investigated. 2n+4 

The films were prepared 1n1X103pa Of N02 ・ The substrate 

temperature was between 873K and 923K. X-ray diffraction (XRD) 

patterns were obtained using CuK_ with 8-28 scanning. 
α 
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Resu1t and Dlscusslon 

At first , the parent mater1a1 was prepared by the ab1ation of 

Ca ", ""Sr ,... ... ~CuO 0.86~LO.14~~~2 
target , and the growth mechanism with 

simu1taneous supp1y of a11 e1ements was studled. F1g.1 (a) shows 

the variation of RHEED 1ntenslty 1n specu1ar ref1ect1on area 

during the f11m growth. The oscl11atlon of RHEED 1ntensity can 

be observed dur1ng the preparat10n of (Ca ， Sr)Cu02 ・

The osc111at1on of RHEED 1ntens1ty has been observed in the 

(1 , 2) 
growth of sem1conductors , such as GaAs\~'-' ， and it 1s we11 known 

that the osc111at1on 1s the 1ntr1nslc phenomenon accompanied by 

(3 , 4) 
two-dimensiona1 1ayer growth mechanism\~'~1 (refer Appendix A). 

The c1ear osc111atlon 1n Flg.1(a) 1nd1cates that the parent 

mater1a1 of (Ca , Sr)CuO n can be grown wlth two-dlmens1ona1 1ayer 2 

growth mechanlsm s1m11ar1y to the semlconductors. F1g.1 (b) 

shows the x-ray d1ffract1on pattern of the as-grown f11m prepared 

with 20 cyc1es of the RHEED oscl11at1on. The f11m thickness was 

estimated from the wldth of (001) d1ffract1on peak using 

fo11owing equation , wh1ch 1s ca11ed "Scherrer's equation". 
(5 ) 

t=O. 9L/Bcos e B (1 ) 

Here , "t" 1s the f11m th1ckness/nm , the wave1ength of x-ray is 

L=0.154nm (CuK_.) , the w1dth of half max1mum of the peak is 
α 

B=0.021rad and the poslt1on of (001) d1ffract1on peak is 

。 B=13.9
0 The ca1cu1ated thickness was 6.7nm , from which the 

thickness of the 1ayer w1th one osc111at1on of RHEED 1ntensity 

was deduced to be O.34nm. Th1s va1ue corresponds to the lattice 

(6 ) 
constant c of the parent mater1al of (Ca ， Sr)CuO~ (c=O.320nm). 

2 

This result 1nd1cates that the un1t of the layer growth is the 
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unit ce11 of (Ca , Sr)CuO n , when a11 e1ements are 
2 ' 

supp1ied 

simu1taneous1y. This growth mechanism is simi1ar to that 

(7 ) 
reported for YBanCunO 

2~~3~7 

Second , the possibi1ity of atomic-1ayer growth of the 

(Ca , Sr)Cu02 has been examined. This materia1 has a crysta1 

structure , where Ca(Sr) 1ayer and Cu0
2 
1ayer are stacked 

a1ternative1y a10ng the c-axis [see Chapter 4-1 , Fig.2] , so the 

parent materia1 may be formed by the successive ab1ation of 

Ca(Sr) and Cu. The first step of the fi1m formation affects the 

growth mechanism strong1y , so SrO_r' CaO_r or CuO_. thin 1ayer was x x 

prepared on the SrTi0
3 
substrate separate1y , and the growth was 

studied at first. The 1ayer was prepared on SrTi0
3 
(100) 

sub s trate s wi th the ablat1on of Sr , Ca or Cu target 1n1X103Pa 

of N0
2 

intensity 

Figs.2(a) and 2(b) show the RHEED patterns and the 

variat1OIls dIII-ing the format 1on of SI-ox and CuOX thin 

fi1ms , respective1y. At the beginning of the s rox depo s1t1on , 

c1ear RHEED osci11ation cou1d be obse 1rved , and the streak pattern 

was maintained during the ear1y stage. When on1y CaO was 
x 

deposited on SrTiO~ ， a simi1ar behavior was observed , a1though 
3' 

the disappearance of the 1ntensity osei11ation was s11ght1y rapid 

compared with Sr. These behav10rs su~;gest that the atomic-1ayer 

growths of SrO and CaO are possib1e 1n the first step of the 

growth , that is , in a few atom1c 1ayer just on the SrTi03 ・ On

the other hand , CuO_ on SrTiOn did not show an osci11ation of x ....，~~ .......... ....."'3 

RHEED intensity and the spotty RHEED pattern appeared immediate1y 

after the Cu depos1t10n [see Fig.2 (b)]. Even if strontium 

(ca1cium) oxide was depos1ted after the CuO_. deposition , the 
x 
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spotty pattern did not disappear , so the early stage of the film 

formation was significantly important. These results can be 

explained as follows. Since the charges of SrO and CaO layers 

are neutral , stack1ng of these layers 1s poss1ble from the charge 

neutrality requirement. From the v1ewpoint of lattice matching , 

SrTi0
3 
has a cubic perovskite structure , and bulk SrO and CaO 

have a cubic rock-salt type crystal structure. The (100) plane 

of SrTi0
3 
consists of SrO layer and/or T10

2 
layer [see F1g.3]. 

The SrO layer in SrT10n (100) and (100) plane of bulk SrO (or 3 

CaO) have same structure. In SrTi03 , the bond length of Sr-O in 

SrO layer is 0.276nm. The length 1n bulk SrO 1s 0.258nm , and 

Ca-O in CaO is 0.240nm. SrO and CaO layers have neutral charge , 

and the structures are similar to that of the substrate , 

therefore these layers can be grown w1th two-dimensional layer 

growth at the earliest stage. The matches of lattice constants 

between the SrO (CaO) and SrT10 n , however , are not so good , so 
3' 

the layer-growth mode fails after the deposition of a few layer. 

SrO layer has a better lattice match:ing with the substrate than 

CaO , thus the oscillation of RHEED intens1ty 1n CaO growth 

disappears rapidly compared with SrO growth. On the other hand , 

' 一Cu0
2

“ layer , which 1 want to form , has minus charge , so the 

stacking of this layer 1s imposs1ble , and neutral CuO or Cu
2
0 may 

be formed immediately. The lattice matching between these 

oxides and SrTi0
3 
(100) substrate i5 not so good. CuO has a 

monoclinic structure with a=0.468nm , b=0.343nm , c=0.513nm and 

β=99 0 28'. This structure does not fit SrTiO~ (100). Cu~O has a 3 ，~~~，. ~~2 

cubic cuprous-oxide structure w1th a=0.427nm , but this structure 

(8 ) 
does not include a plane fitting the SrTiO~ (100).\~1 Thus , the 

3 
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interface energy between these ox1des and the substrate must be 

large and the three d1mens1onal growth occurs eas11y. 

Judg1ng from these results , SrO and CaO should be deposited 

on the substrate at f1rst for the (Ca , Sr)CuO n formation. The 2 

target must be replaced by the Cu target at the peak top of the 

oscillat1on of the RHEED 1ntens1ty to form CuOn atom1c layer , and 
2 

it must be replaced by Ca and Sr aga1n at the next peak top. The 

film of (Ca , Sr)CuO n may be grown by the repet1t1on of this 2 

process w1th atom1c-layer growth. F1g.4(a) shows the variation 

of RHEED intens1ty versus t1me dur1ng the f11m growth by this 

method. The Ca(Sr)O_ layer was formed by rap1d exchange of Ca 
X 

target and Sr target , and the rat10 of Ca:Sr was about 8:2 in 

this experiment. Oscl11atlon of the lntenslty could be observed 

and the streak pattern was malntalned w1thout the appearance of a 

spotty pattern. Flg.4(b) shows the x'-ray dlffraction pattern of 

the film formed by th1s method w1th 30 cycles of alternate 

depos1t1on of Ca(Sr) and Cu , where :1 cycle of the deposition 

includes two cycles of the osc111at1on of RHEED 1ntensity. The 

diffraction pattern lndlcates that (Ca , Sr)CuO n fl1m can be grown 2 

by thls method. The fl1m thlckness calculated by Scherrer's 

equation (eq.l) was 9.2nm , and the th1ckness w1th one-cycle 

depos1tion , wh1ch 1ncludes the deposlt1on of one Ca (Sr )OX layer 

and tha t of one CuO__ layer , was deduced to be 
x 

value corresponds to the latt1ce constant c 

0.31nm. Thls 

of (Ca ， Sr)Cu02 ・

Namely , two cycles of the oscl11at1on of RHEED 1ntensity are 

observed durlng the growth of one unlt cell of (Ca , Sr)Cu02 in 

th1s process , wh11e there 1s one osc111at1on 1n the s1multaneous 
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depos1t1on process. These results 1nd1cate that atom1c-layer 

growth of th1s mater1al has become poss1ble by a comb1nat1on of 

the success1ve supply of each metal element and the growth 

control us1ng the osc111at1on of RHEED 1ntens1ty. In th1s growth 

process , str1ct control of the chem1cal compos1t1on 1s necessary. 

Otherw1se , excess copper-depos1t1on over one atom1c-layer 

1mmed1ately leads to three-d1mens1onal growth w1th a rough 

surface. The app11cat1on of the osc111at1on of RHEED 1ntens1ty 

perm1ts a growth control w1th1n atom1c-layer order , and makes 1t 

poss1ble to control the chem1cal compos1t1on of the film 

strictly. 

If the monolayer of Ca(Sr)O was depos1ted on the substrate , 

the two-d1mens1onal CuOo layer could be grown w1th1n monolayer 2 

thickness. On the other hand , three-d1mens1onal 1s1ands of CuO 
x 

were formed 1mmed1ately on the bare SrT10
3 
substrate. The reason 

of th1s behav10r 1s that the depos1t1on of Cu0
2 
monolayer on 

Ca (S r)OX 1ayermake s the stabIe sub stance of (Ca , Sr)Cu02 

However , even 1f the Ca(Sr)O 1s depos1ted on the substrate , 

supply of copper over one monolayer th1ckness 1mmed1ately leads 

to the 1s1and growth because of the charge neutra11ty and the 

1at t1c e match ing of Cliox 

The results shown above 1nd1cate that the relat10n between 

the substrate surface and the first layer just on the substrate 

governs the growth mechanism of the film. Therefore , 1 stud1ed 

the substrate surface and the film ~~rowth at the init1al stage 

carefully. The surface of the bare SrT100 (100) was exam1ned 3 

through the method descr1bed below. The monolayers of strontium 
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oxide and titanium oxide were deposited from Sr and Ti0
2 
targets 

with different sequences on the substrates , and the RHEED 

patterns were compared. The depos1t1on of monoIayer of SE-ox on 

SrTi0
3 
(Sr/STO) 1ed to the c1ear osci11ation of RHEED intensity 

and streak RHEED pattern was maintained through the deposition. 

Figs.5(a) and 5(b) show the RHEED patterns of the substrate and 

Sr/STO , and Fig.5 (d) the intensity variation. The deposition of 

TiO_. mono1ayer on the SrO_. deposi ted substrate (Ti/Sr/STO) a1so 
X 

showed the c1ear osci11ation and the streak RHEED pattern [see 

Figs.5(c) and 5(d)]. This behavior shows that the SrO
x 
and TiO

x 

can be formed with two dimensiona1 atomic 1ayer growth. The 

thicknesses of the one atomic 1ayers cou1d be strict1y contro11ed 

using the osci11ation of RHEED intensity. On the other hand , 

direct deposition of TiO_. 1ayer on the substrate (Ti/STO) did not 
X 

indicate a c1ear intensity osc111ation , and the RHEED pattern 

became b1urred as shown in Fig.6. (Thus , in the preparation of 

Ti/STO and Sr/Ti/STO samp1es , the thicknesses of SrO_. and TiO 
X 

1ayers were monitored by ca1ibrated thickness monitor with 

quartz-crysta1 osci11ator.) These behaviors suggest that the 

Ti0
2 
1ayer 1s the topmost 1ayer of the bare SrT10

3
. In order to 3. 

confirm this estimation , 1 have measured the Auger spectrum of 

each surface and compared the ratios of Auger intensities of 

Sr(110eV , MNN 11ne) and Ti (387eV , LMM 1ine). Since , the MNN 

Auger e1ectron of Sr has very short escape depth , which 

( 9) 
corresponds to the thickness of about two atomic 1ayers\~' ， the 

Auger intensity for Sr is so sensitive to the surface 1ayer. 

Figs.7(a) and 7(b) show the Auger spectrum for the SrTi0
3 
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substrate and the re1at1ve 1ntens1ty of Sr/T1 , respect1ve1y. 

The Sr/T1 1ntens1ty rat10 on bare substrate surface has good 

agreement w1th that of T1/Sr/STO surface , wh11e the surfaces of 

other samp1es have d1fferent va1ues. Th1s resu1t strong1y 

supports that the topmost 1ayer of the substrate is T10
2 
1ayer. 

This 1s cons1stent w1th the reported resu1t of x-ray 

(10) 
photoemission spectroscopy. Thus , 1 conc1ude that the 

topmost of SrT10~ (100) 1s T10n 1ayer and the SrO 1ayer is most 3 '~~~J ~~ ~~~2 

su1tab1e as the f1rst 1ayer just on the SrT10~ (100) substrate. 
3 

The RHEED data 1nd1cate that T10n 1ayer can be formed with 2 

1ayer-growth mode on SrO top-1ayer and not on Ti0
2 
top-1ayer. 

From the viewp01nt of the charge neutra11ty , Ti0
2 
1ayer is 

neutra1 1tse1f , so the stack1ng of T10n 1ayers wi11 be possib1e. 2 

Th1s resu1t suggests the 1att1ce match1ng affects the growth mode 

strong1y compared w1th the charge neutra11ty. Bu1k T10
2 
has 

(8 ) 
three phases , wh1ch are anatase , b1ook1te and rut11e. \~I In 

these structures , t1tan1um 1s coordinated by 6 oxygen to form a 

octahedron , and the octahedrons are eonnected w1th the edge 

sharing. Thus , the structure of T10
x 
networks 1n bu1k T10

2 
is 

x 

different from that 1n SrT10~ ， and the ~~rowth of two-d1mensiona1 
3 

Ti0
2 
1ayer shou1d be d1sturbed. From the v1ewpoint of the 

structure , T10 w1th rock-sa1t structure f1ts the SrT10
3 
(100) 

2+ 
rather than T10 n , but the product10n of d1va1ent Ti-' ion wi11 be 

2' 

impossib1e under the ox1dat10n cond1t10n of h1gh substrate-

temperature and N0
2 
atmosphere. 

The d1fference 1n re1at1ve Auger 1ntens1t1es for Sr/T1/STO and 

T1/Sr/STO , wh1ch 1s shown 1n F1g.7(b) , shows that the structures 

of the fi1ms were constructed accord1n~~ to the sequence of the 
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deposition of the atom1c layers , and the rearrangement of the 

atom1c layers 1nto a stable structure d1d not occur under the 

exper1mental cond1t10n. Th1s behavior 1nd1cates that the 

structure control w1th one atom1c-layer scale 1s poss1ble 1n this 

method. 

the 

In next step , SrCuOo layer (called "SCO") , wh1ch is 
2 

one of 

components of layer-by-layer stack1ng of Bi~Sr~Ca _-
2~~2~~n-1 

CU~OO~.A' was formed by s1multaneous depos1t10n of Sr and Cu 2n+4 

from s rcuox targe t. Th1s layer was formed on the bare SrTi0
3 

(100) (STO) or on stront1um depos1ted substrate (Sr/STO) , and the 

growth 1n 1n1t1al stage of the layer-by-layer stack1ng was 

stud1ed us1ng AES. On both substrates , the depos1t10n of one SCO 

layer led to a streak RHEED pattern and clear oscillation of 

RHEED 1ntens1ty. Thus , the th1ckness of one unit layer was 

eas11y conf1rmed us1ng the osc111at10n.. Th1s behav10r is very 

sim11ar to the growth of (Ca , Sr)CuO o [see F1g.1] , and suggests 
2 

the SCO layer has the same structure of the parent material , and 

the layer 1s grown w1th two-d1mens10nal un1t-cell layer growth. 

Interestingly , the Auger spectra had different 1ntensity ratios 

of stront1um / copper (840eV LMM 11ne) for these two samples as 

shown 1n F1g.7 (c). The SCO layer on Sr/STO had much larger 

Sr/Cu value than that on bare SrT103 ・ Th1s result indicates that 

the arrangement of atom1c layers 1n SrCuO_ layer is dependent on 
x 

the topmost layer of the substrate mater1al. Namely , the top of 

the SCO layer is SrO_ on the Sr/STO , and CuO_ layer on the bare x x 

SrT10
3 
Th1s behav10r 1s expla1ned by the self-arrangement of 
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the atomic layers to form a stable interface between the layer 

and the substrate. On the Ti0
2 
topmost-.layer of the bare SrTi0

3
, 

2 

SrO will be more stable than CuOo from the viewpoint of the 2 

perovskite crystal structure , resultin~~ in the Cu0
2 
topmost in 

SrCu0
2 
On the Sr/STO surface , the arrangement of the layers 

should be reversed [see Fig.8]. This result indicates that the 

topmost layer of the substrate is the determining factor for the 

construction of the film structure when the elements are supplied 

simultaneously. This behavior is different from that observed in 

the layer-by-layer stacking of atomic layers , in which the 

structure is constructed according to the sequence of supply of 

atoms. 

The variation of RHEED pattern and intensity during the 

formation of SCO/Sr/STO are shown in Flgs.9(a) , 9(b) , 9(c) and 

9 (e) . The RHEED pattern of the SCO/Sr/STO showed that the 

surface has 2x2 superstructure above 773K. The same 

superstructure is observed on the surface of Sr/SCO/STO. 工

consider that the superstructure is due to the ordered oxygen 

, -

deficiency in the SrO top layer. Since Cu0
2

“ layer has minus 

charge , oxygen deficiency in SrO layerp which makes Sr2
+ , will 

be necessary to satisfy the charge neutrality. 

The deposition of bismuth oxide on the SCO/Sr/STO leads to the 

formation of Bi~Sr~CuO 
2~~2'-'~""6 

structure with n=l. The 2x2 

superstructure disappeared by the Bi deposition as shown in 

Fig.9(d) . By the repetition of this deposition cycle , the thin 

film of Bi~Sr~CuO~ was formed. 
2~~2'-'~""6 

The x-ray diffraction pattern 

showed that the structure of BioSroCuOn was actually formed 2~~ 2'-"~""6 

through this process. 
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By similar way , the films of BinSrnCa_ ~Cu_O 
2~~2~~n-1~~n~2n+4 

formed. The number of CuOn layer was controlled by the 2 

insertion of (Ca , Sr)Cu02 between the SCO layer and SrO layer 

depositions. Fig.10 shows the variation of RHEED pattern during 

the layer-by-layer formation of BinSrnCaCunOn with n=2. In this 2~~ 2~~.~~2~8 

case , SrCuO_r' (Ca , Sr)CuO n , Sr and BinOn were successively ablated 2' ~L ~~~~ LI.....2~3 

in N0
2 
atmosphere. In all the steps of the layer-by-layer 

stacking , the oscillation of RHEED intensity was observed , and 

the streak pattern was maintained. Thls behavior is remarkably 

different from the previous report of the process through the 

(11) 
three-dimensional growth\~~/ ， or the growth through random-

(12) 
oriented structure. \~-， Under my experimental condition , two-

dimensional layer growth was possible in all the steps of layerｭ

by-layer stacking of BinSrnCa_ ~Cu_On_. ，.. The oscillation of the 
2~~2~~n-1~~n~2n+4. 

RHEED intensity makes it possible to control the deposition 

thickness of each layer strictly. The x-ray diffraction 

patterns indicated that the structures of BinSrnCa_ ~Cu_O 
2~L2~~n-1~~n~2n+4 

with n=1 to 10 could be constructed by this method. 
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Conc1us10n 

The growth mechan1sm 1n the format1on of (Ca , Sr)Cu02 and that 

in the 1ayer-by-1ayer construct10n of B1nSrnCa_ 1CU_O 2~42~~n-1~~n~2n+4 

invest1gated. The present resu1ts show the topmost 1ayer of 

SrTiO~ (100) substrate 1s T10 n , and the SrO 1ayer is suitab1e as 
2 ' 

the f1rst 1ayer of the f11m format10n on th1s substrate. In the 

format10n of (Ca , Sr)CuO n , the f11m 1s formed w1th the un1t-ce11 
2 

1ayer growth by the s1mu1taneous supply of a11 the e1ements. 

Furthermore , the un1t of 1ayer growth can be separated into 

atom1c 1ayers of Ca(Sr)O and CuOn when the e1ements are supp1ied 2 

separate1y. In th1s case , the structure is constructed 

accord1ng to the sequence of the depos1t10n , and the 

rearrangement of the atom1c 1ayers does not occur. On the other 

hand , when the e1ements are supp11ed slmu1taneous1y , the atomic 

1ayers in the un1t-ce11 1ayer are arranged to make more stab1e 

interface , so the arrangement 1s determlned by the topmost 1ayer 

of the substrate. The resu1t a1so shows that the B1~Sr~Ca .-
2~42~~n-1 

Cu_On_. A structures can be grown w1th two-d1mensiona1 1ayer 
2n+4 

growth 1n a11 the steps of the 1ayer-by-1ayer construction. 

The most 1mportant factor to determ1ne the growth mode is the 

1attice match1ng between the f11m and the substrate , and better 

match1ng 1eads to a two-d1mens10na1 layer growth. In this 

growth mode , the variation of RHEED lntensity enab1ed us to 

contro1 the process of mono1ayer deposition str1ct1y not on1y for 

parent materia1 of (Ca , Sr)CuO n but a1so for B1nSrnCa_ 1-CU_O 2 ~~V ~~~~ ~~L ~~2~L2~~n-1 ~~n~2n+4. 

Th1s 1s a key techn1que to ach1eve the 1ayer-by-1ayer 

construct10n of these mater1a1s. 
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Fig.8 The profiles of the structure of SrCuOn thin layer (a) on 2 

SrTi0
3 
(100) substrate and (b) on Sr deposited SrTi0

3 
substrate. 

The arrangernent of SrO layer and CuOn layer is changed dependent 2 

on the surface layer of the substrate. 
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Chapter 4-3: 

S1te-Select1ve Subst1tut10n 1n (B1 , Pb)nSrnCaCunOo Th1n F11m by 
2:....~ 2~~~~2~8 

Layer-by-Layer Growth Process 

Abstract 

By the app11cat10n of layer-by-layer depos1t1on techn1que , 

"Ta110red superconducting films" are fabricated. 1n th1s 

sect1on , B1 10ns 1n BinSrnCaCunOo have been site-selectively 2....~2~~~~2~8 

substituted by Pb in order to control the superconductivity. 

Compos1t1on and structure analyses have revealed that Pb is 

actually substituted for Bi with the amount as 1 1ntroduced. The 

superconducting zero-resistance temperature can be risen with the 

increase of Pb up to 30% of the Bi amount. 
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Introduction 

The superconducting property of cuprate superconductor is 

strongly dependent on the carrier concentration , which can be 

controlled either by substitution of metal ions or variation of 

(1-3) 
oxygen content.'~~' The property also varies against the 

change of the number of CuOn planes (n) in BinSrnCa~ 1CU~O 2 J:'~"""""~lJ ,...., .......... LJ"""2~'" 2'-'......n-1 '-'.....n ..., 2n+4' 

so both the crystal structure and the carrier concentration must 

be controlled in order to study the determining factor of the 

transition temperature (T~) in this system. 
c 

The structure control by layer-by-layer stacking has been 

performed as shown in Chapter 4-1. For the control of the 

carrier concentration , the subst1tution of metal ion lS 

effective. 

subst1tution 

concentration 

increase the 

For example , it has been reported that yttrium 

for Ca site in Bi~Sr~CaCu~O~ decreases the hole 20..1... 2'-'......'-'....2 ..., 8 

(4) 
nd Tc -On  the other hand , pos s ible way to 

h01e concentrat1on1s a sub s t1tut1on of Pb2+for 

Bi3+ together with the control of oxygen amount. In the sample 

prepared solid state reaction , however l, it 1s not clear whether 

the Pb 10n really substitutes the Bi site or not , because the 

metal 10ns in this system may easily migrate into the other ion 

site dur1ng the reaction at h1gh temperature as shown in Chapter 

3-2. Therefore , the site-selective subst1tution of Pb for Bi is 

necessary to elucidate the correlation in a well-defined system. 

In this section , a s1te-seIect1ve sub st1tut 1on of Pb2+for 
;i+ 

Bi~ 

is carried out by the application of layer-by-layer construction , 

and the effect of the substitut10n on the superconducting 

properties is studied in (Bi , Pb)nSrnCaCUnO 20..1... 2 ...,........., .....2 ..., 8 
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Exper1mental 

S1x kinds of (B1 , Pb)nSrnCaCunOn th1n f11ms with different Pb 
2~-2~~~~2~8 

contents were prepared by layer-by-layer growth process. The 

films were prepared by success1ve ablatlon of B1 ., ~.Pby.OY7' SrCuO 
1-x~~x~Y 

cacuox , Sr [see Chapter 4-11. The nom1nal composition of 
X
 

1
i
 

・

1B
 

Pb__O__ was var1ed with x=O , 0.1 , 0.2 , 0.3 , 0.4 and 0.5. The x y 

experimental setup has been shown in Chapter 2. The f11ms were 

prepared on MgO (100) substrate under N
2
0 gas flow. Substrate 

temperature was var1ed from 773K to 873K , and the pressure of N
2
0 

was 1 to 10 Pa. In th1s method , the Pb 10n 1s forced to enter 

the Bi site. 

Res1st1v1ty-temperature curves (R-T curves) were measured by 

standard four-probe method 1n He refr1gerator from 10K to 300K. 

The constant current source (Ke1thley , 224) and voltmeter 

(Keithley 181) were used 1n the measurement. Typical current in 

2 
the measurement was 1A/cm~. and the lowest res1stivity 1 could be 

measured was 1X106ohm ・ cm. The temperature was measured by a 

semiconductor sensor. X-ray d1ffraction patterns were obta1ned 

using CuKαw1th 8-28 scann1ng. The chem1cal composition of the 

f11m was determined by electron probe micro analys1s (EPMA) with 

wavelength-d1spers1on measurement by Shlmazu EMX-2A. 
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Results and D1scuss1on 

Fig.l shows the relat10n between Pb concentrations in the 

films , wh1ch was determ1ned by EPMA , and nominal concentrations 

in the targets. Here Pb concentration (x) 1n is expressed by 

Pb/(Bi+Pb) 1n molar rat1o. The Pb concentration in the film was 

nearly proportional to that 1n the targ~et within the range from 

x=O to 0.5. Compos1t1ons except B1 and Pb 1n these f11ms were 

nearly equal to Sr nCa1 CunO__. Thus , the (Bi1 _.Pb_J nSr nCaCu ,.., O 2........1........2""y. .............." "....._.. ，.&.J "'l-x~ ~xJ2~~2'"'~'"'~2~y 

films w1th systemat1cally altered Pb content have been prepared 

by this method. 

The x-ray d1ffraction patterns of these f11ms are shown in 

Fig.2 , in which nominal target compos1tions are x=O , 0.2 , 0.3 and 

0.5. The patterns 1nd1cate that all the f11ms have almost 

single-phase of (Bi , Pb) ,.., Sr ,.., CaCu ,.., Oo structure. Large peaks of 
2~~2'"'~'"'~2~8 

other phases are not observed. Thus , together with the x-ray 

diffraction and EPMA , 1t was concluded that the (B11-xpbx)2-

SrnCaCunOn films with the same structure including different Pb 2'"'....'"'....2~8 

concentrations up to x=0.5 were prepared. 

The R-T curves of these f11ms are shown in Fig.3. All films 

exhibited the decrease of the res1st1v1ty due to the 

superconduct1ng trans1t1on around 80K. It 1s clear that zero-
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larger Pb content than x=0.3 , such as x==0.5 , showed two steps in 

zero 
the decrease of the res1stivity leading to lower T~~'_""'~. For the 

c 

samples w1th Pb concentration with1n x=O to 0.3 , impur1ty phases 

were not observed , and the change of the T zero 
c 

was 
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systematica11y. 工n the Laq _Sr_CuOA superconductor , it has been 
2-x~~x'"''''''"'4 

revea1ed that T increases with the increase of Sr in the sma11 x 
c 

(1 ) region , and T~ decreases with 1arge Sr concentration. \~I In the 
c 

(8i1 _Pb_)qSrnCaCunOo case , the similar behavior have been 
l-x~~x~2~~2'"'~'"'''''2'"'8 

observed , thus I considered that the contro1 of the 

superconductivity cou1d be successfu11y carried out by the change 

of ho1e concentration accompanied by the Pb substitution. 

On the other hand , onset are same for the fi1ms with 
c 
onset different Pb concentrations. T_'"'u~~v i8 the highest temperature 
c 

where the superconductivity can be observed. The reason is 

considered as fo11ows. 
onset T
c 

，"， "'H"'~ V emerges even when a 1i tt1e amount 

of superconducting component exists , that is , even the existence 

of a fi1amenta1 current path shows a drop in resistivity. 1 

consider that excess oxygen in the system may create a sma11 

amount of ho1es in the Pb-nondoped crysta1 to show just an onset 

of the resistivity drop but not zero resistance. 
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has 

Conclusion 

2+ n ...... • 3+ Site-selective substitution of Pb~' for Bi~' in BioOo layer 
2~2 

been performed to control the superconductivity of 

(Bi , Pb)2Sr2CaCu208 superconductor by layer-by-layer deposition 

method. 
zero 

The TC~~L~ of this system increased with the increase of 

the Pb amount in the range of x=O to O.~~ ， which indicate that the 

superconductivity is controlled by the site-selective Pb 

substitution at the BioOo layer , which leads to the increase of 
2~2 

hole concentration in this system. 
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Chapter 5 

Superconductlng Propertles of BlnSrnCa_ 1CU_O 2~42~~n-1~~n~2n+4 
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Chapter 5-1: 

Two-Dimensional Superconductivity in Artificial Superlattice 

Based on Bi ..., Sr ..., (Ca ., _.Y_J CunO 
2~~2'~~1-x~x/~~2~8 

Abstract 

Two-dimensional nature in the h1gh Tc superconductor of 

superconducting superlattice S
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examined on a 

the stacking of superconducting and 

nonsuperconducting layers. The superlattices have been formed by 

stacking of two kinds of Bi ..., Sr ..., (Ca ., ~Y~)Cu ...， Oo layers containing 
2~~2'-~1-x~x/--2-8 

other contains higher concentration (x=0.5) to be a 

different yttrium concentrations. One layer contains lower 

yttrium concentration (x=0.15) to be a superconductor , and the 

semiconductor. These layers are periodi.cally stacked to form the 

superconducting superlattice. These superlattices exhibit same 

resistivity-temperature curves with the original superconducting 

film with x=0.15 , and the properties are independent of the 

stacking periodicity in the superlattices. This behavior can be 

explained by the strong two-dimenslonal character in the 

Bi nSr n (Ca ., __Y__) CunOn system 2~~2'-~1-x~x/--2-8 
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Introduct1on 

The B1nSrnCa_ 1CU_On__ A structures have been controlled using 2~L2~~n-1~~n~2n+4 

the layer-by-layer growth method. By the app11cat1on of this 

technique , the structure which can not be obta1ned in bulk 

samples can be prepared. The properties of the artificially 

constructed superconductor g1ve us a new 1nformat1on about the 

intrinsic character of this material. In th1s section , an 

artificial construction of superconducting superlattice structure 

is attempted , and the properties are invest1gated. 

The key component of cuprate superconductors is two-

dimensional Cu0
2 

(1 , 2) 
tructures'~'-J , 

(4-6) 
conductivit1es 

plane. Consequently , the crystal 

(3) __-3  band structures\~' and the electric 

of these mater1als show a strong two-

dimensional nature. In order to study the two-d1mensional nature 

in superconduct1v1ty , ultrathin f11ms w1th several nanometer 

thickness have been used , and worse superconductivity in thinner 

(7) 
film has been reported. ¥" In such f11ms , however , the effect of 

the substrate such as lattice m1smatch , which deteriorates the 

superconduct1vity in the thin layer near the substrate , cannot be 

neglected. Accordingly , it 1s 1ndefinite that the observed 

propert1es really reflect the 1ntr1nsie nature. To avoid this 

problem , 1 have examined the supercondueting superlattice. The 

superlattice w1th periodical stacking of ultrathin layers of 

superconductor and nonsuperconductor may give us one possible 

diagnostic to estimate the two dimensional nature of 

superconductivity without the substrate effect. 

In order to evaluate the 1ntrins1c nature of thin 
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superconducting layer in the superlattice , the lattice matching 

between superconductor and nonsuperconductor must be good. If not 

so , the construction of superlattice becomes difficult , and the 

mismatch deteriorates the superconductivity. 1 have examined the 

superlattice based on BinSrnCaCunOn with double CuOn planes (n=2) 2""'" 2"".....""....2""8 ...... V"" '-L"".......,-L'-' "'....""2 

(8 ) 
structure. This superconductor has hole carriers. ~""J Thus , the 

sub s t1tut ion of tr1va1ent1on such as Y for d1vaIent Ca2+ 3+ 

decreases the carrier concentration of this system , and high Y 

(9 ) 
concentration changes the superconductor into a semiconductor. 

So the superlattice can be prepared by the combination of 

B i n S r n ( C a ., __ Y __ ) C u n 0 
2~~2~'-'~1-x~xJ"'''''2'-'8 

superconducting layer with low Y 

concentration and semiconducting layer with high Y concentration. 

Since these two layers have almost same crystal structures and 

good lattice matching , this combination is suitable for the 

synthesis of superlattice. This superlattice has a modulation 

of Y concentration , that is , a modulation of carrier 

concentration along the c-axis direction. The two-dimensional 

nature of the superconductivity in BinSrn(Ca~ _Y_)CunO 
2"" .L 2~""""'1-x~xJ"'''''2''''8 

evaluated by the variation of superconducting property against 

the periodicity of the modulation in the superlattices. 
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Exper1mental 

The superlatt1ces were formed by the app11cat1ons of layer-

by-layer growth and s1te-select1ve substitution. B1nSrn(Ca1 ~Y~)-2~~2'~~1-x 

CunOo is a stable phase , so this structure can be formed relative 
2~8 

easily. Thus , there is no need to separate the structure into 

four components 11ke the way 1n Chapter 4. In this experiment , 

the BinSrn(Ca1 ~Y_)CunOo was constructed by the stacking of two 2~~2'~~1-x~x'~~2~8 

components of B1-0 and Sr-(Ca ， Y) ー Cu-O. The s1ntered discs of 

BiA ,..,.Pb A 00__ and Sr nCa1 __Y__Cun nO__ w1 th x=O. 05 , 0.15 , 0.25 and O. 7"" ~O. 3~y ~.L.L""''''''''' 2~~1-x~x~~2. 2~y 

0.5 were used to form each layer 1n BinSr 0 (Ca1 _.Y_J CUoO 2""''''2'~~1-x~x'~~2~8. 

normal f11m was prepared by stacking of the layers of Bi(Pb)-O 

and Sr-(Ca ， Y) 一 Cu-O. The cycle of the deposition was repeated in 

40 times to form a film. The superlattices were constructed by 

periodic deposition of Srn(Ca1 _Y_)Cun nO__ layer with different 2'~~1-x~x'~~2.2~y 

yttrium concentrations of x=0.15 and x=0.5 between adjacent 

Bi(Pb) ー o layers. The profile of the formation is shown in Fig.1. 

The experimental setup has been shown in Chapter 2. 

The samples were depos1ted on MgO (100) substrates under the 

mixed atmosphere of On (1.5Pa) and NnO (3.5Pa) with substrate 2 ,.........,... ~， ~.L.L"'" ~， 2 

irradiation of ArF laser. Typical thickness of the sample was 

60nm. The properties of cuprate superconductors are very 

sensitive to the carrier 
、
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and the 

concentration 

(11) 
ontent. 

changes with a small variation of oxygen 

Therefore , all the films were annealed at 1113K 

for 1 hour in On atmosphere after the deposition in a furnace to 
2 

introduce enough amount of oxygen into the crystal structure. 

Resistivity-temperature curves (R-T curves) were measured by 
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standard four-probe method. X-ray diffraction patterns were 

obtained using CuK ̂' wi th e -2 e scanning. 
α 

Here , transition midpoint mid 
(Tc ) was used as critical 

temperature. mid 
c~-'-~ was determined as follows. The R-T curve 

above Tc was app rOX1mat e d as s t ra1ghtline and ext rap01ate d b e low 

T 
C 

Intersecting point between a half height of the 

mid aPPI-oximated11Ile and R-T curve was defined as Tc ・ This is a 

mid norma1way of def1I11tion of Tc 
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Resu1t and Dlscussion 

Fig.2 shows the varlat10n of res1stivity-temperature curves 

of norma1 BinSrn(Ca1 _Y_)CUnOn f11ms versus the change of Y 2~~2'~~1-x~x/~~2~8 

concentrat10n. The concentrat10ns of yttr1um at Ca site were 5% , 

15% and 25%. These are ca11ed Y(5%) , Y(15%) and Y(25%) , 

respective1y. The x-ray diffraction patterns indicated that a11 

the fi1ms cons1sted of s1ng1e-phase of BlnSrn(Ca1 _Y_)CunOo with 2~~2'~~1-x~x~~~2~8 

doub1e CuOn p1anes (n=2) 1n as-grown states. 2 
The fi1ms were 

oriented w1th the1r c-axes perpendicu1ar to the substrate 

surfaces. The Y(5%) and the Y(15%) f11ms indicated 

superconducting transit10n midp01nts of 85K and 65K , and the 

Y(25%) showed a sem1conduct1ng behavior , respect1ve1y [see 

Figs.2(a) , 2(b) and 2(c)]. The variat10n is due to the decrease 

of carrier concentrat10n w1th the 1ncrease of tr1va1ent y3+ ion 

(9 ) 
at the diva1ent Ca-- s1te 

The combinat10n of two k1nds of 1ayers of Y(15%) for 

superconductor and Y(50%) for sem1conductor has been se1ected to 

fabricate a super1att1ce w1th a modu1at10n of carrler 

concentrat10n. The reason for the se1ect10n of Y(15%) as the 

superconduct1ng 1ayer 1s that the superconduct1v1ty of the Y(15%) 

1ayer is very sens1t1ve to the changes of the Y concentration , 

and yttrium 1nf1ow from Y(50%) 1ayer to Y(15%) 1ayer during the 

samp1e preparat10n can be detected by the deter10rat10n of the 

superconductivity. In the construct10n of the super1att1ce , the 

ratio of the Y(15%) and the Y(50%) 1ayers 1s f1xed at 2:1 , and 

on1y the period1c1ty of the stack1ng has been changed. The 

super1attices were formed by the repetit10n of stack1ng of eight 
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layers of Y(15%) and four layers of Y(50%) , four layers of Y(15%) 

and two layers of Y(50%) , or two layers of Y(15%) and one layer 

of Y(50%) , in wh1ch the one layer 1nd1cates the layer with 1.5nm 

thickness correspond1ng to half of the lattice constant c (3.0nm) 

of Bi~Sr~(Ca1 _Y_)CuoOo [see F1g.1]. 2~~2'~~1-x~x/~~2~8 

The x-ray diffraction pattern and the calculated intensity for 

the superlattice w1th four layers of Y(15%) and two layers of 

Y(50%) are shown in F1g.3. The calculat10n was performed on the 

large unit cell w1th c-ax1s of 9.0nm. The equation of the x-ray 

(12 , 13) 
diffraction intens1ty has been described 1n Chapter 3-1. 

The calculated result shows that any satel11te peak due to the 

superstructure should not appears , 1f the superlattice is really 

formed. In this superlattice , the sate11ite peaks are made by 

on1y the modulation of Y (and Ca) concentration , but the 

difference of the scat ter1ng fac tor bl e twe en Ca2+ and y3+ lS 

screened off by the much Iarger scatter 1ng by heavy B13+ , and 

satel11te peaks do not appear. 

The R-T curve for the super1att1ce of two Y(15%) layers and 

one Y(50%) 1ayer 1s shown in Fig.2(d) , and the superconducting 
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The superlattices , even with the period1c stacking of two Y(15%) 

1ayers and one Y(50%) 1ayer , exh1b1t the same resistivity-

temperature behav10r with the orig1na1 superconducting fi1m made 

of on1y Y(15%) [F1gs. 2 (b) and (d)]. This resu1t indicates the 

fo11ow1ng two facts. One 1s that the 1nter-d1ffusion of yttrium , 

which 1s random1ze the effective carrier concentration , did not 
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occur between Y(15%) layers and Y(50%) layers dur1ng the sample 

preparat1on. If the m1x1ng of yttr1um concentrat1on occurs , the 

average Y concentrat10n 1s about 27% lea.d1ng to a sem1conducting 

behavior [F1g.2 (c)]. Th1s 1s so d1fferent from the property of 

the superlatt1ce [F1g.2 (d)]. The other fact 1s strong two 

dimensional nature of the B1nSr n (Ca1 __,Y__) CunOo superconductor. 2~.2'~~1-x~x/~-2-8 

The same behav10r 1n the R-T curves of the superlatt1ce and the 

original Y(15%) superconducting film indicates that the carriers 

in this system distribute two-dimensionally in each layer. 

Namely , averaging the carrier concentrat1on across the 

Bi~O~/Sr~O~ layer hardly occurs and each layer maintains its own 2-2'~.2-2 

property. Furthermore , no deter1orat1on of superconducting 

property even in the superlattice with Y(15%):Y(50%)= 2 layers: 1 

layer suggests that the ultrathin BinSrn(Ca , Y)CunO o layer with 2~.2'~~'~/~""'2-8 

only 3.0nm thickness is sufficient to emerge the 

superconductiv1ty s1m11ar to that of the thick superconduct1ng 

film. These results show the strong two dimens10nal nature of 

superconduct1v1ty in B1-Sr-Ca-Cu-O superconductor. 

A model of 1nteractions 1n BinSrn(Ca , Y)CunO__ is shown in 2......2'~~'~/'-'.....2'''y 

Fig.5. The results suggest that the substitut10n of Y for Ca 

affects only the nearest CuO~ planes bes1de the Ca s1te. The 
2 

interact10n is strongly blocked by the th1ck B1nOn/SrnOn layer 2-2'......2-2 

and does not reach the next un1t-cell. Thus , 1 call the 

BinOn/SrnOn layer "block1ng layer". 2-2'~.2-2 
In the area sandw1ched by 

adjacent block1ng layers , the 1nteract1on is strong , and that 

across blocking layer 1s very weak. This expla1ns the strong 

two-dimensional nature in BinSrn(Ca , Y)CunO 2~. 2 ，~~， ~ I ~""2""'y 

Recently , it has been reported 1n YBanCu~O~/PrBanCu~O 
2~""'3-7'..~~2~""'3-7 
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superlatt1ce that the superconduct1v1ty of YBa~Cu~O 2~~3~7 
layer 

becomes worse when the th1ckness becomes th1nner than 3.6nm. 

Th1s deter1orat1on w111 be due to a weak three-d1mens1onal nature 

(14 , 15) in Y-Ba-Cu-O system. \~~， ~~I Block1ng layer 1n Y-Ba-Cu-O system 

is BaO/CuO(cha1n)/BaO (refer Chapter 3-1 about the structure of 

Y-Ba-Cu-O) . This block1ng layer 1s th1nner than B1
2
0
2
/Sr
2
0
2 
in 

Bi-Sr-Ca-Cu-O , and 1ncludes a CuO cha1n unit , which has a 

property similar to the Cu0
2 
planes. Therefore , the interaction 

1s not blocked effectively by the BaO/CuO/BaO layer , and the twoｭ

dimensional CuO~ planes are softly connected 1n Y-Ba-Cu-O system , 
2 

namely weak three-dimens1onal nature appears. The two or three-

dimensional nature of a cuprate superconductor is strongly 

dependent on the type of blocking layers. The strong two-

dimensional nature is a character1st1c feature of Bi~Sr~Ca__ 4-
2~~2~~n-l 

CU~O~~.A system 1nclud1ng B1~O~/Sr~O~ block1ng layer , 1 consider. 2 n + 4 ~..; ~ ~ ~.~ ~ ~~ ~ ~ ~ ~ ~ ~~ 0 ~ ~ 2 ~ 2 I ~ ~ 2 ~ 2 
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Conclus10n 

1 have fabr1cated 

[Bi~Sr~(CaA O~YA ~~)CunOn]_/[B1nSrn(Can ~Yn ~)CunOo] 2~~2'~~0.85~0.15/~~2~8Jn' L~~2~L2\~~0.5~0.5/~~2~8 

superconductor/sem1conductor superlatt1ces w1th n:m 2:1 in 

order to eva11late the two d1mensiona1na turein the high Tc B i-

Sr-Ca-Cu-O superconductor. The result shows that carriers in 

this system have two-d1mens10nal d1str1but10n , and an interaction 

across the B1nOn/SrnOn block1ng layer 1s so 
2'"'2 ，~.L 2'"'2 

weak. 

superconduct1ng layer even w1th 3.0nm th1ckness 

superconducting property s1m11ar to that of the 

The 

has a 

thick 

superconducting f11m. Th1s behav10r seems to be attributed to 

the strong two-dimens1onal nature of the Bi-Sr-Ca-Cu-O system 

orig1nated from the two-d1mens1onal crystal structure. 
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stacking of two layers of Y(15%) and one layer of Y(50%). 
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Chapter 5-2: 

Superconducting Property and Anisotropy of Coherence Length in 

Bi ...,. Sr ...,. Ca ACU 0 
2~~2~~n-1~~n~2n+4 

Abstract 
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thin f11m crystals w1th deferent number 

of have been grown. The superconducting 

properties and anisotropy of coherence length of these films are 

investigated , and the relation between the superconductivity and 

the number of CU0
2 
planes 1s stud1ed. The coherence length in 

Cu0
2 
plane 1s independent on n. On the other hand , the length 

along c-axis increases w1th 1ncrease of n , but the increase of 

coherence length along c 1s slower than the increase of n. The 

result shows that the superconductivity in the system with larger 

n is still localized in single Cu0
2 
plane. 
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Introductlon 

The property of the superconductlng superlattlce shows a 

strong two-dlmenslonal nature of Bl~SrnCaCUnOn as shown in 
2 '~'" 2~~~~2~8 

Chapter 5-1. The two-dimensional nature will be attributed to 

the two-dimenslonal crystal structure , especlally due to the 

BinOn/SrnO 
2~2'~"'2~2 

blocklng layer. In thls section , the 

superconductlvlty ln BlnSrnCa_ 1CU_On_.A wlth dlfferent n was 2~"'2~~n-1~~n~2n+4 

studied. Thls system has the same blocking layer , so the change 

of the superconductivity with the variation of n can be observed. 

For the quantitative evaluation of two-dimensional nature , the 

coherence length is estimated from the transition broadening 

under magnetic field using anisotropic Ginzburg-Landau theory. 

Coherence length means the spatial expanse of Cooper palr in 

(1-3) 
superconductors. \~ ~I From the superconductivity and the 

anisotropy of coherence length , intrinslc characters of 

superconductivity in this system are discussed. 
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Experimental and Analysis 

The growth of BinSrnCa_ 1CU_On__ A thin film crystal has been 
2~~2~~n-1~~n~2n+4 

descr1bed in Chapter 4. The coherence length (f) was obtained by 

following way. Resistivity-temperature curves were measured 1n 

magnetic field by standard four-probe technique , and the relat10n 

between the critical temperature (T_) and the magnetic field was 
c 

obtained. The magnetic field was generated by a superconduct1ng 

magnet , and the maximum field was 7.5T. Critical field (H
c2
) 

was defined by the applied magnetic field. The value of -dH
c2
/dT 

was obtained from the s1ope1n Tc-HC2curve. This value 1s 

dependent on the direction of the magnetic field , and two values 

were obtained. One is for the magnetic field parallel to the c-

axis of the film , and the other for the field perpendicular to 

the c-axis. From the value of -dH_n/dT , H_n at OK (H_n(O)) was c2' '-L.L, ......c2 ""'V "..... ¥......c2 

estimated by the extrapolation using Werthamer-Helfand-Hohenberg 

( 2) theory. \~I The relation is given by following equation. 

H_n(0)=0.69T_(-dH_n/dT)~_ (1) 2 ¥ '" ". ~ ~ ~ c' ~&&c2' ~ ~ 'Tc 

The relation between the coherence length (ど) and H_n 1s given by 
c2 

(3) 
Ginzburg-Landau theory.\~1 The equation (2) is obtained by the 

solving linearized Ginzburg-Landau equation under static and 

(5 ) 
homogenous magnetic field. The maximum magnetic field (H

c2
) 

satisfying the Ginzburg-Landau equation is 

HC2 (0)=φ0/(2πf 2(0)) 
whereφo is flux quantum. 

(f_=f 1...*ど)， eq.(2) leads to a -0 -c 

( ~~ ) 

By the consideration of anisotropy 

E a2(O)=φ0/(2πH_n(O)) (3) 
c2 

f C(O)=φ/(2πH_n(O) f _ (0)) (4) c2'''':' a 

115 



From eqs.(l) , (3) and (4) , the coherence length in ab plane (f
a
) 

and that along c-axis (ど) were estimated. 
c 
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Results and Discussion 

The resistance-temperature curves under magnet1c f1eld of 

Bi~Sr~Ca~Cu~01A th1n f11m are shown 1n F1g.1. The magnetic field 2~~2~~2~ <A 3'"'10 

was varied between OT and 7.5T , and the direct10n of the field is 

parallel to the c-ax1s [F1g.1(a)] or perpend1cular to the c-axis 

[F i gs . 1 (b ) ] . m1d 
Here , the trans 1t1on In i dP01nt(Tc )was used as 

, ~ m1d temperature , because T_~~~ corresponds to 
c 

transition the 

(6 ) 
transit10n temperature def1ned by mean-f1eld theory.\~1 The 

m1d variation of T_~~~ versus magnet1c field 1s shown in Fig.2. The 
c 

obtained data can be approx1mated by a l1near 11ne. Thus , the 

critical magnet1c field at OK (H_n(O)) can be est1mated using 
c2 

equation (1) , and coherence length can be calculated by 

anisotropic Ginzburg-Landau theory [eqs.(3) and (4)]. The 

calculated coherence lengths 1n B1nSrnCa__ ~Cu_On_. A with n=2 to 4 
2~~2~~n-1~ <An'"'2n+4 

are shown 1n F1g.3. The coherence length 1n ab plane 1s almost 

1ndependent of the number of Cu0
2 
plane (n). On the other hand , 

that along the c-ax1s has a tendency to be lengthened with 

1ncrease of n. Th1s behavlor can be understood qua11tat1vely 

from the vlewpolnt of the crystal structures 1n thls system. The 

fundamental component of h1gh T_ superconduct1v1ty is twoｭ
c 

dimens10nal CuOn plane , thus the coherence length 1n ab plane 
2 

shows that 1n the Cu0
2 
plane. The crystal structures of th1s 

system have same CuOn networks 1n ab plane , even 1f the number of 
2 

Cu0
2 
1s d1fferent. Therefore , the same coherence lengths 1n ab 

planes are very reasonable. Along the c-axis , however , the 

interact10n 1s blocked by the Bi~On/SrnO.~ blocking layer as shown 
2~2'~~2~2 

1n Chapter 5-1. The d1stance between the adjacent blocking 
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1ayers becomes 1arger w1th the 1ncrease of n , so the coherence 

1ength a10ng the c-ax1s w111 be e1ongated. The coherence 1ength 

in ab p1ane obta1ned here was about 3.5nm , and that a10ng c 

ranged O.13nm for n=2 and O.18nm for n=4. The va1ues show that 

the superconduct1ng an1sotropy 1s decreased w1th 1ncrease of n in 

this system , but the system w1th n=4 st111 has a strong two-

dimens1ona1 character 1n the superconduct1v1ty 

The resu1t a1so shows that the coherence 1ength a10ng c is 

not proport1ona1 to the number of CuOn p1anes and saturates in 2 

the system w1th 1arger n. Quant1tat1vely , the value along c-axis 

is so small. The d1stance between the nearest CuOn planes is 2 

about O.32nm. The coherence length 1s smaller than that 

distance. Th1s resu1t shows that the superconduct1v1ty in this 

system occurs in each CuOn plane , separately [see F1g.4]. 
2 

The transit10n temperature (T_) of B1nSrnCa_ 1CU_O c' ~~ ~~2~~2~~n-1~~n~2n+4 

max1mum value for n=3 and 4. For n :=5 , T decreases below 
c 

(7 ) 
30K' ", and the superconductivity has not been observed for the 

system w1th n > 5. However , 1 observed the superconducting 

trans1t10n 1n B1nSrnCa~Cu~O~o (n=7) th1n f11m crystal , recent1y. 2~~2~~6~~7~18 

The x-ray d1ffract10n pattern and R-T curve for n=7 are shown in 

Fig.5 and Fig.6 , respect1vely , The var1ation of T with increase 
c 

of n 1s shown 1n F1g.7 Th1s result g1ves another ev1dence for 

the two-d1mens10nal superconduct1v1ty of th1s system. 

The decrease of Tc 1n the system withIarger n has been 

usual1y expla1ned as fol1ows. The propert1es 1n cuprate 

superconductors have very strong corre1at10n w1th carrier 

(8 ) 
concentrat10n.\~' The system 1s antiferromagnetic 1nsulator in 
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the area w1th 10w carr1er concentration. W1th increase of 

carrier , the system becomes superconductor , and superconducting 

trans1t10n temperature 1ncreases. At the proper carrier 

concentrat10n , 

concentration. 

norma1 meta1. 

T has a max1mum va1ue and decreases above the 
c 

At much h1gher concentrat10n , the system becomes 

1n B1nSrnCa_ ~ CU_On_.A system , the ho1e carrier 
2~~2~~n-1 ~~n~2n+4 

is supp11ed by the excess oxygen 1n B1nOn 1ayer , so the carrier 2'J2 

concentration per un1t ce11 must be constant 1ndependent of the 

number of CuOn. For th1s reason , the earr1er per CuOn p1ane 2. 

decreases w1th 1ncrease of the number of Cu0
2 
p1anes. This is a 

usuaIexpIanation for the dec r eas e of Tc The superconductivity 

for n=7 1n F1g.6 , however , shows that th1s exp1anation is 

insuff1c1ent , because the carr1er concentrat10n per Cu0
2 
p1ane is 

very 10w for n=7 system 1ead1ng to a semiconducting behavior in 

common sense. Th1s resu1t shows that the carr1er distribution 

1s inhomogeneous 1n the system w1th 1arger n , and the carrier 

concentration 1s d1fferent 1n each Cu0
2 
p1ane. Name1y , the 

system w1th 1arger n has both superconduct1ng CU0
2 
1ayer and 

semiconduct1ng CuOn 1ayer 1n one un1t ce11. 2 
Th1s specu1ation 

a1so exp1a1ns the saturat10n of E~ w1th 1ncrease of n. 
c 

1n the 

system with 1arge n , the superconduct1v1ty appears not in a11 

CuOn p1anes but 1n a part of CuO n , so the coherence 1ength is not 2' t..,J......, ""'......,-

proport10na1 to the number of Cu0
2 
p1anes. From these resu1ts , 

1 cons1der that the cause of the strong two-d1mens10na1 nature in 

BinSrnCa_ 1CU_On_.A system 1s not on1y the effect of BinOn/SrnO 2......~ 2'-'......n-1 ...., .....n >J 2n+4 ~v ~ ~~~ ~~ ~~~ ~ >J ~~""'v ~.L~"'" ..................... V "'... .&-1.1-2'"'2' ......... 2'"'2 

b1ock1ng 1ayer but a1so the effect of 1nhomogeneous carrier 

distr1but10n. The ca1cu1at1on based on Made1ung potentia1 shows 

the carriers ex1st on1y 1n the Cu0
2 
p1anes nearest to the Bi

2
0 2>J2 
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plane [see Chapter 5-3]. This calculation supports the 

speculation that the carriers non-uniformly distribute in this 

system , and the superconductivity occurs in each Cu0
2 
plane 

separately. 

In the area with n=l to 3 , the T~ of this system increase with 
c 

increase of n , but the reason is not clear in this step. 1 

consider that the interaction between adjacent CuO~ layers is 
2 

determining factor in this area. Actual1y , some workers suggest 

(9 ) 
the explanation based on such interaction. \~J In general , the 

1(10) interaction between CuOo planes is weak '~~~J. Thus it works only 
2 

between the nearest CuOo planes , and does not reach the next unit 
2 

cell beyond the blocking layer. Therefore , such interaction is 

almost same in the system with n>3 , and in this area , the carrier 

cone ent rat 1on W111be the dete rm1n1ng fac tor of TC 
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Conclus1on 

The superconduct1ng propert1es of B1~Sr~Ca~ 1CU~O~~~A w1th 2~L2~~n-1~~n~2n+4 

different n were stud1ed. The an1sotropy of coherence length 

shows very strong two-d1mens1onal nature and suggests that the 

superconductiv1ty appears 1n each CuO~ plane separately. The 
2 

coherence length 1n ab plane 1s about 3..5nm , and that along c-

axis 1s O.13nm for n=2 and O.18nm for n=4. Qua11tatively , the 

variation of coherence length along e 1s explained by the 

variat10n of the d1stance between blocklng layers , but for the 

quantitat1ve explanat1on , 1t 1s necessary to take 1nto account 

the inhomogeneous carr1er-d1stribut1on .. The observed super-

conductivity for n=7 system 1s also expla1ned by the same 

considerat1on. The strong two-d1mens1onal nature 1n this system 

is attributed to the effect of the B1nOn/SrnOn blocking layer and 2~2f~~2~2 

non-un1form d1str1but1on of the carr1ers .. 
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Chapter 5-3: 

Charge Distribution Based on the Calculation of Madelung Energy 

and the Superconductivity in BinSrnCa~ ~Cu~O 
2~~2~~n-l~-n~2n+4 

Abstract 

The properties of BinSrnCa~ ~Cu~On~.. A may be strongly related 
2~~2~~n-1~-n~2n+4 

to the distribution of carrier holes in the system. 1 have 

calculated the Madelung energies of this system based on the 

ionic model , and determined the carrier distribution to make the 

I、1adelung energies smallest. The calculated result shows that 

carriers in the system exist only in the CuOn planes nearest to 2 

the BinOn layer. The inhomogeneous distribution of carrier 2~2 

agrees with the behavior of coherence length observed in the 

BinSrnCa~ ~CU~On~.A thin-film crystals in my experiment. 
2~~2~~n-1~-n~2n+4 
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Introduction 

The observed superconducting behavior in BinSrnCa_ 1CU_O 
2~~2~~n-1~~n~2n+4 

thin film crystals showed the strong tvvo-dimensional nature of 

this system , and 1 concluded that the two-dimensional nature 

should be attributed to the inhomogeneous carrier distribution. 

In order to support this consideration , charge distribution has 

been calculated for Bi~Sr~Ca .Cu O~ . with different n. From 
2~~2~~n-1~~n~2n+4 

the standpoint that these oxides are essentially ionic crystals , 

1 considered that the determining factor of charge distribution 

in this system was Madelung energy .・ The distribution was 

determined to make the energy minimum has good agreement with my 

speculation. 
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Calculation 

The basic concept of the ca1cu1ation is shown be1ow. In 

Bi~Sr~Ca~ 1CU~On~.A system , excess oxy~~en in BinOn 1ayer supp1ied 2~""2'-'''''''n-l'''''''''''n''''2n+4 UJ lrJ""''-ll.I, '-J'lrt."""'"'''-'~ '-'J"'J~，""""..a..1. ..L.I..1. LJ..L2""'2 

(1 , 2) the ho1e carriers.\~'~1 1 assumed that the amount of excess 

oxygen is independent of the number of CuOn p1anes (n) , so the 
2 

carrier concentration per unit-ce11 is constant independent1y of 

n. It has been confirmed that the ho1es in this system exist at 

oxygen sites by e1ectron energy 10ss and x-ray absorption 

(3 , 4) 
experiment.\~'~1 Thus , a constant amount of ho1e is injected to 

oxygen sites , and the distribution of ho1e is determined to make 

the Made1ung energies minimum. 

The ca1cu1ation of Made1ung energies fo11owed the way used by 

Kondo et a1. (5) Let Qi be the average charge on the 1 

where 1 may be Bi , Sr , Ca , Cu , 0(1) to o (n) . Let α1 

number of equiva1ent sites for i species in the unit-ce11. 

charge neutra1ity , 

ヱ αQ.:=Oi ~i ( 1 ) 

Let U
i 
be the Made1ung potentia1 at i site , 

function of Qi's under the restriction (1). 

Ui=LCij 
α jQj) (2 ) 

The Made1ung energy per unit-ce11 is given by 

EM= (L c ijα1α j Qi Qj)/2 (3 ) 

which is 

It shou1d be mentioned that c
ij 
is not the potentia1 at 

site for the charge distribution such that αiQi=l and 

site , 

be the 

From 

1inear 

the 1 

other 

Q's=O. Such a charge assignment vio1ates eq.(l). Instead of 

that , 1 used αQ_J =lαQ.I=ー 1 and other Q's=O. 
i~i"'" ... j~j Under this 

condition , eq.(2) gives 
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Only such a difference between c's is meaningful. Using b. . 
lJ 

defined by eq.(4) , following equations are obtained 

U. =ヱ bαQ~ (5) i ~""ij~ j~j 

E",,= (ヱ bααQ~Q~)/2 (6) M '~""ij~i""j~i~j 

under the restriction of eq.(l). So the calculation of b.. is 
lJ 

necessary to treat the Madelung energies. 

工n Bi~Sr~Ca~ ~CU~O~~.A system , excess oxygen is included in 2~42~~n-1~~n~2n+4 

Bi~O~ layer and the oxygens supply the hole carrier into the 
2~2 

system. The excess oxygen , 

(1 , 6) structure ,..... ''V'', so 

however , forms a complicated 

modulated it makes the calculation very 

difficult. Thus , 1 assumed the simp1e tetragona1 structure for 

the ca1cu1ation [see Fig.1]. Instead of the incorporation of 

3+ .....2-. ~......， . , " ~ . 3-δ 
excess oxygen , Bi~- or 0- in Bi~O~ 1ayers is rep1aced by Bi 

2"2 
-2-δ 

or 0 - 'V', and the hole carriers are supp1ied to compensate the δ. 

For both rep1acements , the a1most same resu1t was obtained. 

Thus , 1 considered that the effect of excess oxygen in BinO 
2"2 

1ayer cou1d be treated by these rep1acements. 

In this ca1cu1ation , the ho1e concentration per unit-ce11 was 

fixed at 1.2. In Bi~Sr~CaCu~Oo ， this va1ue is corresponding to a 2~42~~~~2 'V' 8' 

forma1 charge of Cu of +2.3 , which is consistent with the va1ue 

(7 ) 
obtained from the Ha11 coefficient of this materia1. ", Under 

that condition , Q~ at the oxygen site was varied with the 
1 

restriction of eq.(l) and the charge distribution is determined 

to make the energies minimum. 
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Result and D1scuss10n 

Here , the calculated result for B1nSrnCanCunO~n (n=3) crystal 
2 '~~ 2~~2~~3~10 

is shown. Th1s phase has four 1nequ1valent oxygen and two Cu 

sites 1n the structure [see F1g.1]. 

0(1):oxygen 1n 1nner Cu0
2 

plane , wh1ch 1s far from Bi
2
0
2 
layer 

0(2):oxygen 1n outer Cu0
2 

plane , wh1ch 1s nearer to Bi
2
0
2 

0(3):oxygen 1n SrO layer , wh1ch 1s apex oxygen of Cu 

0(4):oxygen 1n B1
2
0
2 
layer 

Cu(1):copper 1n 1nner Cu0
2 

Cu(2):copper in outer Cu0
2 

The coeff1c1ents of b.. for th1s structure 
1j 

are calculated by 

eq.(4). The obta1ned result 1s 11sted 1n Table 1. 

For the calculat10n of the Madelung potent1al of each site , 

the nom1nal charge of each 10n 1s assumed as +3 for B1 , +2 for 

Sr , Ca and Cu , and -2 for oxygen. The potent1al obtained by 

eq.(5) is 11sted 1n Table 2. They are the potentials for an 

electron 1n units of eV. Table 2 1nd1cates that the potential 

in CuOn plane (U~.. ， Un~' Unn) are much h1gher than those in BiO Cu' '"'01' '"'02 

plane (Un~ ， UnA) or SrO layer (U~_ ， Unn). B 1 ' '"' 04 I ...., ~ ..., ~....， _._~.，....， ~ ¥ '"' S r ' '"' 03 Therefore , the 

cons1derat1on that the hole carr1er w1th pos1t1ve charge is 

distr1buted at CuOn 1s natural. However , the potent1al at 0(1) 
2 

in inner Cu0
2 
1s very close to that at 0(2) in outer Cu0 2 , so the 

further calculat10n 1s necessary to determ1ne the carrler 

d1stribut1on. 

When the hole carrlers are supplled to 0(1) and 0(2) sites , 

the charges at the oxygen sltes are g1ven by 
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QA1=-2+n 01 .... -""1 

QAn=-2+n 02 .... -""2 

(7) 

where n
1 
and n
2 
are hole content of the oxygen s1te. The carr1er 

concentrat1on was assumed to be 1.2 per un1t-cell , and one unit-

cell 1ncludes four 0(1) and e1ght 0(2) 1ons. 

equat10n 

Therefore , the 

4n...+8n~=1.2 1 ~""2 

must be satisfied. 

(8 ) 

From the charge neutra11ty , the charge at 

Bi site should be +2.7. (Instead of that , the charge of -2.3 at 

0(4) site 1s also poss1ble , but these g1ve the almost same 

result.) 

QT'I ~=2.7 
B1 

(9 ) 

Under the condition with eqs.(7) , (8) and (9) , the n1 and nn are 1 

determined to make the eq.(6) m1n1mum. The calculat10n showed 

that the m1nimum energy was g1ven when all the hole ex1sted at 

the outer 0(2) s1te. The sim11ar result was obtained for the 

system w1th larger n value , and holes are supp11ed only to the 

most outer CuO~ plane. Th1s behav10r was 1ndependent of the 
2 

number of CuOn planes. The results for n=2 to 4 are shown in 2 

Fig.2. 

The cause of th1s behav10r 1s that the hole supplier of this 

system exists at Bi~O~ layer. From the viewpoint of Madelung 
2~2 

energy , it is hopeful that the hole carriers are close to the 

hole supp11er. The calculation of hole d1str1bution based on 

the Madelung energ1es is too s1mple and has a tendency to 

localize the carrier at single s1te. It 1s difficult to believe 

that such non-uniform distribut10n of carrier exists ln the real 

crystal , and the d1str1but1on of holes w111 spread over the next 
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Cu0
2 
planes. The Coulomb interaction , however , is the most 

important factor to determine the char~~e distribution in ionic 

solids , so the tendency of inhomogeneous charge-distribution must 

remain in the real system. 1 consider that a large part of holes 

in this system exists at oxygen site in outer CuOn plane , and in 
2 

BinSrnCa_ 1CU_On_.A with larger n , both superconducting CuO 
2~~2~~n-1~~n~2n+4 

layer with rich carriers and semiconducting layer with poor 

carriers are generated inside one unit-cell. This consideration 

is very consistent with the superconducting behavior observed in 

this system. This calculation shows that the speculation shown 

1n Chapter 5-2 , which is that the inhomogeneous charge 

distribution 

appropriate. 

causes the strong two-dimensional nature , lS 
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Conclusion 

The charge distribution in BinSrnCa_ 1CU_On_. A was estimated 
2~~2~~n-1~-n-2n+4 

from the 阿adelung potential. The simple calculation shows that 

the hole carrier of this system is injected to the Cu0
2 
plane 

and not to SrO or BiO plane. 1n the system with larger n , a 

large amount of the holes exists at the oxygen site in the most 

outer Cu0
2 

plane , which is the plane nearest to the Bi
2
0
2 
layer. 

The non-uniform distribution of the carrier is consistent with 

the two-dimensional superconductivity of this system. 
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Table 1 Matrlx of the calculated coefflclent S
E
I
U
 

S
E
ｭ

-hu 
for 

Bi"Sr"Ca~Cu~O 2......2'-'....2'-'-.&3"10. 

Bi Sr Ca Cu (1) Cu(2) o (l) o (2) 0(3) 0(0 

Bi 。 -2.010 -5. 590 -6.041 -4.284 -6.041 -4.287 -4.937 2. 190 

Sr O. 926 。 0.014 ー O. 398 1. 180 -0.395 1. 315 2. 037 1. 01 

Ca -5.657 -2.929 2. 820 -0.207 3. 107 -0.054 -3.928 -5.657 

Cu(1) -6.613 -3.906 2.315 。 -0. 917 5. 197 -0. 959 -4.878 -6. 613 

Cu(2) -1. 980 0.549 2. 164 1. 960 。 1. 918 2. 598 -0. 169 -1. 980 

0(1 ) -8.766 -6.056 O. (49 3. 045 -3.111 。 -3.106 -7. 032 -8.766 

o (2) -3.059 -0. 393 1. 241 0.842 1. 522 0.847 。 ー1. 333 -3.059 

I 0 (3) 2. 121 1. 716 -1. 2H ー1. 691 O. 142 ー1. 692 0.054 。 1. 822 

O{O 2. 190 -1.921 -5.590 -6.041 -4.289 -6.041 -4.287 ー 0.794



Table 2 Madelung potent1al (U) for each s1te of B1~Sr~Ca~Cu~O 
2~L2'"''-'>2 ，"，'-4 3'-'10 

The potent1al 1s for a electron ln units of eV. 

Bi Sr Ca Cu(1) Cu(2) 0(1) 0(2) o (3) 0(4 ) 

U 15.89 22.13 29.01 33.12 33.90 -13.31 -13.98 -21.10 -30.91 
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per an oxygen lon. "p" shows hole concentratlon per oxygen lon. 



Chapter 6 

Summary and Future 
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Thin fi1ms of cuprate superconductors and the re1ated 

materia1s have been grown using the ab1ation phenomenon induced 

by ArF 1aser 1r・ rad1at10n. Furthermore , the crysta1 structure of 

the fi1m has been art1f1c1a11y constructed by the 1ayer-by-1ayer 

successive depos1t10n. The growth mechan1sm of 1ayer-by-1ayer 

format10n and the propert1es of the f11ms has been a1so 

investigated. The resu1ts and the cons1derat10ns are summarized 

as fo11ows. 

In order to 1nvest1gate the process of the f11m formation , 

the species generated from the ox1de and meta1 targets by 1aser 

ab1ation were 1nvest1gated by mass and em1ss10n spectroscopies. 

By the 1aser irrad1at10n , the so11d surface 1s decomposed into 

atoms and ions. C1usters or mo1ecu1es are not produced. The 

species have h1gh k1net1c energy , and a part of them is in 

e1ectron1ca11y exc1ted state. The excess energy of the excited 

species may be effect1ve for the 1mprovement of crystal11nity of 

the fi1ms. Compared w1th other methods , "laser ab1ation method" 

has an advantage wh1ch 1s that chem1ca1 compos1tion of a fi1m is 

a1most same w1th that of a target , so th1s method 1s very 

suitab1e for the f11m format10n 1nc1ud1ng many e1ements. 

In next step , the structure of B1nSrnCa~ ~CU~On~.A fi1m was 
2~~2~~n-l~~n~2n+4 

art1f1c1a11y constructed by 1ayer-by-1ayer success1ve deposition 

method accord1ng to the gu1d1ng pr1nc1p1e wh1ch 1s that the 

structure can be constructed by the 1nsert10n of b1ock1ng 1ayers 

into the parent structure of (Ca , Sr)CuO n . Thin fi1m of this 2. 

materia1 is grown w1th two-d1mens10na1 1ayer-growth mechanism , 

and the structure 1s constructed accord1ng to the sequence of the 
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supply of the elements. For the layer growth , the substrate 

surface is a very important factor. By this method , the crystal 

structure can be controlled within an oJrder of atomic layer , and 

metastable structures can be prepared. 

By application of this method , superconductor/semiconductor 

superlattice structure and metastable Bi~Sr~Ca _Cu 0 
2~~2~~n-1~~n~2n+4 

structure with large n were syntheslzed. This method makes it 

possible to prepare the structures , which cannot be obtained in 

bulk samples. The properties of these samples show the strong 

two-dimensional nature of BinSrnCa_ 1CU_On_.A system. The two-
2~~2~~n-1~-n~2n+4 

dimensional nature is attrlbuted to the thlck blocking layer of 

SrO/BinOn/SrO and non-uniform distribution of hole carriers in 
2~2 

this system. 

In my experiment , laser ablation method was established as one 

way of film formation , and the formation process in this method 

became clear. Furthermore , the structure control by successive 

stacking of atomic layers , whlch has been applied only to a part 

of semiconductors with very simple structure , was developed by my 

experiment , and lt became clear that this structure-control could 

be applied to oxides , which included many elements and had 

complicated structures. By appllcation of this technique , a new 

structure such as superlattice and metastable structure was 

syntheslzed. They were new substances , which could not be 

prepared by other methods. From the properties of these 

materials , a new information concernlng the strong two-

dimensional nature ln Bl.....Sr.....Ca ...Cu 0..... .. was found. This 
2~~2~~n-1~~n~2n+4 
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informatlon would not be obtained , if the structure could not be 

controlled in atomic-layer scale. 

The 1ayer-by-1ayer growth process used in my experiment can be 

the first step of "u1timate method of materia1 synthesis" , in 

which materia1s are constructed within atomic sca1e according to 

the designed structures. My experiment shows that the technique 

and the guldlng prlnclp1e , which has been used on1y in simp1e 

systems , can be adapted to the preparatlon and the structureｭ

contro1 of comp1icated oxlde systems. 1 conslder that this work 

is so meaningfu1 , because it shows a possibi1ity of the 

designing , synthesis and structure-contro1 of various materia1 

using 1ayer-by-1ayer deposltlon technique. 

As a plan in future , 1 consider that structure-contro1 in oneｭ

dimension shou1d be attempted. The 1ayer-by-1ayer formation is 

contro1 in two-dlmenslon , so the one-dimensiona1 superconductor 

wi11 be prepared by the processing of such two-dimensiona1 

superconducting samp1e. For this purpose , super-flne processing 

wl11 be necessary. One poss1b111ty 1s a comb1nation with 

scanning tunne1 mlcroscopy (STM) , 

be used for such mlcro-processing. 

has two-d1mens10na1 nature , so 

because the need1e of STM can 

The cuprate superconductor 

the thln 

superconductors showed superconduct1v1ty. 

has a one-dlmensiona1 11ne shape , 

If the 

what 

1ayer of the 

superconductor 

property the 

superconductor shows? It 1s very lnteresting prob1em. Of 

course , the STM observatlon of the growth process of the fi1m is 

a1so interestlng. 

Furthermore , the study of the 1aser ab1at10n process is 
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insufficient in this stage. The study of the earliest process in 

the ablation will be difficult , because the process is occur in 

very small area on the target surface and the time-scale is very 

short. However , the state of the ablated species should be 

studied more closely. In addition , the ablated particles 

include many types of species , which are atom , ion , excited 

species and so on. Thus 1 want to sort out the ablated species 

by a perturbation such as electric field or magnetic field. If 

it is possible , the effect of the each classified species on the 

film formation can be studied. 
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Append1x A: Growth Mechan1sm of Th1n F11ms and Reflect10n H1gh 

Energy Electron D1ffract10n (RHEED). 

The schemat1c d1agram of RHEED observat10n 1s shown 1n 

F1g.1. The RHEED method has a low 1nc1dent angle of the 

electron beam 1n a few degree , so th1s way 1s very sens1t1ve to 

the surface atoms. Generally speak1ng , there are two types 1n a 

growth mode of th1n f11ms. One 1s three-d1mens10nal 1s1and 

growth [F1g.2 (a)] , and the other 1s two-d1mens10nal layer growth 

[F1g.2(b)] . The relat10n between the growth mode and RHEED 

pattern 1s shown 1n F1g.3. 1f the 1s1and 1s formed dur1ng the 

growth , the electron beam transm1tt1ng through the 1s1and 

part1cle makes the transm1ttance electron d1ffract10n pattern , 

(1 ) 
wh1ch 1s spotty pattern\~/ [see F1g.3(a)]. 1n two-d1mens10nal 

layer growth , on the other hand , the streak RHEED pattern 1s 

( 1 ) 
observed due to the flat surface\~/ [see F1g.3(b)]. At the same 

t1me , the osc111at10n of RHEED 1ntensity 1s often observed 1n 

(2 , 3) 
the layer-growth mode.'-'~I Though , the mechan1sm of the 

1ntens1ty osc111at10n has not been 

(4 , 5) 
explanat10n by s1ngle-scatter1ng 

estab11shed yet , the 

or mult1ple-scatter1ng 

(6 , 7) 
approx1mat10n\~' '/ 1s suggested. The s1mple explanat10n of 

s1ngle-scatter1ng approx1mat10n 1s shown here 1n F1g.4. 1n the 

two-d1mens10nal growth mode , the depos1t10n on the flat substrate 

surface makes the steps between the top surface and substrate 

surface. At th1s t1me , the d1ffract1on 1ntens1ty becomes weak 

by the 1nterference between the beam scattered by the substrate 

surface and that scattered by the top surface [see F1g.4]. When 
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the top layer 1s completed by further depos1t10n , the surface 

flatness is recovered , and the 1ntens1ty becomes strong again. 

This process 1s repeated dur1ng the f11m growth , so the 1ntensity 

oscillation can be observed 1n the layer-growth mode. However , 

the invers10n of the 1ntens1ty , where the weakest 1ntensity 1s 

given by the completed flat surface , 1s often observed , in 

practice. This behav10r cannot be expla1ned by the single-

scattering approx1mat1on. The calculat10n based on the mult1pleｭ

scattering approx1mat1on was performed to expla1n th1s behavior , 

but the development 1s 1nsuff1c1ent 1n this step. Here , 1 show 

only one example. Dobson et al reported that the dominant 

process of electron scatter1ng 1s mult1ple scattering by the step 

edge on the surface. They suggested that the oscillation of 

RHEED intens1ty 1s respons1ble for the var1at1on of the number of 

(6 ) 
step edges 
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Fig.l The schematic diagram of RHEED observation , where 

g:electron gun , s:sample , ie:incident electron beam , re:reflected 

electron beam and ss:fluorescent screen. 
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growth and (b) two-dimenslonal layer growth. 
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Fig.4 The explanation for oscillation of RHEED intensity by 

single scattering approximation. 
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