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Chapter 1



1. General introduction

3d-transition metal-oxides have strong electron correlation. Their electrical
and magnetical properties can be changed from insulating to metallic (in some
cases, superconducting) and from anti-ferromagnetic to paramagnetic
properties, respectively.l Form the view point of crystalchemistry,
"perovskite structure" is one of the typical crystal structures among the 3d
transition metal-oxides.??  The perovskite type transition metal-oxides show
various valence combination and strength of electron correlation without
changing in crystal structure.

Oxide ferroelectric compounds were discovered in 1940's3% and a lot of
researches about these materials, such as PbTiO; and BaTiO;, have been
performed. These ferroelectric compounds have a long history and well
studied in bulk samples. Various phenomena have been reported in the
experimental works.  The oxide superconductors (ex. La,CuO, and Bi,Sr,Ca__
1Cu, O, .,), on the other hand, were discovered in recent years”-®). But a lot of
studies, as same as ferroelectric materials, have been performed during this
several years.

Both of the oxide superconductors and ferroelectric materials are commonly
well studied in bulk samples as solid solutions. Nevertheless, the essential
points , such as the origin of superconductivity or ferroelectricity and the

relation between crystal structures and electric properties, of these materials have

not been clear.



Artificial superlattices offer the unique opportunity to answer us these

questions.

From the view point of crystalchemistry, typical features of the oxide
superconductors and ferroelectric materials are that they are essintially copper
oxide (Cu-0O) and titanium oxide (Ti-O), respectively. The electronic
configuration of Cu-O and Ti-O compounds are mostly Cu2*; [Ar][3d°] and Ti**;
[Ar][3d°].

So when the unit cell is divided at atomic or molecular layer scale, the sequence
of [Cu0,*)[M,0,2*] (M=La, Sm etc.) and [TiO,%][MO°] ( M=Sr, Ba, Pb etc.)
are expected. Therefore, the film formation of Ti-oxides is expected at atomic
scale and Cu-oxide is at unit-cell scale or the sub-unit cell scale keeping the

charge neutrality. (Fig.1-1)

In chapter 2, the laser ablation method is introduced form the view point of
thin film and artificial lattice formation of the transition metal-oxides.
In chapter 3, the basic factors for the film formation of 3d-transition metal-
oxides by the laser ablation aré discussed.

In chapter 4 and 5, artificial superconductors and ferroelectrics are created by
layer-by-layer successive deposition. In the superconducting artificial lattices,
atoms are replaced site-selectively as we desire.  The superconductivity appears
by doping charge carriers into the anti-ferromagnetic insulator. The artificial
substitution at atomic scale is demonstrated for the first time by the laser

ablation. (in chapter 4)



In the artificial ferroelectrics, large stress can be introduced with the
combination of two kinds éompounds having different lattice constants.
Furthermore, phase transition is controlled by the strain induced at the interfaces

in the strained-superlattices. (in chapter 5)
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Fig. 1-1. Schematic models of crystal structures of

(a) copper oxide base superconductor, (b) titanium oxide base ferroelectrics.



Chapter 2



2. Laser ablation for thin film crystal growth
2-1 Characteristic feature of laser ablation

Pulsed laser ablation has become an increasingly utilized technique for the
deposition of a variety of materials in thin film form. Its schematic illustration
is shown in Fig.2-1. A high power laser beam is introduced into a vacuum
chamber and focused on a target of the aimed material. The resulting plume of
vaporized material is then collected on a nearby substrate to grow a film. At the
laser powers commonly used for pulsed laser ablation, the vapor plume will
typically consist of atoms, molecules, ions, free electrons and in some cases
clusters.9

The laser ablation method has several features as follows. Foremost among
these is the capability of generating films that match the stoichiometry of the
target. This is of particular importance in the deposition of materials such as the
mixed oxide complexes such as high temperature superconductors®12) where
conventional thermal evaporation or sputtering can lead to non-stoichiometric
deposits. Other advantageous feature is the capability with use of small targets
in contrast to the large targets required for sputtering, and with deposition in
reactive gas environments in contrast to conventional evaporation, where hot
filaments or crucibles could be oxidized. In addition, high energy of the
depositing species (10 - 100 V) can have beneficial effects on film properties!-
15)

The pulsed laser ablation process can be classified into three separated
regimes: (1) interaction of the laser beam with the bulk target!6:17), (2) plasma
formation, heating and initial three dimensional expansion!8-22), and (3) adiabatic
expansion and deposition of thin films.23-25)

Recently, excimer lasers have been used to deposit semiconducting and high-



T, superconducting thin films from bulk targets.

The deposition characteristics of the pulse laser ablation technique for the
formation of the thin films have been found to be significantly different from
other vaporization methods such as, rf-magnetron sputtering?®), chemical vapor
deposition(CVD) 29 and molecular beam epitaxy(MBEY®. In particular, the
laser deposition method has proven a suitable method for the growth of highly
crystalline oxide thin films. Experimentally, this method involves ablation of a
target using a high energy pulsed laser and subsequent deposition of the ablated
material onto a substrate to yield a thin film product. A scheme of thin film
formation by laser deposition under high vacuum condition which is called Laser
MBE is shown in Fig. 2-2. Molecular beam epitaxy (MBE) refers to a deposition
process which occurs under the molecular beam condition. The MBE condition
is defined as that the mean free path of particles emitted from a solid target are
much larger than the distance between the target and the substrate on which the
film is formed. Under this condition, the particles emitted from the target can
reach the subétrate surface without any collisions with ambient gases.

Within a few nanoseconds of laser irradiation to the target surface, material
evaporates rapidly. The luminous high- temperature plasma formed in the laser
evaporation of the targets elongates preferentially perpendicular to the surface.
The kinetic energies of the ejected species are in the range of 10-100 eV for
excimer laser irradiated Y-Ba-Cu-O targets whereas the thermal evaporation
energies are approximately an order of magnitude lower. The characteristics of
laser-generated plasma have been attributed to the high evaporation flux rates
and the interaction of the laser irradiation with the evaporated material.

The ablated plasma plume contains energetic particles in neutral and ionized
states, which is characteristic of the relatively low temperature plasmas(1-2
eV)419 produced by the laser ablation process(Fig.2-1). The plasma particle

density is in the range of 10-10?'cm~, depending upon the stage of the



expansion process. The energy deposited by the laser beam on the target is equal
to the energy needed to vaporize the surface layers plus the conduction loss by
the plasma. This is given by the energy threshold, which represents the minimum
energy above which appreciable evaporation is observed. In the excimer laser
ablation, the energy threshold value varies from 0.3-0.4 J/cm? for oxide

superconductors?.

2-2 Historical review

The use of pulsed laser ablation was first reported by Smith and Turner®,
who used a pulsed ruby laser (wavelength; A =694nm, intensity of 10° W/cm? and
pulse duration; 7 =1ms or Q-switch with 108 W/cm?) to produce 'optically

satisfactory' films of Sb,S,;, As,S;, Se, ZnTe, Te, MoO,, PbCl,, PbTe and Ge.

Other materials investigated (with less success) included CdTe, ZnO, InSb and
InAs. Soon after, Zavitsanos and Sauer®® reported the deposition of crystalline
Ge and GaAs films on glass and NaCl substrates held at room temperature. This
was followed by the work of Schwarz and Tourtellotte3), who used a Nd-glass
laser( A =1060 nm, 100J/pulse and 7 =2ms) to deposit films of Cr, W, Ti, C,
ZnS, SrTiO4 and BaTiO,. By the early 1980s, a wide variety of oxide and

fluoride dielectrics had been deposited3233), as well as very high quality
elemental and compound semiconductors and their superlattices32:39),

Interest in pulsed laser ablation was increased in 1987 with the discovery3)
that this process could be used to deposit thin films of high temperature
superconductors with a degree of stoichiometric control much superior to that
achieved with evaporation, sputtering or chemical vapor deposition(CVD). The

first YBa,Cu;0,(YBCO) films produced by laser ablation were deposited in

vacuum, and required high temperature (800-900°C), post-annealing in an O,



atmosphere to achieve the desired (superconducting) perovskite phase®>36).
'Superconducting-as-deposited' film where the deposition process includes in-
situ anneal in a few hundred Torr of oxygen at a temperature below the
deposition temperature having a superconducting transition temperature Tc of

>80K were produced in an ambient of 5 mTorr O, on substrate at 650 °C.37)

This was quickly followed by the demonstration that epitaxial films with a Tc of

90K could be produced in an ambient 70-200 mTorr of O, at 650-750°C.38-43)

The success of laser ablation for the high temperature superconducting
perovskite has motivated work on other complex materials systems, such as the
ferroelectric perovskite materials.44-47) Nevertheless, in many a number of
studies about metal-oxide films, the relationship between crystal structures and
electrical properties have not been elucidated in details. Therefore, I have
formed artificial lattices to make clear these relations, controlling structures and

properties artificially.
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3. Thin film single crystal growth.
3.1 Introduction

The excimer laser ablation technique has been shown to be advantageous for
making thin films of oxide materials!-3). Various thin films can be formed under
a wide range of ambient pressure and at relatively low temperature*>. Using this
method, we have formed epitaxial 3d-metal oxide compounds thin films. In
order to apply metal oxide materials to applications and to elucidate the
mechanism in their electrical properties, thin film formation is important.
Furthermore, highly controlled stoichiometry and crystallinity of the films are
required.

For constructing the artificial lattices, the important parameters in the
formation of the metal oxide film are summarized in the following three points.

(D control the phase formation of the film by changing the atmosphere (oxygen
partial pressure) and substrate temperature during the film construction.

Dcontrol of the starting composition.
@ control the film orientation (epitaxial growth).
The purpose in this chapter, to get the single crystal thin film which
composition, crystal structure and electrical behavior is quite similar to that of

bulk single crystal.
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3-2. Basic condition for single crystal film formation
3-2-1. Effect of pressure and temperature - PbTiO3 film -

Abstract
Ferroelectric PbTiO; films have been formed on SrTiO,(100) substrate

using ArF laser ablation as a function of substrate temperature and oxygen

pressure.  Perovskite PbTiOj is constructed around the substrate temperature
of 450°C and oxygen pressure of 10-40 mTorr. Pyrochlore Pb,T1,0, {111},

on the other hand, is formed at higher temperature and lower oxygen pressure
than those of perovskite phase formed. And PbO films are obtained under
similar formation condition to that of the perovskite phase formed. This result
suggests that the PbO formation plays an important role for the construction of

PbTiO, structure.

Introduction

Ferroelectric materials with perovskite structure have attracted much attention

for various electronic applications. For example, PbTiO; and SrTiO; are
promising for use in nonvolatile memory devices and capacitors’9). LiTaO; and

LiNbO; films are used for non-linear optics®19. Pb(Zr,Ti)O; (PZT) and
(Pb,La)(Zr, Ti)Oy (PLZT) are well known as piezoelectric devices!D. In order to
apply these materials to devices, thin film formation is important. Furthermore,
highly controlled stoichiometry and crystallinity of the films are required. For
this reason, studies on the ferroelectric thin films have been carried out by

various methods, such as rf-sputtering!?, and chemical vapor deposition

(CVD)13),

16



[ have examined film formation using a laser ablation method. The advantage
of the pulsed laser deposition technique is the ability to control the film
formation conditions, because the laser beam is introduced from outside the
reaction chamber. We can control temperature and pressure independently, and
because of this, well-crystallized films are formed even at low pressure in
comparison to other techniques, such as sputtering!® and CVD?>:16),

So far, few studies of ferroelectric films have been reported on the
correlation between substrate temperature and oxygen pressure over wide
ranges. The aim in this study is to clarify the correlation between temperature,
oxygen pressure and formation phase. Furthermore, we have formed PbO and

TiO, films for discussing the essential factor in the construction of the PbTiO,

structure.

Experiment

Figure 3-1 shows a schematic representation of the apparatus for ArF excimer
laser ablation used in this experiment. The film growth was carried out in a

vacuum chamber with an O, and O,+0,(8%) mixed gas with pressure in the

range of 1x10-3-3x10! Torr. The target was a 10 mm ¢ disk of bulk single

phase PbTiO; which was set at the center of the vacuum chamber. The laser beam

was focused on the target with an energy density of 1 J/cm? at a frequency of 10
Hz. The thin film was deposited on the substrate located at the opposite side of
the target in the presence of O, gas.

The target was a 10 mm ¢ pellet of stoichiometric and single-phase PbTiO,

which was set at the center of the vacuum chamber. The PbTiO, target was

2

prepared by pressing PbTiO; powder (99.99%) with 1-2x10* kgf/cm? and

17



sintering at 950°C for 24 hours in air atmosphere. PbO and Ti0, targets were
prepared by pressing PbO powder(99.9%) and TiO, powder at 2.0x10%kgf/cm?,

respectively.

The substrates used were MgO(100) and SrTiO,;(100) single crystals heated to
300-700°C. The heater was sandwiched with two pieces of substrates.The PbTiO,

thin film was deposited of the substrate located at the front side, and a
thermocouple was mounted in contact with that of back side. The substrate
temperature was measured with this thermocouple. Deposition rate was about
10A/min, and the film was quenched to room temperature after film formation.
The film thickness was about 1000A. Film thickness was measured by quartz
crystal oscillator during film formation and it was checked by the multiple beam
interferometry method after formation.

Pb/Ti ratios for the films made at various deposition temperatures, and
ambient oxygen pressures were determined with energy dispersive x-ray
spectroscopy (EDX). The crystal structure and crystallographic orientation of the
films were evaluated with x-ray diffraction and the reflection high energy
electron diffraction (RHEED) method. The surface morphology of the film was

observed by scanning electron microscope (SEM).

Results and discussion

Figure 3-2-1 shows the Pb/Ti ratio of the film deposited under various

ambient O, pressures. The Pb content decreases rapidly under O, pressure below

1x10't Torr. Under this condition, Pb, which has a low melting point and
therefore a high vapor pressure, may revaporize from the film. For this reason,

the composition of the film changes from the stoichiometric ratio of PbTiO;

18



(Pb:Ti=1:1). For ambient O, pressures above 1x10"! Torr, Pb and Ti atoms are
well oxidized to the PbTiO; compound. Consequently, the PbTiO, film can be
formed without stoichiometric change under O, pressures greater than 1x10-!
Torr. Fig.3-2-2 shows the X-ray diffraction pattern of PbTiO, films formed at
O, pressure of 1x10-3Torr(a) and 1x10? Torr(b).  On the other hand, when
0,+0,(8%) gas is used for oxidation atmosphere, Pb/Ti ratio is kept constant at

the pressure of 3x102 Torr. Because of the strong oxidizing effect of ozone

(0;)1¢18), Pb and Ti can be stabilized as metal oxide (PbTiO,) at relatively low

oxygen pressure comparing with pure oxygen (100% O,).

Figure 3-2-3 shows the formation diagram for the phases of the PbTiO, films
deposited under various oxygen (O,+8% O;) pressures and substrate

temperatures. This diagram can be divided into three regions. One is the region

where c-axis-oriented perovskite PbTiO; is formed at the substrate temperature

around 450°C in the oxygen pressure of 10~40 mTorr. The second is the region

where the {111}-oriented pyrochlore Pb,Ti,0, 1929 is formed around the

temperature of 580°C and oxygen pressure of 10mTorr. In the region of higher
temperature above 670°C and lower oxygen pressure, titanium oxide is
obtained.In the third region of "pyrochlore{100}" around 380°C, the films
formed are also pyrochlore with {100} orientation. At the lower temperature
than "pyrochlore{100}", amorphous phase is obtained.

Thermodynamically, the interaction of the Pb and Ti cations with the oxygen

is given by
Pb + 1/2x0,=PbO, (3-1)

the standard enthalpy change and the entropy change are

AHpb()o =-219.73 kl/mol, ASPbOO =-101.62 J/K mol in Eq. (1) and

19



(o]

AHpo, =-941.78 ki/mol,

ASTiozo =-179.66 K/k mol in Eq. (3-2), respectively, (at 700 K).21-23)

The Gibbs' free energy can be represented by the equation

AG = AH - AS T, (3-3)

where AGO is the Gibbs' free energy. The Gibbs's free energy change in
the reaction of PbO (1) and TiO,(2) are -148.6 kJ/mol and -186.1 kJ/mol,
respectively. Namely, lead oxide (PbO) is far less stable than TiO,. Therefore
Pb atoms tend to decompose during the film formation. High oxygen partial
pressure (above 0.1 Torr) is required in order to prevent Pb, which is a volatile
element, from revaporizing during film formation. This guide line is similar to
the Cu-O formation in the copper-oxide superconductors?*-33),

Analysis of X-ray diffraction patterns shows that the crystallographic phases

in the film also depend strongly on the substrate temperature. The perovskite

structure (PbTiO;) is formed in the temperature range of 380-550°C under the
O, pressure of 1x10-! Torr.(Fig.3-2-4(b)) The film show pyrochlore Pb,TiO,0,
19.20) below 350°C (Fig.3-2-4(a)) and mixed structures of PbTi;O, and TiO,
above 550°C (Fig.3-2-4(c)). Pb/Ti ratio for the films is almost constant up to
500 °C. However, the ratio decreases rapidly above 550°C  due to the

decomposition of the lead component from the film. Above 550°C, we have to

add Pb of 10-15 mol % to the target to get the PbTiO; film having stoichiometric

composition.
The surface morphology of the film having the perovskite structure has

mirror like very smooth surface in the scanning electron microscope (SEM)

image (Fig.3-2-5).
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Conclusion.

PbTiO; films have formed as a function of substrate temperature ad oxygen

pressure using ArF laser ablation. The pyrochlore phase is formed at lower

temperature than that of the perovskite. Perovskite PbTiO, phase locates at the

substrate temperature around 450°C and in the oxygen pressure of 10-40 mTorr.

The stability of PbO phase plays an important role for the PbTiO; film

formation. Namely, one of the most important factors of metal oxide with low

melting point (PbO) rather than that of high melting point (TiO,). This is the

guiding principle to form the metal oxide film which is constructed with the

combination of high melting points and low melting point compositions.
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Fig. 3-2-5.  SEM image of laser ablated PbTiO; film.
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3-2-2. Effect of pressure, temperature and starting composition

- Bi,Sr,Ca,_,Cu O, ., system -

Abstract

Three phases of Bi,Sr,Ca,Cu,0,,,, superconductors, i.e. Bi,Sr,Cu;04(2201),
Bi,Sr,Ca, Cu,04(2212) and Bi,Sr,Ca,Cu;0;4 (2223), have been controlled by a
laser ablation method. The 2201,2212 and 2223 phases are selectively formed by
controlling substrate temperature, starting composition of targets and ambient
pressure. The oxygen partial pressure plays the important role in these three
parameters. Under the pressure higher than 6x10% Torr, 2201 phase is
dominantly formed in the wide range of substrate temperature and composition.
Under the lower oxygen partial pressure (from 3x103 to 6x10-2 Torr), on the
other hand, the control of the three phases, 2201, 2212 and 2223, is possible for

as-deposited films only by changing the target compositions.

Introduction

In the bulk samples of Bi,Sr,Ca_,Cu O, ., (BSCCO) superconductors, there
have been a lot of reports of phase control by changing starting composition,

ambient pressure and sintering temperature (@, Nevertheless, in the thin films,

especially for as- grown films, a relation between phases of BSCCO thin films
and the parameters for making thin films has not been fully established®). The

BSCCO superconductor has typical phases such as, Bi,Sr,CuO4(2201),
Bi,Sr,Ca,Cu,04(2212) and Bi,Sr,Ca,Cu;0,,(2223), containing one, two and
three layers of CuO, planes in half a unit cell. They show critical temperatures

(T, of 7K(or semiconductor), 80K and 110K, respectively®®)- In the present
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experiments, we have attempted the phase control of as-deposited BSCCO thin
films by controlling ambient pressure, substrate temperature and composition of
the ablation targets using laser ablation method. It has become possible to
discriminate these 2201,2212,2223 thin films in the as-deposited state by

controlling these parameters.

Experimental

The thin films were formed by an ArF excimer laser ablation (193nm). lons
and atoms were injected from targets, and thin films of superconductors were
formed on an MgO(100) single crystal substrate. The targets of BSCCO for the
laser ablation were prepared by a soled-state reaction with various starting
compositions. The starting composition of the targets were at first fixed to

Bi, ,S1; (Ca; (Cug Oy in order to make clear a relation between the phases of the

thin films and ambient pressure or substrate temperature, Then we fixed the
ambient pressure and the substrate temperature to the suitable condition, and the
composition of the targets was changed to make clear a relation between starting

composition and film phases. The ambient pressure was a mixture of N,O and O,
with the ratio of 1 to 1. The mixed gas of O, and N,O was selected by following
reasons. N,O gas is effective in crystallization at low temperature and is known

to get rid of impurities (CuO etc.)?. The structures of the films were
determined by X-ray diffraction measurement (Cu K« ), and the surface
morphology of the films was observed by scanning electron microscope(SEM).
Compositional analysis of the thin films was performed by energy dispersion of
X-ray micro analyzer. Superconductivities of the films were measured with a

standard four-prove technique using a calibrated germanium temperature sensot.



Results and discussion
1. Phase control by ambient pressure and substrate temperature

At an ambient pressure higher than 6x10-*Torr, the 2201 phase is formed
for the an-grown state under wide range of substrate temperature between 500°C
and 670°C(see Fig.3-2-6). The 2212 phase is formed under the oxygen partial
pressure between 3x10-! Torr and 6x10-% Torr. The conditions getting the single
2212 phase and well crystallized structure have been further investigated. The

well crystallized 2212 single phase can be formed between 6x10-3 Torr and 1x10-
2 Torr and at 550°C to 650°C (Fig.3-2-6). No peak of impurity phase is observed
in the X-ray diffraction pattern. Under the conditions out of the area B, the 2201
phase tends to mix with the 2212 phase. Under the oxygen partial pressure lower
than 3x103 Torr, no crystallization occurs, indicating amorphous state or

decomposition. The 2223 phase is not formed with this composition of the target.
It is interesting that the phase control is possible only when the ambient pressure

is changed with the starting composition is fixed at Bi, ,S 13 oCaz (Cug O

One possible explanation for that the 2201 phase is formed under the higher
oxygen partial pressure, is as follows. The 2201 and the 2212 phases consist of
excess oxygen in the Bi,O, layer Therefore,under the condition of relatively
higher ambient pressure which force to introduce excess oxygen, the 2201 phase

having higher symmetry may be more stable than the 2212 phase.

2.Phase control by the starting compositions

When the ambient pressure is fixed at 6x10-3 Torr, three phases of 2201,2212
and 2223 can be independently formed by controlling the target composition.
Fig.3-2-6 shows that the amount of Sr and Ca is important to form these
phases.The 2201 phase (Fig.3-2-6(b)-(1)) is formed in an area of relatively Ca
and Sr-poor region , but the 2223 phase (Fig.3-2-6 (b)-(3)) is formed in the Ca
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and Sr-rich (Ca-rich) region (Fig.3(L,H,K,P). The 2212 phase (Fig.3-2-6(b)-(2))
is formed in the area around B, C, D (Fig.3-2-6(a)). These results suggest that
the amount of Ca and Sr plays an important role for controlling these three
phases as well as Bi and Cu. It is important that the 2223 phase is not formed
even when only Ca and Cu (1:1) are added to the ideal 2212 composition. The
reason of this phenomenon is considered that it is important to increase Ca (Sr)

atoms around the CuO, planes when the more CaCuO, planes are formed in the

BSCCO. In this way, phase control of 2201,2212 and 2223 compounds are
possible only when the ambient pressure, substrate temperature and starting

compositioh are suitably selected.

Conclusion

(1) The 2201 phase is formed under the ambient oxygen pressure higher than
6x10°% Torr (the condition of high ambient pressure). The 2212 phase is formed

in the ambient oxygen pressure between 3x10-3 Torr and 6x10-2 Torr(condition
of low ambient pressure). Under this condition, each phase is formed at wide
range of substrate temperature between 500°C and 670°C. In other words, phases
are mainly controlled by oxygen ambient pressure for the starting composition of
the Bi, , Stz (Cajz (Cug (O

(2) Under the condition of low ambient pressure, the 2201, 2212 and 2223
phases of as-grown films are controlled independently by changing the starting
compositions.

(3) The 2223 phase formation is strongly determined by Ca and Sr content.
In this way, the control of 2201, 2212 and 2223 phase and of superconducting
properties is possible only when the conditions of ambient pressure, substrate

temperature and starting composition are suitably selected.
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3-2-3, Control of the crystal orientation

Abstract

Orientation of the ferroelectric PbTiO; thin films can be controlled with

changing the cooling rate after the film formation. In these experiments,

ferroelectric PbTiO; epitaxial thin films have been formed on a base electrode of

Pt(100)/MgO (100) using ArF excimer laser ablation. The X-ray diffraction
patterns of these films show c-axis orientation with a rocking angle of 0.5°

when the film is cooled faster than 75°C /min after the deposition. The films
‘exhibit clear and large ferroelectric hysteresis loops. The dielectric constant of
the films is 130. The very large remnant polarization(Pr) of 80uC/cm? is
observed for the first time. This Pr values are almost the same as those

theoretically predicted.

Introduction

In the perovskite type materials such as tetragonal BaTiO;, PbTiO,
(ferroelectric materials) and La,CuQO,(superconducting materials), they have

anisotropy in their crystal structures and electrical behaviors. Therefore,
control of the orientation in the film growth is very important forl the physical
properties of the films. In this chapter I report the formation of preferential c-

axis oriented PbTiO, epitaxial films using pulsed laser ablation, and describe the
electric and pyroelectric behavior of PbTiO; films deposited on a platinum(100).
A considerable amount of research has been focused on the growth and

device fabrication of ferroelectric thin films for a variety of applications

34



including: nonvolatile memoriesY; ultrasonic sensors?; and infrared(IR)

detectors¥.  Recently, epitaxial ferroelectric films, such as PbTiO,, PZT and

PLZT, have been successfully grown by a number of deposition techniques*. A
pulsed laser ablation technique, on the other hand, has been widely used with
great success in producing high-quality thin films for high temperature
superconductors’8).  These superconductors are multicomponent oxides and
have a perovskite structure just like many ferroelectric materials. Many
advantages of the pulsed laser deposition process recognized for superconducting
thin films should also be applicable to the fabrication of ferroelectric thin
films® - 13),

The unique advantage of the pulsed laser deposition technique is its ability
to produce highly oriented stoichiometric films at a low substrate temperature
in a high pressure oxygen atmosphere. In this section I report the formation

of preferential c-axis oriented PbTiO, epitaxial films using pulsed laser ablation,
and describe the electric and pyroelectric behavior of PbTiO; films deposited

on a base electrode of platinum(100).

Experiment

The deposition system was already described in the earlier reports. Laser
pulses from an ArF excimer laser, energy density of 1 J/cm?2, were focused onto

a stoichiometric sintered PbTiO, target. A heated substrate was set parallel to,

and at a distance of, 3 cm from the target. The wavelength. the pulse width, and
repetition rate were 193 nm. 25 ns. and 10 Hz. respectively. The substrate used
was platinum-coated MgO [Pt(100)/MgO(100)]. The substrate was heated to
temperatures in the range of 400-550°C and the temperature (T,) was measured
with an [R pyrometer and a chromel-alumel thermocouple clamped to the back
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of the substrate.The deposition experiments were carried out in an ambient

oxygen/ozone atmosphere [O,/0; (8%)] of 1-100 mTorr. The deposited films

were cooled from Ts to room temperature at a rate between 10 and 1000°C/min.
The deposition rate was about Snm/min and the thickness of the films was 1 um.

The dielectric properties along the c axis of the PbTiO, film using a LCR

meter were measured. with a standard parallel plate geometry, with an aluminum
top electrode and the bottom platinum electrode. Ferroelectricity was
investigated by observing the polarization hysteresis using a Sawyer-Tower
circuit at a frequency of 60 Hz. Other electrical properties, namely resistivity,

dissipation factor (tan & ), and pyroelectric voltage were also measured.

Results and discussion
Figure 3-2-8 shows the tendency of the crystal orientation (preferred c-axis

orientation) of the laser ablated PbTiO, films as the cooling rate is varied after

deposition at 550°C.The value of the c-axis orientation is determined by the
intensity rate of (001)/[(001)+(100)] in the x-ray diffraction patterns. The faster
the cooling rate, the greater the preferred c-axis orientation.a-axis oriented films
are formed at cooling rates less than 10°C/min. On the contrary, almost all c-axis
oriented films are formed at a cooling rate faster than 75°C/min.

It is an established fact1413) that the effect of the substrate on the crystal
orientation of the film can be explained by the mechanical stress on the film to
force c-axis orientation that is caused by the difference between the thermal
expansion coefficients of the film and substrate. It is certain that this

phenomenon is one of the important factors for producing oriented films as

indicated by
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og=¢xE (3-4),
(axdT/L)E (3-5),

where o, €, E, a, L, a and dT are a stress, strain, Young's modulus,
thermal expansion coefficient, sample size, and the change of substrate
temperature during cooling, i.e., the difference between the deposition

temperature and room temperature. Therefore, in the case of PbTiO4 film

formation on a Pt/MgO substrate, the stress should be determined only by the
temperature difference, and can be estimated as about 400-500 MPa.
Nevertheless, this mechanism does not explain the tendency for c-axis
orientation based on the cooling rate demonstrated in our experiment. We have
produced different crystal orientations by changing the cooling rate; that is, the
cooling rate (strain rate) affects the crystal orientation of the film. There is the
following relationship between the strain rate (d ¢ /dt) and thermal activation
energy(Q):
de /dt = A exp (-Q/kT) (3-6),
where A is a constant, k is Boltzmann constant, and T is formation temperature.
This shows that when the strain rate is large, the excited energy is small. Further,
the activation energy plays an important role as a driving force for the formation
of defects. such as dislocation, which is a kind of pinning center for inducing the
stress which drives c-axis orientation. In the case where k and T are constant, if
the strain rate (d £ /dT) is large, the activation energy excites the dislocations.
Therefore the dislocation cannot be moved. In this case, the thermal stress along
the plane of the film is induced effectively at the interface between the film and

the substrate during cooling from T, to room temperature. This may be the

reason why there is a relation between the c-axis orientation and the cooling rate.
The phase transition energy is also an important factor for the film

orientation . There is a phase transition from the cubic to the tetragonal phase at
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around 500°C owing to the Curie point (T, of PbTiO, at 490 °C. The crystal

orientation of the films is enhanced by this kinetic energy of phase transition.
When the films are deposited at the substrate temperature of 400°C (below the
T.), the cooling rate does not make as much difference as when deposited at 550
OC-

With the technique described above, the perfect c-axis orientation of the

PbTiO5 film can be formed. Figure 3-2-11(a) shows the x-ray diffraction
patterns of PbTiO, thin films on Pt(100)/MgO(100). The films are of a

perovskite single phase and oriented in the 100% (001) direction with a rocking
angle of 0.5 in the electrode substrate (Pt/MgO). This film is formed at a cooling
rate of 150°C/min.Further, in order to observe the in-plane orientation, We have

measured the orientation of the PbTiO; film with a four-circle x-ray

diffractometer. The results are shown in the form of a pole figure in Fig.3-2-

11(b). The four {111} reflections of the PbTiO; film are located with the same
direction of Pt bottom electrode {111}.This result shows that the Pb TiO; film

grows epitaxially on the Pt electrode with a high orientation along the c-axis
direction.

The dielectric constant of the excimer laser ablated films with a thickness of
1 um was determined to be 120-130 with a dissipation factor (tan &) of 0.03-
0.05 at 1 kHz. Ferroelectricity has been investigated by observing the
polarization hysteresis and the results are shown in Fig. 3-2-12(a), indicating

clear and large remnant polarization (P,) of 80 #C/cm? and coercive field of 280

kV-cm. This remnant polarization value is almost similar to that of the
theoretically predicted value (Pr=81 uC/cm2.)16:17, And slightly larger than
another value (Pr=66 uC/cm?) calculated by semiempirical estimation.!8:19) A
large Pr value is also reported in the highly oriented PZT film by Tottle et al.

Another PbTiO, film with the c-axis orientation of 90% has a remnant
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polarization and corcive field of 60 uC/cm? and 50 kV/cm, respectively.
Resistivity is in the range of >101° Qcm. The SEM images revealed that only

those possess a very smooth surface.

conclusion

In summary, ferroelectric PbTiO; thin films have been formed by an ArF

excimer laser ablation technique. The crystal orientation of the films can be
controlled by changing the cooling rate and the perfect c-axis oriented film can
be formed with a cooling rate faster than 75°C/min.The laser ablated films
exhibit good ferroelectric properties. The dielectric constant and remnant

polarization of the Pb TiO; films are in the range of 120-130 and 80 xC/cm?.
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Quartz glass

Fig.3-2-10 Model of preferred orientation of
a-axis and c-axis by the substrate effect.
film; PbTiO3, substrate; glass and MgO
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3-3. Effect of laser irradiation

Abstract

The unique advantage of the pulsed laser deposition technique is its ability to
produce highly oriented stoichiometric films at a low substrate temperature in a

high pressure oxygen atmosphere. The formation of PbTiO; thin films at a
particularly low substrate temperature, i.e., 350°C, is posssible on a SrTiO,

single-crystal substrate and based electrode of Pt or oxide superconductor

((La,Sr),Cu0,) using excimer laser ablation. A second laser irradiation at the

substrate surface is quite effective for crystallization of the films at low
substrate temperature below 400 °C. The suitable energy density of the
irradiation laser is in the range of 30-100 mJ/cmZ. X-ray diffraction patterns

of PbTiO; thin films show c-axis orientation, with a rocking angle of 1.0 -

0.5° . These films exhibit ferroelectric hysteresis loop. A dielectric constant

and remanent polarization of the PbTiO; films are in the range of 120-150 and

20-25 p C/cm?, respectively.

Introduction

The unique advantage of the pulsed laser deposition technique is its ability to
produce highly oriented stoichiometric films at low substrate processing
temperature in a high pressure oxygen ambient. I reported the formation

of PbTiO; thin film at low particularly low substrate temperature of 350°C on

StTiO, single crystal substrate by the excimer laser ablation technique and I
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showed that the second laser irradiation at the substrate surface during
the thin film formation is quite effective to the crystallization at low

substrate temperatureb.

On the other hand, it is reported that the ablated species can be classified
into groups corresponding to their difference velocities by the
spectroscopic experiments®10. Therefore, for the film formation at further
lower substrate temperature, it is important to irradiate the species with the
second laser at the time the species reach the substrate surface.

In this section we discuss the effect of the second laser irradiation by
changing the delay time to excite the species selectively.  Furthermore, the

electrical behavior is shown for the PbTiO; thin film deposited on base
electrode of Pt or oxide superconductors (Y,Ba,Cu;0, , (La,Sr),Cu0,) which

is metallic at room temperature.>-19)

Experiment

Fig.3-3-1 shows a schematic diagram of the experimental set up. The
target is set at the center of the vacuum chamber and the substrate is located at
the opposite side of the target with the distance of 3 cm. The target used is

stoichiometric PbTiO, sintered pellet. The substrate is heated at a temperature

in the range of 350 °C-500 °C. The deposition is carried out in an oxygen
pressure in the range of 10310 Torr. The thickness of PbTiO; film is

typically 1000 A .
The ablation laser is focused on the target at an energy density of 1
J/cm2 with the repetition rate of 10-15 Hz. Furthermore the second laser

irradiates the substrate surface during the film formation with the intensity in
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the range of 0 - 150 mJ/cm?.

First of all, the ablated particles are observed by a Q-Mass
spectroscopy(TOF:Time Of Flight) to determine the kinds of the ablated species
and their average velocities. The detected mass numbers are 48, 207, 64, 80 and

223 are corresponding to Ti, Pb, molecules TiO, TiO, and PbO, respectively.

Next, the delay-time of the second laser is controlled by a delay generator
in order to irradiate the ablated components selectively. This is expected to
improve the crystallinity if the film by re-exciting these components during the
deposition process.  Then, the intensity of the irradiation laser beam is
changed.

Finally, the electrical behaviors, such as resistivity, dielectric constant and

remanent polarization, are measured.

Results and discussion
1).Substrate irradiation effect

Fig.3-3-3 shows the time of flight measured (a)Ti and (b)Pb atoms by a Q-
Mass spectroscopy . The broken lines are obtained when the filament in
ionization chamber is turned off, so these lines show the amount of cations.
The solid lines show the data with turned on the filament, so these show the
total amount of ions are produced. The result shows that a large number
of monovalent ions (more than 80%)is produced comparing with neutral
atoms. Molecules, such as TiO(mass number:64), TiO2(80) and
PbO(223), divalent ions or clusters can not be detected.  The profile of
observed TOF is different from that of calculated assuming a Maxwell-
Boltzmann distribution of Pb or Ti atom. This result shows that the the thin

films are formed with not thermal mechanism but photo-chemical mechanism

by the excimer laser ablation.
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The average velocities of the species, ablated with the pulsed laser, are
estimated about 5x10° cm/s from these results. By calculating from the
average velocities of the ablated components, the ablated component is estimated
to come to the substrate surface at 6 g s after the ablation laser. Therefore, the
controlled second laser with delay times of 6 s.

Figure 3-3-4 shows the rocking curves of x-ray diffraction patterns of

PbTiO; thin films(100 peaks). No-irradiate(c) and irradiate with the delay

time of (a)6 us and (b)30 us deposited at 400 °C.  This result indicates
that the second laser irradiation is the most effective for the second
ablated component with the delay time of 6 gs. Furthermore, these
experiments were done in the various delay time from -10gs to +150 g
s.(Fig.3-3-5) But in these cases, the crystallinities of the films are not
changed so much comparing with the film formed with the delay time of 6 g
s.  The species excited with high photon energy (6.4 ¢V) of the second ArF
excimer laser are enhanced their migration energy at the film surface.
Therefore their crystallinities become better at low substrate temperature of 400
°C.

Next the delay time is fixed at 6 g s and the fluence of the irradiate laser

is changed. Figure 3-3-6 shows the X-ray diffraction patterns of PbTiO,

thin films with the second laser irradiation at the intensity of (a) 0 mJ/cm?, (b)
10 mJ/cm? and (c) 30 mJ/cm?2. The higher the energy density of irradiate laser
is the more the film crystallized. At the irradiation energy of 120 mJ/cm?, the
surface of the film becomes rough owing to the decompose of the film.(Fig.3-3-
8) Therefore the suitable energy density of the second irradiation laser is in
the range of 50 - 80 mJ/cm2  In this energy range, the laser beam may

play not thermally but photo chemically. The perovskite PbTiO; thin films

can be formed at 380 °C with this technique. Until now, this kinds of film can

not be formed below 450 °C.(Fig.3-3-9) Therefore, this laser ablation
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technique with irradiation by the second laser is essential method for the
film formation at lower substrate temperature such as 350 °C.

The films are of a perovskite single phase and oriented in the (001) direction
with the rocking angle of 1.0 - 0.5° on the electrode substrate(Pt/MgO or
oxide superconductor/MgO).  The typical remanent polarization(Pr) and the
coercive field(Ec) of these films formed at 400~450°C are 20 1 C/cm? and 180
kV/cm, respectively. (Fig.3-3-10) Another electrical behaviors, such as
resistivity and dielectric constant, are in the range of > 1019 ohm cm and

120 - 150, respectively.

2). Vapor irradiation effect

There 1s a question that the substrate irradiation effect is caused by a thermal
effect or the photo-chemical effect. To elucidate the mechanism of the
irradiation effect, the vapor irradiation experiments were done. In this case
(vapor irradiation experiments), the delay time was fixed at 5 ;s and the laser
beam was focused at the point 5 mm above the substrate surface.

Fig.3-3-11 shows the X-ray diffraction patterns of the PbTiO; films formed with

the vapor irradiation of (a) 12 mJ/cm?, (b) 25 mJ/cm? and 50 mJ/cm?.

The higher the energy density of irradiate laser is the more the film crystallized
just like as substrate irradiation.  Figure 3-3-12 shows the relation between the
irradiation intensity and full width at half maximum (FWHM) of the X-ray
diffraction patterns ((a); substrate irradiation and (b) ; vapor irradiation).

FWHM indicate crystallinities of these PbTiO; films. In both of cases, suitable

irradiation intensity is about 50-80 mJ/cm?.

Furthermore, Fig.3-3-13 shows the X-ray diffraction pattern of (a)the
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substrate irradiation and (b)vapor irradiation with intensity of 30 mJ/cm? formed
at 400°C. These two patterns show quite similar behavior in the intensity and
shape of the profile and this suggest that the laser irradiation is not the thermal
effect but the photo-chemical effect. The high laser energy of ArF excimer
laser (193nm) may be absorbed by the O+(208nm) and Pb(217nm)!V) and

changed to migration energy at the surface of the films.

CONCLUSION

In summery of this section, Ferroelectric PbTiO; thin films have been

formed by an ArF excimer laser ablation technique with a second laser
irradiation.  The second laser irradiation at the substrate surface is quite
effective for crystallization of the films. The suitable energy density of the
irradiation laser is in the range of 50-80 mJ/cm?in both substrate irradiation
and vapor irradiation. And the laser irradiation effect is some kinds of photo
chemical effect. These films exhibit ferroelectric hysteresis loop. A

dielectric constant and remanent polarization of the PbTiO; films deposited

at 400°C are in the range of 120-150 and 20-25 y C/cm?, respectively.
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Fig. 3-3-4. Rocking curves of (001) peaks of PbTiO3 thin films
formed with the delay time of (a) 6 s (b) 30 s and

(c) no irradiation.
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Fig. 3-3-10. Typical D-E hysteresis loop of PbTiO; thin film

deposition on Pt/MgO substrate (vertical; 10 1 C/cm,div,

horizontal; 90 kV/cmdiv at applied frequency of 60 Hz).
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Fig. 3-3-11. X-ray diffraction patterns of PbTiO3 thin films with

the vapor irradiation intensities of (a) 12 mJ/cm?,

(b) 25 mJ/cm? and (c) 50 mJ/cm?.
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Chapter 4



4. Superconducting Artificial Lattices.

4-1. Basic concept & abstract

High T oxide superconductors can be classified in terms of well known

structural types, such as perovskite or layered perovskite (K,NiF,).  In the
copper-based high T oxide superconductors, the common structural feature is
CuO, sheetsD). Any structure of the copper-oxide superconductors can be

constructed by inserting various kinds of layers into the infinite stacking of the

CuO, layers®®. As shown in Fig.4-4-1, the high Tc materials are represented
by the combination of infinitely stacked CuO, sheets with La,0,,
SrO/Bi,0,/SrO, Ca, SrO/PbO/SrO and Y, BaO/CuO chain/BaO, corresponding
to La-Cu-0O%, Bi-Sr-Ca-Cu-0%, Pb-Sr-(Ca,Y)-Cu-0%7 and Y-Ba-Cu-O9,
respectively. Based on this concept, artificially layered new compounds are

expected to be synthesized by periodic insertion of the blocking layer into the

infinite layers of CaCuO,, which are well known as a parent structure of the

superconductors?-14),
It has also been recognized that two kinds of unit layers are playing

important roles for separating the CuO, sheets and constructing the structure.
One is a thick layer, called "Blocking layer", such as Bi,0,, T1,O, or La,0, to

stabilize the structure, and the other is a thin layer, called "Mediating layer"
such as Ca or Y which plays as charge reservoir for the superconductivity!>:16),

Any type of the high T superconductor can be constructed by the combination
of the units of CaCuO, layer with the primary structures, such as Bi,Sr,CuQq,
T1,Ba,CuQ¢ or La,CuO,.

Laser ablation has become one of the most widely used techniques for

synthesizing high temperature superconducting thin films!722. We have
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demonstrated that layer-by-layer successive deposition is an excellent method to

form various artificial thin films with this technique. In the BiZSrZCan_

1€u, O, ., artificial lattices, the numbers of CuO, planes are changed from

one to even eight in the unit formula.(Chapter 4-2-1) The layer-by-layer laser
ablation method has been applied to the site-selective incorporation of +1,+2 and

+3 1ons at Ca and Sr sites of Bi2$r2Ca1Cu208. The correlation between T, and
the lattice parameter c is explained on the basis of the distance between CuO,
layers, indicating the importance of the interaction among CuO, layers.(Chapter

4-2-2)  Furthermore superconducting superlattices have been formed and the
pressure effects are studied in the strained superlattices. In the case of

La; 551, 15Cu0,/Sm,Cu0O, superlattices, lattice constant a and b in the LSCO
layer are forced to expand and T. decreases as the number of stacking
periodicity decreases. For La, ¢St ;sCuO, / La; (Sr;55CuO, superlattices, we

calculate the superconducting critical temperatures under the proximity effect

using de Geenes-Werthamer's theory in the normal layer(La, (Sr; ;Cu0O,). In

these superlattices, the change of the lattice constant along a,b axes is proved

to be one of the important controlling factors for the T, value. (Chapter 4-2-

3)
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Fig. 4-1-1. Typical crystal structure of Copper oxide superconductors.
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4-2. Artificial control with sub-unit cell scale

4-2-1. Control of the number of Cuplayers

- New BiZSIZCan_ICunO2n +4 (0=6-8) compounds based on the
parent structure of layered Ca(Sr)Cqu-

Introduction

In a series of B 1,S ,Ca, Cu O, . 41'4) and T 12Ba2Can_1CunO2n +4

superconductors®>?), the basic structural units are Ca(Sr)CuO2 layers and
n=1 compound, i.e. Bi28r,CuO, or T12B32Cu06. For example, the
combination of one Ca(Sr)CuO2 layer with BiZSrZCuO6 makes
BiZSrZCaCUZOs(n=2), and two layers of CaCuO2 make BiZSrZCaZCu3OIO
(n=3). Thus, the combination of BiZSrZCuO6 and (n-l)CaCuO2 leads to any
type of BiZSrZCaIl +1CunO2I1 +4-(Fig.4-2-1) In these compounds, the numbers
of CaCuO2 layers in the unit formula are definitely important for the Tc

value. The Tc Value changes from zero to 110K or 125K for different n values

of Bi,Sr,Ca_, ;CunO, .19 and Tl,BayCa  Cu O, 59 Even for the
LaZCatn_lCunOIl +4 compounds, the n=1 compound, (La,Sr)2CuO 4 showsthe Tc
of 40K and n=2 (La,Sr)ZCaCuzO6 shows 60K only by the increase of one
CaCuO2 layer.10-13) I this sense, the Ca(Sr)CuO2 is the key compound and

has been called "the parent material of the high T. superconductor".14)

Based on this basic concept(Fig.4-2-1), we have actually accumulated the

layers of Ca(Sr)CuO2 of desired n.on a substrate and periodically inserted the

BiZSrZCuO6 unit layer by using laser MBE method. Using this particular
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synthesis method, we have formed not only the Bi,Sr,Ca,,,CunO,,,, of

n=1 to n=5 which have been already reported!>:19), but also we have formed

those of n=6, 7 and 8 for the first time. The Ca(Sr)CuO, is used as "the parent

compound" to discriminate the structures.

Experiment

The formation of the compounds in the form of thin films has been carried
out using the laser MBE method which have been described previously-17 In

the present experiment, two targets are used. One is Ca g¢S1; 1,Cu0, to form
the infinite Ca(Sr)CuO, layers and the other is Bi,St,CuQ, target to deposit

this layer. These two targets are alternately ablated with appropriate
duration with monitoring the thickness of the layer by quartz thickness monitor.

Typical experimental conditions are as follows: substrate used is SrTiO4(100)

with SA surface flatness, substrate temperature is 500 to 630°C, ambient

pressure of O, gas is 6x10-3Torr, laser intensity is 1.0J/cm? and the repetition
rate is 20Hz. O, gas is used during the formation of the film and the mixture

of O, and 0,(8%) is flowed for the oxidation of the films during cooling

process.

Results and discussion

The formation of the infinite layers of Ca(Sr)CuO, is the first step for the
synthesis of any type of Bi,St,Ca, CunO,,,,. Since the (100) surface of StTiO;
has lattice constant a of 3.9 A, the a-axis length of Ca(Sr)CuO, (3.8 A ) coincides
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with it within the mismatch of 3%. Figure 4-2-2 shows the X-ray diffraction
pattern of the films formed on the SrTiO3(()01) surface at 590°C using the

Ca, ST, 1,Cu0, target. The diffraction peaks at 27.5° (001) and 56.4° (002)
in the pattern indicate that the infinite Ca(Sr)Cu0, layer? is actually formed

under this condition with Oits c-axis perpendicular to the substrate surface.

Unless Ca is partially substituted by Srin CaCuO, targets, the c-axis

oriented layer is not formed. The Reflection High Energy Electron
Diffraction(RHEED) pattern of the film surface shows a streak pattern with the
spacing of 3.8 A, indicating that the film growth is epitaxial having smooth and
uniform surface. The substrate temperature to form the c-axis oriented

Ca(Sr)CuO, film ranges from 500°C to 600°C.

The rext step is the insertion of Bi,Sr,CuOg  layer to discriminate the
different n values of Bi,Sr,Ca ;CunO,,,,.(see Fig.4-2-1) The numbers of the
Ca(Sr)CuO, layer sandwiched by Bi,Sr,CuQOq layer can be controlled by
monitoring the thickness of the Ca(Sr)CuO, layers with quartz thickness

monitor which has been calibrated for the actual thickness of the films.

The numbers of the Ca(Sr)CuO, layers are also confirmed by the oscillation

of the RHEED intensities that is described in detail elsewhere.!®) The selection of

the structures from n= 1 to even 8 of Bi,Sr,Ca _,Cu O, ., is successful using

this method just by changing the numbers of the deposited layers of
Ca(Sr)CuO, sandwiched by Bi,Sr,Cu;O4 layer Figure 4-2-3 shows the X-
ray diffraction pattern of the newly formed Bi,Sr;CasCucOyg4 (n=6)
compound. The diffraction pattern has been calculated for the n=6 to 8
compounds based on the ideal crystal structures using the crystallographic

date.!9) Not only the peak position of (002) peak at 26=3.0° coincides with
that of the expected c-axis length for n=6 compound(c= 58.8 A), but also the
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total feature of the X-ray pattern coincides with the calculated pattern,
indicating that the synthesis of the n=6 compounds is achieved by this
method. In the similar manner, not only the thin films of n=1,2,3,4,5 but
also the films of n=6,7,8 which has not been reported can be formed by this
technique. Figure 5 shows the changes of the (002) peak positions of the
corresponding compounds.

The superconducting transition temperatures(T ) of n=1, 2 and 3

compounds are zero(semiconductor), 80K and 102K, réspectively. The
compounds with higher n value(5 to 8) are semiconductor presumably
because the concentration of carriers for the superconductivity supplied from

Bi,0,,, layer are not enough in these materials. The details are now

under investigation.

From the view point of the growth mechanism of Bi,St,Ca ;Cu O, .4

compounds, the present result suggests that the basic structural units are

Ca(Sr)CuO, layers which has essentially a perovskite structure and also the n=1
compound; Bi,Sr,Cu; Q. So far, the formation of n=1 to 5 compounds was

achieved but that of n=6-8 was not successful. We believe that this is because

the growth of Ca(Sr)CuO, layer, the parent material, has not been carefully

undertaken.
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Conclusion

In summary, the new layer-by-layer technique enables us to control the

larger number of the CuO, layers sandwiched by the thick BiZSrZCuO6 layers.

This basic concept and the particular synthesis technique will be useful to

understand the mechanism of the high T_ superconductivity and also to
create new compounds. This method will be applied to the other high T,

superconductors, since all the copper based superconductor have layered

structure based on the (Ca,Sr)CuO, layers.
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4-2-2. Control of the distance between CuO, layers and carrier

density - site selective substitution of Ca and Sr -

Abstract

Layer-by-layer successive deposition utilizing laser ablation has been
applied to the site-selective substitution of +1, +2 and +3 ions having different

ionic radii at the Ca and the Sr site of BiZSrzCalleoy superconducting films.

With this technique, we can control the crystal structure (lattice
parameter) and the carrier parameter. The substitutions at the Sr and the Ca
site exhibit quite different behaviors in the superconductivity and the
structural parameters. For the substitution of larger ions at the Ca site, lattice
parameter c increases showing the higher value Tc, while the substitution at the

St site does not elongate the c-axis and does not increase the T_. Furthermore

we demonstrate the independent control of the lattice parameter and carrier
parameter. When the +3 ion such as Y is incorporated at the Ca(+2) site, the
carrier density decreases. On the other hand when the +2 ion, such as Ba, is
incorporated at this site it dose not. These changes have been explained by

the structure models, and the correlation between TC and the lattice
parameters is explained by the changes of the distance between CuO,

layers, indicating the importance of the interaction between CuO, layers.
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Introduction

As described in chapter 4-2-1, CuO2 sheets are the essential feature of the

copper-oxide based superconductor1) The high T, superconductivity appears
by doping charge carriers into the CuO, sheets. Positive ions, such as Y,

Ba, Bi, Sr, Ca and TI, are playing roles to construct structural framework and
to control the amount of charge carriers in the superconductor.®? Thus, the

control of the structures based on the CuO, sheets together with the control
of charge carriers are necessary for the elucidation and improvement of the
superconductivity.

Fig.4-2-4(a) shows important structural factors of the CuO, based structures
for the example of Bi,Sr,Ca,Cu,O4(Fig.4-2-4(b)).; When the number of the
CuO, layers are fixed, the structural feature of the CuO, layers are (1)the

distance between CuO, layers, (2) the bond length of Cu-O and (3) the distance

between Cu and Of(apex). These factors can be controlled either by

accumulation of CuO, layers or the insertion of exotic atoms with different

ionic radii into Ca layer or SrO layer.
The carrier density can be changed by the control of;(1) the amount of
oxygen and (2) the substitution of the atoms with different valence state.

This is performed by the incorporation of ions with different valence state
into Ca, SrO or Bi,0, layer.

For these controls of the composition at the atomic layer scale, we have
demonstrated that layer-by-layer successive deposition is excellent method in
which each constituent layer is piled up on a substrate layer-by-layer to

form the artificial crystal structure and compositions.

In this chapter, we will report on the site selective substitution of ions
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with different ionic radii and valence state taking advantage of layer-by-layer
successive deposition. By means of this technique, the formation of a
new oxide superconductor which is hardly attainable as a bulk phase will be
possible.  As shown in Fig.1, the ions we have chosen for the substitutions are
, Mg, Ca, Sr and Ba, the 2+ ions, Li, Na and K, the 1+ ions, and Y, Nd and La,
the 3+ ions. These ions are systematically substituted at either Ca site or Sr
site, and the changes of the properties such as lattice parameter and the
superconductivity are thoroughly studied. These "tailored superconducting
films" have been proved to be useful to elucidate the mechanism of the
superconductivity and be useful as a sophisticated technique for the device

application of the superconductor.

II. EXPERIMENTA L

The films are prepared by a layer-by-layer successive deposition method
using a pulsed ArF excimer laser(193nm). The laser beam is sequentially

focused on the multi-targets to form a film on a substrate placed at the

opposite side in the presence of N,O and/or O, gas atmosphere.® Typical

experimental conditions are : energy density for ablation after focusing = 0.5
J/cm? , and repetition rate = 10 Hz. The substrate used was a MgO(100) single
crystal heated at 600 - 620°C. The thickness of the thin film was measured
by and oscillating film thickness monitor in situ, and the total thickness was
measured by optical thickness monitor.

For the deposition, sintered disks of Bi7Pb3Oy, SrlCuIOy, CalCulOy,
Ba,Cu, 0, and YICulOy(nominal compositions) are used as targets and the

layers are successively deposited as we desire. These targets are prepared by

calcining the mixture of Bi,05, PbO, SrC0O;, CaCO,; Li,CO; K,CO,,
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BaCO,,Y,0,,La,0; and/or NdCO; with appropriate ratios. The Bi7Pb30y,

NaCuO and KCuO target are prepared by heating in air at 630°C for three
hours, and the rest by heating at 800 °C for 10 hours.

[Layer control with sub-unit cell accuracy]
[layer control]
First of all we measured the relation between the laser focusing time on the

BinOy-target and the amount of the deposited Bi-atom. Then the layer was

piled up on the substrate layer-by-layer to form the artificial crystal. In the
case of piling up, we piled up (1)the unit-layer as 1 layer of theoretical
level and (2) the unit-layer as 3 layers of theoretical amount; it is piled up

three times as much as ideal amount of 1-layer for every unit layer.

[construction of the standard crystal structure]

It is essential for getting these artificial thin films to control the
composition at the atomic layer scale. So we have demonstrated that the layer-
by-layer successive deposition can control each constituent layer at atomic level
which is piled up on a substrate layer-by-layer to form the artificial crystal
structure with compositions. To form the standard BSCCO film, we used the

multi-targets such as BinOy, SrCuOy and CaCuOy. The laser beam is
sequentially focused on these multi-targets to form a film on a substrate. The
sequence for the successive deposition was BinOy-SrCuOy-CaCuOy-SrCuOy—

BinOy, which will simply be termed as A-B-C-B-A. This consist of one cycle

which was repeated 30 times. Hereafter we call each layer one unit-layer.

[Substitution at the Ca-site]
Partial substitution of mono-(Li, Na and K), di-(Mg, Sr and Ba), and
tri-valent(Y, La and Nd) ions for Ca has been examined. In this case, the
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deposition was carried out successively from the targets, BiPbO-SrCuO-
CaCuO-MCuO-CaCuO-SrCu0O-BiPbO (M=Li, Na, K, Mg, Sr, Ba, Y, La and
Nd). This consisted of one cycle which was repeated. The sequence can be
abbreviated as A-B-C-M-C-B-A. (A;Bi7Pb3Oy, B;SrICuIOy, C;CalCulOy and
D; Ba Cu, Oy for example) Typical irradiation periods for successive
deposition are 25 s for Bi7Pb3Oy, 15 s for SrCuOy, 10 s for MCuOy and 28 s

for CaCuOy. In the case of Ba substitution, for example, the replace ratio of Ba

for Ca was changed form 0% to 100%.

[Substitution at the Sr-site]
Partial substitution of the ions for Sr has been performed as for the Ca site:
The sequence is similar to the Ca substitution, except that the deposit from the

MCuOy (M=Li, Na, K, Mg, Ca, Ba, Y, Nd and La) is sandwiched between the
deposits from SrCuOy. Typical irradiation periods for the successive deposition

are 25s for BiPbO(A), 5 s for StCuO(B) or MCuO(M) and 65 s for
CaCuO(C). That is ; the sequence is A-B-M-B-C-B-M-B-A.

The critical temperature (T c) for the superconducting transition was measured
by a standard four probe technique. The structures and the compositions of
these films were determined by X-ray diffraction patterns using Cu K ¢ and
EDX(observed area is 500x500 ym with accelerate voltage is 15 kV),
respectively. And carrier density were measured by hole density with applied

magnetic field of 1.2T.
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RESULTS AND DISCUSSION

[Layer control]
Fig.4-2-5 shows the dependence of time of laser ablation on the Bi content.
The content of Bi in the film increases linearly with increasing the ablated time

of Bi,O, target. So it shows that the film thickness (the contents of atoms )

can be controlled by changing the ablation time.

When the 3 unit cells of each layer(Bi,O,, StCuO, and CaCuO,) was deposited

as one cycle (3 layers = 45 A), the perovskite BSCCO crystal structure can not be
constructed. When the layers are pilled up with the sequence just 1 unit cell, on
the other hand, the crystal structure was successfully constructed (Fig.4-2-6)

This result suggests that there is no inter-diffusion beyond the one unit cell in the

c-axis direction.

[Partial substitution of Ca-site and Sr-site by +2 ions]

In the case of Ba substitution at Sr or Ca site, the upper substitution limit is
measured. Figure 4-2-7 shows the content of substituted Ba at the Sr and Ca
site versus lattice constant c. The lattice constant ¢ increase gradually with
increasing the content of Ba replacement. The partial substitution of Ba for Sr
by about 30-40 % of Sr atoms showed a clear X-ray diffraction pattern of double

CuO, layered structure with no extra peaks due to Ba compounds, such as
BaCuO, (see Fig. 4-2-11). In the bulk samples, BaBiO; and BaCuO, impurity

phase appear with substituting Ba for Sr or Ca with only a few %.% (Fig. 4-2-
8), whereas in this particular successive deposited films, Ba was incorporated
into BSCCO crystal structure, forming no other phases. Actually, an EDX
analysis showed the presence of Ba for up to about 40% of the Sr atoms.(Fig.4-2-
8(b)) When Ca is replaced with 50 % by Ba, perovskite structure of BSCCO

can be constructed with containing impurity phase of BaCuO,. (Fig.4-2-9)
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When all atoms of Sr or Ca are replaced by Ba(100% substitution), the
perovskite crystal structure can not be constructed any longer but only the

BaCuO, structure disappears.(Fig.4-2-10) Therefore, the maximum of Ba

substitution at Sr or Ca site is about 40%. In these artificial BSCCO structure,
the limit of Ba solid solution into Ca or Sr site can be expanded from 4-5% to

40-50 % comparing with that of bulk sample.

The partial substitution of Mg, Sr and Ba ions for Ca by about 30% shows

broad X-ray diffraction patterns of double Cu-O, layered structure for all
substituted patterns of double Cu-O, at 800°C. The films showed X-ray
pattern of the single phase of double CuO, layers structure with their c-axis

perpendicular to the substrate surface (Fig.4-2-11,12) . No apparent impurity
peaks have been observed, indicating that these atoms are incorporated into the
BSCCO crystal structure.

The lattice parameter c is found to depend on the ijonic radii of the
incorporated ions for both Ca and Sr site, but with different manner. When
small 1on such as Mg is incorporated at the Ca site, the c-axis shrink. On the
other hand, with the incorporation of the larger ions such as Ba, the lattice
constant ¢ increases. (Fig.4-2-13)  On the other hand, when the Sr is replaced
by large ion, the lattice constant ¢ does not increase much. These behavior is
expected by the structure model presented in the next section.  Thus quite
different behaviors are expected and actually have been observed for the Ca

and Sr site substitution.
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[Structural models for the site selective substitution at Ca and Sr site

in Bi,Sr,Ca,Cu,O4 crystal]

Fig. 4-2-14(a) shows estimated changes of the lattice parameter c with the
incorporation of Ba, the larger ion(rion=1.491§;), and Mg, the smaller
ion(rion=0.86z&) at the Ca site. The Ca ion is osculating with the

neighboring oxygen ions in the standard BiZSrZCalCuZO8 structure3:%).

Consequently, for the incorporation of small Mg ion, the c-axis is expected to
shrink down, while for the incorporation of large Ba ion, expansion of the c-
axis is expected(see Fig.4-2-14(a)).

As shown in Fig.4-2-14(b), on the other hand, it is reported from the
crystallographic analysis of BiZSrZCalCuZO8 single crystal that there is a

room between Sr and oxygen above, since close contact is achieved by Bi and
oxygen beside them. Accordingly, it shrinks the c-axis, while the incorporation
of Ba may give a small changes for the c-axis length(see Fig.4-2-14(b)).

The most important difference between the Ca site substitution and Sr site

substitution is that large expansion of the distance between CuO, sheets is

expected for the Ca site, while it is not expected for the incorporation at the Sr
site. The present experiment is aimed to perform these site-selective
substitution to see whether these expected crystallographic changes are
achieved or not, and to see the correlations between these structural

changes and the superconductivities.

[ Substitution by +1 and +3 ions at Sr or Ca- site]

The changes of the lattice parameter c by the incorporation of +1 ions, Li

and Na, and +3 ions, Y, Nd and La have also been examined (Fig.4-2-13). the
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mono-valent ions show similar behavior to the divalent alkaline earth ions, that
is, the larger ions leads to the larger lattice constant. The trivalent ions, on the
other hand, show distinct shrinking of the c-axis. This is presumably because

highly positive valency works to attract negative oxygen ions.

[Superconducting properties of the tailored films]

These tailored films in which Sr or Ca ion is substituted by +1, +2 or +3
ions show systematic change in the resistance -temperature (R-T) curves. For
example, the R-T curves for the incorporation of +2 ions, Mg, Ca, Sr and Ba,
at the Ca site are shown in Fig. 4-2-15. It is clearly observed that the
larger the substituted ion is, the higher the T_is. The highest T is observed

for the Ba substitution, Tconsct=t0 be 95K and Tcmi d=83K even for the 300A thin
films. Accordingly the correlations are observed between T and ionic radii of
the substituted ions, in other word, TC and lattice parameter ¢, as shown in

Fig.4-2-16. For the substitution of ions at Sr site, on the other hand, both
larger and smaller ions other than Sr lower T, (Fig.4-2-15; Sr—Ba)

Furthermore, the replacement of other ions than Sr seems to make the
superconductivity worse presumably because of the introduction of randomness
at the SrO layer.

In this manner, the site-selective partial substitution of Sr and Ca site by
exotic atoms shows drastic difference in superconductivity depending on the
lonic radii and valence state.The replacement of larger ions at the Ca site
makes c-axis longer, while that at the Sr site does not. Accordingly, the

spacing between double CuO, planes can be changed artificially by this
technique, and we found that this spacing between CuO, planes has an strong

effect on the T, value. It has been reported that there might be a hopping of

Cooper pairs between CuO, layers and this kind of interaction between layers
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is important for the T_value. In addtion, dimensionality is the essential factor

for the superconducting behaviors. The present experimental results indicate
that the distance between the layers is really important as the determining factor
of the T_ value.

The R-T curves for the incorporation of +3 ions, show semiconducting
behavior for all ions. This is because of the decrease of hole concentration by

+3 ion incorporation instead of the +2 ion. (Fig.4-2-17)

Conclusion

1. With the layer-by-layer successive deposition method utilizing laser ablation,
site selective partial substitution of +1, +2 and +3 ions at the Ca and Sr site has
been performed.

2. The incorporation of smaller +2 ion, Mg, at the Ca site makes the c-axis
shrink, while that of larger Sr and Ba ions makes the c-axis longer. On the other

hand, the incorporation of even Ba at the Sr site does not elongate the c-axis so

much.

3. This phenomenon is explained by the structure model in which there is a
capacity to incorporate the large Ba ion at the Sr site.

4.The T, value has correlation with the expansion of c-axis due to the

incorporation of exotic atoms. The larger lattice parameter ¢ produces
higher T .
5. It is suggested from these results that the spacing between CuO, planes is

important structural factor for the T , suggesting the strong interaction between

Cu0, layers.
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incorporation of ions with different radii and valence state.
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Fig. 4-2-5. The relation between deposition time of Bi,O, layer

and the thickness of Bi,O, layer.
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4-3. Artificial control with unit cell scale

- (La,Sr) CuQy/SmyCuQ, superlattices -

Abstract

We have grown superlattices of (La,Sr),Cu0O,/Sm,CuO0nto SrTiO,

substrates at unit cell accuracy by an excimer laser deposition technique. These
superlattices can be classified into three regions. The stacking periodicity of (La,

Sr),Cu0,/Sm,Cu0O, is changed from 1/1 (one (La,Sr),Cu0O, and one Sm,Cu0,

layer) to 120/120 combinations. For the short periodicity of the stacking up to

4/4, new structures are constructed having a large unit cell made of a CuOjq
pyramid, CuO¢ octahedral, and CuO, sheet. For the large periodicity more than

60/60, the superlattices exhibit the same superconducting behavior as the standard

(La,Sr), CuO,. The superlattices of the intermediate periodicity, from 60/60 to

15/15 on the other hand show changes in the critical temperature against the
variation of the stacking periodicity. This phenomenon is explained to be derived

from a pressure effect caused by a lattice mismatch between (La, Sr),CuO, and
Sm,CuO, layers. Furthermore controlled variations of the in plane Cu-O bond

length and interlayer proximity coupling have been produced in various

superlattices La, ¢sSt; ;sCuO4(LSCO) based superlattices. In LSCO/Sm,Cu0,

strained superlattices, the in-plane lattice constant of the LSCO layers is increased

and the transition temperature (T ) is decreased. We estimate the effective

pressure to be -8 GPa and conclude the in plane Cu-O bond length is an

important factor controlling T. For the LSCO/La, (Sr; 35Cu0,(metallic)

superlattices, a proximity-induced coherence length of 50A is calculated for the

metallic layer using the de Gennes-Werthamer theory.
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Introduction

A variety of theories have been proposed to explain the superconducting
mechanism in copper oxide superlattices.These include proximity effect!-?),
carrier concentration®19), pressure effect!!-12), tunneling effect1314 and a 3D-2D
crossover (Kosterlitz-Thouless transition)!>-18), Hydrostatic pressure studies on

bulk oxide superconductors have revealed that the transition temperature (T))

depends strongly on the pressurell:12), However, the use of hydrostatic pressure
obscures the intrinsic anisotropy of these materials, since both in-plane lattice
spacing a (b) and the out-of-plane c axis are isostatically compressed. Superlattice
and multi layer films offer the unique opportunity to separate the roles of the

bond lengths within the CuO, planes and along the Cu-O apex. In-plane

compressive or tensile stress can be easily applied by adjusting the lattice
mismatch between the alternate layers!9-23),

In addition, the study of the proximity effect between high-Tc
superconductors and normal metals in superlattice structures is both scientifically
and technologically of great importance. The coupling between the
superconducting and normal-metal layers will help us to better understand the

nature and origin of superconductivity in the high-T, cuprates.

In this chapter, we compare the properties of three series of multi layer films

containing the superconducting oxide La, ¢;Sr,,sCuQ,. Layers of undoped,

semiconducting La,CuO, of Sm,CuO, were inserted in a controlled manner in

the LSCO compound using a multi target, laser-ablation technique to study the
effect of in -plane Cu-O bond length variation. Alternatively, layers of over

doped, metallic La, ¢St ;sCuO, were inserted to study the proximity effect.
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Because of the relatively small structural differences between these compounds,
complete epitaxy was obtained at the interfaces. Thus systematic trends with the
stacking periodicity could be identified, reflecting the changes in the in-plane Cu-
O bond length and proximity coupling.

In this chapter I describe in situ epitaxial growth of (La,Sr),Cu0O,/Sm,Cu,

superlattices, having various periodicity from the very short to large periodicity.
These superlattices are classified into three regions: new compounds, strained
superlattices, and multi layers, depending on the periodicity of the stacking of

(La,Sr),CuO, and Sm,CuO, layers. The new compounds contain three kinds of
basic structures such as CuO; pyramid, CuOg octahedral, and CuO, sheet in one

unit cell. We have chosen the combination of Sm as Ln, since Sm is contained

both in the p-type superconductor: (La, Sr )1Ln1CuO424'26) and in the n-type
one: (Ln,Ce),CuO, (Ln=Sm, Eu, Nd and Gd) 27-?®. Furthermore Sm,CuO, has
a relatively small lattice constant, a, among the Ln,CuO, compounds, coming

close to that of (La,Sr),CuO,.(Fig.4-3-1)

Experiment

The films were prepared by a laser deposition technique using the ArF excimer
laser(193 nm). Targets were set at the center of a vacuum camber and a laser
beam was focused on these targets with the intensity of 1-2 J/cm? and the
frequency of 15 Hz. Thin films were formed on substrates placed at the opposite

side of the targets in the presence of O,/0;(8%) atmosphere. The substrates used
are MgO(100) and SrTiO,(100) single crystals. The target compositions for the
respective layers were La, ¢sSr, ;sCu0,(LSCO), Sm,CuO, (SmCO), La,CuO, (s-

LCO), and La, ¢St ;5Cu0, (m-LSCO; metal-LSCO). These targets for the
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laser ablation were made by a conventional solid-state reaction with sintering at
800°C for 24 hours in air. These targets were set at the center of the vacuum
chamber with background pressure of 1 x 10°® Torr. To produce multi layers,
the laser beam was focused on these targets alternately with the fluence of 1
J/cm? and the repetition frequency of 15 Hz.

In order to form multi layers, elucidation of the synthetic condition of the thin
films using single target is necessary. For the search of the condition in which the
thin films of both LSCO and SCO can be formed each thin film was at first
deposited independently under various conditions. Substrate temperature was

varied from 550°C to 750°C, and oxygen (O,+8%0O;)partial pressure was varied

from 10! to 103 Torr. Then we have determined the suitable conditions for the
formation of superlattices, and the LSCO and SCO layers were piled up with the

cycle of n/m. Then/m means n-layers of (La,Sr),CuQO, and m-layers of Sm,CuO,

by using LSCO and SCO targets alternately. We have repeated n=m to be 1 - 120
(1/1 - 120/120) for several tens cycles. (Fig.4-3-2)

A periodicity of 1/1 means the periodic stacking of a half unit cell of LSCO
and a half unit cell of SmCO (or s-LCO, of m- LSCO). The two layers define
one cycle and this cycle was repeated several times. The superconductivity was
measured by a standard four-probe method.

We have formed three series of superlattices as shown in Fig.4-3-3, namely

La; 4551, ;5Cu0,/Sm,CuO, (LSCO/SmCO; superconductor/ semiconductor),
La; ¢sSr; ;sCu0O,/La,CuO, (LSCO/s-LCO; superconductor/semiconductor),
La, ¢sS15 15Cu04/Lay 455t ;5CuO, (LSCO/m-LSCO; superconductor/normal

metal).

Note that in the latter two cases, only the Sr doping level was varied between
the successive layers. Since the in-plane lattice parameter a varies only weakly
with Sr content over this composition range, negligible interfacial stress was

expected for these multi layers. On the other hand, large stress effects were
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expected for the LSCO/SmCO superlattices, because of the relatively large lattice
mismatch of 3.4% (LSCO, 3.78 ;\; SmCO 3.91 A) for these materials, resulting
in an expansion of the a axis of the LSCO layers. A necessary condition for the
existence of proximity coupling between a superconductor and a normal metal is
that the superconducting order parameter extend into the normal metal. The
penetration depth of the order parameter depends strongly on the carrier
concentration of the normal metal Thus, different penetration depths were
expected for the LSCO/m-LSCO and LSCO/s-LCO superlattices, respectively,
because of the different carrier concentrations.

The total thickness of the multi layers was 1000 A.  The thickness of the
thin films was monitored by a quartz crystal oscillating thickness monitor in situ
and confirmed by an optical microscope ex situ. The structures of the films were
determined by X-ray diffraction patterns. The superconductivity was measured
by a standard four-probe method. The surface morphology was determined by
scanning electron microscopy (SEM) (JEOL; JSM-840) and the Two-dimensional
surface structure was studied by reflection high-energy electron
diffraction(RHEED) and four circle X-ray diffractometer. And the crystal
structure of the superlattices were checked by the SIMS (secondary ion mass

spectroscopy (ATOMIKA Co.; A=DIDA3000) with O,*, 4kV. Furthermore,

TEM(transmittance electric microanalysis.) images have also been observed.
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Results and discussion.

The LSCO and SCO thin film can be formed in situ at the substrate temperature
of more than 600°C. The LSCO SCO can be made in situ under relatively higher
oxygen partial pressure: more than 102 Torr. The typical X-ray diffraction
patterns of LSCO and SCO of the single phase thus formed are shown in Figs.4-
3-4(a) and 1(b), respectively. We have formed the superlattices under the
conditions in which both LSCO and SCO can be crystallized in situ at the
substrate temperature of 700 “Cand the oxygen pressure of 1 X 10! Torr. The
LSCO SCO layers were piled up with the cycle of n/m:[n layers of (La,Sr),Cu0O,

and m layers of Sm,CuQ,] by using LSCO and SCO targets alternately. We have

repeated n=m to be 1,2,3,4,15,30,60,and 120 for several tens cycles.

The LSCO/SCO superlattices formed here are classified into three regions,
according to the number of the stacking periodicity. The first one is the
compounds of short periodicity, such as 1/1,2/2,3/3, and 4/4. The second one is
the strained superlattice which is in the regions of 15/15 to 30/30 periodicity. The
third is the so-called multi layer of (La,Sr),CuO,/Sm,CuO,, keeping each
original property. |

Figure 4-3-5 shows the X-ray diffraction patterns and calculated peak position
and intensities of the superlattices of LSCO/SCO with the periodicity of: (a)
1/1,(b)2/2,(c)3/3, and (d)30/30. The pattern of Fig.4-3-5(a) is similar to that of
the known La (Sr)SmCuO, having a CuO, pyramid structure. The observed X-

ray diffraction pattern shows quite similar pattern to that of calculated one in the
peak position and the relative intensities of 004(2 8 =28° ) and 006(2 9 =43° )
peaks. In Fig.4-3-5(b) and (c), satellite peaks are observed characteristic of
superlattices. The larger the periodicity of each layer, the lower the intensity of
the main peak in the X-ray diffraction patterns becomes. Instead, the satellite

peaks grow and eventually the main peak separates into two peaks originated
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from the LSCO and SCO above the periodicity of 15/15 [see Fig. 4-3-5(d) for
30/30].

From the viewpoint of crystal chemistry, the superlattices of 2/2 and 3/3 can
be regarded as new compounds having a long unit cell by the combination of

CuOy octahedral, CuO5 pyramid, and CuO, sheet in one unit cell. In the

stacking periodicity of 2/2 and 3/3, the superlattices do not have their original
characters of LSCO and SCO in the crystal structures. Therefore these can be

called the new compounds having the combination of CuOg4 octahedral, CuOs
pyramid, and CuO, sheet. The resistivity-temperature curves for these

compounds show semiconducting behavior within the treatment done in this
experiment (Fig.4-3-6:1/1-4/4).

In the periodicity more than 15/15, the longer the periodic cycle is, the higher
the Tc becomes. The superlattices of 15/15, 30/30, and 60/60 show the Tc, of
15, 25 and 38K (Fig.4-3-6), while the LSCQ film exhibits the Tc,, of 40K and
Tc,.., of 38K (see Fig.4-3-6). This phenomenon is explained by a pressure effect

due to the strain by the lattice mismatch which is observed in bulk samples and

also in the Y;Ba,Cu;0,/(Nd,Ce),Cu0O, system.” The a-axis lengths of LSCO
and SCO are 3.78 and 3.91 A, respectively. The CuOg octahedral slab of LSCO
is forced to expand in the a direction but the CuO, sheet slab of SCO is forced to
shrink. Accordingly, the bond distance of Cu-O in the CuO, sheet of LSCO is

expanded for the sake of mismatching the lattice parameters between LSCO and
SCO. Figure 4-3-7(a) shows the changes of the lattice parameter ¢ against the
stacking periodicity. In the range of short periodicity (1/1-4/4) the c axis is
defined as the compound of the long unit cell, whereas in the region of 15/15-
60/60, the X-ray peaks due to original LSCO and SCO emerge and the peak
position gradually shifts toward the original compounds due to the relaxation of

the strain above 60/60 periodicity. After annealing the sample under 50GPa of O,
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at 450°C, the lattice constant ¢ of the film dies not change. this result shows that
the oxygen is well incorporated in the crystal structure at the as-deposited state.
For these stacking sequences. the in-plane lattice constant a is expected to be
expanded for LSCO and compressed for SmCO. In order to observe these
changes. we have measured the lattice constants_a and ¢ with a four-circle x-ray
diffractometer. The results are shown in the form of a pole figure in Fig. 4-3-
8(a). The figure shows that the LSCO layers and SmCO layers grow epitaxially
on the SrTiO4 substrate. The most important observation of Fig. 4-3-8(a) is the

difference between the two in-plane lattice parameters for LSCO and SmCO. The
variation of the in-plane lattice constant a with the stacking periodicity is shown
in Fig. 4-3-8(b). It is seen that the parameter a of the SmCO layer decreases with
decreasing stacking periodicity below 60/60. On the other hand, for the LSCO
layer, a increases from 3.78 A at great thicknesses to 3.84 Aata periodicity of
15/15 with decreasing layer thickness. The changes in c have the opposite sign of
those in a. By comparison, for the LSCO/s-LCO multi layer, a remains constant
at 3.84 A. Thus the expansion of a in the LSCO/Sm CO layers may be attributed
to an in-plane pressure effect due to the large lattice mismatch. The changes in
the lattice constant a correspond to changes in the in-plane Cu-O bond length in
LSCO which is forced to expand parallel to the layer interface as the individual
layers become thinner. The pressure at the interface of the strained LSCO layers

may be estimated using data for bulk LSCO under isostatic pressure,

dP/da=1.6x10? Pa/a 39, In the case of the15/15 multi layer, a is expanded from its

normal value for LSCO of 3.78A to 3.84A . The corresponding pressure is 8
GPa.

The pressure effect can also be discussed from another point of view. We
consider two sheets in elastic contact and estimate the stress using elasticity

theory. In this case, the tensile stress (¢ ) in the LSCO layer can be written as

follows:
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o=E; (a - a,)dT dl/ti, (4-1)

where, dl,Ei, a1, and ti are the lattice mismatch, Young's modulus, thermal
expansion coefficient, and thickness of each layer [i=1(LSCO), 2(SmCO)]. Using
the values of dT=700 K and Ei =1.5 GPa, and a=10° K1 3D the stress in the
LSCO layer can be estimated as 3.0 GPa. This value is similar to the pressure
derived above from the experimentally observed changes in lattice
parameter.(Fig.4-3-9)

Corresponding to the changes of the lattice constant, the critical temperature

(T of these strained superlattices decreases rapidly with decreasing number of

half unit cells as shown in Fig. 4-3-10(a) (squares and solid line).It should be
noted that the in-plane pressure effect is independently induced in these
superlattices. Using the value -8 GPa, a negative pressure effect of -2.0 k/GPa

can be estimated from the observed T, decrease of Fig. 4-3-10(a).

Above the cycle of 60/60, the superlattice exhibits similar Tc to the standard
LSCO films[Fig.4-3-6(b) for 60/60]. Accordingly, this is a normal multilayered
thin film having original properties. The lattice mismatch is partially reduced in

the superlattice made of (La,Sr),CuO,/ Gd,CuO,(lattice constant a;3.89 A. this
superlattice shows the T,  of 18K at the stacking periodicity of 15/15 which is 3

K higher than that of LSCO/SCO [Fig.4-3-6(b)]. This value is expected from the
data of the pressure effect in the bulk samples.

For the unstrained superlattices, LSCO/s-LCO and LSCO/m-LSCO, of the
other hand, the lattice constant a remains constant over the entire range of layer

thicknesses.(Fig.4-3-11) For the former, T, dose not change down to a
periodicity of 15/15 multilayers. (Fig.4-3-12) The T, reduction for layer

thicknesses less than 10/10 periodicity will be discusses later.

The variation of T for the super/nvormal super lattices is shown in Fig. 4-3-

10(b). T, decreases gradually with decreasing number of half unit cells; however,
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the T decrease deviates markedly from that of the strain at the interface of each

layer. Therefore. the question is why the Tc of this kind of superlattice decreases
with decreasing stacking periodicity in the absence of lattice mismatch.

There are several possible explanations for this tendency of T, such as

interlayer coupling®?, 3D-2D (Kosterlitz-Thouless) transition!>1® | and
proximity effect!-7.

In the following we will examine the possibility of proximity coupling in
greater detail. It is well known that the Cooper pairs penetrate from a

superconductor into a normal metal, producing a lowering of T, in the

superconducting material 2-3). In the case that each layer is relatively thick, we

calculate T, using the de Gennes Werthamer (dGW) theory 33-34). For thin layers,

the coupling is calculated according to the Cooper limit theory33).

The relation between T, and the thickness of each layer may be written as

follows 36:37):

In (Tcs/T(‘)zx( E 52k52)7 (4'2)
[N £ 2ktan(kd)] =[N £ 2tanh(kd)],,, (4-3)
X(z)=T(1/2+1/2))- ¥ (1/2), (4-4)

where ¥ is the digamma function and T, T, k, and d; are the T of

superconductor, T, of normal metal, Boltzmann constant, and thickness of each

layer, respectively.

The open circles in Fig. 4-3-13 represent the calculated value using the
parameters V=8x10° cm sec’! and T =34 K 3. It is seen that for d>150A,

the dGW theory is in good agreement with the observed data (solid circles).

However, below 150 A, the measured T, is significantly higher than that

predicted by the dGW model. Instead, the observed values approach the value of

the Cooper limit calculated using the average (N,V) of the super/normal system
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given by

(NOV)=(stvsds+N112Vndn/(Nsds+Nndn) (4'5)
and using
T= D/1.45exp(-1/N,V), (4-6)

where D, N, V,, and d; are the Debye temperature, the effective attractive

interaction, and the thickness of each layer [i=s(super),n(normal)], respectively
35). This limit simply corresponds to very thin layers where the electrons
experience the average pairing interaction of the m (normal) and s (super)
materials.

By fitting eq. (2)-(4) to the experimental data, a coherence length of 50 A is
estimated for the normal m-LSCO layers. According to the BCS theory, the
coherence length of the oxide superconductors is very short because of their high

superconducting critical temperature (T ). Therefore weak interaction between

electrons and phonons in the normal layer produces this large coherence length
of 50 A. This may be one possible explanation for the long proximity coupling
length.

The stacking variation of the superlattices in LSCO/m-LSCO(metal) was
changed from 1;1 to 1;2 and 1;3. That is; the number of stacking periodicity of
the superconducting layer (LSCO) is fixed at 7 unit cells (42A) and that of
normal metal layer (m-LSCO) is changed from 7 unit cells to 14 unit (84 A) and
24 unit (126 A).  The superlattices with the stacking periodicity of 1;2 and 1;3
do not show superconducting behaviors. From the calculation in the Cooper's
theory (eq. 4-5 and 4-6), the Tc of 1;2 and 1;3 stacking is predicted 7K and 4.5K,
respectively. The Tc below the temperature of 10K is not measured with our
apparatus.

Finally, it should be noted that the SEM images of these superlattice have
shown good surface. Moreover the RHEED pattern shows streaked lines showing

epitaxial growth with as smooth surface.(Fig.4-3-14) These results also assure
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strict control of the crystal structure of unit cell order.

SIMS(secondary ion mass spectroscopy) and TEM image are shown in Fig.4-
3-15 and Fig.4-3-16. In the result of SIMS, the concentration of Sr is
oscillations. They indicate that the LSCO/SCO and LSCO/LCO superlattice are
actually constructed as we desired without any inter diffusion at the interfaces.
Furthermore, we have compared the R-T behavior of the two kinds of films.
One is LSCO(Sr=0.15)/LSCO(Sr=0.35) superlattice and the other is solid soluted
LSCO(Sr=0.25). If there is a inter-diffusion of Sr in the superlattice, both of
these two films show similar behavior. But they are apparently different each

other. This result also suggests that there is no inter-diffuision.

Conclusion

In conclusion, we have formed three series of multilayers, LSCO/SmCO,
LSCO/s-LCO, and LSCO/m-LSCO by using a multi target pulsed-laser-ablation
technique. The crystal structures and the superconductivity of the superlattice
are classified into three regions according to the number of the stacking
periodicity: the new compounds for 2/2 and 4/4, strained lattices for 15/15-60-
60, and multilayers for more than 60/60.

In the case of LSCO/SmCO strained multilayers, the lattice constants a and c
of the LSCO layers are expanded and contracted, respectively. In this
superlattice, a pressure of 8 GPa at the interface can be estimated by comparing
with isostatic pressure data in the bulk system. A value of 3 GPa is estimated
from the thermal expansion elastic calculation.

In the strained lattice region, the critical temperatures become lower as the

number of stacking layers decrease due to the pressure effect to the (La,Sr),CuO,

by Sm,CuQ, layer. The superlattices of 2/2 and 3/3 show the definable main X-
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ray peaks with satellites and can be regarded as new compounds with a large unit

cell having the combination of CuO¢ octahedral, CuO; pyramid, and CuO, sheet

in one crystallographic unit cell.
This result shows that uniaxial pressure, along the basal plane, giving rise to

variations in the Cu-O bond length in the CuO, plane is one of the important
factors determining T, In the case of the unstrained superlattices of LSCO/S-

LCO, on the other hand, the lattice constants a and ¢ do not depend on the

layering sequence. The T, decrease in the unstrained superlattices of

superconducting/ overdoped-m-LSCO layers was discussed in terms of proximity
coupling, and a large coherence length of 50 A was estimated for the normal-

metal layer.
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(La,Sr)ZCuO4 SmZCuO4

Fig. 4-3-1. Crystal structures of the row types of the copper
oxide (T-type and T'-type). In the T-type crystal structure, the

apical oxygen. Nevertheres, in the T'-type, there is not apical

oxygen.
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Fig. 4-3-2. Schematic model for the La; gsS15 15Cu0,/La,Cu0,

and La, :St; ;sCu0,/L; 4sS1, 55Cu0O, superlattices.
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Fig. 4-3-3. Schematic model at the interface between

La; ¢sSr; sCuO, layer and Sm,CuO, layer.
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Fig. 4-3-6. Resistivity - temperature curves for the superlattice
formed with various stacking periodicity (1/1, 2/2, 3/3 and
15/15 half unit cell) . The periodicities are shown in the

figure.
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Fig. 4-3-8. Pole fugure of the LSCO/SmCO superlattice
deposited on the SrTiO, substrate.
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Fig. 4-3-9. Schematic model for the stress analysis by elastic

calculation.
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Fig. 4-3-14. SEM image and RHEED pattern of the
(La; 455t 15)Ti05/Sm,CuO, superlattice.

124



INTENSITY (counts)|

E +5 )] = = s e ) i B Y = TRC

137 Lt d
N A . Y
! i {V\'\[‘\\W‘V\‘-j\/ \’NM/AI\/, A \['\/’f",\,‘\/ N\"J\A _ f“f'\l’\,-, v'%/ﬁ,‘\[r’ﬁ,-[""fh‘/.‘.“"""‘/‘W‘\‘“r\l\\-\ﬁﬁ-‘}l\r‘[\lgvmixikl""‘-\j{\l‘.&j [N\}/M\
i ‘\1."’1"»',\ )
Wy
"y i
I\H
Bt
E M/f 1 1 1 1
50 75 100 125 150

DEPTH (hm
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concentration can be observed.
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Fig. 4-3-16. TEM image and TED pattern of the cross section
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Chapter 5



5. Ferro/Di-electric Artificial Lattices

5.1 Introduction
A lot of ferroelectric films, such as SrTiO31), BaTiO32), PbTiO33),

LiNbO3 and LiTaO34), are of interest for a number of applications.

Among them, barium titanate (BaTiO3) is one of the most typical ferroelectric

materials, not only because of its simple crystal structure (ferroelectric
perovskite)but also because of its economical and scientific importance for
applications, such as nonvolatile memories, electro-optic switches and
detectors. Therefore, a large number of studies have been performed to

elucidate the mechanism giving rise to the ferroelectricity of this material and to

improve the propertiesl). To enhance the ferroelectric behavior of BaTiO3,

for example, various kinds of cations have been substituted for Ba and Ti. In
particular, when Ba is replaced by Sr as a solid solution, the dielectric
constant increase dramaticallyz)(Fig.S-1-1). Nevertheless, it have not been
made clear the reason why the dielectric constant increases so high. Isostatic
pressure is also effective to enhance the dielectric constant3>4), Superlattice,
man-made materials, will be very essential approach to control the crystal
structures and ferroelectric properties artificially. With this approach,
atoms such as Ba and Ti in BaTiO; can be replaced site-selectively with an
atomic order accuracy and strain can be introduced by a combination of
different layers(Fig.5-1-2). In this chapter, we report for the first time the
observation of novel super-dielectric properties in strained superlattices of

BaTiO3 and StTiO; or CaTiO3. The combination of BaTiO3 - SrTiO; show the
large dielectric value in their solid solution of (Ba,Sr)TiO3. The combination of

BaTiO3 - CaTiO3, on the other hand, show continuous change in their dielectric
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constant(Fig.5-1-1).
The tetragonal form of BaTiO; exhibits ferroelectric distortions
involving displacements of the cations(Ti%*, Ba2*) relative to the anions(02-),

leading to a net dipole moment per unit volume(Fig.5-1-3). These soft mode

distortions correspond to ¢ axis /a axis lattice strain in tetragonal BaTiO3.
When BaTiO3 layers (called BTO hereafter) are combined with SrTiO3
layers (called STO hereafter) or CaTiO4(CTO) as BTO/STO or BTO/CTO

superlattices, there is a relatively large mismatch of 2.5% or 5.5% between the
in-plane lattice parameters (BTO;3.990 A, ST0;3.905A and CTO;3.820).
Thus, strain is induced by changing the periodicity of the strained
superlattices. Larger ion shifts are expected in the case of larger lattice
mismatch. In order to study the importance of the soft-mode coupling with
the lattice strain, ferroelectric strained superlattice is also effective, because

even is cases with small strain in BTO, the strain energy strongly affects

the phase transition as was indicated in the bulk sample).
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showing atomic displacement.
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5-2. Growth control of single phase thin film crystals

- BaTiO,, SrTiO,, CaTiO; -

Abstract

We have formed the films of ferroelectric or dielectric materials (BaTiOj,
SrTiO; and CaTiO,)by the laser ablation on the SrTiO;, LaAlO; and MgO single
crystal (100) substrate. All the films can be formed epitaxially on the SfTiOS

substrate with c-axis orientation. The electrical behaviors of these films such as
dielectric constant and remnant polarization are quite similar to that of single
crystals in bulk samples. These results are the bases parameter for constructing

dielectric/ferroelectric superlattices (in chapter 5-3 and 5-4).

Experiment

In this study, the BaTiO; and SrTiO; or CaTiO; layers were stacked

alternately by a multi target pulsed laser deposition technique. This technique
offers advantages for film growth, including epitactic growth at low

substrate temperatures; congruent deposition of materials with complex

stoichiometries and facile deposition of materials with high melting points®7),

In our experiment, stoichiometric sintered BaTiO4(BTO), StTiO4(STO) and
CaTiO4(CTO) pellets were used as ablation targets as described in chapter 5-1.

An ArF excimer laser beam (wave length: 193 nm) was focused onto the target
of BTO and STO or CTO alternately with an energy density of 500 mJ/cm2, and
the BTO and STO or CTO layers were deposited on conductive 1%-Nb doped
single crystal SrTiO,(100), LaAlO,(100) and MgO(100) substrates which size

were 10 x 5 x 0.5' mm. The thickness of the BTO, STO and CTO films
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were about 1000 - 3000A. The films were formed at 600 - 650 °C in an
oxygen/ozone(8%) ambient at a pressure of 1-3 mTorr. This condition is
suitable for the formation of BTO, STO and CTO films commonly. The
deposition rate was 10-15 A/min. The change of lattice parameter of the
films was measured by 26-6¢ X-lay diffraction (Rigaku, RAD-C) and four
circle X-ray diffraction methods (Rigaku, RINT-9000). The epitaxy of the films
was also confirmed by reflection high energy diffraction (RHEED) with
acceleration Voltage of 15 kV and by the pole figure obtained by the four
circle X-ray measurement. Dielectric constants (er) of the films were

measured by LCR meters with changing the temperature and applied frequency

from 20 °C to 200 °C and from 10! to 106 Hz, respectively (WAYNE
KERR, LCR Meter 4210).

Results and discussion

Figure 5-2-1 (a) and (c) show X-ray diffraction patterns of StTiO4(STO) and
BaTiO, (BTO) films formed on the LaAlO,(LAO) substrate (lattice constant a=

3.79A). The STO and BTO films grown with 100% c-axis orientation
perpendicular to the substrate surface on LAO substrates with a FWHM (full
width at half maximum) of below 0.15° . Fig. 5-2-1 (b) and (d) show
calculated X-ray diffraction pattern of STO and BTO, respectively with assuming
the c-axis oriented crystal structures.  The peak position and the intensity of the
(001) and (002) diffraction of the calculated data are quite similar to that of
experimental one.  The lattice constant c of BTO and STO film are 4.040 A
and 3.905 A, respectively. |

We have measured the in-plane orientation of the BTO and STO films with a

four-circle x-ray diffractometer. The results are shown in the form of a pole
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figure in Fig. 5-2-2. The four {111} reflections of the BaTiO film are located

with the angle of 90° . This result shows that the BTO film oriented not only in
c-axis but also a and b-axis, that is BTO film grown epitaxially on the substrate.
The dielectric constant of the excimer laser ablated BTO and STO films with a
thickness of 0.1 xm are determined to be 400 and 300 at room temperature. The
dissipation factor (tan &) of these films have 0.01-0.02 at 1 kHz.
Ferroelectricity of the BTO film has been investigated by observing the

polarization hysteresis and the results are shown in Fig. 5-2-3, indicating clear
and large remnant polarization (P,) of 15 ptC/cm2 and coercive field of 10 kV-

cm. This remnant polarization value is almost similar to that of the theoretically
predicted value (Pr=25 uC/cm?). The relatively higher coercive field of Fig.5-2-
3 may be essential in the film samples associated with a crystallinity, micro
structures of the domain. and the residual stress from the substrate. Resistivity is
in the range of >1019 Qcm. The SEM images revealed that only those possess a
very smooth surface.

Figure 5-2-4 shows X-ray diffraction patterns of CaTiO, films deposited on
the various substrate of (a) LaAlO; (a=3.76 A), (b) SrTiO; (a=3.905A) and (c)
MgO (a=4.20A) . Iiis interesting that CaTiO; film can growth with c-axis

orientation on the LaAlO; and SrTiO,. In these case, lattice mismatch is only

0.76% and 2.2%, respectively. In the film growth on the MgO substrate, on the
other hand, (111) orientation occurs on be half of (100) orientation owing to

quite large lattice mismatch (10.0%). In the case of CaTiO, film deposited on
SrTiO, substrate, the CTO film epitaxially on the STO substrate from the result

of pole figure measurement. The dielectric constant ( ¢ r) and dispassion factor
(tandA) keep almost constant in the applied frequency between 1 kHz to 1
MHz.(Fig.5.2-6(a)) Furthermore, C-V curve show flat pattern indicate that the
film is not the ferroelectric behavior. (fig.5-2-6(b))
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X-ray diffraction pattern shows a c-axis preferred orientation and D-E

hysteresis can be observed indicating the ferroelectric behavior. (Fig.5-2-7)
Conclusion

In conclusion, the ferroelectric or dielectric thin films such as BaTiO;,
StTiO; and CaTiO; have been formed by the laser ablation on the SrTiO;,
LaAlO; and MgO single crystal (100) substrate. All the films can be formed
epitaxially on the SrTiO,; substrate with c-axis orientation. The electrical

behaviors of these films such as dielectric constant and remnant polarization are

quite similar to that of single crystals in bulk samples.
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Fig. 5-2-1. X-ray diffraction pattern of StTiO5(a), (b) and
BaTiO, (c), (d) deposited on LaAlO; (100) single crystals.

(a) and (c) are the observed X-ray diffraction pattern.
(b) and (d) are that of calculated pattern.
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Fig. 5-2-2. X-ray pole figure(a) and §-scan of the BaTiO;

films(b) in the X-ray diffraction patterns.
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Fig. 5-2-3. D-E hysteresis curve of the BaTiO; film

(X; 20 kV/cmdiv., Y; 16 ¢ C/cm?)
film thickness is 4000 A , measured at RT.
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Fig. 5-2-4. X-ray diffraction pattern of CaTiO3 film
deposited on (a)LaAlO,(100), (b) StTiO; (100) and (c)

MgO(100) at 500°C under the oxygen pressure of 1x103 Torr.
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deposited on SrTiO, (100) substrate and (b) the pole figure.
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5-3 Artificial control with unit cell scale
- BaTiO4/SrTiO; and BaTiO,/CaTiO, strained superlattices -

Abstract
Artificial dielectric superlattices of SrTiO3/BaTiO3(STO/BTO) and

CaTiO3/BaTiO3(CTO/BTO) have been formed by a pulsed laser ablation

technique with an in situ monitoring of RHEED(reflection high energy
electron diffraction) oscillation. The crystal structures can be controlled with
atomic order accuracy and a large strain of 400-500 MPa is introduced at the
interface between the BTO and STO layers. The superlattices show higher
dielectric constant than that of (SIO.SBaO.S)TiO3 films against the change of

temperature or applied frequency. Alarge dielectric constant of 900 was
observed for the superlattices with a stacking periodicity of 2 unit cells / 2
unit cells. The superlattices show drastically different electrical behavior

from that of the solid solution (Sr,Ba)TiO3 films, both with changing

temperature or applied frequency. Broad maxima of the dielectric constants
occur around 40-50 °C and the values remain large even for temperature above
200 °C. On the contrary, in the case of CTO/BTO superlattices, lattice constants
and dielectric constant do not change so much comparing with STO/BTO cases.
Lattice mismatch in the STO/BTO and the CTO/BTO superlattices are 2.5% and
5.5%, respectively. In the case of CTO/BTO, the misfit dislocation such as
stacking faults may occur at the interface between CTO and BTO layers owing
to large lattice mismatch. Therefore, lattice strain is introduced effectively below

the lattice mismatch of about 3 %.
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Experiment

In this study, the BTO and STO or CTO léyers were  stacked alternately
by a multi target pulsed laser deposition technique. This technique offers
advantages for film growth, including epitactic growth at low substrate
temperatures; congruent deposition of materials with complex stoichiometries
and facile deposition of materials with high melting points®.7), In our

experiment, stoichiometric sintered BaTiO3(BTO), SrTiO3(STO),
CaTiO4(CTO) and their solid solution of (SrXBal_X)TiO3 (SBTO) and (CaXBal_
IT 105 (CBTO) pellets were used as ablation targets. An ArF excimer laser

beam (wave length: 193 nm) was focused onto the target of BTO and STO or
CTO alternately with an energy density of 500 mJ/cm?2, and the BTO and STO
or CTO layers were deposited layer-by-layer on conductive 1%-Nb doped
single crystal SrTiO3(1OO) substrates which size were 10 x 5 x 0.5t mm. The

thickness of each layer of BTO and STO or CTO was varied in the range
from 4 A(1 unit cell) to 1000 A (250 unit cells) and the total thickness of the
superlattices was fixed at 2000 A, at first. Then the total thickness of the
superlattices was changed from 2000 A to 250 A. The films were formed at
650 °C in an oxygen/ozone(8%) ambient at a pressure of 1-3 mTorr
This condition is suitable for the formation of BTO, STO and CTO films. The
deposition rate was 10-15 A/min. The change of lattice parameter of the
films was measured by 26-0 X-ray diffraction and four circle X-ray
diffraction methods. The epitaxy of the films was also confirmed by reflection
high energy diffraction (RHEED) with acceleration voltage of 15 kV (Physitec,
RHG-1000) and by the pole figure obtained by the four circle X-ray
measurement (Rigaku, RINT-9000). Dielectric constants (er) of the films

were measured by LCR meters with changing the temperature and applied
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frequency from 20 °C to 200 °C and from 101 to 106 Hz, respectively
(WAYNE KERR, LCR Meter 4210).

Results and Discussion

[BaTiO_;/SrTiO3 superlattices]

Figure5-3-1 shows a RHEED intensity oscillation of the specular beam
reflection observed <100> azimuth during the formation of STO/BTO
superlattices by layer-by-layer successive deposition. When three unit cells of
STO were deposited on the substrate, clear three oscillations of the RHEED
intensity were produced with the streaky pattern. That is, three unit cells of STO
are deposited on the substrate followed by three unit cells formation of BTO.
The accurate total thickness of the films is confirmed by the thickness monitor
after the film deposition. The RHEED patterns showed streaks throughout the
film growth process, indicating that these materials can be formed by layer-by-
layer growth with flat surfaces. It was confirmed that one cycle of the

oscillation corresponds to one molecular layer growth of S1TiO; and BaTiO,, by

comparison with the number of the stacking cycles and the total thickness of the
film. Monitoring the total diffraction pattern makes it possible to control the

film growth with atomic accuracy.

Figure 5-3-2 shows the 6-26 X-ray diffraction patterns and calculated peak
position and intensities of the superlattices of STO/BTO with the periodicity of:
(a) 125/125, (b) 6/6. The pattern of Fig.5-3-5(a) is similar to that of the known

BTO and STO structure.
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The changes of the lattice parameters a and c saturate at a stacking periodicity
of approximately 40A (10 unit cells).  In this range, the superstructures
can be also observed in the X-ray diffraction patterns ; that is, the combination
of main peaks with satellite peaks.(Fig.5-3-2(b)) Therefore,
crystallographically, these superlattices should be classified as new materials

having a longer c-axis length.

In Figs. 5-3-2(b), satellite peaks are observed characteristic of superlattices.
From the viewpoint of crystal chemistry, the superlattices of 1/1 - 5/5 can be
regarded as new compounds having a long unit cell by the combination of SrO,

BaO and TiO2 layers in one unit cell. In the X-ray diffraction patterns, the

relative intensities of diffraction pattern are similar to that of the calculated one.

This result indicates that the BTO/STO superlattice was formed as designed,
and the pole figure and scan patterns indicate that the STO and BTO films
are in complete epitaxy with the substrate.

Fig.5-3-3 shows the variation of the ratio of lattice constant ¢ and a of
the STO and BTO layers as a function of the periodicity of each layer. The
lattice parameter c of the BTO layers increases with decreasing stacking
periodicity below 250(1000 A )/250(1000 A ) unit cells.(Fig.5-3-3(a)) On the
other hand, the lattice constant a decreases with decreasing periodicity, just
opposite of lattice constant c. (Fig.5-3-3(b), Fig.5-3-4) Thus the expansion of
c-axis in the BTO layers is attributed to an in-plane pressure effect due to the
lattice mismatch of STO/BTO(2.5%).

The pressure at the interface of the strained BTO/STO layers may be estimated

using data for bulk BTO under isostatic pressure, dP/da=1.0x101 Pa/a [10]

(Fig.5-3-5). In the case of the25/25 superlattice, a is compressed from its
normal value for BTO of 3.990A to 3.925A . The corresponding pressure is
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0.5 GPa.

The pressure effect can also be discussed from another point of view. (Fig.5-
3-6(a),(b)) We consider two sheets in elastic contact and estimate the stress using
elasticity theory. In this case, the tensile stress (o) in the BTO layer can be
written as follows as described in chapter 4-3:

o =E; (al-az)dT dl / ti, (5-1)

where dL,Ei, i, and ti are the lattice mismatch, Young's modulus, therma]
expansion coefficient, and thickness of each layer [i=1(BTO), 2(STO)]. Using
the values of dT=600 K and Ei =1.1 GPa, and 4 =10 K-1, the stress in the
BTO layer can be estimated as 0.4 GPa. This value is similar to the pressure
derived above from the experimentally observed changes in lattice parameter.
The pressure at the BTO layer induced by the STO layers is estimated to be
about 400 - 500MPa from elastic calculations. (Fig.5-3-6(b)) Strictly
speaking, stress in the strained superlattice has some distribution. To estimate
the distribution, the in-plane stress in the BTO/STO superlattice is calculated by
finite elements method. (Fig.5-3-6(c)) In the caser of 1000 A /10004 stacking,
the expansion stress (about -400 MPa) shows maximum in the BTO layer at the
interface and decreases gradually toward the middle point of each stacking

layer(almost zero).

The changes in the dielectric constant( e r) of the BTO/STO superlattices as
function of the stacking periodicity are shown ip Fig.5-3-7 (A). The
dissipation factors (tan 6 ) are also shown in Fig.5-3-7 (). The erdoes not
change much for periodicities between 100A  and 1000 A (25 - 250 unit cells
cycle).  In the range between 100 A (25 unit cells) and 8 A (2 unit cells)
stacking, however, ¢ r increases with decreasing stacking periodicity. The
changes of the lattice constants are in good agreement with the change of the

dielectric constant ( ¢ r). This result indicates that there s the pressure effect
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at the interface due to the large lattice mismatch between BTO and STO
layers. At the one unit cell periodicity, er decreases 500. This is

presumably because by the fact that, in this 1/1 structure, the TiO2 atomic

layer is sandwiched between a BaO and SrO layer.  This type of crystal

structure is quite similar to that of (Sr().S,BaO_S)Tl'O3 solid solutions in the sense

that both Sr and Ba are included in he basic perovskite cell. In the case of
superlattices with larger than 2/2 stacking periodicity, an original crystal

structure of BTO is maintained in one unit cell; that is, TiO2 layer is

sandwiched by BaO layers. Therefore, the crystal structure is essentially
different between the superlattice of 1/1 and those over 2/2.

The dissipation factors do not change so much in the all range of the stacking
periodicity (tan § = 0.06-0.08). Therefore, quality of the superlattices is
almost constant in a series of stacking periodicity.

Figure 5-3-8 shows the dielectric constant vs total thickness of STO/BTO
superlattices and (SrO.SBaO. 5)TiO; (SBTO) solid solution.  The filled triangle

(A), filled circle(@), and empty square([]) indicate the dielectric value of
4/4, 2/2 and 1/1 superlattices, respectively. The filled square mark(lll) show
the &rof the SBTO solid solution. The dielectric constant( e r) of SBTO
films decreases monotonously below the film thickness of 2000 A and becomes
almost zero at the thickness of 250 A.  The dielectric constants (&r) of
superlattice, on the other hand, show almost constant value in the thickness
range between 2000A and 250 A comparing with that of solid solution of
SBTO. It should be noted that the STO/BTO strained superlattices have high
dielectric constants even at the film thickness of 250A. The er of

(SO.S’BaO.S)TiO3 solid solution thin films, on the other hand, decreases

monotonously below the film thickness of 2000 A and becomes almost 10-20
at a thickness of 250 A .(Fig.5-3-8) Considering these tendencies, the

superlattice structure and the stress caused at the interface between the
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STO and BTO layers, apparently, play an important role in the enhancement
of the dielectric constant.

Temperature dependence of the er measured of the superlattices (total
thickness ; 2000A) at R.T. with 10 kHz are of particularly interesting as shown
in Fig.5-3-9. The dielectric constant of (SrO.SBaO.S)TiO?, solid solution thin

films becomes zero at 35 °C because of the phase transition from tetragonal to
the cubic structure. For the BTO/STO superlattices, on the other hand,
broad peak of &rwhichis typical feature of ferroelectric film is observed
around 50 - 60 °C and high ¢ rvalues are kept even at higher temperature
of 200 °C in the superlattices of stacking periodicity of 1/1 and 4/4.(Fig.5-3-
9(a)) This indicates that the ferroelectric phase transition occurs at high
temperature in the superlattice. Furthermore, for the BTO/STO-25 unit
superlattice, the er value is further increasing up to 200 °C. (the Curie
temperature of simple BTO is known as 130 °C.) Tetragonal phase of BTO
may become stable due to the compressive stress along in-plane induced by the
STO layers. In Fig.5-3-9(b), the total thickness of the superlattices are changed
2000 A ((J), 1000 A (A) and 500 A (@). The superlattices of 2000 A and 1000 A
thickness show similar behavior against the changing temperature. That s, the
broad maximum of ¢ r is observed at around 50 -60°C. The superlattice of
500 A thickness show double maximum of r at 50-60°C and 90-100°C.
Furthermore, these large dielectric constants of the ferroelectric superlattice
can be maintained at the high applied frequency of above 106 Hz.(Fig.5-3-10)
Dielectric constants of the superlattices, in the stacking periodicity of 1 -4
unit cells, decrease gradually with increasing the applied frequency. The
dielectric value of STO-2 unit/BTO-2unit superlattice, however, it still as

three times as large as that of (Sr,Ba)TiO3 solid solution at the applied frequency

of 106 Hz. In this frequency range, ionic factor plays an important role for the

dielectric constant. (Fig.5-3-11) In the bulk samples, the strain energy
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strongly affects the phase transitions®). In the superlattices of STO/BTO,
large ion shifts are expected owing to the large lattice mismatch.
Therefore, we believe that these phenomena observed in these particular
superlattices should be called "super-dielectric properties” which are
artificially induced in the man-made materials.

The FT-IR absorption spectra of SBTO film and STO/BTO
superlattices(100/100 unit) deposited at substrate temperature of 650 °C are
shown in Fig. 5-3-12(a) and (b), respectively. These measurements were
carried out in the reflection mode. These peaks are due to resonance with the
longitudinal optic(LO) phonon modes associated with STO and BTO films.
The peaks at 610cm-! indicates the typical spectrum of SBTO film(Fig.5-3-
12(a)). And STO/BTO superlattice shows the two series of peaks derived
from standard STO(590 cm'1) and BTO(410, 540 cml) and SBTO(610cm ).
The peak at 610 cm™! decreases with decreasing the stacking periodicity, and
eventually disappears at 4/4 periodicity.  The position of these peaks are in
good agreement with those of reported by Myoren et al.11,12), Recently,
Myoren et al. reported that the infrared polarized reflection spectra strongly
depend on the STO film thickness, and discussed the relationship between the
optical dielectricity and spectra.

In the "soft-mode" picture, the atoms primary occupy the ideal cubic sites
at high temperatures. As the temperature is lowered, one of the transverse
optical (TO) modes soften and becomes unstable, and the crystal transforms to
the tetragonal phase with atomic displacements along the [001] direction.®) In
the case of these strained superlattices, the soft-mode may be frozen by the

compressive stress in the film.

Fig. 5-3-13. shows capacitance-voltage curves of (a) BaTiO, single

phase film, (b) STO/BTO (total 500 A ) and (c) STO/BTO (total 2504)
with stacking 4/4 unit cells. In Fig.5-3-13(a) the butterfly type hysteresis
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can be observed which is the typical feature of ferroelectricity. In Fig.5-
3-13(b), a small hysteresis loop also observed in the thickness of the
superlattice.  But in Fig.5-3-13(c) that is 250 A case, it do not show any
loops.

In these displacive type, the energy(U) which determine the ferroelectricity

consists of short range force (Ushory) and long range force(Ulong),
U= Ushort + Ulong (5'2)

where Uy, . and Ulmng are contracted by as follows, respectively.
Ushort = Wr(r) + Wf(r) (5'3)

Wi(r) ; Born repulsion and Wi1(r) ; Van der Waals force

Wr(r) = cexp (pr:_Trp)

(5-4)
|l 4
Wi=—3 -
(4me)“r (5-5)
Ulong = Wa(r) + Wd(r) (5-6)
Wa(r) ; Coulomb's force and Wd(r) ; dipole-dipole interaction
—Z'Z’e
Wa(n)=— (5-7)

_3(rut rp2)-plp2r
Wd(r)a 4.7581'5 (5 _ 8)

In the case of superlattice, the short range force is same both of 500 A&
and 250 A thickness superlattices. Therefore, the long range force, such |
as Coulomb force or dipole-dipole interaction, plays an important role for
the ferroelectric behavior. The lower limit of occur the
ferroelectricity is around 250~500A. This is consistent with that

reported in the powder sample?3).
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Conclusion.

In conclusion, we have formed dicelectric superlattice of STO/BTO using
pulsed laser deposition technique. The dielectric properties of the

superlattices show quite different behaviors from those of SrTiO,, BaTiO3 and
(Sr,Ba)TiO3 single phase films. The dielectric and ferroelectric superlattices

are the promising approach to create new super-ferroelectric materials and

to make clear the mechanism of ferroelectricity.

153



[CaTiO3/SrTiO3 artificial superlattices]

Figure 5-3-15 (a), (b) shows the §-29 X-ray diffraction patterns of
BTO(400A)/STO(400A) superlattice (2) and BTO(20A)/CTO(204)
superlattice (b), respectively. The diffraction pattern indicates that the
BTO/CTO superlattice was formed as designed.

Fig.5-3-16(a) shows the variation of the ratio of lattice constant ¢ (@)
and a (A) of the STO and BTO layers as a function of the periodicity of each
layer The lattice parameter ¢ of the BTO layers and CTO layers do not
change in the all range of stacking periodicity. From the view point of lattice
matching, the lattice mismatch of STO/BTO and CTO/BTO are 2.5 % and 5.5%,
respectively.  Therefore, in the CTO/BTO superlattices, a misfit dislocation
(stacking fault) may occur at the interface between CTO and BTO layers owing
to the large lattice mismatch. Because of these misfit dislocation, the lattice
strain may be relaxed and can not play effectively as the pressure effect.
From the results of these experiments in the superlattices of STO/BTO
superlattices and CTO/BTO superlattices, the threshold of the lattice for the
strained superlattices is about 3%.

The critical thickness for the misfit dislocations can be estimated as follows

by Matthews24-25),

_ b(l-vcosB) 1

; _415(1+v)cosXh_c:(ln be+l) (5-9)

where ¢, b, he, b, yvand @ are lattice mismatch, critical thickness, v 2X a,
Poisson ratio and the angle between the slip dislocation and the that direction in
the film plane. (Fig.5-3-22) So in the case of STO/BTO superlattices in which
misfit is 2.5%, the critical thickness is above 200A. In the case of CTO/BTO
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superlattices, on the other hand, that is around 50 A .
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5-3-2. (SrXBal_X)TiO3 / (CaxBal_X)TiO3 superlattices

From the results of Chapter 5-3-1, the critical lattice mismatch is about 3%.

Therefore, we have formed the (S0.3Ba7)TiO; / (Ca, 5,Ba, 49)TiO5 superlattices
which lattice mismatch of 2.5% is similar to that of SrTiO3/BaTiO3 strained

superlattices. (Fig.5-3-20)

In these experiment, stoichiometric sintered (S¢.3Ba, ;)TiO; (SBTO) and
Ca 5,Ba, ,o)TiO, (CBTO) pellets were used. Total thickness and stackin
0.52P40.4 3 Y g

periodicity were fixed at 500 A and16 A (4 unit cell). Another conditions are
described in Chapter 5-3-1.

Results and discussion

The film of (S, ;Ba, ;)TiO; solid solution, StTiO4/BaTiO; superlattice and
(Sp.3Bay ,)TiO; / (Ca, 5,Ba, 49)TiO;  superlattices have the dielectric constants

of 20-30, 550 and 900, respectively. (Fig. 5-3-21 ) It should be noted that the
(Sq.3Ba; ))TiO; / (Ca 5,Ba, ,o)TiO; superlattice show large dielectric constant

value even at the film thickness of S00 A. This is because that the tetragonality

in crystal structure is enhanced by the pressure effect.
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5-4. Artificial control with atomic layer scale

- Atomic layer growth of SrT1'O3/BaT1'O3 and CaTiO3/BaTiO3 -

Abstract

SrTiO3/BaTiO3 and (321TiO3/B21TiO3 superlattices have been formed with

atomic layer scale. Monitoring the total diffraction pattern make it possible to

control the film growth with atomic order accuracy.

Experiment

For the control of the crystal structure with atomic layer scale, metallic

strontium(Sr), barium(Ba), calcium(Ca) and titanium oxide(TiOZ) were used

for the targets. The pulsed laser (ArF excimer : wavelength = 193nm) beam

was focused onto the targets of Sr, Ba, Ca and TiO2 targets alternately and
energy fluence of 1 - 0.5 J/cm2, and the STO(Sr/TiOz), CTO (Ca/TiOz) and

BTO(Ba/TiOZ) layers were stacked up layer-by-layer on the substrate (see Fig.

5-4-1). The thickness of each layer was varied from 4 A (it means 1 unit
cell) to 2507 (about 60 unit cells). The total thickness of these
superlattices were varied 500, 1000 and 2000A . The substrate used was 1%-Nb

doped conducting SrTiO3 single crystal(100) with a conductivity of < 104

ohm cm. The films were formed at the substrate temperature of 650 °C in

an oxygen (02:O3=92%:8%) ambient a pressure of 1 mTorr. The epitactic

formation of the films were monitored by reflection high energy electron
diffraction(RHEED) measurement in situ and pole figure measurement

using four circle X-ray diffraction method ex situ.  The deposition rate was 3-
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5 A /min.
Results and Discussion

1). Growth of BaTi03 - BaO/TiO2 with atomic layer scale -

Figure 5-4-2 shows the oscillation of RHEED intensity during formation of
BaTiO3 film by depositing Ba / TiO, sequence on S1TiO4(100) substrate. One

cycle of the oscillation exactly corresponds to the growth of one atomic layer of

BaO or TiO,. Fig. 5-4-3 shows cross section image of RHEED pattern along

<100>. From this result, lattice constant a (that is; in-plane lattice parameter)
can be estimated. The change of the lattice constant a during the film formation

is shown in Fig.5-4-4. It is interesting that the lattice constant a of BaTiO3
film shows similar value to SrTiO4 substrate at first step of film growth. The

lattice constant a of BaTiO3 layer keep constant at 3.90 A up to pile up 10-12
layers of BaTiO3. After the number of BaTiO3 layers above around 15 layers,

the lattice constant a increases to suddenly from 3.90 A — 4.08~4.10 A.

2).Growth of artificial BaTiO3/SrTiO3 and BaTi()3/CaTiO3

superlattices with atomic layer scale

Figure 5-4-5 and 5-4-6 shows a RHEED intensity oscillation of the specular
beam observed <100> azimuth during the formation of STO/BTO and
CTO/BTO superlattices by layer-by-layer successive deposition, respectively.

To determine the growth unit of S, Ba, TiO, corresponding to an oscillation
period, we have independently measured the thickness of STO/BTO and
CTO/BTO superlattices. It is sure that one cycle of the oscillation
corresponds to one molecular layer growth of SrO,
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TiO2 and BaO by comparing with the number of the stacking cycles and the

total thickness of the film. Furthermore, the RHEED patterns showed
streaks throughout the film growth process, indicating that these materials
can be formed by layer-by-layer growth with flat surfaces. With this
technique, STO and BTO layer are deposited followed by each layer
alternately. Monitoring the total diffraction pattern make it possible to

control the film growth with atomjc order accuracy.

Conclusion

In conclusion, the strained dielectric superlattices have been constructed with
the stacking combination of STO and BTO layers. The in-situ monitoring of
RHEED oscillation is effective technique to control the crystal structures at
atomic order accuracy. The STO/BTO superlattices show larger dielectric
constants than that of SBTO single phase films. The formation of dielectric and
ferroelectric superlattices are the essential approach to create the new high-

dielectric materials and to elucidate the mechanism of ferroelectricity.
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Fig. 5-4-1. Schematic image of forming the BaTiO:;/SrTiO3

superlattice controlled with atomic scale
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Chapter 6



6. Summary and future

In this study, comprising a fundamental research of "artificial superlattices"
for the metal oxide films, the focus has been put on the construction and
characterization of the superconductors and ferroelectric materials as well as
related artificial superlattices. The molecular beam epitaxy is employed for the
film formation of 3d-transition metal-oxides. For example, copper-oxide
superconductors and titanium-oxide ferroelectric and their superlattices.
@Superconducting artificial lattices ; (La,Sr)ZCuO4/Sm2CuO4, (La,Sr),Cu0O,
/La,CuO,(semiconductor), and (La,Sr)ZCuO4/(La,Sr)ZCuO4(over doped; metal)
Ferroelectric artificial lattices ; BaTiO4/SrTiO, and BaTiO,/CaTiO;,

Site selective substitution is also demonstrated for the first time by the layer-
by-layer successive deposition with laser MBE in Bi,Sr,Ca; Cu,04 compound.
The control sequence of the artificial lattice formation is as follows,
Dunit cell level ; Superconducting artificial lattices and Ferroelectric artificial
lattices
@sub-unit cell level ; Superconducting artificial lattices
atomic level ; Ferroelectric artificial lattices
The factor for determining the thin film growth is lattice matching and the
charge neutrality of each separated layer.

In chapter 3, the important factors for constructing 3d metal-oxide films is
elucidated in the formation of metal-oxide compounds. Perovskite PbTiO,
phase is constructed at the substrate temperature around 450°C and in the oxygen
pressure of 10-40 mTorr. In this case, the stability of PbO phase plays an
important role for the PbTiO; film formation. Namely, one of the most
important factor is metal oxide with low melting point (PbO) rather than that of
high melting point (TiO,). This is the guiding principle to form the metal

oxide film which is constructed with the combination of high melting points and
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low melting point compositions.

For controlling crystal orientation, the cooling rate as well as lattice matching
is the important factor. Perfect c-axis oriented film can be formed with a
cooling rate faster than 75°C/min. The laser ablated films exhibit good
ferroelectric properties. The diclectric constant and rematent polarization of the
100% c-axis oriented PbTiO; films are 120-130 and 80 uCl/em?, respectively.
This large remnant polarization, which is quite similar to that of theoretical

predicted, can be achieved for the first time by laser ablation.
The laser excitation process is one of the most typical feature of the laser

ablation. The second laser irradiation at the substrate surface is quite
effective for crystallization of the films at low temperature. The suitable
energy density of the irradiation laser is in the range of 50-80 ml/cm?in both
substrate irradiation and vapor irradiation.  And the laser irradiation effect is
some kinds of photo-chemical effect.

In chapter 4, the new layer-by-layer technique enables us to control the
larger number of the CuO2 layers (n) sandwiched by the thick BiZSrZCuO6
layers. With this technique, the number of "n" can be changed not only n=1-3 but
also n=4-8 in Bi,Sr,Ca, ,Cu,0,,., This basic concept and the particular
synthesis technique will be useful to understand the mechanism of the high T,
superconductivity and also to create new compounds. This method will be
applied to the other high T, superconductors, since all the copper based
superconductor have layered structure based on the (Ca,Sr)CuO2 layers.

The superlattices of (La,Sr)ZCuO4/Sm2CuO4 were formed onto SrTiO;
substrates at unit cell accuracy by an excimer laser deposition technique. These
superlattices can be classified into three regions. The controlled variations of the
in plane Cu-O bond length and interlayer proximity coupling have been produced
in La, 4sSty sCuO,(LSCO) based superlattices. In LSCO/Sm,Cu0O, strained

superlattices, the in-plane lattice constant of the L.SCO layers is increased and the
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transition temperature (T,) is decreased. The effective pressure is estimated
about 8 GPa and the in plane Cu-O bond length is an important factor
controlling T.. For the LSCO /La ¢St 35Cu0,(metallic) superlattices, a
proximity-induced coherence length of 50A is calculated for the metallic layer
using the de Gennes-Werthamer theory.

In chapter 5, ferroelectric or dielectric materials (BaTiOs,, SrTiO, and
CaTiO;) are formed by the laser ablation on the SrTiO,, LaAlO; and MgO single
crystal (100) substrate. All the films can be formed epitaxially on the SrTlO
substrate with c-axis orientation. The electrical behaviors of these films such as
dielectric constant and remanent polarization are quite similar to that of single
crystals in bulk samples. |

Artificial dielectric superlattices of SrTiO3/BaTiO3(STO/BTO) and
CaTiO3/BaTiO (CTO/BTO) have been formed by a pulsed laser ablation
technique with an in situ monitoring of RHEED(reflection high energy
electron diffraction) oscillation. The crystal structures can be controlled with
atomic order accuracy and a large strain of 400-500 MPa is introduced at the
interface between the BTO and STO layers. The superlattices show higher
dielectric constant than that of (SrO.SBaO.S)TiO3 films with changing
temperature or applied frequency. A large dielectric constant of 900 was
observed for the superlattices with a stacking periodicity of 2 unit cells / 2
unit cells. The superlattices show drastically different electrical behavior
from that of the solid solution (Sr,Ba)TiO3 films, both with changing
temperature or applied frequency. Broad maxima of the dielectric constants
occur around 40-50 °C and the values remain large even for temperature above
200 °C. On the contrary, in the case of CTO/BTO superlattices, lattice constants
and dielectric constant do not change so much comparing with STO/BTO cases.
Lattice mismatch in the STO/BTO and the CTO/BTO superlattices are 2.5% and

5.5%, respectively. In the case of CTO/BTO, the misfit dislocation such as
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stacking faults may occur at the interface between CTO and BTO layers owing
to large lattice mismatch.Therefore, lattice strain is introduced effectively below
the lattice mismatch of about 3 %.

Finally, the strained dielectric superlattices have been constructed with the
stacking combination of atomic scale with StO/TiO, and BaO/TiO, layers. The
in-situ monitoring of RHEED oscillation is effective technique to control
the crystal structures at atomic order accuracy. The SrTiO3/BaTiO3
superlattices show larger dielectric constants than that of (St,Ba)TiO; single
phase films. The formation of dielectric and ferroelectric superlattices are the
essential approach to create the new high-dielectric materials and to elucidate

the mechanism of ferroelectricity.

188



Chapter 7



7. Appendix

7-1. Preferential orientation in the thin film growth of PbTiO;

Abstract

Orientation of the ferroelectric PbTiO; (PTO) thin films can be controlled with

controlling the cooling rate after the film formation as described in Chapter 3-2.

In these experiments, ferroelectric PbTiO 3 epitaxial thin films have been formed

on a base electrode of Pt(100)/MgO (100) using ArF excimer laser ablation. The
X-ray diffraction patterns of these films show c-axis orientation with a rocking
angle of 0.5° when the film is cooled faster than 75 °C /min after the deposition.
The films exhibit clear and large ferroelectric hysteresis loops of 80uC/cm?2-
C-axis orientated PTO film show a large pyroelectrical behaviors of 1000-1500
V/W without poling treatment.

Introduction

A considerable amount of research has been focused on the growth and
device fabrication of ferroelectric then films for a variety of applications
including: nonvolatile memories; ultrasonic sensors; and IR detectors. Recently,

epitaxial ferroelectric films. such as PbTiO;, PZT, and PLZT, have been

successfully grown by a number of deposition techniques. A pulsed laser ablation
technique, on the other hand, has been widely used with great success in
producing high-quality thin films for high temperature superconductors. These
superconductors are multi component oxides and have a perovskite structure just
like many ferroelectric materials.

In this chapter I report the formation of preferential c-axis
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oriented PbTiO, epitaxial films using pulsed laser ablation, and
describe the pyroelectric behavior of PbTiO; films deposited on

SrTiO4(100) and MgO(100)a base electrode of platinum(100).

Experiment

The deposition system was already described in the earlier reports. Laser
pulses from an ArF excimer laser, energy density of 1 J/em?, were focused onto

a stoichiometric sintered PbTiO; target. A heated substrate was set parallel to,

and at a distance of, 3 cm from the target. The wavelength. the pulse width, and
repetition rate were 193 nm. 25 ns. and 10 Hz. respectively. The substrate used

was MgO(100), SrTi04(100) and Pt/MgO(100). The substrate was heated to
temperatures in the range of 400-550°C and the temperature (T,) was measured

with an IR pyrometer and a chromel-alume] thermocouple clamped to the back
of the substrate. The deposition experiments were carried out in an ambient

oxygen/ozone atmosphere [0,/0; (8%)] of 1-100 mTorr. The deposition rate was

about Snm/min and the thickness of the films was 1 um.

Pryroelelctric behaviors were measured in the frequency of 10-60 Hz.

Results and discussion

The perovskite PbTiO; phase is observed in film deposited at an

oxygen/ozone (8%) pressure of 10-100 mTorr in the temperature range of 400-
500°C. The film composition of the perovskite phase films is stoichiometric

PbTiO;, Which is the same as that of the target. However, films deposited below
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1 mTorr are Pb deficient, and had a mixed phase of pyrochlore and perovskite.

Figure 7-1-1(a) shows the tendency of the crystal orientation of the PbTiO,

films by controlling the cooling rate. (same figure as Fig.3-2-8) Figure 8-1-
1(b) shows the resistance vs cooling rate. The faster the cooling rate is the more
the resistivity increase. From the view point of electric properties, The
resistivity is required more than 108 ohm. Almost all c-axis oriented films are
formed at a cooling rate faster than 75°C/min. On the contrary, the slower of
the cooling rate is the better for the electric properties.

With the technique described above, the perfect c-axis orientation of the

PbTiO3 film can be formed. Pyroelectric voltages are detected on these

particular laser ablated epitaxial PbTiO, films even without poling treatment.

This property of the films being polarized in the as deposited state without poling
treatment would be very advantageous in the production of one- or two-
dimensional array IR detectors of small size because it is difficult to polarize all
the elements of a detector uniformly after deposition of the film In addition, the
pyroelectric voltage values are in good agreement with the degree of c-axis
orientation. Figure 7-1-2 shows the relationship between pyroelectric voltage and
frequency of IR irradiation with an intensity of 107W/cm?2. All the data are
amplified to 60 dB. The pyroelectric voltage of the 95% c-axis oriented sample
(Fig. 7-1-2; W) is twice as large as that of 40% sample (Fig. 7-1-2: A). The
dielectric constant of the excimer laser ablated films with a thickness of 1 um

was determined to be 120-130 with a dissipation factor (tan d) of 0.03-0.05 at 1
kHz.

Besides this cooling rate effect, the lattice matching at the interface between
films and substrates is of great importance for the epitaxial film growth. The

SrTiO; and the MgO substrates have about 0.3% and 7.7% lattice mismatching
with PbTiO3, respectively, at 400°C [Figs 7-1-3(a) and (b)]. Furthermore, the
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SrTiO;y substrate has the perovskite structure as PbTiO;. The MgO substrate, on

the other hand, has rock salt type structure. Figures 7-1-3(c) and (d) show the x-
ray diffraction pattern of the PleO films deposited on the SrT10 and MgO

substrate, respectively. Figure 7-1-3(c) shows strong (001) and(002) peaks
indicating that the film is preferentially oriented with the c-axis perpendicular to

the StTiO; substrate. Perovskite PbTiO, is crystallized at the temperature of 450
and 380°C on the MgO and SrTiO; substrates, respectively. This difference

derives from the difference of the lattice mismatching. The lattice constant a of

SrTiO; and PbTiO, are 3.905 A (at RT), 3.915 A (at 380°C) and 3.90 A (RT), 3.89
A (380°C), respectively. The lattice constant a of the StTiO; (100) substrate s
identical to that of PbTiO4(100) film . The closely matched lattice constants of

the film and substrates (0.2%-2%) result in epitaxial growth of the films at
relatively low temperature. The SEM images show the the surface of the film is
very smooth. The RHEED patterns show the epitaxial growth of the film.

This result suggests that a good lattice matching between the film (PbTiO,)

and the substrate (SrTiOy) has facilitated the formation of the films at low

temperature. The epitaxial and c-axis oriented nature of the films account for the

high ferroelectrical behavior obtained without poling.

Conclusion

In summary, ferroelectric PbTiO, thin films have been formed by an ArF

excimer laser ablation technique. The crystal orientation of the films can be

controlled by the combination with the substrate. The c-axis orientated PbTiO,

films show large pyroelectric properties of1000-1500 V/W at a frequency of 10

Hz without poling treatment.
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7-2. Heteroepitaxy of ferroelectric films on oxide superconductors

Introduction

When ferroelectric/dielectric materials are used for application and measured
their basic properties, a bottom electrode is required. So far, metal electrode,
such as Pt, Ti, Au and Al are used. These metal electrodes have good
conductivities (< 10° Qcm) but the lattice parameter are not suitable for
formation of 3d metal oxide materials. The ferroelectric materials and oxide
superconductors have quite similar crystal structure of "perovskite".
Furthermore, lattice constant is almost same. For example, lattice constant a of

PbTiO; and YBa,Cu,0, are 3.90 A and 3.84-890 A, respectively. Therefore,

heteroepitaxy between ferroelectric materials and superconductors is very

important.

Experiment

For the based electrode, typical three kinds of based electrode is selected,

that is Pt(FCC) , Nb-doped(1 mol%) SrTiO,(perovskite) and oxide
superconductors (La, ¢S, ;5)CuO, or YBa,Cu;0,(perovskite). They were
deposited on the SrTiO,(100) or MgO(100) single crystals at 500 ~ 700°C.

When the oxide superconductors were deposited on the substrate, oxygen (1-5 x
10-? Torr)was introduced during the film formation. The films were observed

with X-ray diffraction pattern and RHEED monitor to determine orientation and

crystallinity.
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Results and discussion

Figure 7-2-1 shows X-ray diffraction patterns and RHEED pattern of the

based electrode films of Pt and La, gsSr ,5Cu0, (LSCO;oxide superconductor)
coated on MgO or SrTiO; substrate. They show preferred c-axis orientation to

the substrate surface. Streak patterns of RHEED image indicate that these film
(Pt and LSCO) grow with atomically ordered flat surfaces. The resistivities of

(2)Pt film and (b)YBa,Cu,0, are shown in Fig.7-2-2. The resistivities decrease
with decreasing temperature below 300K. The YBa,Cu,0, film show metal —

superconducting transition at around 90K.

Figure 7-2-3 shows the X-ray diffraction patterns of PbTiO;(PTO) films
deposited on the bottom electrode of (a) Pt, (b) Nb-SrTiO; (STO) and
YBa,Cu;0,(YBCO). In all cases, PTO film have c-axis orientation to the

substrate surface. Furthermore, 'pole figure shows in plane orientation of
(2)PTO/LSCO) and PTO/Pt indicating cube-on-cube epitaxial relationship of the
multi layers.(Fig.7-2-4) That is ; PTO film can grow epitaxially on the bottom
electrode of both Pt and oxide superconductors(YBCO and LSCO). Rocking
curves of PTO films at (001) diffraction pattern are shown in Fig.7-2-5. The
FWHM( full width at half maximum) are 0.5-0.6° (PTO/YBCO and PTO/LSCO
sequence) and 1.0 ° (PTO/Pt). The lattice matching between PTO-Pt, PTO-
YBCO and Pt-LSCO are almost same. Therefore, the crystal structure of
perovskite and surface energy of oxide/oxide(PTO/oxide superconductor)

comparing with metal/oxide(PTO/Pt) play important role for the film

formation.
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Conclusion

In conclusion, heteroepitaxy of ferroelectric materials on the oxide
superconductors have been demonstrated.  For the crystal growth and electrical
applications, heterostructure of ferroelectric materials / oxide superconductors is

essential approach to get the epitaxial thin films.
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