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Preface

This thesis describes the work carried out for the Master’s course in the Department of

Advanced Materials Science, University of Tokyo. The central topic is to optimize the

growth condition of cuprate thin films. In prospect for fundamental physics of high-Tc

superconducting thin films and functional devices utilizing superconducting superlattice

and ultra-thin films, it particularly focuses on La2−xSrxCuO4. Throughout this study,

laser conditions and cooling procedure in PLD are mainly investigated. In addition,

the installation of an ozone generator to the PLD system are successfully achieved to

meet a requirement for enhancement of superconducting properties. Based on precise

controlling of laser conditions, the way to obtain stoichiometric films with high-quality

superconductivity is presented. The effect of ozone to the quality of thin films is also

shown. These results lead to access the research field to study the physical properties in

the artificial oxide interfaces utilizing cuprate thin films.
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Chapter 1

Introduction

Oxide interfaces have recently been attracting a great deal of interest. In particular,

transition metal oxide heterostructures are one of the central research fields since they

exhibit various exciting physical properties such as high-Tc superconductivity and colos-

sal magnetoresistance [1, 2]. As symbolized by the phrase Herbert Kroemer used in his

Nobel lecture, “the interface is the device” [3], heterostructures hold enormous poten-

tial as innovative devices utilizing exotic phenomena. Not only that, the point to stress

is that the heterostructure enables us to access unconventional properties appearing at

interfaces which cannot be realized in the bulk phases. Recently, various attracting phe-

nomena have been observed in artificially designed oxide interfaces including the charge

discontinuity between oxide layers, such as LaTiO3/SrTiO3 [4], LaAlO3/SrTiO3 [5], and

La0.7Sr0.3MnO3/Nb-doped SrTiO3 [6]. In addition, superconductivity in the SrCuO2-

BaCuO2 superlattice is worthy to note because both SrCuO2 and BaCuO2 are individu-

ally not superconducting. The thin-film research revealing hidden physical properties at

oxide interfaces is expanding.

La2−xSrxCuO4 can be a promising material to show unconventional properties when

accommodated in heterostructures. As a typical example, the superconducting transition

temperature Tc is strongly dependent on the epitaxial strain and oxygen configuration

inside the film [7]. The recorded maximum Tc = 51.5 K was observed in a La1.85Sr0.15CuO4

thin film under compressive strain with extra oxygen incorporation, even though Tc peaks

at around 40 K in the bulk [8]. In a bilayer system, interfacial superconductivity has

been discovered [9]. A bilayer combining an insulating La2CuO4 layer and a normal

metal La1.55Sr0.45CuO4 layer grown on a LaSrAlO4 substrate showed superconductivity,

which implies charge transfer across the interface. This has given rise to increasing

interest in the mechanism of the interface superconductivity [7]. Additionally, ultra-

thin films of La2−xSrxCuO4 offers the possibility to approach the thin limit of high-Tc

superconductivity presented in a single CuO2 plane. As shown in Fig. 1.1, this material

processes the simplest crystal structure among the high-Tc superconductors. Related to

the crystal structure, the La2−xSrxCuO4/SrTiO3 interface is also a fascinating system

since it can include a built-in polar discontinuity between stacking layers. Some kind of

reconstruction can be expected [10]. Furthermore, what should be emphasized is that
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Figure 1.1: The crystal structures of La2CuO4 [12]. The sequence of the stacking layers
along the c-axis is shown. Black, blue, and red circles indicate Cu2+, O2−, and La3+ ions,
respectively.

the strong oxidization by ozone enhances the superconducting properties in thin films.

Not only does it make Tc exceed the bulk value, it leads La2CuO4+δ to superconducting

phase [11]. Thus, La2−xSrxCuO4 thin films teem with tremendous potential.

Pulsed laser deposition (PLD) is a suitable method for fabricating such thin films

because it is a relatively simple and flexible technique for the deposition of high-quality

films from multi-component targets. When we take on the challenge to explore the

physical properties of artificial structures, this is a big advantage. It is, however, well

known that precise control of the growth parameters is required. As suggested in the

growth of titanates and manganites [13, 14], the optimization of the laser conditions

is particularly important in addition to the control of the temperature and pressure.

According to these results, the laser conditions significantly affect the cation ratio, which

is a determinant factor of the physical properties. In other words, the optimization of the

laser conditions is a crucial step to conduct research in the field of artificial structures

utilizing La2−xSrxCuO4.

In this Thesis, we provide the basis to fabricate high-quality La2−xSrxCuO4 thin films

especially focusing on the laser conditions and the oxidization process. We were able to

optimize the laser condition and found a clear correlation between the laser density and

the resistivity distribution. Additionally, we successfully introduced an ozone generator

into the PLD system, resulting in the enhancement of film quality and superconducting

properties. The outline of this Thesis is the following. In Chapter 2, the fabrication

and characterization techniques are described in detail. In Chapter 3, the properties of

ozone and the set up of the ozone generator are described. In Chapter 4, the crucial Tc

determinants in La2−xSrxCuO4 system are summarized. In Chapter 5 and 6, the results

and findings throughout this study are presented and discussed. In Chapter 7, the overall

conclusion is presented.
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Chapter 2

Fabrication and characterization
techniques

2.1 Sample fabrication

2.1.1 Pulsed laser deposition system

As a method to fabricate thin films, pulsed laser deposition (PLD) has been adopted

throughout this study. A schematic design of the system is illustrated in Fig. 2.1 (a).

Our system is composed of two vacuum chambers, the load lock chamber (L/L) and

the main chamber. The L/L can be vented to atmospheric pressure, but the main chamber

is not, in normal operation. This is because of the requirement to maintain a high vacuum

and to eliminate impurity gases inside the main chamber. The sample is, consequently,

introduced into the main chamber from the L/L, after loading into the L/L from outside.

Sample fabrication is carried out inside the main chamber under precise temperature and

pressure control.

The sample temperature is increased by a lamp heater, which is cooled by water flow

(not shown in the figure). The maximum temperature is about 1000 ◦C. The temper-

ature can be controlled by a proportional-integral-derivative (PID) system continuously

and smoothly. The detailed set up of the PID system is described in Appendix A. As

for the gases during growth, oxygen and ozone are introduced to main chamber. The

pressure inside the chamber has a significant effect on the film growth so that the gas

insertion and exhaust systems are both important. The nozzles of oxygen and ozone are

separately installed. Their partial pressures can be modified independently. Each gas

is introduced through a variable leak valve (VLV) (Varian, Inc.) whose minimum flow

rate is 10−10 Torr·l/sec corresponding to a vacuum range of ∼ 10−11 Torr. For the gas

exhaust system, one rotary pump (RP) and three turbo molecular pumps (TMPs) pump

the main chamber. The base pressure in the main chamber is lower than 1× 10−8 Torr.

In addition to the above systems, a shutter and a valve are set in order to control the

gas flow inside the chamber. When controlling the pressure, one needs to coordinate the

gas insertion system, the gas exhaust system, the shutter and the valve appropriately

(Appendix A).
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Figure 2.1: (a) Schematic overview of the PLD system, and (b) the ablation process.

After adjusting the temperature and pressure appropriately for the growth conditions

of each material, the sample fabrication is carried out. PLD is, as the name suggests, a

method to deposit laser-ablated materials on the substrate. As the source of energy for

evaporation, a pulsed KrF excimer laser is used with a wavelength of 248 nm and a pulse

duration time of ∼25 ns. As shown in Fig. 2.1 (a), the laser beam is introduced into

the chamber through a convex lens and a quartz plate. The laser-ablated target material

immediately evaporates and quickly turns into a plasma. Each element of the material

travels to the substrate, and is influenced by the atmosphere and the laser conditions

(discussed later). Just at the moment the species reach the substrate, they cool rapidly

after diffusing on the surface of the substrate and arriving at an energetically stable

position. This process can be directly monitored by the reflection high-energy electron

diffraction (RHEED) system. The electron beam of the RHEED irradiates the surface

of the substrate at a small incident angle. After scattering at the surface, the diffraction

pattern appears on the phosphor screen. Since the pattern and intensity indicate the

periodicity of the surface, one can monitor the growth mode in situ through the changing

intensity of the diffraction spot.

Compared to other methods such as molecular beam epitaxy (MBE), PLD has great

advantages for the fabrication of oxide thin films in the following aspects. Firstly, PLD is

suitable to grow multi-component materials. This characteristic is important because the

target oxide materials used in this study have a complex composition. They often contain

three or four elements. In addition, the cation ratio decides their physical properties in

many cases, in other words, the deviation of the cation ratio means the appearance

of unexpected physical properties. The laser ablation process in PLD, however, can

directly transfer the target composition to the substrate keeping its cation ratio under the
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Figure 2.2: The schematic illustration of laser ablation and plume distribution at the
surface of the target when the spot size is (a) small and (b) wide. The black arrows
indicate the focal position. (c) The spot sizes are measured as the position of the convex
lens is changed. The spot size is defined as the discolored area of a photo-sensitive paper
ablated by the excimer laser. The dashed red line is fit in the range of convex lens position
-20 from 20 mm.

optimized conditions of atmosphere and laser ablation. Thus, one can avoid fine-tuning

the evaporation rates of each element, as required in MBE, so that one can control the

physical properties of the film by design. Secondly, it is easier to make a superlattice

structure in-situ in PLD. It is only necessary to prepare several targets in advance.

Target exchange in PLD does not require breaking the main chamber vacuum unlike

the case of MBE, which makes PLD a suitable method for making multi-component

superstructures. Artificial structures never seen in nature could be one of the candidates

which open new fields of physics. In addition to the above, it is important in PLD

to provide sufficient energy to evaporate the target materials. Many oxides have high

melting points, exceeding 1000 ◦C. The laser ablation process, however, has the energy

to break the chemical bonds and form a plasma of each element. Consequently, almost

all oxide materials are candidates to be targets.

2.1.2 Laser condition

It has been pointed out that one should optimize the laser condition for each target

material as well as the temperature and pressure in order to achieve the stoichiometric

transfer of the target material to the substrate. In particular the laser fluence and spot

size at the surface of the target have a significant effect on the stoichiometry of the ablated

elements. In the PLD system used in this study, the laser intensity and the spot size are

controlled by optical attenuators and a convex lens. The optical attenuators are placed

in front of the laser source (not shown in Fig. 2.1 (a)) and the distance from the target

surface to the convex lens is adjustable. The top of the target is placed at a defocusing

5
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Figure 2.3: Schematic (a) cross section and (b) horizontal section of the Qmass. The
different colors indicate the different ion masses. Opposite poles are electrically connected
(yellow-yellow and gray-gray).

position (between the focal position and the imaging position). The ablated area has a

square shape, the size of which can be modified by changing the focal length as shown

in Fig. 2.2 (a) and (b). Generally, the expansion of the plume tends to be larger as the

spot size decreases. The relationship between the spot size and the convex lens position

has been investigated as shown in Fig. 2.2 (c). When the spot size becomes smaller, the

blurred edges of the spot become relatively large, making an accurate determination of

the spot size difficult. For that reason, in this study, the extrapolated values are taken

in the small spot size region.

2.1.3 Ozone and quadrupole mass spectroscopy

Ozone is utilized in our PLD system as a strong oxidation source. The purpose, set up,

and usage will be described in the following Chapter.

In order to confirm the existence of ozone, a quadrupole mass spectrometer (Qmass)

(DycorTM LC200MS: AMETEK Inc.) is attached to the main chamber as illustrated

in Fig. 2.1 (a). The Qmass is composed of four electrical poles as shown in Fig. 2.3.

Two pairs of opposite facing poles are connected. In each pair of poles, a direct current

passes and an alternating electrical field with high frequency is applied. When ions pass

through the center of the four poles, they are perturbed depending on their ion mass. As

a result, only an ion with a particular mass can reach the detector, while other ions are

trapped by the poles. By controlling the ratio and the intensity of the direct current and

the alternating electrical field, ions with different masses can be detected independently.

In this PLD system, the quantity of Oxygen atoms O (atom weight: 16), Oxygen

molecules O2 (32), and Ozone O3 (48) is monitored when the ozone generator is operated.

Since the operating pressure range is from ultrahigh vacuum to 10−4 Torr, the existence

of ozone has been confirmed below 10−4 Torr. However we often utilize ozone above 10−4

Torr, meaning that we cannot confirm the quantity of O3 in this regime.
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2.1.4 Ohmic contact

After preparing a sample, ohmic contacts are fabricated to measure the transport proper-

ties. In this study, gold and aluminum contacts were used. Both contacts are fabricated

in a metal evaporator as shown in Fig. 2.4. The base pressure is about 10−5 Torr.

Usually, the thickness of contact is set around 500 Å.

In the case of making gold contacts, a gold target in a carbon crucible is heated by

thermal electrons from a hot cathode, and then evaporated to the sample placed facing

the crucible at the top of the chamber. Electrons from the cathode are extracted by

an accelerating voltage V0. Then, the magnetic field B from the permanent magnet

bends the orbit of the electrons towards the gold target. From the balance between the

centrifugal force and the electromagnetic force, their orbital radius R can be calculated,

me·v2

R
= evB. .

.
. R =

√
2mV0

B
(2.1)

where m is the mass of electron, v is the velocity of electron, and the relationship of
mv2

2
= eV0 is taken into account. The orbital radius R can be modified by the change of

the accelerating voltage V0 = 4 kV and the magnetic field B. In this system, V0 is used

as a tuning parameter since B is constant.

In the case of making aluminum contacts, aluminum is resistively heated inside a

tungsten boat and evaporated in the same evaporator.

2.2 Characterization of basic physical properties

2.2.1 Surface morphology

Surface morphology is one of the important thin film properties which reflects the quality

of the sample. A flat surface indicates homogeneous growth from the interface to the

7



top surface. On the other hand, particles and precipitates on the surface often provide

important information reflecting the film off-stoichiometry and the growth mechanism.

In this study, the surface morphology is characterized by an atomic force microscope

(AFM: Veeco, Digital Instruments DimensionTM). The AFM is one method to directly

observe the surface utilizing Van der Waals forces between the sample and the tip. The

tip is located at the end of a cantilever, which is oscillated by a piezoelectric device. The

oscillation is monitored by a laser which is reflected off the cantilever. When the Van der

Waals force is changed, the cantilever oscillation is also modulated. The surface structure

is primarily detected as the change in the force experienced by the tip, and then converted

into voltage. By scanning a specified area, we can obtain 3D surface information.

2.2.2 Crystal structure

X-ray diffraction (XRD) is a widely used method to determine the crystal structure of

thin films, because the wavelength of x-rays and the atomic spacing in the crystal are

of the same order. A high resolution XRD system (D8 Discover: Brucker AXS Inc.) is

employed in this study. The samples were irradiated by Cu Kα1 radiation (λ=1.54056 Å)

which was monochromated by a Ge (220) monochromator. Three types of measurement

are mainly made: θ-2θ scans, rocking curve, and reciprocal space mapping (RSM). θ-2θ

scans give us information about the film epitaxy and lattice spacing perpendicular to

the substrate, as calculated by Bragg’s law. The full width at half maximum (FWHM)

of the rocking curve gives information about the crystallinity of the film. From RSM,

we can deduce the in-plane lattice constants. Based on information about the crystal

structure of the films, we can discuss the difference from bulk propeties and consider the

correlation between the crystal structure and other physical properties.

2.2.3 Thickness measurements

In this study, the film thicknesses have been determined by three different methods: a

stylus profilometer, thickness fringes of the XRD peaks, and Sherrer’s equation. The

appropriate method was selected depending on the thickness and the crystallinity of the

films.

As a stylus profilometer, a Dektak R© 6M Stylus Profiler (Dektak) (Veeco Instruments

Inc.) was used. By measuring across the edge between the film and the bare substrate, 1

the film thickness is measured directly. The Dektak is suitable for relatively thick films

so that it was used when the expected film thickness was over 500 Å.

When out-of-plane coherent growth is achieved, we can observe several fringes around

the Bragg peaks in the θ-2θ measurement. We can derive the film thickness t using,

t =
λ

2(sinθn+1 − sinθn)
, (2.2)

1When fabricating the thin film, the edges of substrate are clamped to secure the sample. Thus, the
target material is not deposited onto the clamped edges.
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where λ is the wavelength of the Cu Kα1 line (λ=1.54056 Å), and sinθn and sinθn+1 are

the neighboring angles.

The FWHM of the film Bragg peaks also gives useful information about the film

thickness. Sherrer’s equation, which was originally a method to calculate the size of

crystal domains, can be used as a method to estimate the thickness of relatively thin

films because the size of crystal domains can be approximated to be of the same order as

the film thickness. From Bragg’s law, we multiply both sides by an integer m such that

md = t, giving

mλ = 2tsinθ. (2.3)

Next, we differentiate both sides of Eq. (2.3) remembering mλ is a constant,

0 = 2∆tsinθ + 2tcosθ∆θ, (2.4)

then,

t =
∆tsinθ

cosθ∆θ
. (2.5)

Since the smallest increment in t is d, using ∆t = d, and substituting λ/2 for dsinθ (from

Bragg’s law) we get,

t =
λ

2cosθ∆θ
. (2.6)

A more sophisticated analysis of the problem gives a prefactor of 0.9 on the right hand

side of Eq. (2.6) and leads to Scherrer’s equation,

t =
0.9λ

2cosθ∆θ
. (2.7)

Thus, if the FWHM is used as ∆θ, we can simply calculate t.

2.2.4 Transport properties

In-plane transport properties of thin films are measured by a standard four-probe mea-

surement. After making ohmic contacts, metal wires (Au wires are used in most cases)

are attached by hand onto the contacts of the sample with Ag paste. The measurement

is carried out using the resistance bridge of a Physical Properties Measurement System

(PPMS: Quantum Design Co.). In the PPMS, we can measure transport properties with

continuously changing temperature, and a superconducting magnet also allows a mag-

netic field to be applied. The utilized range of temperature was from 2 K to 300 K, and

magnetic field between ±8 T.

2.3 Characterization of junction properties

2.3.1 Current-voltage and capacitance-voltage characteristics

Standard current - voltage (I-V ) and capacitance - voltage (C-V ) characteristics are

measured across the junctions. Both of the detailed theories are not described in this
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thesis, but can be found elsewhere [15]. I-V measurements were carried out in the

PPMS using a Semiconductor Parameter Analyzer (SPA: Agilent Technologies, Inc.) or

Sourcemeter (Keithley 2410). C-V measurements were also investigated in PPMS with

a Precision LCR Meter (LCR Meter: Agilent Technologies, Inc.). Detailed measurement

parameters will be described in each Chapter.

2.3.2 Photovoltaic measurement

In order to realize photocarrier injection (PCI) in these samples, ultra-violet light is

required. As a light source, a LAX-102 (Asahi Spectra Co., Ltd.) is used. The emitted

light from a Xe lamp is reflected by mirrors to provide a specific range of wavelength. In

our system, the range of ultra-violet light, 300 ∼ 400 nm, is selectively transmitted. To

control the light intensity, 1 % and 12 % attenuators were used.

Since photovoltaic measurements are carried out in the PPMS, a fiber bundle and

an imaging lens system were previously designed and could be installed into the sample

space of the PPMS. An overview of the set up is shown in Fig. 2.5. The maximum

intensity we can achieve is 25 mW/cm2. By using a neutral density (ND) filter, we can

digitally modify the light intensity from 1 % to 100 %. In addition, we can select the

wavelengths at 10 nm intervals from 310 ∼ 380 nm by using the band-pass filters.

Xe lamp

ND filter

Band-pass
filters

Imaging
lens

Fibers

Xe lamp

ND filter

Band-pass
filters

Imaging
lens

Fibers

Figure 2.5: Schematic overview of the optical system using in the photovoltaic measure-
ments.
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Chapter 3

Ozone

3.1 Advantages of ozone utilization

An ozone generator has been installed for use with our PLD chamber. Here many strong

advantages of the use of ozone in the growth of oxide films will be introduced.

First, the oxidizing power of ozone has a large effect on the growth of oxide films.

It is known that ozone is the second strongest oxidizing agent after fluorine [16] and its

oxidizing power is higher than that of the molecular oxygen by a factor of more than 106

[17]. According to other reports, it is said that the activity of ozone at T = 300 K is 1019

times larger than that of molecular oxygen [18, 19]. Because the physical properties of

oxides can be easily changed by the existence of an oxygen deficiency, a sufficient supply

of oxygen is essential in the growth of oxide films. In addition, powerful oxidization

potentially serves to stabilize new phases, which we cannot access with molecular oxygen.

For example, SrFeO3 thin films are unstable under conventional PLD conditions (and can

be stabilized only under oxygen pressures as high as ∼ 50 MPa), but epitaxial thin films

were successfully fabricated under an ozone atmosphere [20].

Ozone can be utilized for surface treatment of substrates as well. Due to the strong

oxidization power, carbon contamination can be easily removed at relatively low temper-

atures. Clean surfaces without contamination are highly important for achieving good

properties of interfaces and junctions. In ultra-thin films, the interface condition has a

crucial effect on the film properties [21]. As for junction properties, there is a report that

ozone enhances the rectification properties in Schottky junctions [22].

The leading reason why we utilize ozone in our PLD chamber is that it can enhance

the superconducting properties of La2−xSrxCuO4 thin films [11, 17, 23]. By utilizing

ozone during thin film growth, we can obtain higher Tc than bulk [17, 23]. In addition,

we can make superconducting La2CuO4−δ [11], which is an insulator in the bulk phase.

In this Chapter, the set up of ozone generator in our PLD chamber will be overviewed

after briefly introducing the basic characteristics of ozone. Finally, we will show the

confirmation of the existence of ozone in the chamber.
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3.2 Overview of ozone characteristics

In the normal atmosphere, the concentration of ozone is 0.005 ppm. Ozone is well known

as an absorber of ultra violet light in the ozone layer. Due to its high reactivity, about

95 % of ultra violet light from the sun is absorbed in this layer.

Ozone O3 is a resonance hybrid

O− = O+ −O 
 O = O+ −O−, (3.1)

which is unstable and can be easily decomposed into molecular oxygen O2. The decom-

position of ozone is a function of temperature and the concentration of O2. In general,

the half-life is a few seconds at 200 ◦C in air as a consequence of the high oxidization

power [16].

There are three main generation methods of ozone: the photochemical reaction

method, the electrolytic method, and the discharge method. The first method utilizes

the photochemical reaction between O2 and ultra violet light

O2(g)
UVlight−−−−−−−−→ 2O•, (3.2)

O2(g) + O• −→ O3(g). (3.3)

The dissociation reaction of O2 (Eq. 3.2) proceeds under the wavelength of 185 nm [16].

However, ultra-violet light of wavelength 254 nm decomposes O3 into O2

O3(g) + O• UVlight−−−−−−−−→ 1

2
O2(g). (3.4)

Because ultra-violet light generates and decomposes ozone at the same time, we cannot

obtain a high-concentration of ozone by this method. The second method decomposes

H2SO4 aq. or HCl aq. by electric currents. Because it requires extremely large currents,

it is not suitable for practical use. Finally, the discharge method is the most widely used.

If we apply high voltage to O2 gas, O2 can transform into O3. There are three types of

discharge: silent electric discharge, corona discharge, and combined discharge. In this

study, we used silent electric discharge.

Since ozone is a toxic gas, excess ozone gas needs to be decomposed before exhausting

to air. In this set up, we used the heating method and carbon adsorption to decompose

excess ozone. When temperature increases, the dissociation process of O3 is accelerated.

The carbon adsorption method is steady and effective to break down ozone. When ozone

is adsorbed on the surface of carbon, it reacts with carbon and produces CO2 and a small

volume of CO. This process is exothermic [16],

2O3(g) −→ 3O2(g) + 286kJ/mol. (3.5)

The activation energy of this process is large, so the reaction rate is not fast [16]. Addi-

tionally, ozone accumulates on the surface of carbon, so the carbon must be exchanged.
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Figure 3.1: Schematic illustration of the set up of the ozone generator. The central grey
box represents the main component. The frequently used valves and micro valves are
labeled. L1 is a variable leak valve, which directly connects to the main PLD chamber.
v6 valve is open to the atmosphere. The pressure in this system can be monitored by the
pressure gauge. N2 gas is installed to enhance the O3 generation rate.
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Figure 3.2: Ozone concentration in the output gas as a function of (a) output power (%),
(b) gas flow through the ozone generator, and (c) gas pressure inside the ozone generator.

3.3 Installation of the ozone generator

As the ozone generator, SEMOZON R© AX8401 (MKS Instruments, Inc.) was used.

Ozone is produced from oxygen by electrical discharge inside the ozone-generating cells.

The cell can be represented as a parallel-plate capacitor. Oxygen flows between the

electrodes, where we apply the voltage which generates an oxygen plasma. Ozone is

produced as a result of oxygen ionization.

The overview of the system is shown in Fig. 3.1. It can be divided into four parts:

oxygen source, ozone generator, inlet to the chamber, and the exhaust to the atmosphere.

We use Grade 6 oxygen as the oxygen source. Controlling the pressure inside the ozone

generator by the regulator, oxygen flows into the ozone generator from the cylinder. As

a promoter, 100 ppm N2 gas is also added. Applying a high voltage to the flowing gases,

some parts are converted into ozone. The output is a mixture of O2 and O3. The mixture

gas goes into the main chamber through the variable leak valve (L1), and is exhausted to

the atmosphere via the heated tube and valves. The temperature of the heater is around

250 ◦C, which is enough to decompose O3 into O2.

The pipes where oxygen and ozone pass through were made of SUS304. The inside

of pipes ozone passes was electrically polished and the pipe joints were fastened with

VCRs. As for the part of pipes where the exhasut gas passes, Teflon R© was used. We

used the Au-coated copper gaskets to seal the connections where ozone passes, instead

of the gaskets of oxygen free high conductivity copper. This is to prevent the gaskets

from deteriorating under the strong oxidization of ozone. The gaskets of oxygen free high

conductivity copper, which are utilized in usual, are easily oxidized to copper oxide by

ozone, resulting in decomposing ozone. In the same reason, we exchanged the copper

gascket used in L1 for the alminum one, which was fabricated with the help of Mr. Saito.

The ozone concentration in the output gas is determined by three parameters: the
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output power (voltage applied to the cell), the gas flow, and the gas pressure. The

output power can be tuned manually by turning the potentiometer on the front panel

of the ozone generator. The gas flow depends on the flows through the valves v1, L1

and m2 (Fig. 3.1). The gas pressure is determined by the pressure of the O2 cylinder.

In accordance with the intended use, we should tune each parameter. In this study, we

carried out under the output power of 100 %, the gas flow of 2 slm, and the pressure of

23 psi. As shown in Fig. 3.2, a mixture of 10 % ozone and 90 % molecular oxygen can

be supplied in this condition.

3.4 Confirmation of the existence of ozone

Ozone is an invisible gas without any color, and has a very irritating odor which is

dangerous to inhale. In order to confirm the existence of ozone from L1, we performed

two different tests. One test utilizes the chemical reaction of potassium iodide (KI).

Ozone is a strong oxidant so that KI is easily reduced. When KI is reduced, the color

changes as shown in Fig. 3.3 (a). Another is the use of a quadruple mass spectrometer

(Qmass; see §2.1.3) to give a more quantitative measure of the ozone generation. We can

see the increase of the amount of ozone at the time of 130 s as indicated by the allow in

Fig. 3.3 (b). By both methods, we could successfully confirm the production of ozone.
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Figure 3.3: (a) Photograph of paper previously immersed in KI solution (15 %), which
is reduced by ozone resulting in the change of color. (b) Partial pressures measured by
Qmass. The dashed line indicates the nominal value measured by the ion gauge equipped
in the main chamber. The allow indicates the point that ozone starts to increase in the
main chamber.
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Chapter 4

Crucial Tc determinants in the
La2−xSrxCuO4 system

4.1 High-Tc superconductors

The great discovery in 1986 by J. G. Bednorz and K. A. Müller opened up the new re-

search field of high-Tc superconductors [1]. More than 20 years have passed and there

are over 100,000 articles related to high-Tc materials [24]. The mechanism of high-Tc su-

perconductors is still controversial and the initially rapid increase in the superconducting

temperature Tc has stagnated recently. There is also no unified explanation to clarify the

key parameters needed to realize d-wave Cooper pairs. As for the Tc, after achieving a

highest superconducting temperature Tc of 135 K in 1993 [25] (164 K under high pressure

[26, 27]) in HgBa2Ca2Cu3O8+δ, no other materials exceeding this value have been found

since.

In spite of the unclear mechanism, all of the high-Tc superconductors have a common

feature that they all have the CuO2 planes. As shown in Fig. 4.1, the Cu 3d orbital and

O 2p orbital are strongly hybridized so that a CuO2 plane forms a square grid. The spins

of the Cu2+ electrons are localized at each Cu atom and ordered antiferromagnetically

due to the strong correlations [2]. When CuO2 planes are doped from the reservoir layers

Figure 4.1: Schematic of a CuO2 plane [12]. Black and blue closed circles represent
copper and oxygen atoms, respectively. Red allows indicate the direction of the electron
spins localized on the copper atoms, which order antiferromagnetically. Cu 3d and O 2p
orbitals are strongly hybridized as depicted by the gray clouds.
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(a) (b)

Figure 4.2: (a) Plots of Tc as a function of σ(T → 0) ∝ ρs (see Ref. [29] for details),
underdoped high-Tc cuprates are well fitted on the Uemura plot. (b) The universal
relationship between τs = Tc/Tc,max and the hole content per CuO2 plane ρsh, as claimed
in Ref. [30].

which sandwich a CuO2 layer(s), the localized electrons become itinerant. Then, they

form d-wave Cooper pairs on the CuO2 planes [28].

The platform of high-Tc superconductors is the CuO2 planes, which essentially the

same in the whole family of cuprate superconductors. In this sense, Tc is supposed to

be defined only by the amount doping in the CuO2 layers. It is, however, not the case.

Tc strongly depends on the materials, ranging from 30 K to 135 K, even though all

superconducting properties originate from the same CuO2 planes. This indicates that

parameters other than just the CuO2 planes have strong effect on Tc. Actually, there

are many reports concerning other parameters which can determine Tc, many of which

are related to the crystal chemistry. An understanding of the Tc determinants will give

many strategies to enhance Tc. Furthermore they may unveil the mechanism of high-Tc

superconductivity.

In this Chapter, the crucial Tc determinants will be introduced. First of all, we will

start from the clean limit of the high-Tc superconductors. Important factors for the

enhancement of Tc will be discussed in this regime. Based on this clean limit, what

occurs as we deviate from this limit will be reviewed next. We will mainly focus on the

properties of La2−xSrxCuO4 thin films.

4.2 The chemically clean limit

It is important to know how Tc responds to perturbations in the clean limit. High-Tc

superconductors intrinsically include many impurities because they inevitably require

the carrier doping by chemical substitution [28]. Strictly speaking, there are no high-Tc

superconductors without impurities. In order to avoid confusion, we define the clean
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Figure 4.3: Relationship between Tc and the consecutive number of CuO2 planes n [32].
In all systems, Tc reaches a peak at n = 3.

limit as materials maintaining stoichiometry of the chemical formula. We distinguish the

intentional impurities needed for carrier doping from the unintended impurities, some of

which strongly suppress Tc. In this clean limit, we can summarize three important factors

for the enhancement of Tc: (i) the carrier concentration in the CuO2 plane, (ii) to make

the CuO2 planes clean in terms of flatness and chemical purity to avoid scattering Cooper

pairs, (iii) to keep the CuO2 plane as far away from the reservoir layers as possible.

As for the relationship between Tc and the carrier concentration, it was pointed out

that high-Tc superconductors empirically follow two universal scaling laws. First is that

Tc increases in proportion to the superfluid density ρs, which is strongly connected to the

doped carrier concentration. Even though it is limited to the underdoped region, it can

be said that Tc is a linear function of the carrier content as shown in Fig. 4.2 (a). This

is called the Uemura plot [29]. Above a certain threshold in the carrier concentration,

Tc saturates, and is then suppressed. As a second characteristic, this behavior of having

a maximum can be scaled for different materials. As shown in Fig. 4.2 (b), the phase

diagram of Tc versus number of carriers per CuO2 plane x is known to form a bell-shaped

curve rising from x ≈ 0.05, then increasing in proportion to the carrier content, and

eventually dropping at x ≈ 0.3 after saturating at around x ≈ 0.175 [30, 31]. Practically,

the amount of dopant carriers and the absolute value of Tc depend on the system. In this

way, Tc can be understood as a function of carrier content.

The number of consecutive CuO2 planes n is another key parameter for the enhance-

ment of Tc. It is empirically known that Tc reaches a peak at n = 3, and starts to

decrease for n ≥ 4. This has been investigated both from the experimental side [32] and

the theoretical side [31]. In order to understand this trend, the inner CuO2 plane which

is sandwiched by two CuO2 planes is of key importance. It is known that the inner CuO2

plane is more flat and clean than the outer planes which lie next to the reservoir layers,

and contain many dopant impurities [28]. The distance between the CuO2 planes and

the reservoir layers is also important. For increasing Tc, it is better that this distance

is long. As the distance becomes longer, the disorder effect of the reservoir layer on the
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CuO2 plane gets smaller. In addition, HgBa2Ca2Cu3O8+δ, which shows the highest Tc so

far, has the longest distance between these layers [25, 28]. On the other hand, the reason

why Tc decreases as n exceeds 4 is the insufficiency of dopant carriers in the inner plane

because the distance becomes too far from the reservoir layer [28].

Based on the above criteria, we can see three directions to enhance Tc. The first

is to optimize the carrier content on the CuO2 plane. It is important to optimize the

amount of chemical substitution. Then, we need to exclude the factor which suppress su-

perconductivity in the CuO2 planes, namely disorder and interference. Although making

multi-layered CuO2 planes is one representative idea, the basic concept is to make CuO2

plane flat, clean, and separated from the reservoir layers. We can confirm these points

from the resistivity and the lattice length perpendicular to the CuO2 plane.

4.3 La2−xSrxCuO4

4.3.1 Correlations between Tc, c-axis, and resistivity

The phase diagram of bulk La2−xSrxCuO4 has been widely investigated [8]. The represen-

tative behavior of resistivity and superconducting transition temperature Tc is shown in

Figs. 4.4 (a) ∼ (d). 1 Here, one Sr2+ substitution produces one hole in the CuO2 plane.

In bulk, the amount of substitution is the only controllable parameter, in other words,

it decides all the physical properties as long as stoichiometric composition is maintained.

The behavior of the resistivity for each Sr2+ dopant changes as follows. When x ≤ 0.05,

it is insulating. Due to the strong electron-electron interaction, it is still an antiferromag-

netic Mott insulator [2]. In the range of 0.05 ≤ x ≤ 0.25, superconductivity appears. As

seen in Fig. 4.4 (b), the optimal doping content is around x ∼ 0.15, where Tc increases

up to ∼ 40 K. We can also see the low temperature upturn of the resistivity at x = 0.06

(N.B. it is written as x = 0.03 in Fig. 4.4 (b)), even though eventually it undergoes a

superconducting transition. This upturn is often observed in the underdoped region and

in thin films, and is due to variable range hopping (VRH) [33, 34]. This indicates the

imperfections of Cooper pairs in the CuO2 plane due to the insufficiency of the dopant

concentration or the existence of impurities. At x ≥ 0.25, superconductivity disappears.

In this range, it becomes a Fermi liquid.

The crystal structure has a one-to-one correspondence with the amount of Sr. As

shown in Fig. 4.4 (e), in-plane a-axis length shrinks and out-of-plane c-axis length extends

as the Sr content increases. In addition, the behavior of the low temperature resistivity

also has a one-to-one correspondence with the amount of Sr. We can therefore estimate

the physical properties at low temperature from the room temperature resistivity. Tc can

be scaled with axis length and resistivity. Although the absolute values of the lengths and

the resistivity show some variation, the correlation can be always observed in a systematic

1The method of defining x in Fig. 4.4 and the main text is different. In the text, we use only the
La2−xSrxCuO4 form.
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(a) (b) (c)

(d) (e)

Figure 4.4: (a) ∼ (c) The resistivity as a function of temperature, (d) the phase diagram
and (e) lattice lengths as a function of Sr content in the (La1−xSrx)2CuO4 system [8]. In
(e), y corresponds to the oxygen vacancy concentration in (La1−xSrx)2CuO4−y.
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Figure 4.5: (a) Temperature dependence of the resistivity in La1.7Sr0.3CuO4 samples
grown on LaSrAlO4 under the same conditions. (b) Plot of Tc with the c-axis length (c0)
for La2−xSrxCuO4 thin films with x = 0.12 to 0.18. The thickness of the films ranges
from 150 to 4500 Å. Closed and open symbols are for films on (001) LaSrAlO4 and (100)
SrTiO3 substrates, respectively. The solid line represents the result for a linear fit to the
data points. (c) Plot of Tc with ρ(0 K) for La2−xSrxCuO4 thin films on (001) LaSrAlO4

substrates. The thickness of the films ranges from 150 to 4500 Å. Open and closed
symbols are for the films with x = 0.15 and 0.30, respectively. The solid lines represents
the results of linear fits to the two data sets. These data are taken from Ref. [23].

bulk system.

On the other hand, this one-to-one correspondence between Tc, resistivity, and lattice

constants is not true in thin films. If we fix the Sr content, we cannot obtain the intended

physical properties with respect to the bulk phase diagram, as shown in Fig. 4.4 (d).

Tc is often lower than the bulk, the c-axis is shorter, and the resistivity is higher. The

superconductivity can be easily suppressed in the case of thin films. This is due to two

intrinsic differences between bulk and thin films: lattice mismatch and thickness.

As shown in Fig. 4.5 (a), the behavior of the resistivity and Tc vary widely even

though every film has the same chemical composition and is grown on the same substrate.

It potentially occurs that, in thin films, the physical properties changes as if dopant

content changed, even though we actually keep it constant during fabrication. There are

fortunately clear correlations between several physical parameters. By comparing them

carefully, we can discuss and eventually predict the superconducting properties from other

physical parameters.

It is well known that longer c-axis increases Tc. The correlation has been investigated

as shown in Fig. 4.5 (b). The c-axis length changes not only when we fabricate films

on substrates formed of different materials, but also when we use the same substrate

and vary other parameters. In both cases, however, the correlation works. In addition,

this can be seen in other high-Tc superconductors. It can be said that this correlation is

universal, and originates from the mechanism of high-Tc superconductivity. The strong

correlation between Tc and resistivity is also often pointed out. We can see that as the
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resistivity at room temperature increases, Tc decreases and eventually disappears even

though all of the films have the same Sr content. As shown in Fig. 4.5 (c), there is a

negative linear correlation between Tc and resistivity.

Tc scaling with c-axis and resistivity at room temperature are both universal. This

can be understood as analogies we have seen in the clean limit in §4.2, which are that it

is important to make the CuO2 plane flat, clean, and positioned away from the reservoir

layers. For the La2−xSrxCuO4 thin films, it is required to obtain the film which has low

resistivity and a long c-axis.

There are, however, many ways to change the c-axis and resistivity. In other words,

c-axis and resistivity are phenomena with many origins. For example, the c-axis and

resistivity depend on the film thickness. Actually, data shown in Figs. 4.5 (b) and

(c) come from samples with different thicknesses. Impurities also affect the c-axis and

resistivity. We need to clarify the fundamental origins that can change these parameters.

4.3.2 Thickness

One of the central concerns about high-Tc superconductors is the minimum thickness re-

quired for superconducting properties to appear. It is a fundamental question how many

CuO2 planes are needed to realize high-Tc superconductivity. Basically, the fabrication

of thin films is getting more difficult as the thickness becomes thinner because super-

conductivity abruptly disappears in the thin region, as shown in Figs. 4.6. However,

the thin limit where Tc appears is still controversial. So far, appearances of supercon-

ducting property in a 2-unit-cell film of La1.85Sr0.15CuO4 [36], in a one-unit-cell film of

La1.9Sr0.1CuO4 with buffer and cap layers [37], and in a single CuO2 plane embedded in

a bilayer combining insulating La2CuO4 and metallic La1.55Sr0.45CuO4 [9] were reported.

(a) (b)(a) (b)

Figure 4.6: Thickness dependence of the Tc for two different oxygen pressures for films
deposited on (a) SrTiO3 (001), and (b) LaSrAlO4 (001) substrates [35]. Inset: R(T) for
two similar films with thicknesses of 400 Å, deposited on SrTiO3 and LaSrAlO4 substrates.
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Figure 4.7: Data taken from Ref. [38] are displayed. x and ∆y are corresponding to the
amount of Sr and oxygen deficiency in the chemical composition of (La1−xSrx)2CuO4−∆y.
(a) a- and c-axis lengths as a function of ∆y (La1.7Sr0.3CuO4−∆y). (b) The maximum
amount of oxygen deficiency at each x. (c) Decrease of Tc as a function of ∆y. (d)
Variation of Tc as a function of x under several annealing conditions.

4.3.3 Oxygen deficiency

In cases where the chemical composition deviates from La2−xSrxCuO4, the universal

correlation collapses. This also brings about phase segregation. However, the crystal

can hold its structure and its physical properties to some extent when the deviation is

relatively small. One such deviation is oxygen vacancy formation. Here, the change of

the physical properties of La2−xSrxCuO4−y is described.

Oxygen deficiency has various effects on the Cu-based oxides. Generally, there are

two effects. First, it generates defects in the lattice which causes a suppression of the

superconductivity. The second problem is that oxygen deficiency causes electron doping,

which traps holes in the CuO2 plane, which in turn influences the superconductivity.

When we think about cuprate superconductivity, the possibility of the existence of oxygen

deficiency should be taken into account.

The effects with oxygen deficiency have been widely investigated. They can be sum-

marized as follows. At first, it induces the structural change (Fig. 4.7 (a)). Given a

constant Sr amount, as oxygen deficiency ∆y increases, a-axis extends whereas c-axis

shrinks, resulting in an increase of the cell volume. Secondly, the maximum amount of
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(a) (b)

Figure 4.8: (a) Tc as a function of residual resistivity for La1.85Sr0.15Cu1−yZnyO4 [39].
All lines are guide for the eye. The dashed line is drawn through the points for the
least resistive samples. The solid lines connect the data for different values of y. Inset
shows c-axis lattice parameters as a function of the residual resistivity for the films
without Zn. (b) Temperature dependence of the in-plane resistivity for optimally doped
La1.85−yNdySr0.15Cu1−yO4 in which disorder is introduced by changing the content of Nd
[40]. For increasing Nd content, Tc monotonically decreases.

oxygen deficiency depends on Sr content (Fig. 4.7 (b)). This might be due to changes in

the lattice spacing induced by the substitution of different sized ion. Next, Tc becomes

more sensitive as oxygen deficiency increases (Fig. 4.7 (c)). The rate of the decrease

also depends on the Sr content. To sum up, we can depict the phase diagram of Tc with

different oxygen deficiency (Fig. 4.7 (d)).

4.3.4 Impurity doping

Superconducting properties are strongly suppressed by disorder induced by impurities.

There are many reports confirming the effects of impurities. Other than oxygen deficiency,

impurities can be categorized into two types: impurities on the CuO2 planes and those

out side of the CuO2 planes.

In both cases, the effects of impurities appear in the correlation between Tc and resis-

tivity. With increasing amount of impurities, the Tc decreases and resistivity increases,

even though doped carrier concentration is the same. When the resistivity exceeds a

threshold, Tc eventually disappears. This relationship can be scaled as shown in Fig. 4.8

(a). We can see some dispersion in the samples with the same amount of impurities. This

implies that parameters other than resistivity affect the Tc behavior, for example, c-axis

length and oxygen vacancy [39]. As shown in Fig. 4.8 (b), the change of resistivity is

basically the same when doping impurities in the reservoir layer. According to Ref. [40],

the upturn at low temperatures observed for y ≥ 0.12 is due to the development of stripe

order.
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Chapter 5

Steps in the growth optimization

5.1 Introduction

In this Chapter, the optimization of the laser conditions during the growth of

La1.85Sr0.15CuO4 thin films will be discussed. First, we changed the spot size while

keeping the laser energy constant. We found the relationship between the morphology,

crystallinity, and resistivity. Based on this investigation, we next considered the cool-

ing procedure. As a result, we successfully determined the optimal cooling procedure

required to have a long c-axis and high-quality superconductivity. Under this procedure,

we fabricated samples with various laser densities at the constant spot sizes. We suc-

cessfully concluded that low laser density, using a wide spot size, is appropriate to make

high-quality thin films. The difference between the optimal growth condition which we

found, and those previously reported will be discussed. The possible mechanism which

can explain why low laser density realizes high-quality films in our study will also be

proposed.

5.2 Experimental

All films were grown on LaSrAlO4 (001) substrates using a La1.85Sr0.15CuO4 target at a

temperature of 780 ◦C and oxygen partial pressure of 1.0 × 10−2 Torr, which had been

optimized in advance. The laser conditions and the cooling procedures were varied. The

incident angle of the laser on the target was 45◦ and the target-substrate distance was

fixed at 50 mm. The surface morphology was measured by AFM, and the c-axis length

and FWHM of the film (004) peak were characterized by 2θ-ω scans using XRD. RSM

was also carried out by XRD. The film thickness was ex-situ confirmed with a stylus

profilometer. For four-probe resistivity measurements, gold contacts were attached to

the film which was cut into a size of 1.0 × 5.0 mm2.

We fabricated three series of samples. We first fabricated four 1000 Å La1.85Sr0.15CuO4

films with different spot sizes of area 3.5, 5.0, 8.0, and 12.0 mm2. The laser energy was set

constant at 30 mJ. In this investigation, we cooled down after the deposition at a rate of

-15 C̊/min. with the same oxygen pressure as the deposition. Second, in order to improve
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Table 5.1: Summary of the cooling procedures used in the second investigation. Pa and
Ta are the oxygen pressure during the cooling and the temperature during the in-situ
post-annealing, respectively. The duration of the in-situ post-annealing was 30 min. For
Code A and B, in-situ post-annealing was not carried out.

Code cooling rate Ra (̊ C/min.) Pa (Torr) Ta (̊ C)

A -15 10−2 -
B -15 10−2 -
C -10 10−2 500
D -10 10−1 500
E -10 10−1 400
F -10 10−1 300

the quality of the samples, we reexamined the cooling procedure by lowering the rate to

-10 C̊/min., and used an in-situ post-annealing step. In Table 5.1, the sequences of the

cooling procedures are summarized. The thickness was 1000 Å and the laser density was

0.375 J/cm2 (8 mm2 spot). Finally, we fabricated La1.85Sr0.15CuO4 films with different

laser fluences using spot sizes of area 2.5, 8.0, and 12.0 mm2 with the cooling procedure

of Code E (see Table 5.1), which was determined to be optimal. In this investigation, we

also fabricated the samples for inductively coupled plasma (ICP) measurement in order

to clarify the cation ratio of the ablated species. We fabricated these films on B-doped

Si substrates at room temperature. The oxygen pressure and the laser density were 10−2

Torr and 0.3 J/cm2 (12 mm2 spot). The thicknesses of the samples for ICP measurement

were ≥ 1 µm. The ICP measurement was carried out by Hitachi Kyowa Engineering Co.,

Ltd. Below we discuss each series of samples in turn.

5.3 Spot-size variation

Comparing four samples which were fabricated using the spot sizes of area 3.5, 5.0, 8.0,

and 12.0 mm2 (total laser energy = 30 mJ), we found a clear correlation between the

morphology, crystallinity, and resistivity. As shown in Figs. 5.1 (a1) - (a4), there are two

types of surface. One type is covered with rectangular precipitates on top of a screwed

terrace, as observed in Figs. 5.1 (a1), (a3), and (a4). The other is a surface with many

circular islands, as seen in Fig. 5.1 (a2). In comparison with the XRD analysis shown in

Fig. 5.1 (b), we can recognize a trade-off in these samples. The former have shorter c-axis

and higher crystallinity, while the latter have longer c-axis and lower crystallinity. From

this trend, we see that higher crystallinity is achieved at the cost of forming precipitates,

and the origin of the longer c-axis without precipitates is due to some repulsive disorder

inside the film. As expected, the trend of the resistivity with spot area, as shown in

Fig. 5.2 (a), follows the changes of the surface morphology and the crystallinity. The

first three samples show a sharp superconducting transition, whereas the final sample

has a large resistivity, an upturn just before the onset of superconductivity, and a broad
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transition.

The fact that Cooper pairs are easily broken by impurities and grain boundaries in

the CuO2 planes supports this correlation between the surface morphology, crystallinity,

and superconducting behavior. As shown in Fig. 5.1 (c), when the surface is rough

and the film contains much disorder, the in-plane conducting path is expected to be

significantly affected. In fact, the sample made with the spot size of area 5 mm2 has a

low Tc and shows a relatively high resistivity throughout the measured temperature range

as shown in Fig. 5.2 (a). In addition, there are many reports which observed a resistivity

upturn. According to these reports, the possible origins are disorder and localization of

the carriers caused by the impurity potentials or point defects [8, 33, 34]. On the other

hand, the situation where the precipitates appear on the surface and the crystallinity

is enhanced can be illustrated as shown in Fig. 5.1 (d). When precipitates grow, the

excess chemical components accumulate to the precipitates and move the film closer to

stoichiometry. J. P. Gong et al. previously suggested a similar correlation observed in

YBa2Cu3O7−δ thin films [43]. The growth of precipitates is one of the ways to achieve

high-quality transport properties in superconducting film.

However, the quality of our films is still far from that of previously reported ones. We

consider Fig. 5.2 (b) from the view point of the relationship between Tc and the resistivity

at room temperature. In general, as the Sr dopant concentration increases, Tc reaches a

maximum at the optimal doping regime, whereas the resistivity monotonically decreases,

resulting in a dome-like curve as indicated by the previous literature data shown in Fig.

5.2 (b). As for the properties of our films, even though the relationship between Tc and

29



10

8

6

4

2

0

R
es

is
tiv

ity
 (

mΩ
 c

m
)

3002001000
Temperature (K)

3.5 mm
2

5.0 mm
2
 (×1/3)

8.0 mm
2

12.0 mm
2

1412108642
Spot size (mm

2
)

 Tc
onset

 Tc
zero

40

30

20

10

0

T
c 

(K
)

10
-4

10
-3

10
-2

10
-1

Resistivity (300 K) (Ωcm)

3.5 mm
2

5 mm
2

8 mm
2

12 mm
2

Tc
zero

Tc
onset

(a) (b) (c)

Figure 5.2: (a) Resistivity as a function of temperature for samples grown with spot sizes
of 3.5, 5.0, 8.0, and 12.0 mm2, respectively. The vertical scale for the 5.0 mm2 sample is
reduced by a factor of three for clarity. (b) and (c) show Tc as a function of resistivity at
room temperature for various spot sizes. For reference, literature data shown in (b), taken
from Refs. [19, 23, 41, 42]. Open diamonds, open circles, and open triangles indicate Tcs
of the overdoped, optimally doped, and underdoped La2−xSrxCuO4 thin films grown on
LaSrAlO4 (001) substrates. Asterisks indicate Tcs of the underdoped samples which have
an upturn in the resistivity, as seen in the 5.0 mm2 spot size sample.

resistivity shows a similar dome-like curve, the absolute values of resistivity are higher by

one order of magnitude. This reflects that there still remain disorder in our films, even in

those with precipitates, which brings about the high resistivity. As another possibility,

the concept of the effective thickness may help to understand this high resistivity. When

the films have large precipitates which are buried deep into the film as shown in Fig.

5.1 (d), the effective thickness of the film in which current passes becomes smaller than

the thickness measured by the profilometer. If this is the case, the resistivity ρ, which

is calculated using ρ = Rwt/l (here R is the resistance, w the width, t the thickness,

and lthe length) is smaller than the values plotted in Fig. 5.2 (b), which is calculated

using the thicknesses measured by the profilometer. It is, however, unlikely that the

effective thickness is one order of magnitude smaller than the thickness measured by the

profilometer. Thus, the high resistivity in our films is probably due to disorder inside

the films. Precipitates accumulate the excess chemical components to some extent, but

cannot kill disorder completely.

As shown in Fig. 5.2 (c), we cannot see a clear correlation between the spot sizes and

Tc, even though there have been several reports about the relationship between the spot

size and the cation ratio which is one of the crucial parameters to determine the physical

properties in transition metal oxides [13, 14]. This is because of the existence of precipi-

tates. As discussed the above, they exclude excess atoms and enhance the crystallinity of

the region where the conducting carriers travel so that we cannot conclude that Fig. 5.2

(c) reflects the element composition which is supplied from the target to the substrate.

In order to clarify the relationship between the spot sizes and Tc, further optimization is
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Figure 5.3: RSM around the film peak (109) of the sample with the spot size of area 8
mm2 measured by XRD.

required to find the growth condition which can eliminate the precipitates and achieve a

flat surface with high crystalinity simultaneously. Then, the element composition in the

final film which is detected from resistivity and XRD measurements would be consistent

with that which is supplied from the target to the substrate. This means not only to find

the optimal laser condition for the stoichiometric deposition, but also to understand the

mechanism of generating the precipitates.

In addition, what makes the film quality worse is the film relaxation. In Fig. 5.3, we

can see the two separated peaks originating from film (109). The weaker peak indicates

the relatively strained part without the precipitates, and the stronger peak represents

the relaxed part due to the precipitates as illustrated in Fig. 5.1 (c). In general, the

film relaxation occurs as a result of off-stoichiometry in the film and the existence of

precipitates. Compared to the bulk values of c = 13.23 Å and a = 3.777 Å, the out-of-

plane c-axis length (13.18 Å) shrinks, and the in-plane a-axis length (3.795 Å) expands

(the values were calculated from the stronger film (109) peak). As discussed in § 4.3.1,

this relaxation leads to a decrease in Tc.

In conclusion, high-quality films were obtained at the cost of precipitates. In order

to obtain superconducting films showing high-quality transport properties, precipitates

should be generated. There still remains the question of off-stoichiometry and disorder.

We need to eventually eliminate the precipitates and achieve flat surface and highly

crystalline films. On the basis of these results, we should reconsider the generation

process of the precipitates and reexamine the laser conditions, which strongly affects the

film stoichiometry.
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C, (d) D, (e) E, and (f) F. The vertical scales are (a) Z = 3, (b) Z = 2, (c) Z = 2, (d) Z
= 2, (e) Z = 2, and (f) Z = 30.

5.4 Improvement of the cooling procedure

The generation mechanism of the precipitates on the surface of thin films depends on a

wide variety of factors. As well as the growth conditions such as temperature, oxygen

pressure, and laser conditions, small differences of the film thickness and rate of tem-

perature change also affect the growth process. For this set of experiments we changed

only the cooling procedure. Films were fabricated as explained in § 5.2, and cooled down

following the procedure in Table 5.1. Thickness was set constant at 1000 Å. We used a

laser density of 0.375 J/cm2 (8 mm2 spot). Changing from Code A to F, the cooling rate

Ra is reduced and the oxygen pressure during cooling, Pa, was increased. Thus we can

regard the trend from A to F as growing the precipitates progressively more slowly.

As shown in Fig. 5.4, the volume of the precipitates increases from Code A to E

but then decreases again for F. This is consistent with the expectation that the slower

cooling rate and in-situ post-annealing are suitable for the growth of the precipitates.

These samples all have relatively flat surfaces with larger rectangular precipitates. The

reason why Code F has quite a rough surface is possibly due to the fact that we cannot

stabilize the PID control at low temperatures (below 350 ◦C).
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All films are epitaxially grown as we can see from Fig. 5.5 (a). The value of FWHM

is increased by three orders of magnitudes as shown in Fig. 5.5 (b) compared with Fig.

5.1 (b) (in both cases, the thicknesses were set at 1000 Å). Even though the values of the

FWHM slightly increase, the variation is small compared with the c-axis lattice constant

variation. What should be noted is that the c-axis length expands from Code A to F.

In the previous investigation, a decrease of the c-axis was one of the issues. Thus this

effect can be addressed to some extent by in-situ post-annealing. However, considering

that the bulk c-axis length is 13.23 Å, there remains room for improvement. One of the

limiting factors we believe is the existence of precipitates.

The behavior of resistivity is summarized in Fig. 5.6 (a). Here we can recognize that

the superconducting properties are enhanced from Code A to E. As plotted in Fig. 5.6

(b), Tc monotonically increases. In addition, as shown in Fig. 5.6 (c), Tc can be scaled

with the c-axis length. This trend corresponds to the general trend between Tc and c-

axis length as explained in § 4.3.1. Thus, it is likely that the slow and steady cooling

treatment makes the c-axis longer, resulting in enhanced superconducting properties.

However, the relationship between the Tc and resistivity differs from the general trend.

As shown in Fig. 5.6 (d), the Tc of our samples increases as the resistivity increases,

whereas Tc increases as the resistivity decreases. This anti-correlation is probably due to

the existence of precipitates. As suggested previously, precipitates disturb the conducting

carriers so that they can be the origin of high resistivity. Going from Code A to E, the

volume of the precipitates monotonically increases. This fact can explain the relationship

shown in Fig. 5.6 (d).

The relationship between the Tc and resistivity has been observed in impurity doping

investigations [39, 44]. According to these works, the dispersion seen in Fig. 5.6 (d),

which is conected by the solid lines, originates from the presence oxygen vacancies, not

from the impurities in the CuO2 planes [39], suggesting that, in our films, oxygen is

possibly not supplied sufficiently. Or, the presence of the precipitates may result in the

mechanism for oxygen to easily defect from the film, or to be taken in the precipitates.

From these results and discussions, we confirmed that the cooling procedure of Code

E is the best in terms of superconducting properties. The clear correlation between Tc

and c-axis was observed, implying that the quality of the films was improved closer to

that of the previous reports. Using this cooling procedure, we next re-optimize the laser

conditions more precisely.

5.5 Optimization of the laser conditions

In order to reconfirm the laser conditions, we fabricated La1.85Sr0.15CuO4 films by chang-

ing the laser fluence using spot sizes of area 2.5, 8.0 and 12.0 mm2. In this series of

samples, we used the cooling procedure of Code E. The thickness of the films was 1000

Å for the 2.5 and 8.0 mm2 spot area samples, and 4000 Å for the 12.0 mm2 spot size

sample.
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Figure 5.7: AFM images. The spot sizes are (a) 2.5, (b) 8.0, and (c) 12.0 mm2. The
vertical scales Z = (a1) 30, (a2) 30, (a3) 30, (a4) 30, (a5) 30, (b1) 50, (b2) 2, (b3) 20,
(b4) 10, (c1) 30, (c2) 100, (c3) 100, and (c4) 10.

First the AFM measurements are displayed in Fig. 5.7. Comparing these results and

the previous two investigations shown in Fig. 5.1 (a) and Fig. 5.4, there is no common

feature except for the spot area of 12.0 mm2. Limiting the discussion to the series of 12.0

mm2, we can see similar precipitates on the surfaces, even though the shapes are slightly

different. The difference may come from the difference of the thickness. In contrast,

different characteristics appear in the series of 2.5 and 8.0 mm2. While the surfaces are

covered by circular islands in the series of 2.5 mm2, there is no trend in the series of

8.0 mm2. We cannot see a strong relationship between the morphology and the laser

conditions from these results.

Next, let us consider the relationship between the resistivity and the laser conditions.

As shown in Fig. 5.8 (a), there is an obvious correlation. In all the series of samples, the

films are insulating at high laser fluence, but superconducting at low laser fluence. The

resistivity results resemble the systematic trend of Sr doping concentration: gradually

changing from the underdoped regime to the optimally doped regime as the laser fluence

decreases [8]. This trend can be understood based on the picture of the composition

variation in the plume. From the well studied PLD growth of YBa2Cu3O7−δ films [45, 46],

heavy atoms expand wider than light ones as illustrated in Fig. 5.8 (c). In our case, La

(atomic weight: 138.9) is heavier than Sr (87.6) and Cu (63.5). Both plumes of the heavy

and light atoms in the plume expand as the laser density increases. If we compare the

ratio ρ defined by (num. of heavy atoms) / (num. of light atoms) as a function of the
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Figure 5.9: (a) Element ratio of (La+Sr) and Cu plotted as a function of the laser density.
The value of (La+Sr)/Cu is also shown. (b) Element ratio of La and Sr as a fuction of
the laser density. Both (a) and (b) are measured by ICP. (c) The value of La/Sr and
Tc are plotted as a function of Sr concentration x in the fomula La2−xSrxCuO4. Closed
circles are the values of La/Sr calculated from the values of (b). Open squares connected
by dotted line represents the nominal values of (2 − x)/x. Closed squares connected by
dashed line shows Tc as a function of Sr concentration from Ref. [8].

laser density for the case of high laser density and low laser density, we can obtain [13, 14]

ρ(low laser density) ≤ ρ(high laser density). (5.1)

Following this scenario, we can speculate that the amount of La decreases while Sr and Cu

increase as the laser density decreases. The resistivity behavior supports this speculation

as can be seen in Fig. 5.8 (a). Combining these results with the AFM pictures shown

in Fig. 5.7, the morphologies of Fig. 5.7 (a) and (c) may result from a lanthanum rich

compound and a strontium and a copper rich compound, respectively.

In XRD results, as shown in Fig. 5.8 (b), we can see the similar trend to be consistent

with the scenario which is predicted from the resistivity trend. The impurity peaks appear

at around 2θ = 30◦ of the samples with high laser fluence, which may originate from the α-

La2O3 (011) peak, 2θ = 30.018◦. The intensity of the impurity peak decreases as the laser

fluence decreases, disappearing below 0.6 J/cm2. The presence of a clear peak suggests

that the relative volume of the impurity is significant and expected to be distributed

throughout the film. However, as long as the resistivity properties of the 1.9 J/cm2 (2.5

mm2 spot), 1.3 J/cm2 (2.5 mm2 spot), 1.0 J/cm2 (2.5 mm2 spot) samples are concerned,

the impurities do not act as scatters to the conducting carriers. From this point, the

phases of La2−xSrxCuO4 and the impurities are expected to be separated inside the film.

When the laser fluence is low and the spot size is large, excess Sr and Cu are possible

candidates to form precipitates according to the angular distribution of the species in the

plume. Furthermore as shown in Fig. 5.8 (d), the shape of the precipitates in the AFM

pictures of Fig. 5.7 (c) is similar to that of CuO.

In order to confirm the element ratio of the films, we carried out ICP measurements.

As noted in § 5.2, we fabricated samples under the conditions of the oxygen pressure of
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(a) (b)(a) (b)

Figure 5.10: (a) Phase diagram of the system La2O3-CuO in air [47]. (b) Oxygen chemical
potential diagram for the system Cu-La-O at 1200 K [48].

10−2 Torr and the laser condition of 0.3 J/cm2 (12.0 mm2 spot). In Fig. 5.9, the data of

ICP measurements are summarized. When the laser density is lower than 0.5 J/cm2, the

composition gets closer to stoichiometric as shown in Fig. 5.9 (a). Thus, we can under-

stand why the superconducting properties were enhanced as the laser density decreased

as shown in Fig. 5.8 (a), and we can conclude that the low laser density is suitable

to transfer La2−xSrxCuO4 from the target to the substrate maintaining stoichiometry.

However, when the laser density is higher than 0.6 J/cm2, the opposite trend to our

expectation occurred. Even though we speculated that the amount of La increases and

those of Sr and Cu decrease as the laser density increases, according to ICP results, the

La component decreases and that of Sr and Cu increase, as shown in Figs. 5.9 (a) and

(b).

As one possible explanation, we can consider incongruent melting deposition, which

occurs when the laser density provides insufficient energy, near the laser ablation thresh-

old. In this type of deposition, the cation ratio ρ defined in Eq. 5.1 follows [49],

ρ(low laser density) ≥ ρ(high laser density). (5.2)

Actually, a similar phenomenon has been reported in YBa2Cu3O7−δ thin films [50]. Due

to incongruent melting deposition, it is possible that this effect dominates the observed

trend. It is, however, unlikely that this is the case, because this cannot explain the XRD

results. According to Fig. 5.8 (b), the impurity peak appears when the laser density is

high and seems to originate from La2O3. It is unlikely that La2O3 is formed when there
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is a La deficiency. As shown in Fig. 5.10 (a), the phase of La2CuO4 is stable with excess

Cu [47]. In addition, according to the oxygen potential diagram as shown in Fig. 5.10

(b), the components of CuO and La2O3 are expected to stabilize with the cation ratios

under high fluence and low fluence, respectively, even though we speculated the opposite

from the resistivity and XRD results (Fig. 5.8).

The re-evaporation of the cation is one of the ways to explain this behavior. Because

the deposition process is carried out at a temperature of 780 ◦C, the cations can be

vaporized by heat, disappearing from the substrate. On the other hand, this effect can

be neglected in the fabrication process for the ICP samples, because it is carried out at

room temperature. Based on this scenario, a large amount of the Cu atoms must have

disappeared due to the high temperature during growth. Cu is known to be volatile,

and excess Cu was added to the target to compensate the possible re-evaporation of Cu

in some cases [19]. However, it is unlikely that the amount of cations changes from the

situation in Fig. 5.9 (a) to that in Fig. 5.8 (a3).

This contradiction possibly indicates that the element composition in the final film

which is detected from resistivity and XRD measurements is different from that which is

supplied from the target to the substrate. Even though ICP can detect all of the elements

on the substrate, it is not always true that all of them contribute to the properties of

resistivity and XRD. Considering the fact that all films have precipitates on their surfaces,

the crystallization process of crystalline film and the generation process of precipitates

can be concluded to be a key issue to understand these results.

Finally, we confirmed the Sr concentration in the films calculated from the ICP mea-

surement. As shown in Fig. 5.9 (c), our films stay in the underdoped region. Considering

Figs. 5.9 (b) and (c), it is suspected that the amount of Sr in the target is less than our

expectation.

5.6 Comparison with the previous reports

Historically, the technique of PLD developed through making YBa2Cu3O7−δ thin films

for microwave devices, for example [51]. It is quite recent that the importance of the

laser condition for stoichiometric deposition in PLD has come to light [13, 14, 49]. In

this sense, this study is the first investigation focusing on the optimization of the laser

condition in the growth of La2−xSrxCuO4 thin films. The results shown in Fig. 5.8 and

Fig. 5.9 support that our growth conditions are optimized to maintain stoichiometry.

However, there has been no report finding the same growth condition as our optimal

growth condition for La2−xSrxCuO4, namely, the oxygen pressure of 10−2 Torr and the

laser condition of 0.3 J/cm2 (12 mm2 spot). Many PLD grown films investigated in

the past used the high oxygen pressures, exceeding 10−1 Torr, and a high laser density

with a small spot size (for example, see Ref. [7]). As representative examples, pressures

and laser densities of 130 mTorr and 1.5 J/cm2 (no information about spot size) were

reported in Ref. [35], 130 mTorr and 1.0 J/cm2 (no information about spot size) reported
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Figure 5.11: (a) AFM image of the sample fabricated under the oxygen pressure of
100 mTorr. The laser density was 0.375 J/cm2 (8 mm2 spot). (b) A scanning electron
micrograph taken from Ref. [55]. (c) Ratios of elements in film versus oxygen pressure
for a target-substrate distance of 6 cm with fluence = 1.1 J/cm2, and 1.7 × 5.1 mm2

spot size [45]. Open circles, closed triangles, and closed circles indicate Cu/Y, Ba/Y, and
Cu/Ba, respectively. Dashed lines represent the target composition. (d) Phase diagram
of the system La2O3-CuO in air [47]. (e) Oxygen chemical potential diagram for the
system Cu-La-O at 1200 K [48].

in Ref. [52] and 10 mPa with O3 (no information about laser condition) [19]. Most

of the La2−xSrxCuO4 films were fabricated using sputtering [53, 54] and MBE. Many

MBE studies were carried out in high pressure oxygen atmosphere or ozone atmosphere

[9, 11, 17, 23, 41]. While there are only a few groups who reported the fine tuning of

the laser conditions during the growth of La2−xSrxCuO4 films, YBa2Cu3O7−δ films have

been intensely studied. According to these studies, almost all of these films were grown

under high oxygen pressure exceeding 10−1 Torr and high laser density around 1.2 J/cm2

[43, 45, 46, 50], in a different regime compared to the conditions found in this study.

We also fabricated under the oxygen pressure of 100 mTorr, but never obtained high-

quality films. Even though we varied the laser density and the spot size, films showed

low Tc, typically below 10 K, with a large upturn in resistivity, or often were insulating.

In addition, the morphology had different characteristics from the samples fabricated

under the oxygen pressure of 10 mTorr. As shown in Fig. 5.11 (a), we can see many

pores on the surface. A similar morphology was observed in YBa2Cu3O7−δ thin films

grown at high pressure of 170 mTorr, as shown in Fig. 5.11 (b) [55]. According to this

report, the presence of this kind of pores is a result of the copper-deficient composition

in the films. It is known that the copper-deficient composition can be obtained under

the fabrication of high oxygen pressure because light cations are easily scattered by the

oxygen atmosphere, as shown in Fig. 5.11 (c) [45].

Two explanations can be given for the observed difference in the growth conditions.

One is the difference in the local oxygen pressure near the substrate. Pressure gauge

are generally positioned at a distance from the substrate. The other is the detail of the

laser energy profile on the target surface which is strongly dependent on the laser and

the optics. In our system, the laser spot edges are blurred (Fig. 2.2 (b)) which can lead
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to stoichiometric dispersion in the ablated species.

The remaining problem is the precipitates on the film surfaces. Even though the films

fabricated under the optimized conditions have high Tc and a long c-axis, the existence

of precipitates is generally a sign of off-stoichiometry. This means imperfect optimization

of the laser conditions. In order to remove this ambiguity, whether the laser condition

was optimized or not, we need to remove oxygen vacancies, which can be a possible way

to generate precipitates even under optimized laser conditions. As explained, the oxygen

pressure during growth is relatively low. Even though the atmosphere with oxygen inside

the chamber is probably optimized to transfer the cations from the target to the substrate,

it is possibly not optimized to supply enough oxygen to the film. If the supply of oxygen

is insufficient, it is easy for cations to segregate because of the missing oxygen atoms. On

the basis of this discussion, ozone is a possible candidate to solve this problem. Ozone is

expected to oxidize sufficiently without changing the pressure in the chamber. It is also

expected that cooling in an ozone atmosphere brings about further enhancement of the

superconducting properties.

5.7 Conclusion

We fabricated La2−xSrxCuO4 thin flms by PLD with various laser conditions and the cool-

ing procedures, and studied the correlation between the morphology, crystallinity, and

superconducting behavior. As a result, high-crystallinity samples with sharp supercon-

ducting transition were obtained at the cost of precipitates on the film surfaces. Through

sustematic investigation of the cooling process, we determined the optimal procedure

from the view point of the superconducting properties. As for the laser conditions, we

found that lower laser fluence was optimal to make La2−xSrxCuO4 thin films. In spite of

the optimization of the laser conditions, precipitates still remained on the surface, which

indicates imperfect film quality. In order to eliminate precipitates, further improvement

is required, such as installing ozone.
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Chapter 6

Growth in ozone atmosphere

6.1 Introduction

The strong oxidizing power of ozone is known to dramatically enhance the superconduct-

ing properties of cuprate thin films [9, 11, 17, 23, 41, 56]. In this Chapter, we utilized

ozone during the cooling procedure and the growth. As a result, we successfully elimi-

nated precipitates on the surface and enhanced the superconducting properties. Finally,

we will discuss the possible future directions to make much higher-quality films showing

Tc exceeding the bulk value and to make ultra-thin films for functional devices such as

photoactive devices.

6.2 Experimental

On the basis of the previous investigation in Chapter 5, we fabricated La1.85Sr0.15CuO4

thin films on LaSrAlO4 (001) substrates using a substrate temperature of 780 ◦C, oxygen

partial pressure of 1.0 × 10−2 Torr, and laser density of 0.3 J/cm2 (12 mm2 spot). The

film thickness was set constant at 750 Å. After fabricating five identical samples in these

conditions, we cooled them down in an ozone atmosphere. The ozone pressure was varied

from 10−5 ∼ 10−1 Torr. The cooling rate and the in-situ annealing conditions were the

same, −10 C̊/min. with a pause at 400 C̊ for 30 min. The selected cooling procedure is

Code E (see Table 5.1).

Next, we utilized ozone also during the deposition. Four La1.85Sr0.15CuO4 thin films

were fabricated using the same conditions as above, with again the thickness fixed at 750

Å. During the deposition, we varied the ozone pressures of 10−6, 10−4, 10−2, and 10−1

Torr. We cooled them down in the same procedure as above, with the ozone atmosphere

of 10−1 Torr.

6.3 Ozone cooling

As shown in Fig. 6.1 (a), all films cooled in ozone were epitaxially grown and no impurity

peak appeared in the XRD. As shown in Fig. 6.1 (b), the number of precipitates on
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Figure 6.1: (a) 2θ-ω scans around the film (004) peak. (b) AFM pictures of the samples
cooled down in the ozone pressure (in Torr) of (b1) 10−5, (b2) 10−4, (b3) 10−3, (b4) 10−2,
and (b5) 10−1. (c) c-axis length as a function of ozone pressure in cooling.

the surfaces gradually decreases as the ozone pressure increases. Coincidentally, c-axis

expands as shown in Fig. 6.1 (c). The resistivity results are summarized in Fig. 6.2

(a). As shown in Fig. 6.2 (b), Tc monotonically increases with the ozone pressure during

cooling except for the case of 10−1 Torr. The higher pressure ozone is obviously suitable

for making high-quality superconducting films.

The trend of AFM images (Fig. 6.1 (b)) implies that the generation process of pre-

cipitates depends on the cooling step, not on the deposition step. Taking into account

that the element composition deduced from the ICP measurements are stoichiometric in

this laser condition as shown in Fig. 6.1 (c), the precipitates seem to be integrated inside

the films, assisted by the oxidization power of the ozone. In the previous investigation of

the deposition under the oxygen atmosphere, it can be concluded that the appearance of

precipitates is due to the absence of oxygen after the deposition.

The correlation between Tc, c-axis, and resistivity is close to that seen in the previous

reports, under the ozone cooling. As shown in Fig. 6.2 (c), Tc increases as c-axis expands.

The relationship between Tc and resistivity gradually reaches to that of referencing data,

as seen in Fig. 6.2 (d). Both are achieved probably due to the elimination of precipitates.

In conclusion, the previously investigated laser condition is optimal to transfer from

the target to the substrate keeping stoichiometry and ozone eliminates the precipitates.

Thus, we find that the growth of La1.85Sr0.15CuO4 thin films is influenced by cooling in

an atmosphere with high oxidization power.
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Figure 6.2: (a) Resistivity as a function of temperature. (b) Tc of the samples as a
function of the cooling pressure. (c) Tc as a function of the c-axis length. The dashed
line is taken from Ref. [41]. (d) Tc as a function of the resistivity at room temperature.
Open circles are taken from Refs. [19, 23, 41, 42]. The dashed line is a guide for the eye.
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6.4 Ozone growth

Next we deposited films with an ozone atmosphere. Samples were cooled down under

the ozone atmosphere of 10−1 Torr. As shown in Fig. 6.3 (a), precipitates gradually

disappear as the ozone pressure increases. When the pressure is 10−2 Torr, precipitates

remain on the surface even though they disappeared when the atmosphere during growth

was oxygen. This may be because the scattering processes are different between oxygen

and ozone. The difference between the supply nozzles for the oxygen and ozone is another

possibility. It is required to re-optimize the laser condition under ozone atmosphere.

When the ozone pressure was 10−6 Torr, the film was amorphous.

As shown in Fig. 6.3 (b), the values of c-axis length and Tc reach a maximum at the

ozone pressure of 10−4 Torr. Particularly, the c-axis length of 13.234 Å is close to the

bulk value. However, the sample quality is not clearly enhanced since, as shown in Fig.

6.3 (c), the resistivity behavior is not sharp compared to the samples grown under an

oxygen atmosphere. This also implies that a re-optimization of the growth conditions is

required when we utilize ozone during deposition.

This investigation suggests that the generation process of precipitates only depends

on the cooling procedure as same as the previous investigation. The atmosphere works as

scatters to the ablated species during deposition, and works as oxidant to the deposited

film during cooling. When the stoichiometric ablation is required, the optimizations

of atmosphere and laser condition are crucial. On the other hand, when the flat and

highly crystalline film is needed, the strong oxidization are necessary in order to stabilize

La2−xSrxCuO4 thin films.
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Figure 6.3: (a) AFM pictures of sample grown under ozone pressures of (a1) 10−6, (a2)
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6.5 Conclusion

In conclusion, we utilized ozone both during the cooling procedure and the deposition

process. When we oxidized samples in the cooling process, precipitates on the surfaces

gradually disappeared as the ozone pressure increased, meaning that the oxygen deficiency

was successfully eliminated by ozone. This result shows that, in this case, the laser

conditions were optimal to transfer the target composition to the substrate, maintaining

the stoichiometry. As for the ozone utilization during growth, an enhancement of the

superconducting properties was not obtained, even though c-axis length expanded. This

may be due to need for a different optimization when growing in an ozone atmosphere.

Further improvement is needed.
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Chapter 7

Conclusion

In this study, we investigated the optimization of the growth of La2−xSrxCuO4 thin films

by PLD. Part of this process required the installation of an ozone generator to the PLD

system. For the enhancement of film quality and superconducting properties, necessary

to proceed towards the fabrication of superlattice structures between superconducting

materials and other oxides, we particularly focused on the laser conditions and the oxi-

dization process during the deposition and the cooling procedure. As a result, we found

a strong correlation between the laser density and the physical properties. In addition,

the use of ozone allows us to eliminate the precipitates on the surface of the cuprate thin

films using the strong oxidization power of ozone. Finally, we successfully determined

the optimal growth condition of La2−xSrxCuO4 thin films: a substrate temperature of

780 ◦C, oxygen partial pressure of 1.0 × 10−2 Torr, and laser density of 0.3 J/cm2 (12

mm2 spot). Sample cooling after the deposition was performed at a rate of −10 ◦C/min.

with an ozone pressure of 10−1 Torr including an in-situ pause at 400 ◦C for 30 min. We

found that low laser density was suitable to obtain a stoichiometric ablation, the pro-

posed cooling procedure was appropriate to form highly crystalline films, and the ozone

utilization during cooling could suppress the precipitate generation.

These achievements are appealing for the following two reasons. Firstly, the optimal

growth condition we determined is unique compared to previous reports. Our condition

utilizes relatively low laser density under low pressure, while the others apply high laser

density under high pressure. This difference can shed some light on the growth of oxide

thin films by PLD. Secondly, we found that precipitates on the surface of the thin films

can be eliminated using ozone oxidization only during the cooling procedure. This result

also gives useful comprehension of the processes for deposited elements to form epitaxially

crystalline films or precipitates.

On the basis of this achievement, we can make superlattice structures combining

with other oxides. It is interesting to investigate various combinations and check the

superconducting properties. The researches of superconductivity in superlattice are just

getting started. The challenge to utilize ultra-thin films for functional devices is also

promising. It can be a platform not only to approach the superconductivity in a single

CuO2 layer, to confine carriers in a small region. In order to obtain high-quality ultra-thin
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films, it is known to require the precise cation-ratio control and the strong oxidization.

This study paved the way for us to fabricate them.

Among the increasing attention paid to oxide heterostructures, the high-Tc supercon-

ducting superlattices and ultra-thin films have been attracting a lot of interest, because

of the possibility of making functional devices and accessing the fundamental mechanism

of superconductivity. This study not only provided many remarks about the growth

mechanism in PLD, but also established the basis for moving in this exciting field.
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Appendix A

Supplemental information of sample
fabrication

When we fabricate thin films, what is emphasized is the recipe of the growth conditions

such as temperature, pressure, and laser condition during deposition. In practice, it is

difficult to compare the recipes from different groups. Even though we make samples

referencing the recipes utilized in other systems, it is impossible to reproduce the same

conditions down to the practical details. Here we describe such details focusing on the

substrate preparation, the temperature monitoring, and the pressure controlling used

throughout the Thesis.

i) Procedure of substrate preparation before deposition

First of all, we cut the substrates into 5 × 5 mm2 pieces using a diamond cutter from

the 10 × 10 mm2 or 15 × 15 mm2 sized substrates supplied by the companies.

Although the surfaces of the substrates are polished and sometimes etched by acids,

there are many contaminants such as dust in air and carbon. In order to eliminate them,

we have utilized acetone and methanol cleaning which is an orthodox method to clean up

the surface of semiconductors. The substrate is first dipped into acetone and vibrated at

the ultrasonic frequency for 5 min. after which it cleaned with methanol for 5 min. This

two-step cleaning is repeated twice before loading into chamber.

The cleaned substrate is next clamped at the sample holder made with inconel. To

the backside of the substrate, Pt paste is coated in order to make the contact secure and

enhance the thermal conductance. Pt paste should be spread uniformly in order to avoid

temperature gradient within the substrate.

Before inserting the sample holder into the main chamber, it is heated at 250 ◦C for

30 min. in the L/L chamber in order to bake the Pt paste. During this baking operation,

the pressure of the L/L chamber is reduced at the pressure of 10−6 Torr.

Based on this preparation, substrates are heated in appropriate pressure following the

recipe of the optimal growth condition.
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Figure A.1: The correlation between the temperature monitored by the pyrometer and the
thermocouple. The value of the pyrometer has a margin of error (∼ ±50 ◦C) depending
on the substrate and the Pt paste attaching substrate to the sample holder.

ii) Calibration of the two temperatures monitored by thermocouple and py-
rometer

On the PID control installed in the PLD system, the temperature value which is mon-

itored by the thermocouple placed near the substrate holder (Fig. 2.1 (a)) is fed back.

Since the thermocouple is placed directly next to the sample, the actual temperature of

the sample is likely to differ from the thermocouple readings. In order to have better

accuracy for the sample temperature, a pyrometer focused on the sample surface is used.

The calibration of the two temperature were carried out before the experiments (Fig.

A.1).

iii) Pressure control in the main chamber

The relationship between the pressure of the chamber and the management procedure

of each system is summarized in Table A.1. Since ion gauges can be damaged at high

pressure, Baratron is used in the range above 10−3 Torr. When pressure goes above 10−3

Torr, one should first adjust the VLV output value listed in Table A.1, and then shut

down the shutter. Thus, the aimed pressure is available monitored by Baratron.

Table A.1: The relationship between the pressure of the chamber and the management
procedure of VLV output, shutter, and valve.

Chamber (Torr) VLV output (Torr) shutter (A) valve (A) monitoring

10−6 10−6 open open ion gauge
10−5 10−5 open open ion gauge
10−4 10−4 open open ion gauge
10−3 10−6 close open Baratron
10−2 10−5 close open Baratron
10−1 10−5 close close Baratron
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