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Motivation and Outline

Synthesis and manufacturing of devices at micro and nano scale has become

the focus of very intense study in recent years. Many interesting and significant

approaches have been offered and applied. Among them, scanning probe based

nanolithography techniques and microcontact printing are nowadays very com-

mon method of patterning self assembled monolayers and enabling nanoscopic

resolution. There are numerous ways of controlling and manipulating molecules

at the nanoscale to produce devices by utilizing the magnetic, electric or me-

chanic driven forces.

Ferroelectric materials are known for a very long time and have very wide

technological applications from memory devices to sensors. Since the last decade

of the previous century, the interest in ferroelectric materials slightly shifted

from their bulk properties to thin film properties due to the developments in

the thin film deposition methods and also in analysis methods at such small

scales by scanning probe microscopes.

In this report, we address a novel technique, named as Ferroelectric Nano-

lithography, to assemble structures at the nanoscale by utilizing the photochem-

ical activity of ferroelectric surfaces depending on the electrical polarization un-

derneath. Spatially selective deposition of certain molecules on the ferroelectric

materials were established to have a relation with the polarization direction and

the surface properties. We are particularly concerned with the surface proper-

ties of BiFeO3 ferroelectric thin films and reduction of silver ions from AgNO3

solution on their surface besides to a variety of other ferroelectric thin films.

In chapter 1, a general overview of ferroelectricity and ferroelectric mate-

rials is given. The physical phenomenon lying behind the ferroelectricity is

mentioned. In addition, an electronic view of ferroelectrics is included. More-
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over, the photovoltaic effect in ferroelectrics is discussed with examples from

the literature. More importantly, the theoretical background for the develop-

ment of Ferroelectric Nanolithography is covered and the related studies from

the literature are discussed.

Chapter 2 is allocated for the experimental aspects of the project. The

main analysis tool of the project is the Scanning Probe Microscopes. Therefore,

the theory for the Atomic Force Microscope with contact and tapping mode,

Scanning Surface Potential Microscope and Piezoresponse Force Microscopes are

included. Additionally, X-ray diffraction and reflectivity techniques are covered

as characterization tools. The samples were produced by using Pulsed Laser

Deposition which is also briefly mentioned thereof. The silver deposition setup

is also explained in this chapter.

Chapter 3 is concerned with the structural and microstructural characteriza-

tion of the samples covering the x-ray diffraction and reflectivity measurements

to find out the single crystalline quality and to determine the thickness and

the roughness of the samples. For the ferroelectric analysis of the samples,

Piezoresponse Force Microscopy is used and the results are also shown in this

chapter.

Chapter 4 contains the results for the silver deposition experiments. Various

aspects of spatially selective achievement of silver atoms on ferroelectric thin

surfaces is reported. In the discussion section of the chapter, a new mechanism

is proposed to explain the selectivity between the different polarization oriented

areas.

Chapter 5 is the conclusion of this thesis and gives a general summary of

the outcomes of the project. Possible outlook of the project is also mentioned.
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Chapter 1

Introduction

This chapter addresses a general introduction to ferroelectric materials and par-

ticularly focus on the ferroelectric nanolithography technique. Literature review

on Ferroelectric Nanolithography is given and the mechanism lying behind it is

explained.

1.1 Ferroelectricity

A material with a spontaneous and reversible electrical field below a certain

critical temperature, Tc is named ferroelectric. Ferroelectricity phenomenon

was discovered by Valasek [1, 2] in 1920 in a compound named the Rochella

Salt. Since then, ferroelectric materials has attracted much attention due to

their fascinating properties. Ferroelectric are used in non volatile memory de-

vices because of their spontaneous electrical polarization [3]. Moreover, high

dielectric constant and piezoelectric properties make them suitable to be used

widely in the technological applications as transducers, sensors, actuators etc.

Here, a brief introduction will be given to ferroelectrics. However, for a formal

introduction with more general aspects covered, the readers are referred to the

classic book by Lines and Glass [4] and the more recent book by Rabe, Ahn and

Triscone [5].

Based on the symmetry, all crystalline materials can be divided into 32 crys-

tallographic classes or point groups. Symmetry point of view is important to

determine whether an effect is allowed or not. For the piezoelectric effect, which
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CHAPTER 1. INTRODUCTION 6

is defined as the coupling between the mechanical stress tensor and the polariza-

tion vector, to prevail a crystal should not have any center of symmetry. Only

21 of 32 classes satisfy this criteria and among them the cubic class has other

symmetry elements which excludes the piezoelectricity. There remains 20 of 32

classes and 10 of them has a single polar axis which is distinguished as pyroelec-

tricity. Pyroelectric materials possess a spontaneous electrical polarization. If

the polarization can be switched by applying electric field, those materials are

called ferroelectric. It should be emphasized that whether switching is allowed

or not cannot be determined by the symmetry considerations. It helps to un-

derstand that a crystal might be piezoelectric or pyroelectric. Ferroelectricity

should be found out experimentally. Needless to say that symmetry consider-

ation does not give any information about the magnitude of the effects in the

crystals.

A ferroelectric material switches the polarization direction when the applied

electric field in the opposite direction exceeds a certain value which is known as

coercive field and denoted by Ec. Figure 1.1 is a typical hysteresis loop for a

ferroelectric material and shows the coercive field, Ec and remnant polarization,

Pr which is defined as the polarization at zero applied electric field and very

close to the spontaneous polarization, Ps for ferroelectrics. In an experiment,

Figure 1.1: Representation of polarization vs. electric field hysteresis loop as

observed for a ferroelectric material. Ec is the coercive field which is required

to switch the polarization. Pr is the remnant polarization when the applied

electric field is removed.

the measured polarization is of two contributions, namely the spontaneous po-

larization and dielectric polarization and can be written as

P = Ps + ε0χE (1.1)
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where ε0 is the permittivity of free space and χ the dielectric susceptibility.

As mentioned before, ferroelectric materials have a spontaneous polariza-

tion below a some critical temperature, Tc which is called as Curie tempera-

ture. Above Tc, the crystal is in paraelectric phase from which to ferroelectric

phase the transition occurs through a lattice distortion. Important class of the

ferroelectric materials are perovskite structure oxide crystals which is usually

formulated as ABO3 where A and B are transition metals with different valen-

cies in a variety of compounds. Perovskite oxides have cubic unit cell structure

above Tc whereas below the transition temperature the symmetry breaks and

turns into tetragonal unit cell structure. The change in the unit cell structure

Figure 1.2: Schematic representation of the tetragonal (left) and cubic (right)

unit cell of a ferroelectric material with ABO3 formula. Indicated are the cubic

lattice constant a and tetragonal lattice constants a and c. The atomic displace-

ments are not to the scale. Retrieved from [6].

of a perovskite oxide is represented in Figure 1.2. Based on the formula ABO3,

B cations,located at the corners of the cube, are octahedrally surrounded by

oxygen ions and leave for A cations 12 coordinated site at the center of the

cube. In the paraelectric phase, lattice constants in all directions are the same

whereas in the ferroelectric phase, a=b<c prevails. Spontaneous polarization

below Tc arises due to the displacement in the B atoms.

A ferroelectric consists of regions with uniform polarization, called domains,

and the boundaries between them, called domain walls. Such domains form

upon transition from the paraelectric phase to tetragonal phase. In a perfect

crystal, nucleation sites which are randomly oriented form during cooling down

and results in the emerge of domains. Those domains where the polarization
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is directed towards to the surface along its normal vector are named up and

those with the opposite direction are named down in convention. Domains with

polarization lying parallel to the surface plane are named in-plane domains.

Domain walls between different oriented adjacent neighbors have distinct char-

acteristics and hence, they are named specifically i.e. according to the angle

between the polarization direction. A domain wall between up and down do-

mains is named 180◦ wall and the one between out-of-plane and in-plane is

90◦ wall as represented in Figure 1.3. Tetragonal ferroelectrics might contain

Figure 1.3: Schematic representation of domain walls in a ferroelectric. Bound-

aries between anti parallel out of plane domains is called 180◦ domain walls

whereas those between out-of-plain and in-plain are 90◦ walls. Convention is

based on the angle between the polarization direction in adjacent domains.

both 90◦ and 180◦ domain walls. Since the formation of domain walls breaks

the long range order, it comes with energy penalty. However it is still preferred

because it is lower than the energy which comes along with the depolariza-

tion field in absence of domain formation. Schematic of a 180◦ domain wall is

demonstrated in Figure 1.4 regarding the atomic positions and the polarization

direction. Minimization of depolarization field was shown to happen through

formation of a flux as demonstrated recently by help of TEM imaging [8]. This

needs to be shown at atomic resolution because the ferroelectric domain walls

are very narrow unlike the ferromagnetic domain walls, that are generally very

wide. In magnetic materials, domain wall width is determined by the two com-

petent interactions, exchange energy and the magneto crystalline anisotropy

energy. The former is order of magnitude larger than the anisotropy energy and

causes gradual change in magnetization. On the contrary, anisotropy energy in
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Figure 1.4: Schematic representation of 180◦ domain wall in a perovskite crystal.

Retrieved from [7].

ferroelectrics is very high so that the polarization can be along only one direc-

tion. Therefore the domain wall width is much smaller than that of magnetic

materials.

Ferroelectricity in perovskites arises due to the displacement in the ions in

the unit cell. They can be divided into two categories based on the cation

which contributes more to the polarization. Two classical ferroelectric per-

ovskites, BaTiO3 and PbTiO3, are very similar though they can be given as

an example to show the two different types of ferroelectricity mechanism. In

BaTiO3, Ti4+ ions have empty 3d orbitals and oxygen ions have electrons in

2p orbitals, hence, hybridization between these orbitals results in non-uniform

distribution of charges in the unit cell. In other words, polarization is carried

by the displacement of Ti4+ ions relative to the oxygen ions. In BaTiO3 this

leads to the sequence of phase transitions; from cubic to tetragonal (P4mm)

to orthorhombic (Amm2) and to rhombohedral (R3m). On the other hand,

in PbTiO3 significant part of the polarization is induced by the lone pair in 6s

orbitals of Pb. Therefore Pb2+ ion is taken as the driving force for the ferroelec-

tricity in PbTiO3 [9]. Since Pb2+ ion is larger than Ti4+ ion, it is more difficult

to displace. Hence both magnitude of the polarization and the transition tem-

perature of PbTiO3 are remarkably higher than those of BaTiO3. Moreover,

lone pairs of Pb stabilizes the tetragonal ferroelectric phase and PbTiO3 has
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only one transition. In the light of these information and regarding, Ti ions are

situated in the corner of the unit cell, BaTiO3 is named as B-site ferroelectric

whereas PbTiO3 is known as A-site ferroelectric. Another example of A-site

ferroelectric is BiFeO3 where Bi3+ ions have a similar lone pair.

1.2 Photovoltaic Effect in Ferroelectric Crystals

The strong electromechanical coupling and high dielectric properties of ferro-

electric materials have made them ubiquitous to todays society in one form or

another and broadly used in commercial applications. Besides those properties,

in the last decade, ferroelectrics have drawn attention due to their photovoltaic

and photochemical properties.

Photovoltaic effect was first realized by blistering or discoloring of paints

that contain TiO2 particles upon exposure to sunlight. In 1938, it was showed

that TiO2 is photoactive [10] and this paved the way to investigate the photo-

chemical properties in ferroelectrics. Indeed, ferroelectrics were among the first

materials that were shown to have photochemical properties. BaTiO3 was also

proven to be photoactive around that time. However it remained untouched

for many years until Giocondi and Rohrer [11] studied the surface photochem-

ical properties of BaTiO3 and found out the relation between the polarization

direction and the surface photochemical activity.

1.3 Ferroelectric Nanolithography

1.3.1 Literature Review

Assembling dissimilar molecular and nanostructural elements into complex func-

tional structures is a very powerful driving force to design new functionalities

and build up new ways of producing nanostructures. One of the most novel

techniques to achieve this is named Ferroelectric Nanolithography and was pro-

posed in 2002 by Kalinin et al. [12] upon the discovery of the relation between

the polarization direction and the electronic structure of the ferroelectric ma-

terials. The main idea lying behind the technique is to access the polarization

direction to control the band bending at the surface of the ferroelectric. Hence
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electron hole pairs generated by irradiation of UV light separate away due to

the electric field created by the band bending at the surface; depending on its

direction either electrons or holes are driven to the surface. These electrons or

holes can be used to perform reduction or oxidation at the surface with high

spatial selection. This is the basis of the photochemical selectivity at the fer-

roelectric surfaces and in this way assembling of nanostructures at predefined

locations can be achieved.

Development of ferroelectric nanolithography is, briefly mentioning, a com-

bination of two phenomenon. Firstly, atomic polarization and local domain

structure in ferroelectric thin films can be controlled through patterning by

Piezoresponse Force Microscopy (PFM) or by using electron beam system. Sec-

ondly, photoreduction or photooxidation takes place selectively at the surface to

assemble nanostructures at predefined locations. This is particularly interesting

for the reduction of metals at ferroelectric surfaces since it could provide a very

efficient way of electroding ferroelectric capacitors at the nanoscale. One of the

biggest advantages of ferroelectric nanolithography is the resolution that can

be achieved. It was shown that by using PFM, 10-20 nm size domains could

be written on a ferroelectric thin film [13]. If the relation between the polar-

ization and the photochemical selectivity can be well understood, it could open

the way to optimize this process and achieve higher performance electronic or

opto-electronic devices.

Considering the application point of view, Ferroelectric RAM or FeRAM is

a type of random access memory built similarly to a dynamic random access

memory with a ferroelectric thin film layer instead of a dielectric one. Since

ferroelectric thin films possess a remnant polarization upon removal of applied

field, having a ferroelectric thin film layer in a device gives rise to non-volatility

characteristics so wanted in memory devices. FeRAMs bring to the field advan-

tages of lower power consumption, faster writing performance and much longer

life of write-erase process whereas the disadvantages ascribe with lower storage

density compared to flash devices, storage capacity limitations and higher cost.

Even though early applications of FeRAMs in real life have been introduced by

Samsung cell phones and Play Station II, there is still a big room for enhance-

ment in the storage density. At this step, ferroelectric nanolithography can be
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a very crucial technique to realize the dream of higher capacity FeRAMs. More

precisely, 1Tbit/in2 storage capacity can be reached by having 25x25nm2 size

data bits. Hence ferroelectric nanolithography is a promising technique.

Upon demonstration of spatially selective deposition of silver on up domains

in ferroelectric polycrystalline BaTiO3 [11], quite intense study on the relation

between the polarization direction and the surface photoactivity had begun.

Utilizing the phenomenon, Kalinin et al. studied the Ferroelectric Lithography

mostly on single/polycrystalline BaTiO3 and PbZr0.3Ti0.7O3 (PZT) thin films

[12, 14] where the reduction of silver and other metals occurs on the up do-

mains. In 2007, Dunn et al. [15] reported the growth of silver both on up and

down domains of (100) oriented PZT thin films which brought modifications

to the theory by taking into account the influence of the orientation and the

composition of the thin film on the space charge region. In recent years, mate-

rials under focus slightly shifted from BaTiO3 and PZT to LiNbO3 and organic

ferroelectrics. Variety in the details of the results for LiNbO3 is found in the

literature [16, 17] and it is attributed to the fact that surface reactivity is not

only determined by the polarization but also by the defect concentration and

adsorbed charges. Besides to oxide studies, Bonnell et al. [18] worked on PVDF

organic ferroelectric and managed to get selective deposition and focused on

the origin of photoconductivity instead of the selectivity difference of domains.

On the other hand, Zhang et al. [19] worked on the variation of surface pho-

tochemical reactivity of organic ferroelectrics with polarization orientation and

reported a change in the deposition behavior of organic molecules on them.

Assembling nanostructures by selective deposition of metals on ferroelectric

surfaces still keeps drawing attention and very lately, another way of patterning

the ferroelectric domains was reported. Shen et al. [20] demonstrated that

embossing the PZT thin film creates a certain pattern which facilitates the

selective deposition.

One of the most intriguing oxides is BiFeO3 , which is a multiferroic and

attracted much attention due to the potential use in memory devices. The

interplay between its electric and magnetic properties has been studied deeply

and is still under investigation. However it is not the least exciting physical

phenomenon observed in BiFeO3. Optical investigations demonstrated that it
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shows photovoltaic effect near to visible light edge due to the lower band gap

energy compared to other oxides. Upon demonstration of the photovoltaic effect

in BiFeO3 [21, 22], as expected, Schultz et al.[23] have recently reported the

selective reduction of Ag on polycrystalline BiFeO3 films.

Ferroelectric lithography has attracted much attention since it was intro-

duced and is seen as one of the promising techniques to assemble structures and

devices at the nanoscale.

1.3.2 Theoretical Background

Ferroelectric crystals are traditionally considered as insulators, but due to their

band gaps of around 3.2-3.7 eV for PZT type materials [24], 3.6 eV for PbTiO3 [25],

3.2 eV for BaTiO3 [26] and 2.81 eV for BiFeO3 [27], it has been pointed out

by Scott et al. [3] that ferroelectric crystals can be treated as wide band gap

semiconductor. This is because of the large amount of defects and impurities

in perovskites and especially under the sufficiently high energy radiation they

follow the basic semiconductor physics.

In a unit cell of a ferroelectric crystal, the displacement of ions gives rise

to the formation of spontaneous polarization. However the magnitude and the

direction of the spontaneous polarization is not same and uniform throughout

the crystal. The relation between the electric displacement (D), electric field

(E) and the polarization (P ) is given as

D = ε0E + P (1.2)

where ε0 is permittivity of free space.

According to first Maxwell equation

∇D = ρ (1.3)

where ρ is space charge density.

Therefore

∇E =
1

ε0
(ρ−∇P ) (1.4)

Total polarization arises from the polarizability of a material in an electric

field PE = ε0χE and the spontaneous polarization PS . χ is the electric suscep-

tibility of the ferroelectric semiconductor and εr is the dielectric constant of the
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semiconductor. Therefore the equation becomes

∇E =
1

εrε0
(ρ−∇Ps) (1.5)

where εr = 1 + χ

Spontaneous polarization becomes zero at the surface and it varies in the

vicinity of the defects. For this reason, divergence of spontaneous polarization

is non zero and, as can be seen in the equation, it acts as a source for the

depolarization field. In order to reach the equilibrium, the depolarization field

should be compensated. Formation of 180◦ domain walls are responsible to

minimize the depolarization field which arises due to the need for compensation

of the polarization charges. Moreover formation of 90◦ domain walls can release

the elastic energy stored in the crystal and they will form if the elastic boundary

conditions permit it.

As mentioned before, Ferroelectric Lithography utilizes the reactivity differ-

ence between the up and down domains at the surface of a ferroelectric material.

This stems from the change in the electronic structure in the vicinity of the sur-

face due to the polarization orientation.

Polarization results in the formation of polarization bound charges (polar-

ization charge) as given by

σ = ~P · n̂ (1.6)

where σ is the polarization bound charge, ~P the polarization vector and n̂ the

unit vector normal to the surface. The polarization charge affect the topog-

raphy, chemical reactivity [28], optical and electronic properties of ferroelectric

surfaces as demonstrated by various methods such as ferroelectric electron emis-

sion [29, 30], polarization dependent work function [31] and metal deposition

[14]. Polarization bound charges need to be compensated to minimize the en-

ergy and reach the equilibrium. There are two possible mechanisms for the

compensation of induced polarization bound charge. Internally, migration of

the defects and band bending at the surface could be screening mechanisms

whereas adsorption of charged foreign molecules on the surface can screen ex-

ternally. The interplay between the internal and external screening mechanisms

ultimately determines the electronic band structure. On up domains, polariza-

tion results in positive polarization bound charges which can be fully or partially
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screened by downward band bending that enhances the number of negative free

charge carriers. On the other hand, down oriented polarization causes upward

band bending at the surface to promote the number of positive compensating

charges. Noteworthy is the difference between the traditional semiconductors

and ferroelectric semiconductors from the the driving force point of view for

band bending. In the traditional semiconductors band bending occurs via the

drift of mobile carriers at the interface. However band bending in ferroelectrics

is driven by the need to compensate the polarization bound charges [32]. Behav-

ior of the electronic structure at the surface in a ferroelectric crystal is depicted

in Figure 1.5.

Figure 1.5: Schematic representation of band bending at the surface of ferro-

electrics. (a) Up polarization results in the excess of positive charges which

can be compensated by downward band bending by increasing the amount of

negative charges as shown in (c). (b,d) represent the case for down domain. In

the x-axis, x=0 is the surface position and it goes into the sample bulk as x goes

to higher values.

Photochemical reaction is triggered by illumination of UV light with energy

higher than the band gap of the exposed material. This generates electron-hole
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pairs in the bulk of the crystal which are separated away by the electric field

created inside the ferroelectric. On the up domains, electrons are driven towards

the surface whereas holes are driven away from the surface. On the contrary,

for down domains, electrons experience a barrier at the surface that requires

electrons to possess higher energy to surmount. In brief, electrons are favored

at the surface of up domains and holes on the down domains. This results in the

selective deposition of certain type of ions on certain domains when immersed

in aqueous solution under UV light illumination. This mechanism was proposed

by Kalinin et al. [12] and is depicted in Figure 1.6.

Figure 1.6: Schematic representation of reduction of silver from the solvent on

up domains of the ferroelectric materials according to Kalinin et al. [12]. (a)

Side view of the sample immersed in AgNO3 solution. UV irradiation generates

e-h pairs in the bulk sample and on up domains electrons are driven to the

surface where they are responsible to reduce silver cations from the solution.

(b,c) electronic band structure of up and down domains, respectively. On down

domains, electrons come across a barrier at the surface and cannot reach to the

surface. However, electrons created in up domains are driven to the surface.

As mentioned, polarization bound charges, σpol, can be compensated by
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external screening, σs, and there are four possible scenarios for that;

• Completely unscreened surface σs = 0.

• Partially screened surface σpol ≥ σs

• Completely screened surface σpol = −σs

• Overscreened surface σpol ≤ −σs

Completely unscreened surface is very unfavorable state and can be observed

only in vacuum. Under ambient conditions, interaction between the surface and

water dipoles results in the formation of screening layer very rapidly. Besides,

overscreened surface is not likely to form at equilibrium and can be created upon

charging the surface by an applied voltage or during polarization switching in-

duced by biasing. In an ambient environment such as air, the most likely case

for a ferroelectric surface is partially or completely screened surface. Screening

charges contribute remarkably to the surface activity of the ferroelectric crys-

tals, hence, should be taking into account while considering the photochemical

activity.

Invention of Atomic Force Microscope was really a breakthrough in science

and enabled the characterization of structures at the nanoscale with various

techniques. One of these methods is the Kelvin Probe Microscope which is used

to measure the surface potential and also known as Scanning Surface Potential

Microscope (SSPM). Kalinin et al. [33, 34] studied the relation between the

surface potential and the polarization underneath in BaTiO3 single crystal. The

results indicate that on BaTiO3 (100) surface, the surface potential is opposite

to the polarization bound charges. This shows that the polarization bound

charges are completely screened by the adsorption of molecules at the surface.

In the same article, they also reported the evolution of the surface potential

with the phase transition and showed that the contrast in the surface potential

increases right after the transition for a certain time until the uncompensated

surface charges disappear. In this study, they exploited the phase transition

phenomenon to figure out the influence of polarization as a parameter on the

surface potential. On the other hand, Kim et al. [35] and Zhang et al. [36]

studied the variation in the surface potential with the polarization direction that
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was switched by applied bias. In the former work, they investigated the charge

dynamics on PbTiO3 thin films whereas the latter study revealed the surface

charge dynamics on BiFeO3 samples. Both studies showed that the surface

charge is opposite to the polarization charge and switching the polarization

affects the surface potential and discharging process follows different dynamics

for electron and hole trapping.

The influence of UV irradiation on the surface potential was studied by

Shao et al. [37] on a BaTiO3 (001) surface. The BaTiO3 single crystal was

heated up and cooled down to form a-c ferroelectric domains. Analysis was

done by AFM, PFM and SSPM. As shown in Figure 1.7, the topography image

demonstrates a surface corrugation which arises due to the elastic deformation

on in-plane ferroelectric domains. The SSPM images are shown in the figure

Figure 1.7: (a) AFM topography of a BaTiO3 (001) surface that shows three

corrugations due to a-c domain walls. z scale is 200 nm. (b) The surface

potential image of the same area as shown in (a) shows c domains with curved

domain walls. z scale is 0.25 V (c) The surface potential image when the UV

light is on. z scale is 0.25 V. Retrieved from [37].

with UV light on and off. They claim that bright regions with curved shape

on the SSPM image correspond to up domains whereas the dark regions down

domains. Sharpe changes are attributed to the in plane domains. The most

important result of this experiment is that UV irradiation on the sample causes

a decrease in the contrast difference in the surface potential image. Figure 1.8

is the PFM image of the same area and shows how the piezoresponse changes

with UV light. They reported that the contrast difference between up and

down out-of-plane domains is 4◦ and assume that it is stable enough to do the

measurement. Moreover, as the UV light is turned on they observed a movement
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Figure 1.8: (a) PFM phase image of domains in BaTiO3 [(b)-(d)] Consecutive

images showing the motion of 180◦ domain walls during UV illumination as

imaged with PFM. The arrows indicate the slow scan direction. The scan rate

is 2 min and 50s per frame. z scale is 4◦ . All images are 50x50 µm2 in size.

Retrieved from [37].

in 180◦ wall and the situation returns to the original after the UV light is turned

off. Hence, UV illumination is not powerful enough to reorient the ferroelectric

domains.

In my view, some inconsistencies presented in this paper show that the

understanding of this problem is far from being achieved. First of all, they

determine the up and down domains from surface potential measurement even

though, they say in the same paper, they are aware of that previous studies

claimed that it is quite complicated. One of the coauthors of the paper has

published with Kalinin in the past saying that the surface potential is opposite

to the polarization charge [33, 34]. Here they claim that if there are external

adsorbents on the surface, they would be desorbed upon UV illumination and

would result in immediate sign reversal in the surface potential image. However

they also emphasize that the time needed for desorption is longer than the

response they measure upon UV radiation. I cannot understand why they claim

that the surface adsorbents are negligible in their system. Their interpretation

of the decrease in contrast in surface potential upon UV light is on up domains,

electrons are driven towards the surface and made it less positive and the vice

versa. To me, their domain determination is ambiguous and I would claim

that upon UV illumination, charge carriers opposite to the surface potential are
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driven to the surface and that is the reason for the reduction in the contrast in

surface potential measurements.



Chapter 2

Experimental

In this chapter, experimental perspective of the project is introduced. Charac-

terization and synthesis methods used in the scope of this project is covered.

Starting with the general theory of Atomic Force Microscopy, very special Scan-

ning Probe Microscope techniques, Piezoresponse Force Microscope and Scan-

ning Surface Potential Microscope are discussed. X-ray Diffraction and Reflec-

tivity techniques are used for the characterization of the samples, hence, a few

word on them are said in this chapter. Brief information about the production

technique of the samples, Pulsed Laser Deposition, is also given and finally, the

experimental procedure for the silver deposition is included.

2.1 Atomic Force Microscopy

The main mechanism of Scanning Probe Microscopes (SPM) can be summarized

as near field probe of a surface with a special tip by lateral scanning. Invention

of Scanning Tunneling Microscope (STM) in 1981 [38] enabled imaging a single

atom which was the cutting edge of its time and the techniques based on it

enhanced the analysis at the nanoscale and have become an essential tool to

characterize various systems since then. Most widely used SPM techniques

are STM, Near Field Scanning Optical Microscopy (NSOM) and Atomic Force

Microscopy (AFM).

AFM is a broadly used tool among the SPMs because it can measure a

wide range of properties on the surfaces at such small scale. For instance, it is

21
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used to figure out the topography, surface potential, mechanical, electrical and

magnetic properties at the nanoscale. An advantage of AFM over the other SPM

techniques is that it can operate under ambient conditions i.e. room temperature

and pressure, thus, it does not require a special environment and easy to handle.

The resolution of AFM in vertical axis is in the order of subnanometer which

is related to the sensitivity of the piezomotors used in the scanner tube. On

the other hand, lateral resolution is determined by the tip radius which changes

from 1 to 100 nm.

In our group, we have a Veeco Dimension V AFM with various modes avail-

able, as shown in Figure 2.1. It is a so called scanned tip SPM where the sample

is fixed to a chuck and the tip moves over the sample.

Figure 2.1: Veeco Dimension V in the group laboratory

2.1.1 Operating Principle

AFM is based on a probe which is made of a flexible cantilever with a tip at one

end. The cantilever is relatively flexible and has the ability to oscillate. The

height of the tip is in the order of micrometers whereas the radius of curva-

ture at the tip apex is around 10-20 nm. Regarding the different requirements

for various measurements, tips are produced with different stiffness, resonance

frequency and coating materials.

AFM reveals the surface properties by utilizing the interaction between the

tip and the surface when brought close to each other. Depending on the distance

between them the cantilever responds, in the first approximation, according to
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Hooke’s law. A feedback mechanism monitors the cantilever deflection and

keeps either the tip at a constant distance to the surface or the contact force

constant by moving the probe along the vertical axis. This movement is recorded

and gives the topography of the surface. Basic setup of AFM is depicted in

Figure 2.2. Deflection of the cantilever is measured by the so called optical

Figure 2.2: Schematic representation of Atomic Force Microscope setup. Can-

tilever scans over the surface and the deflection is measured by the optical laser

system. Feedback mechanism controls the movement of the probe and the to-

pography is deduced.

lever mode. The shiny back of the cantilever reflects the incident beam of

the laser and it is aligned to fall in the center of a photodiode detector. The

photodiode consists of four quadrants and the difference in the sum of the laser

impinging on the upper and lower quadrants gives the vertical deflection of the

cantilever. Similarly, the difference in the left and the right quadrants with

respect to the vertical axis reveals the torsion of the cantilever. Schematic

of a photodiode is shown in Figure 2.3. To measure the surface topography

accurately, a feedback system is employed. The distance between the tip and

the surface or the cantilever force is set to a certain value. The signal received

in the photodiode is compared to the setpoint value and, whether it is above or

below, the probe is shifted in a way to null the deviation from the setpoint.
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Figure 2.3: Schematic representation of a photodiode with respect to the can-

tilever deflection. Left image shows torsion in the cantilever and the sum dif-

ference between B+D and A+C quadrants of the photodiode. Similarly, right

image depicts the vertical deflection in the cantilever and the sum difference

between A+B and C+D quadrants.

2.1.2 Tapping Mode AFM

Tapping Mode (TM) AFM is widely used for topography imaging of samples in

a wide range from very stiff to compliant materials. In this mode, AFM tip scans

over the surface while oscillating near to its resonance frequency under ambient

conditions i.e. air. When the tip is close enough to the surface, the interaction

results in the reduction of the oscillation amplitude. The decrease in the free

oscillation amplitude is set and kept constant by the feedback mechanism from

which the surface topography is extrapolated.

Compared to contact mode AFM which will be described in the next section,

TM-AFM has the following advantages:

• Higher lateral resolution on most samples (1 nm to 5 nm)

• Lower forces and less damage on soft samples imaged in air

• Lateral forces virtually eliminated

whereas one drawback is the relatively slower scan speed than contact mode

AFM.

2.1.3 Contact Mode AFM

Contact Mode AFM is the basic operation mode for many of the surface proper-

ties investigations such as AFM, PFM and conductive AFM modes. The tip is
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brought closer toward the surface by extending the Z scanner down. When the

tip enters the contact regime, the cantilever starts deflecting. Z scanner keeps

going down until the predefined deflection setpoint is reached. As the tip scans

over the surface, the cantilever deflection varies due to the change in the surface

topography.

Advantages of the contact mode can be listed as follows:

• High scan speed

• Only AFM technique which can reach atomic resolution

• Due to the stronger interaction between the tip and the surface, more

effective on rough surfaces with abrupt changes in vertical topography

However, there are disadvantages too:

• Lateral forces i.e. friction etc. can distort features in the image

• The tip-sample interaction can be influenced by the adsorbate layer

• Lateral forces and normal forces can result in reduced spatial resolution

and damage of soft samples

2.2 Scanning Surface Potential Microscopy

One of many important surface properties is the electrostatic property which

is usually measured by Scanning Surface Potential Microscopy (SSPM), also

known as Kelvin Probe Force Microscopy (KPFM). SSPM works based on dual

pass system which means that each line is scanned two times. In the first scan,

the microscope works in the Tapping Mode and records the surface topography.

For the second scan, the tip is lifted up to a certain distance away from the

surface that is set beforehand. During the second scan, Z scanner moves the

probe as recorded in the first scan such that the tip-sample separation is kept

constant. Thus electrostatic data are collected typically 50-100 nm above the

surface.

Operating principle of SSPM is based on a nullifying system. In the second

scan, the tip is biased by AC voltage at or near to its resonance frequency. In

addition to that the voltage difference between the tip and the sample exists.
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Both contributes to the oscillation of the cantilever. Feedback mechanism is

used to apply a DC bias to nullify the oscillation and the applied DC is equal to

the surface potential. The relation is more obvious in the following equations.

In SSPM, the tip is biased directly by Vtip = Vdc + Vac cosωt where Vac

is referred as the driving voltage. The frequency ω is selected to be near to

cantilever resonance frequency in order to ensure a strong mechanical response

to the electrostatic force between the tip and the sample. The system is modeled

as a capacitor and the capacitive force, Fcap(z) between the tip and the surface

at potential Vs is

Fcap(z) =
1

2
(Vtip − Vs)2

∂C(z)

∂z
, (2.1)

where C(z) is the tip-surface capacitance that depends on tip geometry, surface

topography and tip-surface separation z. A lock-in technique is used to extract

the first harmonic of the force:

F cap1ω (z) =
∂C(z)

∂z
(Vdc − Vs)Vac sinωt, (2.2)

The force on the cantilever can be nullified by applying a DC bias equal to the

surface potential as seen in the equation 2.2. Thus mapping the DC bias yields

a surface potential map.

This is the basic principle of SSPM to measure the surface potential and the

reader can refer to the articles [33, 39] for detailed discussion of what parameters

are influential in the measurement.

2.3 Piezoresponse Force Microscopy

The motivation for the development of Piezoresponse Force Microscope (PFM)

was the necessity of non-destructive local measurement of ferroelectric polar-

ization at the nanoscale. The historical development of the technique is well

summarized in Morelli’s PhD thesis [40]. However, only the operation principle

of PFM is briefly given here.

In Piezoresponse Force Microscope mode, the tip is in contact with surface,

thus can be regarded as an extension of the contact mode AFM. PFM is based

on the detection of the local piezoelectric deformation of a surface upon ap-

plication of an external electric field. Depending on the orientation of applied
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electric field, ferroelectric deformation occurs as either elongation or contrac-

tion or shear. The basic principle of PFM, in a nutshell, is the detection of the

electromechanical response of a surface as the first harmonic component of the

bias induced tip deflection.

For the converse piezoelectric, the field induced strain Sj is given as

Sj = dijEi (2.3)

where dij are components of the piezoelectric tensor and Ei the applied electric

field. In a single-domain ferroelectric the piezoelectric coefficient related to the

spontaneous polarization Ps via the following expression:

dij = εimQjmkPsk, (2.4)

where εim is the dielectric constant and QjmkPsk is the electrostriction coeffi-

cient.

The linear coupling between the piezoelectric and the ferroelectric param-

eters can be exploited to determine the domain polarity from the sign of the

field induced strain. When the applied electric field vector and the polarization

vector are parallel to each other, elongation in the ferroelectric occurs whereas

for antiparallel configuration, contraction of the sample happens. In the light

of this information, the following can be expressed for the field induced strain:

S =
∆Z

Z
= ±d33E (2.5)

where ∆Z is the sample deformation and Z is the sample thickness. Equation 2.5

can also be written as:

∆Z = ±d33V (2.6)

where V is the applied voltage. The ± sign donates the piezoelectric coefficients

of opposite sign for antiparallel domains. Therefore, opposite domains can be

mapped by measuring the bias induced surface deformations.

Indeed, this would be a very naive way of detecting the electromechanical of

a piezoelectric surface because of the following reason. Even though the vertical

resolution of AFM is in the range of subnanometer, which is quite remarkable

indeed, surface deformation due to the piezoelectric response would be very low.

Thus, only the samples with very smooth surfaces could be measured. Simply,
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the tip deflection due to the topography variation dominates the tip deflection

created due to the electromechanical response and do not allow detecting the

ferroelectric polarization.

It can been seen from the equation that increase in the applied voltage makes

the topography contrast between antiparallel domains more pronounced so that

it can be detected. However, enhancement in the applied voltage can result in

the switching of the polarization direction when exceeds the coercive field of the

sample. As an example [41], 200 nm thick lead zirconia titanate (PZT) thin film

has the coercive field approximately 50 kV/cm which means the imaging voltage

should not be higher than 1V. Moreover, for the mentioned PZT thin film, d33

constant is about 200 pm/N, thus, the surface deformation upon application of

1V would be only 0.2 nm. This is very low compared to the surface roughness

and is very difficult to detect in the microscope reliably. For these reasons, static

measurement cannot be applied widely to determine the piezoelectric response

of ferroelectrics.

The problem of low sensitivity in AFM techniques is usually circumvented

by using a lock-in amplifier. The main principle is that dynamic voltage is

applied to the system so that event the contribution of a small static signal can

be detected. In PFM, an ac modulation of V = V0 cosωt is applied either to

the tip or to the sample. This causes the surface displacement oscillating with

the ac modulation. Mapping of the ferroelectric domain is deduced from the

following relation between the ac modulation and the surface displacement:

∆Z = ∆Z0 cosωt+ φ (2.7)

where ∆Z0 = dvV0 is a vibration amplitude, dv is effective piezoelectric constant

and φ is a phase difference between the imaging voltage and piezoresponse, from

which the polarization direction can be determined. As depicted in Figure 2.4,

when ac modulation is applied to the sample, up domains elongates along the

polarization direction whereas down domains contracts. For up domains, surface

displacement vibrates in phase with the ac modulation and on down domains,

it oscillates out of phase with the ac modulation. The coefficient,∆Z0 = dvV0,

in the equation gives information about the magnitude of the polarization. Al-

though quantitative interpretation of data is quite challenging, qualitative infor-

mation could give important insight in the case of having in plane polarization.
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Figure 2.4: Principle of the phase shift in piezoresponse. (a) Up domain, (b)

elongation in the sample along the applied electric field, (c) surface displacement

is in phase with the ac modulation. (d) Down domain, e) Contraction in the

sample, (f) surface displacement is out of phase with ac modulation. Retrieved

from [40].

However, for samples with only out of plane domains, polarization magnitude

should be the same for both up and down domains. Therefore, it is only ex-

pected to get a change in the amplitude image at the domain walls. An example

of piezoresponse phase and amplitude data is represented in Figure 2.5.

For further information about the operating principle and the factors influ-

encing the imaging in PFM, the reader can refer to the following documents

[40, 41, 42, 43, 44, 45, 46, 47, 48].

2.4 X-ray Diffraction and Reflectivity

2.4.1 Diffraction

X-ray Diffraction method is a very common tool for characterization of crys-

tals. Thus, single crystalline thin films were characterized by thin film X-ray

diffractometer in this project. A very simple aspect of the method is given here

although detailed information can be found in the literature.

X-rays are scattered by electrons and since the electron density is the highest

in the atomic positions in a material, atomic positions can be considered as the
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Figure 2.5: Schematic representation of Piezoresponse phase and amplitude

data. 180◦ difference between antiparallel domains exists in phase data whereas

only sharp changes are recorded at the domain walls in the amplitude data.

Retrieved from [42].

source of the scattering. By definition, a crystal is consisted of atoms/ions in

an ordered way. When the x-rays hit the atoms in a crystal, they produce

secondary spherical waves emanating from the electron. If all the scattered

waves are in the same phase, they form a constructive interference which can

be detected as a wave. Otherwise, all the waves cancel out each other and

nothing is detectable emanating from the electron. This is named as destructive

interference. Constructive interference only occurs when the Bragg diffraction

law is satisfied as given:

2d sin θ = nλ (2.8)

where d is the distance between two adjacent layers, θ is the incident angle and

λ is the wavelength of the x-ray. For constructive interference, n is an integer.

Figure 2.6 depicts the very simple schematic of an x-ray which is scattered

constructively from a crystal.

2.4.2 Reflectivity

Another method exploiting the interaction between x-rays and matter in a dif-

ferent form is X-ray reflectivity or known as X-ray specular reflectivity. The

main difference between the diffraction and the reflectivity is that the former is

based on the diffraction of x-rays from an electron whereas the latter is based
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Figure 2.6: Schematic representation of an x-ray striking the atoms in a crystal

and scattering constructively. d is the lattice spacing and θ is the incidence

angle.

on the interference of refracted and reflected waves from a surface. Therefore,

reflectivity is a surface sensitive technique and is widely used for the charac-

terization of thin films. Reflectivity measurement gives information about the

thickness, roughness and electron density of surfaces. In this technique, the

incident x-rays hits a surface with a small angle and the reflected waves are

observed at specular angle which means reflection angle is equal to the incident

angle. X-rays are reflected from the interfaces where there is an electron density

difference between each layer. Hence, x-ray reflectivity technique is very useful

to analyze the multilayer structures to find out the thickness, roughness and

etc. values of the layers.

In an ideal surface, i.e. perfectly sharp and smooth, the reflection occurs

according to the Fresnel reflectivity rules. However, it is not true practically

and the deviations from the ideal case can be formulated as follows:

R(Q)/Rf (Q) =

∣∣∣∣ 1

ρ∞

∫ ∞
−∞

eiQz(
dρε
dz

)dz

∣∣∣∣2 (2.9)

where R(Q) is the reflectivity, Q = 4π sin θ/λ is the momentum transfer, λ is

the x-ray wavelength, ρ∞ is the density deep within the material and θ is the

incident angle. This formula can be used to compare the model of the average

density profile in the z direction with the x-ray reflectivity measurement and

then by varying the parameters to get the best match between the theoretical

and the experimental profiles. Hence parameters can be found out.
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2.5 Pulsed Laser Deposition

There are countless ways of producing thin films and a very special one, which

was used to produce the thin films for this project, will be mentioned in this

report. Pulsed Laser Deposition (PLD) is a physical deposition technique which

means a physical process is utilized to vaporize the film material from a target

to deposit on the substrate surface. During the process, no chemical reactions

are involved. The target is prepared in stoichiometric amount of the ingredient

Figure 2.7: Schematic top view of the PLD system. High power pulsed laser

is produced in the excimer laser and aligned to hit the target in the process

chamber by help of UV mirror and lens. Heater inside the process chamber is

placed at a certain distance and position from the target so that the plasma

reaches to the substrate uniformly. Real time growth of the thin film is watched

by RHEED system. RHEED pattern is shown in addition to the target surface

after laser ablation. Retrieved from [6].

materials. The target is hit by a high power pulsed laser which ablates the

target material in quite good stoichiometry. Since the laser carriers a very high

energy, the target material turns into a plasma phase and is transported to the

substrate surface which is kept stable at a high temperature so that the target

material which turns from the plasma phase into the solid state phase is still able

to diffuse on the surface. PLD is an epitaxial thin film production technique.
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This means that a single crystalline substrate is used in the deposition and

the deposited target material takes the crystal structure form of the substrate.

Pulsed Laser Deposition takes place in a high vacuum environment to make sure

that only the target material is present in the system. In addition to that, during

the growth and cooling down, oxygen is pumped into the system to prevent the

formation of oxygen vacancies regarding that many of the thin films produced in

this technique contains oxygen atoms. Even though the background pressure of

the process chamber is as low as 10−7 − 10−8 mbar, the oxygen pressure might

be in the range of 0.01-1.00 mbar.

The schematic of the PLD setup is shown in Figure 2.7. In our system, 254

nm UV light excimer laser is used i.e. Lambda Physik COMPex Pro 205 KrF).

The laser is reflected by a UV mirror and then go through the lens system which

aligns the laser to hit the target properly. The plasma is created in the chamber

and directed to the substrate which is glued on the heater by silver paste. The

heater consists of a filament wire which controls the substrate temperature. Also

shown is the high-pressure reflection high energy electron diffraction (RHEED)

system that monitors the real time growth of the thin film.

The process parameters for the growth of the thin films used in this project

is summarized in the table.

2.6 Silver Deposition Setup

The silver deposition setup consists of three parts mainly. As shown in Fig-

ure 2.8, at the bottom is a peltier device to cool down the sample container. On

top of it is the glass beaker which is filled with the solution and in which the

sample is immersed. Above all is the UV light source which emits the light at

300 nm wavelength. This corresponds to 4.13 eV energy that is required to be

higher than the band gap of the thin film under deposition.

For preparation of the solution, 17 mg of AgNO3, product of Sigma Aldrich

(S6505-25G), is dissolved in DI water which gives 0.01M solution. The deposi-

tion is done in a freshly prepared solution and the sample is fully immersed in

it. The UV light source is placed 1,6 cm above the sample. Unfortunately, the

power of the UV source is not known.
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Sample Material Growth T(◦ C) Anneal Cooling rate

pO2 (mbar) pO2 (mbar) (◦ C/min)

PTO PbTiO3 0.13 570 100 3

SrRuO3 0.06 700

BFO 16 BiFeO3 0.3 670 100 3

SrRuO3 0.13 600

BFO 21 BiFeO3 0.3 670 250 1-2

SrRuO3 0.13 600

PZT PbZrTiO3 0.13 575 100 5

SrRuO3 0.06 700

Table 2.1: Growth condition parameters for the samples. For each sample, the

conditions are given. In general, the pressure in the process chamber before the

O2 gas inlet is below 10−7 mbar. Target-substrate distance for BFO samples is

58 nm whereas it is 48 nm for PTO and PZT samples. Laser repetition rates

are in the range between 0.5 and 15 Hz.

Figure 2.8: Picture of the silver deposition setup. From top to bottom, UV

source, sample container and the peltier device.



Chapter 3

Sample Characterization

Thin films were produced by Pulsed Laser Deposition on 5 mm thick [001]-

oriented SrTiO3 substrates. This chapter consists of two main sections. First is

the x-ray diffraction analysis of the sample to find out the crystalline quality of

the samples. Second is the ferroelectric analysis of the samples by Piezoresponse

Force Microscopy. Samples used in this project are following:

• PTO 10: PbTiO3 (50 nm) / SrTiO3 (Nb doped)

• PTO 11: PbTiO3 (50 nm) / SrRuO3 (10 nm) / SrTiO3

• PTO 20: PbTiO3 (3 nm) / SrTiO3

• BFO 16: BiFeO3 (50 nm) / SrRuO3 (10 nm) / SrTiO3

• BFO 21: BiFeO3 (50 nm) / SrRuO3 (10 nm) / SrTiO3

• PZT 19: PbZr0.28Ti0.72O3 (50 nm) / SrRuO3 (10 nm) / SrTiO3

3.1 X-ray Diffraction Analysis

X-ray Diffraction has become a very important tool for characterization of many

different systems in a variety of fields from chemistry to biology since it allows

to determine the atomic structure of periodic samples. With respect to fer-

roelectric studies, it is a very important tool because in these materials, the

lattice deformations are directly coupled to the ferroelectric polarization and

35
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this structural information can be directly linked to the ferroelectric properties.

Moreover, it is also used to characterize the periodicity of domains. However, in

this project, x-ray diffraction and x-ray reflectivity tools were utilized to simply

characterize the single crystalline quality, interface quality and to figure out the

lattice constants of the thin films.

3.1.1 Results

Figure 3.1 shows the X-ray diffraction analysis for the PbTiO3 (50nm) /

SrTiO3 (PTO 10) sample. Because of the near coincidence of the in-plane

lattice parameters of bulk SrTiO3 and bulk PbTiO3 , the out-of-plane lattice

parameter of the film is approximately the same as the c-parameter of the bulk

tetragonal structure. The film is thus [001] or c-oriented. Since the polarization

in PbTiO3 is along the 4-fold symmetry axis (the c-axis), the films have the

electrical polarization oriented perpendicular to the sample surface. Moreover,

the absence of any other peak in the diffraction image gives an insight that there

is no other unwanted crystalline phase in the thin film.

As represented at the bottom in Figure 3.1, x-ray reflectivity scan shows very

nice Kiessing fringes for the PTO 10 sample. The periodicity of the oscillations

is related to the sample thickness and the amplitude of the oscillations in x-ray

reflectivity measurements is reduced with surface and interface roughness. In

other words, for very rough surface samples, one would not be able to see the

oscillations. However, for the PTO 10 sample, surface and interface roughnesses

are still good enough to give fringes.

Fitting of the experimental data can be used to calculate the thickness and

the roughness values. For this sample, thickness values obtained from the fit-

ting of diffraction pattern and the reflectivity scan are in quite good agreement

whereas there is a small discrepancy for roughness values.

The x-ray diffraction (XRD) result of the PbTiO3 (50nm) / SrRuO3 (10nm)

/ SrTiO3 (PTO 11) sample is shown in Figure 3.2. Unlike the PTO 10 XRD

results, there is a bump evolving very close to the substrate peak. However it is

under the domination of the substrate peak and is easier to be recognized when

looking at the (004) peak since at higher angles the peaks are clearly separated

as shown on the lower of Figure 3.2.
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Figure 3.1: (upper) 2θ-Ω and (lower) Reflectivity scan for PbTiO3 (50nm) /

SrTiO3 (PTO 10) . The peak at 22.76◦ corresponds to the substrate (001) peak

and gives rise to a lattice constant as 3.90 Å. The peak at 21.46◦ is due to the

PbTiO3 thin film and corresponds to an out of plane lattice constant of 4.14 Å.

A thin film thickness of 58 nm and a surface roughness of 0.4 nm is obtained

from the fitting of the diffraction pattern whereas a thickness of 58.8 nm and a

roughness of 1.1 nm from the reflectivity scan.
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Figure 3.2: 2θ-Ω scan for PbTiO3 (50nm) / SrRuO3 (10nm) / SrTiO3 (PTO

11) , (upper) around (001) peak and (lower) around (004) peak. Substrate peak

at 22.76◦ and the PbTiO3 peak at 21.46◦ are the same as those in the PTO 11

sample. The peak at 102.37◦ corresponds to (004) peak of SrRuO3 with a lattice

constant of 3.95Å. Fitting of the experimental data gives the estimated thickness

values as 16 nm and 50 nm for SrRuO3 and PbTiO3 respectively. Additionally,

obtained roughness values are 0.4 nm and 0.9 nm in the same order. However,

the fitting for SrRuO3 fringes is not good quality and might not represent the

correct value.
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Figure 3.3: Reflectivity scan for PbTiO3 (50nm) / SrRuO3 (10nm) /

SrTiO3 (PTO 11) . From fitting of the experimental data, the thickness values

are 7.4 nm and 44 nm whereas the roughness values are 0.6 nm and 2.2 nm for

SrRuO3 and PbTiO3 , respectively.

Fringes with two different widths in Figure 3.3 shows the presence of two

thin films on the substrate. As mentioned before, the oscillation period of the

fringes gives out the thickness of the film whereas the slope of the curve reveals

the roughness values. The smaller width fringes correspond to thicker film and

thus to the PbTiO3 . Besides, since the slope of the PbTiO3 part in the figure

is higher than that of the SrRuO3 , meaning that the PbTiO3 surface is rougher

than the SrRuO3 surface. Given the quality of the films, values obtained from

the reflectivity scan are more reliable than those from the 2θ-Ω scan.

X-ray scan of the BFO 16 sample, Figure 3.4, shows no peak other than

that of the substrate, the BiFeO3 film and the SrRuO3 thin film. Hence, for

this sample, XRD analysis concluded that the thin film is single crystalline.

XRD results of the PbZr0.28Ti0.72O3 (50nm) / SrRuO3 (10nm) / SrTiO3 (PZT

19) sample are shown in Figure 3.5 and confirms that the thin film is single crys-

talline.

STO 20 is an ultrathin thin film and its XRD results are shown in Figure 3.6.

Since the thickness of the thin film is very low, it is under very huge strain due
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Figure 3.4: (upper) 2θ-Ω and (lower) reflectivity scans for the BiFeO3 (50nm)

/ SrRuO3 (10nm) / SrTiO3 (BFO 16) sample. Fitting of the diffraction pattern

gives rise to thickness of 17.5 nm and 77.5 nm for SrRuO3 and BiFeO3 layers

and roughness of 0.5 nm for SrRuO3 and 1 nm for BiFeO3 layers. However the

deviation from the designated values is too high and the fitting quality is not

good. No proper simulation was achieved for reflectivity data.
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Figure 3.5: (upper) 2θ-Ω omega and (lower) reflectivity scan for the

PbZr0.28Ti0.72O3 (50nm) / SrRuO3 (10nm) / SrTiO3 (PZT 19) sample. The

peaks at 21.07◦ , 22.41◦ and 22.77◦ correspond to the PbZr0.28Ti0.72O3 film, the

SrRuO3 film and the substrate respectively and give rise to the lattice constants

of 4.21Å , 3.96Å and 3.90Å in the same order. A proper simulation was not

possible.
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to the lattice mismatch between the thin film and the substrate. The very low

thickness gives rise to a very broad peak in the diffraction pattern. Fitting of

the experimental data gives the thin film thickness of 3 nm. However, the fitting

for the reflectivity pattern was not possible.

Figure 3.6: (upper) 2θ-Ω and (lower) reflectivity scans for the PbTiO3 (3nm) /

SrTiO3 (PTO 20) sample. From the fitting of diffraction pattern, the thin film

thickness is calculated as 3 nm.
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3.2 Ferroelectric Analysis of the Samples

The ferroelectric properties of the thin films were investigated by using Piezore-

sponse Force Microscope, which allows doing hysteresis measurements for phase

and amplitude images. As explained in the experimental chapter, phase imag-

ing in this mode of the microscope gives information about the polarization

direction while the amplitude imaging gives information about its magnitude.

The hysteresis loops for phase and amplitude images of the PbTiO3 (50nm)

/ SrTiO3 (PTO 10) sample are shown in Figure 3.7. The phase image reveals

the preferred orientation of the polarization in the thin film. As seen on the

trace curve, in black, polarization switching occurs for a bias voltage of around

5V applied to the tip. It reveals that the initial polarization direction is up

in the thin film and that is switched down, parallel to the applied field at the

coercive voltage of 5V. On the retrace curve, while the tip bias is lowered to 0V,

the polarization of the thin film switches back to the initial state. This shows

that there is a large asymmetry in the coercive fields and that the hysteresis loop

is biased by 2̃.5V in the positive direction. Figure 3.7b, shows the amplitude

image, showing the same asymmetry in the switching voltage. This asymmetry

can arise from the internal fields built in due to the different work functions

of bottom and top electrodes. The highly asymmetric shape of the amplitude

image is possible due to the inhomogeneous electric fields present.

Figure 3.7: Hysteresis curves for (a) phase and (b) amplitude images for the

PbTiO3 (50nm) / SrTiO3 (PTO 10) sample

In Figure 3.8, topography of the sample is presented and it shows that there

are some holes on the surface. In addition to that, switching for a large area

and writing a pattern was tried but failed due to lack of an buffer electrode
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layer in the sample. Therefore next samples were prepared with a conductive

SrRuO3 layer as a buffer electrode.

Figure 3.8: Height image of the PbTiO3 (50nm) / SrTiO3 (PTO 10) sample

Figure 3.9 shows the hysteresis curves for the STO 11 sample. It is shown

that the polarization direction for the thin film is up because it requires applica-

tion of positive bias to the tip for switching. Upon obtaining this information,

a checker box pattern was written by applying positive and negative tip biases

in sequence. A topography image of a smaller area and the phase and ampli-

tude images of the pattern are shown in Figure 3.10. A line section analysis

of the phase image reveals that domain walls are 180◦ walls. Additionally, the

amplitude image shows that since only contrast appears at the domain walls,

the magnitude of the polarization vector is the same for up and down domains.

Figure 3.9: Hysteresis curves for (a) phase and (b) amplitude images for the

PbTiO3 (50nm) / SrRuO3 (10nm) / SrTiO3 (PTO 11) sample

As seen on the out-of-plane phase image of the written pattern, as grown

area shows up oriented polarization. Moreover, out-of-plane phase imaging do

not give any feature without a written pattern. It concludes that the preferred

polarization direction throughout the whole sample is up. It is an interest-
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ing finding indeed because it is expected that the sample would have domains

with different orientation to minimize the depolarization field. This is proba-

bly because the sample is thick enough and the depolarization field energy is

minimized. As seen in Figure 3.10a, STO 11 has a sort of columnar growth of

PbTiO3 . Created so called grain boundaries might also help compensating the

depolarization field. Analysis of the height image gives the RMS roughness as

2.18 nm which is in a good agreement with what is obtained from the fitting of

the reflectivity measurements.

Figure 3.10: (a) Height, (b) phase and (c) amplitude images of a written pattern

on STO 11. The checker box pattern was written by applying positive and

negative bias to the tip, as shown in the phase image. Amplitude image shows

the domain walls and gives rise to same polarization magnitude for up and down

domains.

It is known that [100] oriented BiFeO3 thin film has a polarization along the

111 directions because of the rhombohedral unit cell structure. Therefore the

polarization has components both in in-plane and out-of-plane directions. In

Figure 3.11 the out-of-plane hysteresis curves for phase and amplitude images

are shown. Phase image shows that out-of-plane polarization direction in the

as grown film is down.

50 nm thick BiFeO3 thin film was grown on SrTiO3 substrate with 10 nm

thick SrRuO3 buffer layer as an electrode. In Figure 3.12, the height image by

AFM shows the surface with many holes which are due to the growing condi-

tions. The RMS roughness of the sample was calculated as 1.94 nm. Addition-

ally, the in-plane phase and amplitude images are represented. Interpretation

of the phase and amplitude images together reveals information about the 71◦ ,

109◦ and 180◦ domain walls. In the out-of-plane direction, the phase image does

not give any contrast because in the whole sample the polarization direction is
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Figure 3.11: Hysteresis curves for (a) phase and (b) amplitude images for the

BiFeO3 (50nm) / SrRuO3 (10nm) / SrTiO3 (BFO 16) sample. On the trace

curve, in black, the polarization switches at 0V applied to the tip. This means

that the polarization was already switched at -7V when the tip bias was applied

first. In other words, the preferred out-of-plane polarization direction is down

and it switches at -7V to up direction, switches back to down direction at 0V

and then switches back to up direction at -2V on the retrace curve.

down oriented. Therefore they are not shown in the figure.

On the other hand, switching of the polarization direction is possible for

this sample as demonstrated in Figure 3.13. The outer square was written by

applying -6.5V to the tip and the inner square was written by +6.5V to the tip.

Having a buffer electrode in this sample makes the switching easier.

Hysteresis measurements for the PbZr0.28Ti0.72O3 (50nm) / SrRuO3 (10nm)

/ SrTiO3 (PZT 19) sample, as shown in Figure 3.14, reveals the as grown

polarization direction as up. The piezoresponse shows a quite symmetric and

well behaved curve indicative of little internal bias.

The height image of the PZT 19 sample by AFM, Figure 3.15, demonstrates

Figure 3.12: (a) Height, in-plane (b) phase and (c) amplitude images for the

BiFeO3 (50nm) / SrRuO3 (10nm) / SrTiO3 (BFO 16) sample.
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Figure 3.13: (a) Height, out-of-plane (b) phase and (c) amplitude images for

a written pattern on the BiFeO3 (50nm) / SrRuO3 (10nm) / SrTiO3 (BFO

16) sample.

Figure 3.14: Hysteresis curves for (a) phase and (b) amplitude images for the

PbZr0.28Ti0.72O3 (50nm) / SrRuO3 (10nm) / SrTiO3 (PZT 19) sample. The

phase image reveals that the as grown polarization direction is up.
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Figure 3.15: (a) Height, out-of-plane (b) phase and (c) amplitude images for

the PbZr0.28Ti0.72O3 (50nm) / SrRuO3 (10nm) / SrTiO3 (PZT 19) sample.

The pattern was written by 6V of the tip bias.

a similar surface features to that of the PbTiO3 samples. RMS roughness was

calculated as 2.50 nm. Switching of the polarization direction was quite easy

for this sample.

The PbTiO3 (3nm) / SrTiO3 (PTO 20) sample is an ultrathin film of

PbTiO3 on SrTiO3 substrate. It was not possible to do any hysteresis measure-

ments, hence, to understand the ferroelectric properties. It is perhaps due to

the lack of a buffer electrode layer in the sample. As can be seen in Figure 3.16,

the substrate surface steps are still visible. RMS roughness was found out as

0.49 nm.

Figure 3.16: Height image of the PbTiO3 (3nm) / SrTiO3 (PTO 20) sample.



Chapter 4

Photochemical Reduction of

Silver

In this chapter, results of the experiments seeking for the details of the silver

deposition mechanism are given. First, the requirement of UV light to trigger the

silver attachment is shown. In the following chapter, deposition results between

ferroelectrics and non-ferroelectrics are compared, thus, to reveal the importance

of the ferroelectric polarization on the silver reduction from the solution. In the

last section of the chapter, deposition results for various samples are shown.

Selective deposition of silver is achieved on BiFeO3 sample, contradicting with

the existing model in the literature. Therefore, a new mechanism is proposed

by taking the surface potential measurements into account. Noteworthy is that

surface potential measurement is a relative technique. For this reason, scale bars

on the images are not shown. Instead, line section analysis are given.

4.1 UV Light Excitation

It is important to understand the influence of UV irradiation on the system.

This will given a crucial insight to figure out the mechanism for attachment of

silver on ferroelectric surfaces. In order to do that, different samples were tried

in the deposition system with and without UV light exposure. In our system,

300 nm UV light is used and has the energy of 4.13 eV which is supposed to be
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higher than the band gap values of the materials under investigation to excite

the electron-hole pairs in the material.

STO 11, as mentioned before, has up preferred polarization direction in

the as grown sample. Therefore, attachment of the silver particles all over

the surface would be favored under exposure to 300 nm UV light with higher

energy, 4.13 eV, than the band gap energy of the PbTiO3 . The band gap of

the PbTiO3 is around 3.3 eV and might change due to the growth conditions

and composition.

In Figure 4.1, it is shown how the silver deposition occurs with the assistance

of the UV light. On a clean surface, silver nitrate solution was poured and

the image was taken after 2 min under dark conditions. Under the AFM, the

topography image shows the precipitation of a few small silver particles at the

grain boundaries. After the sample was cleaned, deposition under natural light

for the same exposure time was carried out. Topography image showed a bit

higher amount of silver particles accumulated again at the grain boundaries.

However, as shown in Figure 4.1d, applying UV light increases the attachment

of silver particles enormously and for the same exposure time (2 min), the whole

film was covered with silver.

Figure 4.1: PbTiO3 (50nm) / SrRuO3 (10nm) / SrTiO3 (PTO 11) , (a) Clean

surface, deposition for 2 min under (b) dark conditions, (c) natural light, (d)

300nm wavelength UV light

To have a better understanding of the silver deposition process, the sample

was exposed to UV light for shorter time i.e. 10 sec. As shown in Figure 4.2 it

was observed that growth of the silver on the surface occur via nucleation sites
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which are usually located at the grain boundaries. Therefore it was concluded

that the silver deposition on this sample is driven more by the grain boundaries

than by the polarization. In other words, changes in the electronic band struc-

ture due to the grain boundaries seem to be dominant over the band bending

due to the polarization bound charges at the surface.

Figure 4.2: Silver deposition on PTO 11 for 10 sec. under 300nm wavelength

UV light

BiFeO3 is known to have a band gap of 2.2eV which might be even provided

by the natural light. Therefore, first experiment was to test the necessity of the

UV light for deposition on this sample. As the results are shown in Figure 4.3,

under dark and natural light conditions, there are no significant of attachment

of silver on the surface. Precipitated particles might be due to the interaction

of UV light with silver cations in the solvent or some other reason which might

cause clustering of silver particles in the solvent and to precipitation eventually.

However, when compared to the depositions under UV light assistance as seen

in Figure 4.3d , precipitated particles are of no importance.

Figure 4.3: BiFeO3 (50nm) / SrRuO3 (10nm) / SrTiO3 (BFO 16) , (a) Clean

surface, Deposition for 20 min under (b) dark conditions, (c) natural light and

(d) 300 nm UV light

Another important experiment to understand the influence of UV light assis-
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tance for silver deposition is to use a sample which has a higher energy band gap

than the UV light energy. For this purpose, deposition is tried on silicon dioxide

which is known as a very good insulator with a band gap of higher than 9̃ eV.

Therefore illumination with 300nm wavelength UV light which has an energy of

4.1 eV is not enough strong to excite electrons from valance band to conduction

band. Hence no growth of silver is expected to be assisted with UV light. De-

position results are shown in Figure 4.4 and demonstrates that precipitation of

some silver particles occurs on the surface even without exposing to UV light.

Under the assistance of UV light, no pronounced difference was observed. Most

important output of the experiment is that UV light is an essential factor to

trigger and to enhance the silver deposition.

Figure 4.4: Development of silver deposition on SiO2 (a) clean surface (b) 5

min & (c) 20 min under natural light, (d) 5 min & (e) 20 min under 300 nm

wavelength UV light
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4.2 Influence of Ferroelectric Polarization

In this section, comparison of silver deposition on non-ferroelectric and ferro-

electric materials is reported. The main reason of these experiments is to find

out the importance and the role of the polarization on reduction of silver cations

from the solution.

4.2.1 Silicon

Silicon substrates are protected by forming silicon dioxide layer on top which

can be removed easily by BHF. Bare silicon surface is very reactive and can

form the oxide layer again in a short while. Before letting it happen, the sample

was immersed in the silver nitrate solution and -as shown in Figure 4.5- even

under natural light, growth of silver was observed. Instead of island growth of

silver, almost flat growth of bigger silver particles were obtained. Under the

UV light, being the sample exposed for 20 min, the surface shows that some

regions are flat and high and some regions are like holes. The surface features

after deposition are different than the previous observations on other samples.

To make sure that it is not the oxide layer but the silver layer, the surface

was cleaned by organic solvents and it returned to the initial state. The oxide

layer can be removed by acid treatment only whereas silver particles are cleaned

easily by organic solvents.

Silicon has a band gap energy of 1.1 eV which could be supplied by a light

with a wavelength of 1100 nm. Therefore, UV light might be the triggering

factor for the deposition of silver. However, silicon surface is very reactive and

reduction might be due to another reason. It needs to be investigated in more

detail.

4.2.2 SrTiO3 Substrate

Band gap energy of the SrTiO3 is comparable to that of PbTiO3 ferroelectric

thin film i.e. both being in the range of 3-3.5eV. The sample was soaked in

the silver nitrate solution under dark conditions and in the day light for 20

min and under 300nm UV light for 5, 15 and 20 min. As the results depicted

in Figure 4.6 show, there is no growth of silver on the surface under the dark
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Figure 4.5: Development of silver deposition on Silicon substrate (a) clean sur-

face (b)5 min under natural light, (c) 20 min under 300 nm UV light (d) cleaned

surface after the deposition under UV light

conditions because of lack of electrons at the surface to reduce the silver cations.

In the day light, we observe some tiny silver particles at various locations.

Furthermore, a striking result comes when the deposition is done under the

UV light. As seen in the figure, there is a tendency for the silver particles to

have a special pattern like a wire. For longer exposure times, the whole area is

covered with silver but for 5 min exposure, it is obvious that silver cations prefer

attaching to the step edges of the substrate. Perhaps it is due to the change in

the surface potential of the substrate. It might also indicate that the surface is

not single terminated and there is a variation in the surface potential. In order

to understand the influence of the step edges better, only 3 nm of PbTiO3 thin

film was grown on the SrTiO3 substrate and deposition results are given in the

next section.

4.2.3 PbTiO3 (3nm) / SrTiO3 (PTO 20)

Due to the lack of buffer electrode layer, it was not possible to detect the ferro-

electric properties of the PTO 20 sample and no pattern could not be written.

However silver deposition was tried on the sample to see the possible results.

Deposition results are represented in Figure 4.7. The sample was immersed in

the silver nitrate solution for 10 min under dark conditions and no growth of

silver was observed which means there were no electrons available at the surface

to reduce the silver cations. Topography images upon exposure to UV light for

5, 15 and 20 min are shown in the figure and uniform distribution of nucleation
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Figure 4.6: Development of silver deposition on SrTiO3 substrate (a) clean

surface, (b) 10 min under dark conditions, (c) 5 min, (d) 20 min, (e) 40 min

under 300 nm wavelength UV light

sites and island growth of silver was observed.

Compared to the deposition on SrTiO3 substrate, the deposition on PbTiO3 thin

film is more uniform. This means that variations in the SrTiO3 surface is some-

how compensated by the polarization, in other words, the contribution of the

edges on the overall surface properties became less influential.

Figure 4.7: Development of silver deposition on PbTiO3 (3nm) / SrTiO3 (PTO

20) (a) clean surface, (b) 10 min under dark conditions, (c,d,e) under 300 nm

wavelength UV light for 5, 20 and 40 min, respectively.
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4.3 Selective Silver Deposition

4.3.1 PbTiO3 (50nm) / SrTiO3 (PTO 10)

It is not possible to write a pattern on the PbTiO3 (50nm) / SrTiO3 (PTO

10) sample but hysteresis loop measurements showed that the preferred polar-

ization direction is up in this thin film. According to the proposed mechanism

in the literature, up domain regions are expected to reduce the silver cations in

the solution. Exposure to 300nm wavelength UV light for 20min caused growth

of silver as shown in Figure 4.8. By using a software, a mask is applied to filter

the data points which are above certain height. This revealed that the surface

coverage by silver is 30%. Since the switching is not possible, any information

for depositon on down domains could not be achieved.

Figure 4.8: Silver deposition on the PbTiO3 (50nm) / SrTiO3 (PTO 10) for 20

min under 300nm wavelength UV light (a) without filter, (b) with filter applied,

revealing 30% of the surface is silver covered.

Note: The rest of this chapter contains confidential data, hence,

embargoed in the online version.
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Conclusion

At the beginning of this project, it was aimed to understand the Ferroelectric

Nanolithography technique so that it can be applied to electrode the ferroelectric

devices with silver. In the scope of the project, the samples were prepared by

Pulsed Laser Deposition method and characterized by X-ray Diffraction and

Piezoresponse Force Microscopy (PFM).

Most remarkable outcome of the project is the selective deposition down

domain BiFeO3 samples. In the literature, it was reported that the silver at-

tachment favors the up domains and not the down domains. However, our

results showed opposite behavior of silver deposition on ferroelectric thin films.

The results were interpreted with the help of surface potential measurements,

concluding that the dominant driving force in our system is the surface potential

for the different photochemical activity of up and down domains. It is impor-

tant to emphasize that the surface potential is determined by the interplay of

polarization direction, defects and vacancies in the ferroelectric thin film and

the surface adsorbents.

It was also demonstrated that deposited silver layer can act as an electrode.

It was possible to detect the piezoresponse signal from the underlying ferroelec-

tric thin film. However it requires a lot of effort to optimize the system and use

the silver as an electrode.

In summary, this project helped us to understand the physics lying behind

the spatially selective photochemical reduction of silver atoms on ferroelectric
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surfaces. Fortunately, contradicting results with the literature were reported

and contributed to the understanding of the deposition mechanism.
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