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Preface

Oxide materials attract intensive studies and show potential for wide

application since they cover a range of electrical property from insulator to

high Tc semiconductors and from ferroelectric to ferromagnetic. Research

on high Tc superconducting thin films has brought a rapid development of

the fabricating technique of oxide films which have promoted the applica-

tion of oxide thin films.

The drive towards miniaturization of electronic devices has motivated

scientists to focus on ways to improve the properties of dielectric and fer-

roelectric oxide thin film. An ideal capacitor based on these ferroelectric

oxides should have high dielectric constant, high dielectric break down field

strength, low leakage current density and low dissipation factor. Apart

from electronic application ferroelectric films are of interest to various mi-

cro electromechanical and optical applications. An important objective

of research in dynamic random access memories (DRAM) technology is to

miniaturize the memory cells and simultaneously increase the charge stored

in the available area. To derive maximum storage efficiency the method is

to increase the area of capacitor, reduce the thickness and use thin films

xvii
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of high dielectric constant ferroelectric materials. The materials of interest

in the present study for the development of memory devices are the fer-

roelectric BaxSr(1−x)TiO3 (BST) and PbZr(1−x)TixO3 (PZT) for FeRAM

applications.

With the development of ceramic processing and thin film technology,

many new applications have emerged. The new available techniques to pro-

duce high quality thin films ferroelectrics are plasma sputtering, ion beam

sputtering, metal organic vapour chemical deposition (MOCVD), sol-gel,

spin coating metal organic decomposition (MOD) and pulsed laser depo-

sition (PLD). With PLD epitaxial films can be deposited at low substrate

temperature and high deposition rates over a range of target phases and

composition with few experimental parameters to optimize.In the present

work pulsed laser ablation and rf magnetron sputtering was employed for

the deposition of ferroelectric films.

One of the problems with ferroelectric memories is the tendency to lose

its ability to store data after a certain number of read/write cycles. This

phenomena is called fatigue. The prime reason for the fatigue in ferro-

electric thin films is the degradation of the ferroelectric/electrode interface.

To reduce the degradation, a thin layer of conducting oxide is deposited

between the metal electrode and ferroelectric thin film.Some of the oxides

used for reducing the fatigue behavior of ferroelectric films are RuO2, IrO2,

SrRuO3 , (La,Sr)COO3 (LSCO) and YBa2Cu3O7 (YBCO). The selected

oxide electrode should have lattice parameters that match the substrate.

Also the electrode should have a work function that is commensurate with

the work function of the ferroelectric phase so that it acts as a sink for

oxygen vacancies. Thereby the charge defect concentration at the ferro-

electric/electrode interface can be controlled. In the present study the
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effect of oxide electrode (La,Sr)COO3 (LSCO) on the electrical properties

of the ferroelectric materials is studied.

Chapter 1 gives an introduction to ferroelectricity and piezoelectricity.

This includes orgin of ferroelectricity and piezoelectricity, ferroelectric do-

mains and hysteresis loop.The oxygen octahedron of the general perovskite

is described. The major class of oxide ferroelectric materials and their char-

acteristics are discussed in detail. A brief introduction to the need for oxide

electrodes is also discussed. A detailed description of memories using these

ferroelectric oxides is also discussed. The literature review on the major

class of oxides BST and PZT is also given towards the end of the chapter.

Chapter 2 describes in detail the thin film growth techniques and char-

acterization tools employed in the present work. Thin film growth was ac-

complished using pulsed laser deposition (PLD) and sputtering techniques.

The basic operation and specifications of all those characterisation tools

are described in this chapter.

Chapter 3 describes the pulsed laser ablation of PZT/PLZT thin films.

The objective of the study is to lower the deposition temperature of PZT for

MEMS application. PZT and PLZT thin films were deposited by pulsed

laser deposition on PtSi substrates with pure perovskite phase at a sub-

strate temperature 6000C . The Pb excess targets were used for compen-

sating the Pb loss in PZT thin films. PbTiO3 and ZnO buffer layers were

deposited to lower the deposition temperature.Pervoskite phase was formed

in all thin films at much lower temperature. ZnO buffer layer has lowered

the deposition temperature to 3000C. Stoichiometry is confirmed by com-

position analysis of the samples. The leakage current 200nA/cm2 through

the sample show good insulating nature.The variation of dielectric con-

stant with voltage show butterfly loop for all the ferroelectric samples. The
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switchable field is low (10kV/cm) for films deposited with oxide electrode

LSCNO.

Chapter 4 describes the need of a Pb free material for ferroelectric ap-

plication. The chapter describes the deposition of Ba0.7Sr0.3TiO3 (BST)

thin films by rf magnetron sputtering .The optical properties of barium

strontium titanate (BST) thin films are important due to wide bandgap,

high refractive index and low absorption coefficient and hence finds ap-

plication in electro-optic devices and non-linear optical systems. BST

thin films were deposited by RF magnetron sputtering on fused silica and

Si/SiO2/TiO2/Pt(PtSi) substrates. The present study shows that there is

an optimum value for oxygen to argon ratio for the growth of BST thin

films. It is found that oxygen to argon ratio of 35/65 shows better struc-

tural and optical properties. XPS confirms that maximum oxygen content

is for films grown under these optimised conditions. The band gap of the

film under optimised condition is 3.51eV which is near bulk value. The

refractive index (2.01) and packing density (0.85) was also maximum for

films grown at this optimised conditions. Electrical charecterisation of the

films were carried out by fabricating PtSi/BST/Au devices. The leakage

current of the device showed a good insulating behavior. The variation

of dielectric constant with voltage shows the tunable nature of the device.

The low loss (0.04) and high figure of merit of tunable BST ferroelectric

thin films suggests they can be used for microwave applications.

Chapter 5 describes the growth and charecterisation of BST thin films

for gigabit memory applications by PLD. The films were deposited using

both the third harmonics and fourth harmonics of Nd:YAG laser.The films

deposited on substrates using 266nm were found to show better proper-

ties than those with 355nm. The electrical characterization of the device
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Pt/BST/Au is studied and the conduction mechanism shows SCLC nature

at intermediate fields. The polarization vs electric field plot shows ferroelec-

tric nature. BST thin films deposited on LSCO/LSCNO, oxide pervoskite

electrodes, were found to be crystalline without any post deposition heat

treatment. Thus LSCO/LSCNO serve as a template as well as bottom

electrode for the BST thin film capacitors. PtSi/LSCO/BST/LSCO de-

vices showed little dispersion with frequency. The loss was found to be

minimum (0.02) for films deposited on oxide template. The low leakage

current (100nA/cm2) shows that the films are suitable for gigabit mem-

ory device applications.The films showed ohmic nature at low field and a

Pool Frenkel emission at high fields with an electron trapping energy of

1.3eV.The capacitance voltage characteristics shows high tunability with

low dielectric loss. The ferroelectric phase is seen in the films at room tem-

perature. The figure of merit for the structure is also high making BST

thin films a promising material for frequency agile application.

Chapter 6 describes the pulsed laser deposition of Eu doped BST thin

films. The main objective of the work is to study the possibility of rare

earth doping into BST to find application in luminescence and nonlinear

optics. Eu doped BST thin films were successfully deposited by pulsed

laser ablation. The room temperature photoluminescence spectrum reveals

the characteristic lines of rare earth Eu3+ in all the thin films. The pho-

toluminescence spectrum showed the transitions of Eu3+ at 550nm (5D1 -

7F2), 615nm (5D0 - 7F2) and 669nm (5D0 - 7F3) on excitation with 408nm.

The nonlinear optical properties were investigated by a single beam Z-scan

set up. The films show excellent nonlinear optical property. The nonlin-

ear absorption coefficient and nonlinear refractive index is found to be 242

m/ GW and -1.508 x 10−6 m2/GW at 532nm. The real and imaginary
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part of third order susceptibility was found to be 2.58 x 10−17 m2/V2 and

1.16 x10−16 m2/V2 respectively. The large nonlinear optical absorption in

BST:Eu thin films was attributed to local field and small grain size. The

thin film shows good optical limiting property with a threshold input flu-

ence of 125µJ. The films show a high dielectric constant of 600 at 1Khz.The

ferroelectric properties of the PtSi/BST:Eu/Au structure exhibits butterfly

loop with a coercive field of 25kV/cm. This indicated that the BST:Eu thin

films can be used both for ferroelectric, luminescence application as well as

for nonlinear optical limiting application. Chapter 7 summarizes the main

results in the thesis and the scope for future works.
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Chapter 1

Introduction to ferroelectrics

Hysteresis loops come in all sizes and shapes, and,

similar to a fingerprint identify the

material in a very special way

G.H Haertling

The phenomenon of ferroelectricity was discovered in 1921 by J. Valasek

who was investigating the dielectric properties of Rochelle salt (NaKC4H4O6.

4H2O). The name ferroelectricity refers to certain magnetic analogies, though

it has no connection with iron (ferrum) at all. Ferroelectricity has also been

called Seignette electricity, as Seignette or Rochelle Salt (RS) was the first

material found to show ferroelectric properties such as a spontaneous po-

larization on cooling below the Curie point, ferroelectric domains and a

ferroelectric hysteresis loop [1].

Oxide materials has wide range of applications since these oxides exhibit

properties ranging from insulator to high Tc superconductors and from

ferroelectric to ferromagnetics. Research on high Tc superconducting thin

1
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films has brought a rapid development on the growth technique and have

promoted the application of oxide thin films for device fabrication.

The potential for device application drove a tremendous volume of re-

search beginning in the mid 1940’s when BaTiO3 was discovered to have

a high dielectric constant (1000-3000) and possess the largest ferroelectric

response then known to exist. Since then, many other ferroelectric ceram-

ics including lead titanate (PbTiO3), lead zirconate titanate (PZT), lead

lanthanum zirconate titanate (PLZT), and relaxor ferroelectrics like lead

magnesium niobate (PMN) have been developed and utilized for a variety

of applications. But the interests diminished in 1960’s and 1970’s when in-

dustrial demands for the ease of processing and device durability dictated

the use of alternate materials and approaches. Fatigue and aging associated

with polycrystalline bulk materials were detrimental to many applications

[2].

The development of ceramic processing and thin film technology lead

to the emergence of new applications of ferroelectrics. A renewed interest

in ferroelectric thin films has arisen with the new growth techniques like

plasma sputtering, ion beam sputtering, metal organic vapour chemical

deposition (MOCVD), sol-gel, spin coating, metal organic decomposition

(MOD) and pulsed laser deposition (PLD) to produce high quality thin

films of ferroelectrics. The PLD technique has matured rapidly with the

discovery of high temperature superconducting oxides in 1986 [3]. These

oxides have a perovskite based structure similar to many ferroelectric ma-

terials and have been deposited as epitaxial films by PLD. Epitaxial films

can be deposited by PLD at low substrate temperature and high deposition

rates over a range of target phases and composition with few experimental

parameters to optimize.
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The most promising application of ferroelectric ceramics have been in

the areas such as dielectric ceramics for capacitors, ferroelectric thin films

for non volatile memories, piezoelectric materials for medical ultrasound

imaging and actuators, and electro-optic materials for data storage and

displays. The potential commercial and defense related applications of

thin ferroelectric film with thickness 0.2-5µm are widespread and include

acoustic wave transducers [4, 5], electro optic switches [6] radiation hard,

NVRAM [7] and pyrosensors [8]. Ferroelectrics have recently gained atten-

tion as potential smart materials and as active sensors in smart devices [9].

Ferroelectric composition mostly contain a volatile component (Pb,Bi,Li or

K) and small deviations from stoichiometry can lead to films that comprise

undesirable non ferroelectric phase. Control over the process is required

to preclude loss of volatile components and formation of metastable phases

[2].

1.1 Ferroelectric phase transition

A ferroelectric phase transition is a structural phase transition which results

in the ability of the crystal to sustain a spontaneous polarization caused by

the relative displacement of the ions of each unit cell of the crystal [1].

The ferroelectric phase transition occurs at a temperature Tc analo-

gous to the curie temperature of a ferromagnet. Above the Curie tem-

perature the crystal is usually a centrosymmetric paraelectric. Below the

curie temperature the crystal is no longer centrosymmetric which results in

ferroelectric behavior.

In the ferroelectric phase at least one set of ions in the crystal sits in a

double well potential where either of the two positions is equally energiti-
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cally favorable. Above Tc the particle in a double well have enough kinetic

energy to move back and forth over the barrier that separates the wells so

that the time average position of the atom is midway between the wells.

Figure 1.1 shows the thermodynamic potential of the system as function of

the atom position [9].

Figure 1.1: Thermodynamic potential as a function of atom position for a ferro-

electric material below its curie temperature.

If the shape of the well stays the same above Tc but ion kinetic energy

kBT becomes large , the transition is an order disorder phase transition. If

the minima of the well actually move together to form a singe well above

Tc then the transition is displacive. These are the extrema of the phase

transition phenomena most ferroelectric phase transition are combination
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of displacive and order disorder transitions.

Ferroelectric phase transitions can be described mathematically with

some success by Landau theory often called Landau-Devonshire theory

as credit to Devonshire who developed it specifically for the ferroelectric

case. Phase transitions in ferroelectric are usually second-order transitions

meaning that the distortions of the crystal lattice occur continuously with

temperature. When the transition are discontinuous (first-order) they are

usually close to second- order transitions and are still described well by

Landau-Devonshire theory.

In Landau-Devonshire theory the Helmhotz free energy of the system is

described by a power seriers in the order parameter [1]. For a ferroelectric

crystal the order parameter is the polarization, η where 0≤ η ≤1

F (η, T,E) = Aη2 + Bη4 + Cη6 + D (1.1)

where D is a constant. A has the form A0(T-Tc) where Tc is the curie

temperature. If the transition is first order there is hysteresis in the temper-

ature dependence. This form for A is a result of mean field theory which is

often used in ferromagnetism and analogously can be used in ferroelectrics

as well. B and C are likely to be temperature dependent as well. The order

(first or second) of the transition depends on the sign of B with C being

necessarily positive for stability. At thermal equilibrium the free energy of

any systems is minimized.

∂F

∂η T,x

= 0 (1.2)

0 = 2Aη + 4Bη3 + 6Cη5 (1.3)
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If B is positive, the last term is negligible. Then

η2 = 2A0
Tc − T

4B
η(0)2 = 2A0

Tc

4B
η(T ) = η(0)

√

Tc − T

Tc
(1.4)

This describes the change in the order parameter as a function of tem-

perature in the second order continuous phase transition. If B is negative

the transition is first order and discontinuous.

1.2 Domains and Ferroelectric polarization

Ferroelectric behavior arises from the fact that in the ferroelectric phase at

least one set of ions in the crystal has a double well potential as shown in

the figure 1.1. A local region where all of the ions in the crystal sit on the

same side of the well is called domain[9].

If a ferroelectric phase transition takes place in an ideal crystal with an

infinitely slow decrease in temperatures ( to maintain thermal equilibrium

in the crystal) then a single domain would form in the crystal. All ions in

the crystal would be thermodynamically coupled and hence sit on the same

side of the double well , the probability of the ion residing in one side or the

other being equal. In real crystals different regions form ferroelectric phase

independently resulting in domains with different directions of polarization

D = ε0E + P (1.5)

which relates the electric displacement D and electric field E to the

polarization P . The dielectric polarization P is due to both the polariz-

ability of the material due to the applied field,PE and from the spontaneous

alignment of dipoles in the materials,Ps.



Domains and ferroelectric polarization 7

PE = χE (1.6)

The free charge density must satisfy poissons equation

∇.D = ρ (1.7)

so that

∇.E =
1

εε0
(ρ −∇.Ps) (1.8)

In an infinite ideal ferroelectric crystal ,

∇ . E = ρ
εε0

as in ordinary dielectrics. For a real crystal, Ps goes to

zero at the crystal surface and may differ from the bulk crystal value at

defect sites. For these reasons

∇.Ps (1.9)

acts as a polarizing field opposed to the dielectric polarization. It is

this depolarizing field which can be compensated by the flow of free charge

in the crystal. The energy associated with the depolarization of the crystal

is zero for a totally compensated crystal in equilibrium. Domains form in

fresh crystals to compensate for depolarization energy before free charge

compensation takes place.

In a fresh crystal the net polarisation of the crystal should be zero due

to the many domains of random polarization. In a nonconducting finite

crystal a complex branched domain system is predicted to eliminate the

electric field due to the surface. In real crystals even a low conductivity

can compensate the surface effects and allow for a simpler columnar domain

structure to form [1].
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Polarization of ferroelectric crystals is accomplished by aligning the cells

in the material in the same direction by the application of a field. This

is done by increasing the size of domains in the desired direction while

decreasing the size of domains in all the other direction until the crystal is

one domain pointing in the direction of field.

Domain walls in ferroelectric are only a few unit cells wide with the

polarization going to zero at the center of the wall.The domain width is

dependant on the thickness of the crystal. If the thickness of the crystal

decreases so that the domain width approaches the thickness of the do-

main wall the depolarizing field can no longer be compensated and there

is a minimum film thickness for which ferroelectricity to be a stable state

[1].The occurrence of a finite thickness has considerable implications for

applications of ferroelectrics because it limits the useful thickness of these

materials.

The primary property of a ferroelectric is the reversibility of its spon-

taneous polarization accomplished by reversing the direction of the applied

field. Polarization reversal is demonstrated by a hystersis loop in the plot

of polarization versus applied electric filed (P-E). This is measured using a

Sawyer Tower circuit.

The coercive field Ec is the field at which half of the polarisation has

been reversed. The remnant polarisation Pr is the polarisation which re-

mains when the field is removed. A high polarisation and a low well defined

coercive field results in a square shaped loop and the crystal is ideal for fer-

roelectric application.

Defects in ferroelectric crystals are evident from P-E plot. When the

polarisation is reversed the polarisation due to defects will not reverse or

may reverse at a different field than the rest of the crystal. if the defects do
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reverse the value of coercive field is affected. if it doesnt reverse, the whole

loop is biased along field axis.

1.3 Ferroelectric domains and hysterisis loop

A ferroelectric material is characterized by reversible spontaneous polariza-

tion arising from non centro symmetric arrangements of ions in its unit cell

which produces a permanent electric dipole moment. Adjacent dipoles also

tend to orient themselves in the same direction to form a region called ferro-

electric domains. Ferroelectricity is commonly observed in ABO3 perovskite

structures and hence do not exhibit any spontaneous polarization (para-

electric phase). As the temperature is lowered below the curie point phase

transformation take place from paraelectric state to ferroelectric state. The

center ion is displaced from its body center position and cubic unit cell de-

forms to one of the non centrosymmentric structures such as tetragonal

rhombohedral or monoclinic structure. The polarization response with the

electric field of these materials is highly nonlinear and exhibits a hysteris

loop as shown in figure 1.2.

Ferroelectrics are a subgroup of the pyroelectric materials which are in

turn a subgroup of piezoelectric materials. These materials have a charac-

teristic temperature -transition temperature- at which the material makes

a structural phase change from a polar phase (ferroelectric) to a non polar

called paraelectric phase [10].
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Figure 1.2: Polarization vs. Electric Field (P-E) hysteresis loop for a typical

ferroelectric crystal

As the applied field is increased ferroelectric domains which are favor-

ably oriented with respect to the applied field grow at the expense of other

domains. This continues till the total domain growth and reorientation of

all the domains has occurred in a direction favorable to the external field.

At this stage the material is assumed to possess saturated polarization

(Psat). If the electric field is removed at this point some of the domains

do not reorient into a random configuration and thus leaving the material

still polarized. This polarization is the remnant polarization (Pr). The

strength of the electric field required to return the polarization to zero is

the coercive field (Ec).
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The drive towards miniaturization in electronic devices has motivated

scientists to focus on ways to improve the properties of dielectric and fer-

roelectric oxide thin film. The fabricated capacitors based on these oxide

thin film are useful for the development of dynamic random access mem-

ories (DRAM)[11] or microwave devices [12]. An ideal capacitor based on

these ferroelectric oxides should have high dielectric constant, high dielec-

tric break down field strength, low leakage current density and low dissi-

pation factor. Apart from electronic application ferroelectric films are of

interest to various micro electromechanical and optical applications.

1.4 Oxygen octahedra

A very important group of ferroelectric is that known as the perovskite

from the mineral perovskite CaTiO3. The perfect perovskite structure is an

extremely simple one with general formula ABO3 where A is a monovalent

or divalent metal and B is a tera or pentavalent one (figure 1.3.

Figure 1.3: Perovskite structure with general formula ABO3
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The perovskite structure is cubic with A atoms at the cube corners,

B atoms at the body centers and the oxygen at the face centers. The

structure can also be regarded as a set of BO6 octahedra arranged in a

simple cubic pattern and linked togather by shared oxygen atoms with A

atoms occupying the spaces between.

The first ferroelectric perovskite to be discovered was BaTiO3. This

rose the interest in ferroelectrics as it was earlier believed that H bond

crystals alone show ferroelectricity.

Much simpler in their ferroelectric soft mode behaviour are the near

ferroelectric KTaO3 and SrTiO3 and the actual ferroelectric PbTiO3. Lead

titanate in addition has a single ferroelectric phase whereas BaTiO3 un-

dergoes successive transitions to three different ferroelectric phases as the

temperature is lowered. The great fascination of the perovskite structure is

that it readily undergoes structural transitions involving non polar phonons

(tilt in oxygen octahedron) in addition to both ferro and antiferroelectric

transitions.

The O6 group in particular can be thought of as a hard unit in the

sense that it is little distorted from regular octahedron symmetry. In the

cubic phase the O6 octahedron are parallel but the bond angles at their

corners are soft and tilting is easy. The simpleset tilt are those in which all

octahedra tilt in alternating fashion about the same axis. There are three

such possibilities a

two fold symmetry (diad-axis) tilt

three fold (triad axis)tilt

four fold (tetrad axis)tilt

The triad axis tilt then requires 3 equal non zero components and the

diad axis tilt then requires two equal non zero components. However un-
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equal tilt components and many other arrangement are possible. The off

centering of the B cation is a relatively independent process that can occur

in any structure built from hard octahedra. It is this off centering which

leads to the presence of dipoles and to ferroelectric and antiferroelectric

behaviour.

The types of ferroelectric materials have been grouped according to

their structure. The four main types of structures include the corner shar-

ing oxygen octahedra, compounds containing hydrogen bonded radicals,

organic polymers and ceramic polymer composites. A large class of fer-

roelectric crystals are made up of mixed oxides containing corner sharing

octahedra of O2− ions (as shown in figure 1.4). The corner sharing oxy-

gen octahedra discussed includes the perovskite type compounds, tungsten

bronze type compounds, bismuth oxide layer structured compounds, and

lithium niobate and tantalate [13].

Figure 1.4: (a) A cubic ABO3 (BaTiO3) perovskite-type unit cell and (b) three

dimensional network of corner sharing octahedra of O2− ions
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All most all the materials (except KNO3) described by the general for-

mula ABO3 possess the perovskite crystal structure. The A element is a

large cation situated at the corners of the unit cell (monovalent or divalent

metal) and the B element is a smaller cation located at the body center

(tetravalent or pentavalent metal). The oxygen atoms are at the face cen-

ters [1]. In the ferroelectric phase, perovskite structure assumes one of the

three Bravis lattice: tetragonal, orthorhombic or rhombohedral.

In tetragonal symmetry a cubic cell stretches along one side (c axis)

and shrinks along the other two sides (a axis) forming a rectangular prism.

The spontaneous polarization aligns itself parallel to the longest side. The

orthorhombic structure is formed by stretching the face diagonal along

which the polarization aligns. In a rhombohedral structure cube is stretched

along a body diagonal and polarization alignes in that direction.

In a paraelectric phase, the perovskite structure has cubic symmetry -

neither stretched nor distorted. Ferroelectric materials for 64 and 256 Mb

RAM [10]. It is the off centering of the B cataion that leads to ferroelectric

and antiferroelectric behaviour. The B cations have two stable positions

relative to the neighboring ions. A potential barrier separates one from the

other. The ion can exchange position if enough energy is supplied to the

system for the ion to overcome the barrier.

Some of the important compounds crystallizing in perovskite phase is

discussed in detail.

1.4.1 Barium Titatate (BaTiO3)

Barium titanate (BaTiO3 / BT) has a paraelectric cubic phase above its

Curie point of 130oC. In the temperature range of 130oC to 0oC the ferro-

electric tetragonal phase with a c/a ratio of ∼ 1.01 is stable. The sponta-
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neous polarization is along one of the [001] directions in the original cubic

structure. Between 0oC and -90oC, the ferroelectric orthorhombic phase is

stable with the polarization along one of the [110] directions in the origi-

nal cubic structure. On decreasing the temperature below -90oC the phase

transition from the orthorhombic to ferroelectric rhombohedral phase leads

to polarization along one of the [111] cubic directions. The spontaneous po-

larization on cooling BaTiO3 below the Curie point Tc is due to changes in

the crystal structure. As shown in figure 1.5a the paraelectric cubic phase

is stable above 130oC with the center of positive charges (Ba2+ and Ti4+

ions) coinciding with the center of negative charge (O2−). On cooling below

the Curie point Tc, a tetragonal structure (figure 1.5b) is evolved where the

center of Ba2+ and Ti4+ ions are displaced relative to the O2− ions, leading

to the formation of electric dipoles. Spontaneous polarization developed is

the net dipole moment produced per unit volume for the dipoles pointing

in a given direction [14].

Figure 1.5: The crystal structure of BaTiO3 (a) above the Curie point the cell is

cubic; (b) below the Curie point the structure is tetragonal with Ba2+ and Ti4+

ions displaced relative to O2− ions
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Figure 1.6: The effect of isovalent substitutions on the transition temperatures

of BaTiO3 ceramic [15]

Various A and B site substitutions in different concentrations have been

tried to see their effect on the dielectric and ferroelectric properties of

BaTiO3. Sr2+ substitutions to the A site have been found to reduce the

Curie point linearly towards room temperature. The substitution of Pb2+

for Ba2+ raises the Curie point. The simultaneous substitution into both

A and B sites with different ions can be used to tailor the properties of

BaTiO3. The effect of various isovalent substitutions on the transition
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temperatures of BaTiO3 ceramic are shown in figure 1.6 [15–18].

The dielectric properties of BaTiO3 are found to be dependent on the

grain size [19–21]. Figure 1.7 shows the variation of dielectric constant

with temperature for BaTiO3 ceramics with a fine (∼1 µm) and coarse

(∼50µm) grain size. Large grained BaTiO3 (≥1µm) shows an extremely

high dielectric constant at the Curie point.

Figure 1.7: The variation of the relative permittivity (εr) with temperature for

BaTiO3 ceramics with (a) ∼1µm grain size and (b) ∼50µm grain size [22].

This is because of the formation of multiple domains in a single grain,

the motion of whose walls increases the dielectric constant at the Curie

point. For a BaTiO3 ceramic with fine grains (∼1 µm), a single domain

forms inside each grain. The movement of domain walls are restricted by

the grain boundaries, thus leading to a low dielectric constant at the Curie
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point as compared to coarse grained BaTiO3 [22]. The room temperature

dielectric constant ( εr) of coarse grained (∼10 µm) BaTiO3 ceramics is

found to be in the range of 1500-2000. On the other hand, fine grained

(∼1 µm) BaTiO3 ceramics exhibit a room temperature dielectric constant

between 3500-6000. The grain size effect on the dielectric constant at room

temperature has been explained by the work of Buessem et. al. [23] and

Arlt et. al [24]. Buessem and coworkers proposed that the internal stresses

in fine grained BaTiO3 must be much greater than the coarse grained ce-

ramic, thus leading to a higher permittivity at room temperature.Arlt stud-

ied the domain structures in BaTiO3 ceramics and showed that the room

temperature εr reached a peak value at a critical grain size of ∼ 0.7µm.

As the BaTiO3 ceramics have a very large room temperature dielectric

constant, they are mainly used multilayer capacitor applications. The grain

size control is very important for these applications.

1.4.2 Barium Stronium Titanatae (BaxSr1−xTiO3)

BaxSr1−xTiO3(BST) is the solid solution between barium titanate (BaTiO3)

and strontium titanate (SrTiO3) over the entire range of concentration.The

dielectric and ferroelectric properties of BaxSr(1−x)TiO3 depend on Sr con-

tent. At room temperature BaxSr(1−x)TiO3 is ferroelectric, when x is in

the range of 0.7-1 and is paraelectric when x is in the range 0-0.7[25]. As

a result the electrical and optical properties of BST can be tailored over a

broad range for various electronic applications [26].

The utilization of the BaTiO3 - SrTiO3 solid solution allows the Curie

temperature (ferroelectricparaelectric transition temperature, Tc) of BaTiO3

can be shifted from 1200C to around room temperature for BaxSr(1−x)TiO3

films. For Sr addition into BaTiO3, the linear drop of Tc is ca. 3.40C per



oxygen octahedra 19

mol%. Therefore, 30mol% Sr (x = 0.3) would bring the Tc down to room

temperature. BST films are not only paraelectric at the dynamic random

access memory (DRAM) operating temperature range (0–700C ambient and

0–1000C on chips) [27], but also achieve maximum permittivity around the

operating temperature. On the other hand, the volatilities of the BST

components are lower than Pb-based ferroelectric materials, thereby mak-

ing it relatively easier to introduce into fabrication facilities [27, 28]. BST

films are polycrystalline. Their properties heavily depend on composition,

stoichiometry, microstructure (grain size and size distribution), film thick-

ness, characteristics of electrode, and homogeneity of the film. The BST

thin film growth method significantly affects the composition, stoichiome-

try, crystallinity, and grain size of the film and, consequently, its dielectric

properties [29].

Barium strontium titanate (Ba,Sr)TiO3 (BST) thin films are being

widely investigated as alternative dielectrics for ultra large scale integrated

circuits (ULSIs) DRAM storage capacitors [29–32] due to its

1. high dielectric constant (εr >200)

2. low leakage current

3. low temperature coefficient of electrical properties

4. small dielectric loss

5. free from fatigue or aging problems

6. high compatibility with device processes

7. linear relation of electric field and polarization
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8. low Curie temperature

. However, whether BST thin film can be successfully applied largely de-

pends on more thorough understanding the materials properties. The de-

position techniques and electrical properties of BST films have received

increasing interest. According to those investigations the electrical and di-

electric properties and reliability of BST films heavily depend upon the

deposition process, post-annealing process, composition, base electrodes,

microstructure, film thickness, surface roughness, oxygen content and film

homogeneity.

A variety of techniques such as rf-sputtering [33–35] , laser ablation [36]

and solgel processing [37] have been used to deposit BST thin films. Above

methods are highly competitive, each having advantages and disadvantages

in terms of homogeneity, processing temperature, and processing costs.

Because of the multicomponent nature of BST materials precise microscopic

control of stoichiometry is essential for obtaining uniform single phase films.

The basic parameters for applying capacitor thin films on DRAMs are

dielectric constant, leakage current density and reliability. The targets

for ideal Gbit era DRAM dielectrics include the followings [27]: (i) SiO2

equivalent thickness <0.2 nm for Gbit; (ii) leakage current density <1<

10−7 Acm−2 at 1.6V; (iii) life time 10 years at 850C and 1.6V; (iv) stability

1015 cycles at > 100 MHz; and (v) general compatibility to semiconductor

processing.

1.4.3 Lead Titanate (PbTiO3)

Lead titanate (PbTiO3/PT)is a ferroelectric material having a structure

similar to BaTiO3 with a high Curie point (490oC). On decreasing the
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temperature through the Curie point a phase transition from the paraelec-

tric cubic phase to the ferroelectric tetragonal phase takes place. Lead

titanate ceramics are difficult to fabricate in the bulk form as they undergo

a large volume change on cooling below the Curie point. It is the result

of the cubic (c/a = 1.00) to tetragonal (c/a = 1.064) phase transformation

leading to a strain of >6%. Hence, pure PbTiO3 ceramics crack and frac-

ture during fabrication. The spontaneous strain developed during cooling

can be reduced by modifying the lead titanate with various dopants such

as Ca, Sr, Ba, Sn, and W to obtain a crack free ceramic.

1.4.4 Lead Zirconate Titanate(Pb(ZrxTi(1−x))O3)

Lead Zirconate Titanate (PZT) is a binary solid solution of PbZrO3 an an-

tiferroelectric (orthorhombic structure) and PbTiO3 a ferroelectric (tetrag-

onal perovskite structure). PZT has a perovskite type structure with the

Ti4+ and Zr4+ ions occupying the B site at random. The PZT phase di-

agram is shown in figure 1.8. At high temperatures PZT has the cubic

perovskite structure which is paraelectric. On cooling below the Curie

point line, the structure undergoes a phase transition to form a ferro-

electric tetragonal or rhombohedral phase. In the tetragonal phase, the

spontaneous polarization is along the <100> set of directions while in the

rhombohedral phase the polarization is along the <111> set of directions

[38].
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Figure 1.8: The PZT phase diagram

As shown in figure1.8 most physical properties such as dielectric and

piezoelectric constants show an anomalous behavior at the morphotropic

phase boundary (MPB). The MPB separating the two ferroelectric tetrag-

onal and orthorhombic phases has a room temperature composition with a

Zr/Ti ratio of ∼ 52/48. PZT ceramics with the MPB composition show ex-

cellent piezoelectric properties. The poling of the PZT ceramic is also easy

at this composition because the spontaneous polarization within each grain

can be switched to one of the 14 possible orientations (eight [111] direc-

tions for the rhombohedral phase and six [100] directions for the tetragonal

phase). Below the Zr/Ti ratio of 95/5 the solid solution is antiferroelectric

with an orthorhombic phase. On the application of an electric field to this

composition a double hysteresis loop is obtained. This is because of the

strong influence of the antiferroelectric PbZrO3 phase [15].
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Figure 1.9: The effect of composition on the dielectric constant and electrome-

chanical coupling factor kp in PZT ceramics

In order to suit some specific requirements for certain applications,

piezoelectric ceramics can be modified by doping them with ions which

have a valence different than the ions in the lattice. Piezoelectric PZT ce-

ramics having the composition at the MPB can be doped with ions to form

”hard” and ”soft” PZT. Hard PZT are doped with acceptor ions such as

K+, Na+ (for A site) and Fe3+, Al3+, Mn3+ (for B site), creating oxygen

vacancies in the lattice [39, 40]. Hard PZT usually have lower permittivi-

ties, smaller electrical losses and lower piezoelectric coefficients. These are

more difficult to pole and depole, thus making them ideal for rugged appli-

cations. On the other hand, soft PZT are doped with donor ions such as
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La3+ (for A site) and Nb5+, Sb5+ (for B site) leading to the creation of A

site vacancies in the lattice [41–44]. The soft PZT have a higher permittiv-

ity, larger losses, higher piezoelectric coefficient and are easy to pole and

depole. They can be used for applications requiring very high piezoelectric

properties.

1.4.5 Lead Lanthanum Zirconate Titanate

(Pb1−xLax)(Zr1−yTiy)1−x/4O3

(Pb1−xLax)(Zr1−yTiy)O3 PLZT is a transparent ferroelectric ceramic formed

by doping La3+ ions on the A sites of lead zirconate titanate (PZT). The

PLZT ceramics have the same perovskite structure as BaTiO3 and PZT.

The transparent nature of PLZT has led to its use in electro-optic appli-

cations. Before the development of PLZT, the electro-optic effect was seen

only for single crystals. The two factors that are responsible for getting a

transparent PLZT ceramic include the reduction in the anisotropy of the

PZT crystal structure by the substitution of La3+ and the ability to get a

pore free ceramic by either hot pressing or liquid phase sintering.

The general formula for PLZT is given by (Pb1−xLax)(Zr1−yTiy)1−x/4O3V
B

0.25xO3 and (Pb1−xLax)1−0.5x(Zr1−yTiy)V
A

0.5xO3. The first formula as-

sumes that La3+ ions go to the A site and vacancies (VB) are created on

the B site to maintain charge balance. The second formula assumes that

vacancies (VA) are created on the A site. The actual structure may be due

to the combination of A and B site vacancies.

The room temperature phase diagram of PLZT system is shown in

figure 1.10. The different phases in the diagram are a tetragonal ferroelec-

tric phase (FETet), a rhombohedral ferroelectric phase (FERh), a cubic re-
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laxor ferroelectric phase (FECubic), an orthorhombic antiferroelectric phase

(AFE) and a cubic paraelectric phase (PECubic) [45].

Figure 1.10: Room temperature phase diagram of the PLZT system. The regions

in the diagram are, a tetragonal ferroelectric phase (FETet); a rhombohedral ferro-

electric phase (FERh); a cubic relaxor ferroelectric phase (FECubic); an orthorhom-

bic antiferroelectric phase (AFE); and a cubic paraelectric phase (PECubic).

The electro-optic applications of PLZT ceramics depends on the com-

position. Figure 1.11 shows the hysteresis loops for various PLZT composi-

tions from the phase diagram. PLZT ceramic compositions in the tetrago-

nal ferroelectric (FETet) region show hysteresis loops with a very high coer-

cive field (EC). Materials with this composition exhibit linear electro-optic

behavior for E < EC . PLZT ceramic compositions in the rhombohedral

ferroelectric (FERh) region of the PLZT phase diagram have loops with

a low coercive field. These PLZT ceramics are useful for optical memory



26 Introduction to ferroelectrics

applications [45].

Figure 1.11: Representative hysteresis loops obtained for different ferroelectric

compositions (a) FETet (b) FERh (c) FECubic and (d) AFE regions of the PLZT

phase diagram.

PLZT ceramic compositions with the relaxor ferroelectric behavior are

characterized by a slim hysteresis loop (figure 1.11). They show large

quadratic electro-optic effects which are used for making flash protection

goggles to shield them from intense radiation. This is one of the biggest ap-

plications of the electro-optic effect shown by transparent PLZT ceramics.

The PLZT ceramics in the antiferroelectric region show a hysteresis loop

expected from an antiferroelectric material. These components are used for

memory applications [45–48].
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Material process issues in PZT

A good ferroelectric film has a high remnant polarization ie a large amount

of charge can be stored in a small area and a small coercive field ie it can

be polarized at low voltages. For use in transparent devices a high optical

transmittance is also needed. Most defects in PZT is due to vacancies,

usually lead and oxygen. PbO is volatile and PZT can accommodate large

amounts of lead and oxygen vacancies which can interact with one another

[49]. Low resistivity is also attributed to lead loss in PZT films.Lead loss

is avoided by adding 2 to 10% excess lead in the starting material [50, 51].

Oxygen vacancies is inhibited by including donor dopants in PZT.

Lead loss causes PZT to behave like a p-type semiconductor. The lead

vacancies (VPb) act as acceptors and cause the Fermi level to move towards

the valence band [52]. When it is thermodynamically more favorable to

create an oxygen vacancy (V0) to compensate the lead vacancy than it is

to further modulate the Fermi level, oxygen vacancies form concomitantly

with lead vacancies and the materials exhibits fatigue and conductivity.

Figure 1.12 shows the relationship between oxygen and lead vacancies and

the Fermi level in the PZT band gap.
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Figure 1.12: Energy level due to lead and oxygen vacancies in the PZT band

gap

The migration of oxygen vacancies during polarisation causes fatigue [1].

Intentional donar doping has been shown to counteract fatigue in ferroelec-

tric capacitors by the suppression of the formation of oxygen vacancies.

Fatigue occurs when upon repeated switching of a crystal the polarisation

becomes clamped while the coercive field increases and become less well

defined. Fatigue causes a longer switching time for the crystal. The fatigue

can be reduced or eliminated by choosing oxide electrodes.

It is common practise to include donar dopants in PZT to improve

electrical and optical properties. The most common A site donar dopants

are trivalent lanthanum (La) and yttrium (Y). Lanthanum donar dopants

in PZT compensate the lead vacancy acceptors thereby inhibiting the for-

mation of oxygen vacancies. Figure1.13 shows La donar sites in the band

gap.(Pb,La)(Zr,Ti)O3 (PLZT) is valued for its exceptional electro optical

properties and its increased transparency compared to PZT [51]. But PLZT

has a smaller amount of polarization and a less squareness hysteresis loop



oxygen octahedra 29

when compared to PZT with the same Zr/Ti ratio [49].

Figure 1.13: La donors levels in the band gap of PZT compensate lead vacancies

leading to the suppression of compensation induced oxygen vacancies

Common B-site donar dopants are pentavalent niobium (Nb) and the

tantalum (Ta) which substitute for quadrivalent Zr or Ti. A thin layer

of PbTiO3 (PT) grown before the deposition of PZT or PLZT has been

shown to assist in the crystallisation in the perovskite phase since PbTiO3

always crystallise in the perovskite phase. Very thin layer of PbTiO3 will

facilitate the growth of the perovskite phase and have little effect on the

dielectric properties of the film but increasing the thickness of PbTiO3

buffer layer causes a decrease in the dielectric constant due to the lower

dielectric constant of PbTiO3 layer compared to the PZT.

1.4.6 Lead Magnesium Niobate (Pb(Mg1/3Nb2/3)O3

Relaxor ferroelectric are a class of lead based perovskite type compounds

with the general formula Pb(B1,B2)O3 where B1 is a lower valency cation
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(like Mg2+, Zn2+, Ni2+, Fe3+) and B2 is a higher valency cation (like Nb5+,

Ta5+, W5+). Pure lead magnesium niobate (PMN or Pb(Mg1/3Nb2/3)O3)

is a representative of this class of materials with a Curie point at -10o C.

The main differences between relaxor and normal ferroelectrics is shown in

Table 1.1.

Table 1.1: Differences between normal and relaxor ferroelectrics.[53]

Property
Normal Ferroelectric Relaxor Ferroelectric

Dielectric

temperature

dependence

Sharp 1st or 2nd

order transition at

Curie point Tc

Broad diffused phase

transition at Curie

maxima

Dielectric frequency

dependence

Weak Frequency

dependence

Strong frequency

dependence
Dielectric Behavior

in paraelectric range

( T > Tc)

Follows Curie -

Weiss law

Follows Curie -

Weiss square law

Remnant

polarization (PR)
Strong PR Weak PR

Scattering of light Strong anisotropy
Very weak

anisotropy to light

Diffraction of x-rays

Line splitting due to

deformation from

paraelectric to

ferroelectric phase

No x-ray line

splitting
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Table 1.2: Major families of ferroelectric oxides [54]

Materials Characteristics Applications

BaTiO3 ,BST,

SrTiO3

Dielectric,

Pyroelectric,

Ferroelectric ,

electro-optic

DRAM

capaciors,sensors,

Phase shifters , SHG

PbTiO3 PT,

Pb(ZrTi)O3, PZT,

(Pb,La)(Zr,Ti)O3

PLZT

Dielectric,

Pyroelectric,

Ferroelectric,

Piezoelectric,

electro-optic,

Pyrodetectors,

transducers, Non

volatile memory,

SHG, optical

memory

SrBi2Ta2O9 Ferroelectric Non volatile memory

Pb(Mg1/3Nb2/3)O3

PMN-PT

Dielectric ,

electro-optic

Capacitor memory,

waveguide devices

LiNbO3, LiTaO3

Piezoelectric

devices, electro-optic

Pyrodetectors,

waveguide

applications, SHG,

optical modulators

KNbO3, K(Ta,

Nb)O3

Pyroelectric,

electro-optic

Waveguided devices,

frequency doublers,

holographic storage ,

pyro- detector

Relaxor ferroelectrics like PMN can be distinguished from normal fer-

roelectrics such as BaTiO3 and PZT, by the presence of a broad diffused

and dispersive phase transition on cooling below the Curie point. The dif-
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fused phase transitions in relaxor ferroelectrics are due to the compositional

heterogeneity seen on a microscopic scale.

Major families of ferroelectric oxides with their important properties

and application are listed in table 1.2.

1.5 Application

Ferroelectric thin films have attracted attention for applications in many

electronic and electro-optic devices. Some of the important ferroelectric

materials being used for making thin films include the perovskite type

materials such as BaTiO3,(BaxSr1−x)TiO3, PbTiO3, Pb(ZrxTi1−x)O3 and

Pb(Mg1/3Nb2/3)O3. Applications of ferroelectric thin films utilize the unique

dielectric, piezoelectric, pyroelectric, and electro-optic properties of ferro-

electric materials. Some of the most important electronic applications of

ferroelectric thin films include nonvolatile memories, thin films capacitors,

pyroelectric sensors, and surface acoustic wave (SAW) substrates. The

electro-optic devices being studied include optical waveguides and optical

memories and displays.

There are three important ferroelectric thin film non volatile random

access memory (NVRAM) concepts. Two are based on nondestructive read-

out (NDRO) approach which avoids repolarisation of the ferroelectric after

a read operation. In one of these designs a ferroelectric thin film controls

the source to drain current through the FET. However the charge injection

from the ferroelectric semiconductor interface can be a limiting problem.

The second NDRO approach is less developed. It uses a polarisation de-

pend photoinduced current from a capacitor to read the memory cell. This
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concept would be especially useful for more advanced memory application

such as high capacity parallel processor or an optical image comparator.

The final NVRAM approach has received more widespread attention.

It uses the remanent polarisation of a ferroelectric capacitor to store in-

formation. The polarisation state is read by measuring the current drawn

through the capacitor by an applied volatge pulse. Since this read opera-

tion can reverse the polarisation state it is known ad destructive read out

(DRO) device.

1.5.1 Novel microelectronic devices

Novel devices make use of the large dielectric constant or the desirable

piezoelectric and electrooptic properties of ferroelectric thin film materials.

In ultra large scale integrated (ULSI) circuits the decreasing area for capac-

itors requires a concomitant but unattainable decrease in layer thickness of

standard dielectrics. Use of a large dielectric constant material would allow

thicker films and ferroelectric materials having high dielectric constant is

employed for such applications.

High dielectric constant ferroelectric materials could also be used in

microwave monolithic integrated circuits (MMIC). For example on chip

bypass capacitor. Another potential microwave application of ferroelectric

thin film is for phase shifting. A DC bias applied across the ferroelectric

layer controls the dielectric constant and hence its phase velocity through

MIM structure. The large peizoelectric properties of ferroelectric thin films

can be useful for the fabrication of surface acoustic wave devices (SAW).

Interdigital transducers (IDTs) with finger like pattern on the surface can

be used to launch acoustic wave into the underlying material at resonant

frequencies. Similar IDTs can act as receivers for the launched acoustic
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waves. This structure can function as a high frequency filter or be used to

diffract an optical signal in an acoustic devices. The strong electro optical

coupling of many ferroelectric materials provide a number of application

in thin film form. Optical wave guides fabricated in ferroelectric thin films

could be used in directional couplers, Mach-Zehndar intensity modulators

and total internal reflection switches.

1.5.2 Sensors and Actuators

The research area of micro electro mechanical systems (MEMS) has been

receiving much attention lately. In MEMS, sensors and actuators are con-

structed on a microscale using lithographic techniques developed for inte-

grated circuit fabrication. A number of devices have been conceived and

studied that utilize the peizoelectric and pyroelectric properties of ferroelec-

tric materials. Devices require epitaxial growth, coherent interfaces with

an underlying semiconductor substrate and lower processing temperatures.

High quality epitaxial films may offer advantages in terms of sensitivity and

reduced leakage current under dc bias.

1.5.3 Smart materials and adaptive structures

Smart materials are able to alter their performance in response to their

environment or an external stimulus. By designing they should perform this

function automatically although separate sensing component may provide

the stimulus. An example is the use of adaptive optics to compensate for

turbulence in the atmosphere
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1.5.4 Thin film Capacitors

The high dielectric permittivity of ferroelectric ceramics such as BaTiO3,BST,

PMN and PZT make them very useful for capacitor applications. The MLC

(multilayer ceramic capacitors) have a very high volumetric efficiency (ca-

pacitance per unit volume) because of the combined capacitance of thin

ceramic tapes of thickness ∼ 10-20 µ m stacked one on top of the other.

The volumetric efficiency of the MLC capacitor can be further increased if

the thickness of the ceramic sheets can be made lower (< 10 µ m). Thin

film technology can be used to make dielectric layers as thin as 1 µ m.

BaTiO3 and PMN are the two important materials being looked at for thin

film MLC applications [55].

1.6 Ferroelectric RAM memory

There are worldwide considerable efforts to develop nonvolatile random ac-

cess memories. Portable electronic equipment such as the personal digital

assistant, cellular phones or digital cameras need secure and fast data trans-

fer in combination with nonvolatile storage. Another main development

route is that of contact less smart cards with multiple functions including

e.g. personal banking, transport access and medical data. The market for

non-volatile random access memories (NVRAMs) has been drastically in-

creased over the last years, although by far not reaching the market volume

of (volatile) dynamic random access memories (DRAMs). The required per-

formance of NVRAMs, such as, storage density, endurance, write and access

time or power consumption are related to a particular application. There-

fore it is not astonishing that a number of different NVRAMs technologies

exist to fulfill all requirements.



36 Introduction to ferroelectrics

1.6.1 History of FeRAM

Ferroelectric RAM was proposed and published in 1952. Development of

FeRAM began in the late 1980s. Work was done in 1991 at NASA’s Jet

Propulsion Laboratory on improving methods of read out, including a novel

method of non-destructive readout using pulses of UV radiation [56]. Much

of the current FeRAM technology was developed by Ramtron, a fabless

semiconductor company. One major licensee is Fujitsu, who operate what

is probably the largest semiconductor foundry production line with FeRAM

capability. Since 1999 they have been using this line to produce standalone

FeRAMs, as well as specialized chips (e.g. chips for smart cards) with

embedded FeRAMs within. Fujitsu produces devices for Ramtron. By

2005, Ramtron reported that they were evaluating prototype samples of

an 8 megabit FeRAM manufactured using Texas Instruments’(TI) FeRAM

process. Fujitsu and Seiko-Epson were in 2005 collaborating in the de-

velopment of a 180 nm FeRAM process. FeRAM research projects have

also been reported at Samsung, Matsushita, Oki, Toshiba, Infineon, Hynix,

Symetrix, Cambridge University, University of Toronto and the Interuni-

versity Microelectronics Centre , Belgium.

1.6.2 Working of FeRAM

The reversible sponatnoues polarization of ferroelectric materials make

them attractive for memory applications. An ideal memory device has low

power consumption fast read and write access times and infinite rewritabil-

ity. Memory devices should also be scalable. A ferroelectric non volatile

(NV) memory must be able to maintain its orientation in the absence of
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applied power for more than ten years in order to compete with modern

devices [57].

Figure 1.14: FRAM circuit diagram with one memory cell indicated

Designs for ferroelectric memory have two basic types; capacitor type

memories have ferroelectric capacitor in series with field effect transistor

(FRAM) and transistor type memories have a ferroelectric material as the
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gate dielectric of the ferroelectric field effect transistor (FEFET) [34]. Non

volatile ferroelectric random access memory (NVFRAM) are the first fer-

roelectric devices to be commercially available [58].

Memory arrays of capacitor type FRAM have advantages over current

magnetic hard disks and floppy disks. FeRAM have no moving parts, more

reliable and have faster read/write access time. Moreover the ferroelectric

materials have dielectric constants up to 500 times larger than current

memory dielectrics so more charge can be stored in a smaller surface area

[57].

FRAM is based on the DRAM structure in which a capacitor is con-

nected in series with a transistor. Figure 1.14 shows a circuit diagram of a

FRAM devices. The success of DRAM is largely due to its small cell size.

DRAM and FRAM store one bit on one capacitor and one transistor [59].

Data are stored in an array of capacitors each connected to the sources

of a metal oxide semiconductor (MOS) transistor. The drains of the transis-

tors are connected to the bit lines and the gates are connected to the word

lines. Data are written to the capacitors by applying a voltage to the word

lines to turn on the transistors. those which connects each capacitor to its

bit line. Then a voltage greater than the ferroelectric capacitors positive

coercive voltage or a voltage greater than the capacitors negative coercive

voltage is applied to the bit line to write 1 or 0 to the cell, respectively.

To read the cell the transistors are turned on and the capacitors dis-

charge onto the bit line. At the end of each bit line a sense amplifer

determines whether the cell was written with 1 or a 0 and then rewrites the

cell by applying the appropriate voltage. DRAM is volatile, the capacitors

must be refreshed occasionally to maintain the memory (charge).
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The advantage of using a ferroelectric capacitor in DRAM cell is the

nonvolatility of the ferroelectric polarization. An FRAM is non volatile

memory that is as small as a DRAM cell with no moving parts. When a

material has a higher dielectric constant more charge can be stored in a

smaller area.

Like DRAM, FRAM is a destructive read out (DRO) device, which

means that the information stored in the cell is lost when the cell is read

and must be written after it is read. Reading an FRAM cell requires that

the polarization on the capacitor be reversed. This means that FRAM

devices will be read and rewritten more often than nondestructive read out

(NDRO) devices. The quality of the capacitor is integral to the device

properties.

It is also important that the devices be symmetric that is the positive

and negative coercive voltages have approximately the same value, which

remains constant in time. Since the device is written with a 1 or 0 with a

voltage pulse that is greater than the coercive voltage, the coercive voltage

must remain the same over time in order to properly polarize the device with

that pulse. Hence only capacitors which exhibit low fatigue and imprint

properties can be used in FRAM devices. The two coercive voltage points

should be symmetrical and less than 2.5V in order to operate from standard

memory voltage power supply’s [57].

A schematic representation of FeRAM is shown in the figure 1.15.Ferroelectric

capacitors are usually integrated on to a CMOS processed chip in a back

end process to keep from contaminating the CMOS facility. All the process

involved in the patterning and deposition of ferroelectric capacitors have to

be safe for CMOS devices [58] and must not damage the ferroelectric layer

[34].
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Figure 1.15: Schematic representation of FeRAM

1.6.3 Comparison with other systems

Density

The main factor that determinate the memory system’s cost is the density

of the components used to make it up. Smaller components, and less of

them, means that more cells can be packed onto a single chip, which in turn

means more can be produced from a single silicon wafer. This improves

yield, which is directly related to cost.

The lower limit to this scaling process is an important point for com-

parison, generally the technology that scales to the smallest cell size will

end up being the least expensive per bit. FeRAM and DRAM are construc-

tionally similar, and can generally be built on similar lines at similar sizes.

In both cases the lower limit seems to be defined by the amount of charge

needed to trigger the sense amplifiers. For DRAM, this appears to be a
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problem at around 55 nm, at which the charge stored in the capacitor is

too small to be detected. It is not clear if FeRAM can scale to the same

size, as the charge density of the PZT layer may not be the same as the

metal plates in a normal capacitor.

An additional limitation on size is that materials tend to stop being

ferroelectric when they are too small [60, 61]. This effect is related to

the ferroelectric’s ”depolarization field”. There is ongoing research on ad-

dressing the problem of stabilizing ferroelectric materials; one approach,

for example, uses molecular adsorbates.

To date, the commercial FeRAM devices have been produced at 350 nm

and 130 nm.

Power Consumption

The key advantage of FeRAM over DRAM is the low power consumption

which could be understood from read and write cycles. In DRAM, the

charge deposited on the metal plates leaks across the insulating layer and

the control transistor, and disappears. In order for a DRAM to store data

for anything other than a microscopic time, every cell must be periodically

read and then re-written, a process known as refresh. Each cell must be re-

freshed many times every second ( 65ms) [62] and this requires a continuous

supply of power.

In contrast, FeRAM only requires power when actually reading or writ-

ing a cell. The vast majority of power used in DRAM is used for refresh,

indicating power usage about 99% lower than DRAM.

Another non-volatile type memory is Flash RAM, and like FeRAM it

does not require a refresh process. Flash works by pushing electrons across

a high-quality insulating barrier where they get ”stuck” on one terminal of
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a transistor. This process requires high voltages, which are built up in a

charge pump with time. This means that FeRAM could be expected to be

lower power than Flash, at least for writing, as the write power in FeRAM

is only marginally higher than reading. For a ”mostly-read” device the

difference might be slight, but for devices with more balanced read and

write the difference could be expected to be much higher.

Performance

DRAM performance is limited by the rate at which the charge stored in

the cells can be drained (for reading) or stored (for writing). Generally

this ends up being defined by the capability of the control transistors, the

capacitance of the lines carrying power to the cells, and the heat that power

generates.

FeRAM is based on the physical movement of atoms in response to

an external field, which happens to be extremely fast, settling in about 1

ns. In theory, this means that FeRAM could be much faster than DRAM.

However, since power has to flow into the cell for reading and writing, the

electrical and switching delays would likely be similar to DRAM overall.

It does seem reasonable to suggest that FeRAM would require less charge

than DRAM, because DRAMs need to hold the charge, whereas FeRAM

would have been written to before the charge would have drained. That

said, there is a delay in writing because the charge has to flow through the

control transistor, which limits current somewhat.

In comparison to ’Flash’ the advantages are much more obvious. Whereas

the read operation is likely to be similar in performance, the charge pump

used for writing requires a considerable time to ”build up” current, a pro-

cess that FeRAM does not need. Flash memories commonly need about
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1 ms to write a bit, whereas even current FeRAMs are at least 100 times

that data rate.

Existing 350 nm devices have read times of the order of 50-60 ns. Al-

though slow compared to modern DRAMs, which can be found with times

of the order of 2 ns, common 350 nm DRAMs operated with a read time of

about 35 ns, so FeRAM performance appears to be comparable given the

same fab [62].

1.6.4 Recent trends in ferroelectric materials

FeRAM remains a relatively small part of the overall semiconductor mar-

ket. Flash memory is currently the overwhelmingly dominant NVRAM

technology, and this situation seems likely to continue for at least the rest

of the decade. The much larger sales of flash memory compared to the

alternative NVRAMs support a much larger research and development ef-

fort. Flash memory is produced using semiconductor linewidths of 30 nm

at Samsung (2007) while FeRAMs are produced in linewidths of 350 nm at

Fujitsu and 130 nm at Texas Instruments (2007). Flash memory cells can

store multiple bits per cell (currently 2 in the highest density NAND flash

devices), and the number of bits per flash cell is projected to increase to

4 or even to 8 as a result of innovations in flash cell design. The areal bit

densities of flash memory are consequently much higher than FeRAM, and

thus the cost per bit of flash memory is orders of magnitude cheaper than

FeRAM.

The density of FeRAM arrays might be increased by improvements in

FeRAM foundry process technology and cell structures, such as the develop-

ment of vertical capacitor structures (in the same way as DRAM) to reduce

the area of the cell footprint. However, reducing the cell size may cause the
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data signal to become to too weak to be detectable. Theoretically, it should

be possible to embed FeRAM cells using two additional masking steps dur-

ing conventional CMOS semiconductor manufacture. Flash typically re-

quires nine masks. This could make possible for example, the integration

of FeRAM on microcontrollers, where a simplified process would reduce

costs. However, the materials used to make FeRAMs are not commonly

used in CMOS integrated circuit manufacturing. Both the BST/PZT fer-

roelectric layer and the noble metals used for electrodes raise CMOS process

compatibility and contamination issues.

The FM22L16 is the semiconductor industrys highest density FRAM,

a 4-Mbit, 3V, parallel nonvolatile RAM that breaks new technological

ground. It is manufactured on TIs advanced 130nm CMOS process. The

FM22L16 is a 256Kx16 nonvolatile memory that reads and writes like a

standard static RAM. A ferroelectric random access memory or FRAM

is nonvolatile, which means that data is retained after power is removed.

It provides data retention for over 10 years while eliminating the reliabil-

ity concerns, functional disadvantages and system design complexities of

battery-backed SRAM (BBSRAM). Fast write timing and high write en-

durance make FRAM superior to other types of memory.

The FM22L16 includes a low voltage monitor that blocks access to the

memory array when virtual device driver (VDD) drops below a critical

threshold. The memory is protected against an inadvertent access and

data corruption under this condition. The device also features software-

controlled write protection. The memory array is divided into 8 uniform

blocks, each of which can be individually write protected.
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Thin film deposition

techniques and

characterization tools

In this chapter various techniques that were used in the process of thin film

deposition is detailed . Ferroelectric films studied in the present work were

prepared using rf magnetron sputtering and pulsed laser deposition.The

electrodes for the capacitors were deposited using electron beam and ther-

mal evaporation method. Various thin film characterisation methods, that

were used to optimise film properties, are discussed.

2.1 Introduction

A thin film is defined as a low-dimensional material created by condensing,

one-by-one, atomic/molecular/ionic species of matter. The thickness is

typically less than a few micrometers. Thin films differ from thick films.

45
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A thick film is defined as a low-dimensional material created by thinning a

three-dimensional material or assembling large clusters/aggregates/ grains

of atomic/molecular/ionic species [63]. Thin film technology is one of the

oldest arts and one of the newest sciences. Thin films have been used for

more than a half century in making electronic devices, optical coatings,

hard coatings, and decorative parts.

The birth of thin films of all materials by any deposition technique

starts with a random nucleation process followed by nucleation and growth

stages. Nucleation and growth stages are dependent upon various depo-

sition conditions, such as growth temperature, growth rate, and substrate

chemistry. The nucleation stage can be modified significantly by external

agencies, such as electron or ion bombardment. Film microstructure, asso-

ciated defect structure, and film stress depend on the deposition conditions

at the nucleation stage. The basic properties of film, such as film composi-

tion, crystal phase and orientation, film thickness, and microstructure, are

controlled by the deposition conditions.

The chemical composition of deposited films is governed by the sub-

strate temperature and/or the deposition atmosphere. Under low substrate

temperatures, the chemical composition of deposited films coincides with

that of the source materials. Under high substrate temperatures, the chem-

ical composition of deposited films differs from the source materials due to

the re-evaporation of high vapor pressure materials from the films during

the deposition.

Thin films exhibit unique properties that cannot be observed in bulk

materials. The atomic growth process results in unique material properties

from like size effects, including quantum size effects, characterized by the

thickness, crystalline orientation, and multi-layer aspects.
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2.2 Experimental techniques

The properties of thin films are governed by the deposition method. Almost

all thin film deposition and processing method employed to characterize and

measure the properties of films requires either a vacuum or some sort of

reduced pressure ambient. Deposition technologies can be divided into two

groups: Chemical Vapor Deposition (CVD) and Physical Vapor Deposition

(PVD) processes.

Chemical vapor deposition (CVD) is the process of chemically reacting

a volatile compound of a material to be deposited, with other gases, to

produce a nonvolatile solid that deposits on a suitably placed substrate

[64]. Because CVD processes do not require vacuum or unusual levels of

electric power, they were practiced commercially prior to PVD. But they

are subject to thermodynamic and kinetic limitations and constrained by

the flow of gaseous reactants and products.

PVD processes (often just called thin film processes) are atomistic depo-

sition processes in which material is vaporized from a solid or liquid source

in the form of atoms or molecules. The evaporated material gets trans-

ported in a low pressure or plasma environment to the substrate where it

condenses and forms thin layer of film. PVD can be used to deposit films of

elements, alloys as well as compounds. In reactive deposition, compounds

are formed by the reaction of depositing material with the ambient gas envi-

ronment such as nitrogen or oxygen. PVD includes techniques like thermal

evaporation, sputtering, pulsed laser deposition.
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2.2.1 Thermal evaporation

Vacuum thermal evaporation controllably transfer atoms from a heated

source to a substrate located a distance away, where film formation and

growth proceed atomistically. Thermal energy is imparted to atoms in a

liquid or solid source such that their temperature is raised to the point

where they either efficiently evaporate or sublime. Whereas metals essen-

tially evaporate as atoms and occasionally as clusters of atoms, the same is

not true of compounds. Very few inorganic compounds evaporate without

molecular change and, therefore, the vapor composition is usually different

from that of the original solid or liquid source. As a consequence the sto-

ichiometry of the film deposit will generally differ from that of the source

[64, 65]. Disadvantages of resistively heated evaporation sources include

contamination by crucibles, heaters, and support materials and the limita-

tion of relatively low input power levels. This makes it difficult to deposit

pure films or evaporate high-melting-point materials at appreciable rates.

Electron beam (e-beam) heating eliminates these disadvantages and

has, therefore, become the preferred vacuum evaporation technique for de-

positing films. In principle, this type of source enables evaporation of vir-

tually all materials over a wide range of practical deposition rates. The

evaporant is placed in either a water-cooled crucible or in the depression

of a water-cooled copper hearth. The purity of the evaporant is assured

because only a small amount of material melts or sublimes so that the effec-

tive crucible is the unmelted skull material next to the cooled hearth. For

this reason there is no contamination of the evaporate by crucible. Mul-

tiple source units are available for sequential deposition of more than one

material.
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Electrodes for ferroelectric capacitors for the present study were de-

posited using e-beam evaporation.

2.2.2 Sputtering

Sputtering is one of the most versatile techniques used for the deposition

of transparent conductors when device quality films are required. Sput-

tering process produces films with better controlled composition, provides

films with greater adhesion and homogeneity and permits better control of

film thickness. The sputtering process involves the creation of gas plasma

usually an inert gas such as argon [66] by applying voltage between a cath-

ode and anode. The target holder is used as cathode and the anode is

the substrate holder. Source material is subjected to intense bombardment

by ions. By momentum transfer, particles are ejected from the surface of

the cathode and they diffuse away from it, depositing a thin film onto a

substrate. Sputtering is normally performed at a pressure of 10−2 - 10−3

torr.

Normally there are two modes of powering the sputtering system; dc

and rf biasing. In dc sputtering system a direct voltage is applied between

the cathode and the anode. This method is restricted for conducting tar-

gets only. Rf sputtering is suitable for both conducting and non-conducting

targets; a high frequency generator (13.56 MHz) is connected between the

electrodes of the system. Magnetron sputtering is a process in which a

magnetic field is applied at the sputtering target surface. Magnetron sput-

tering is particularly useful when high deposition rates and low substrate

temperatures are required [67].

Both reactive and non-reactive forms of dc, rf and magnetron sputter-

ing have been employed for the deposition of compound semiconductors.
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In reactive sputtering, the reactive gas is introduced into the sputtering

chamber along with argon to deposit thin films. For example to deposit

metal oxide thin films pure metal target is sputtered in a mixture of ar-

gon and oxygen atmosphere. The deposition rates and properties of the

films strongly depend on the sputtering conditions such as the partial pres-

sure of the reactive gas, the sputtering pressure, substrate temperature and

substrate to target spacing.

The process of rf sputter deposition is made possible due to the large

difference in mass, and hence mobility, of electrons and inert gas ions. Be-

cause electrons are many times less massive than ions, electrons attain much

greater velocities and travel much further than ions during each cycle of

the applied rf voltage waveform. Since electrons travel much further, they

eventually accumulate on the target, substrate and chamber walls such

that the plasma is the most positive potential in the system. These in-

duced negative voltages or ”sheath voltages”, cause acceleration of positive

ions toward the negatively charged surfaces, which subsequently leads to

sputtering events. The volume adjacent to a surface tends to be relatively

free of electrons because of the negatively charged surface. This leads to a

”dark space” because electrons are not available to excite gas atoms [68].

A schematic diagram of the rf sputtering system used for the film growth

is shown in figure 2.1.

The target is selectively sputtered by controlling the relative surface

areas of the target and the substrate holder. If space charge limited current

is assumed, the ion current flux, J can be estimated by the Child - Langmuir

equation 2.1 [69],
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Figure 2.1: Schematic sketch of rf sputter deposition system

J =
KV 3/2

D2mion
(2.1)

Where D is the dark space thickness, V is the sheath voltage, mion is

the ionic mass and K is the proportionality constant. Since the positive ion

current must be equal at both the electrodes,

AAV
3/2
A

D2
A

=
ABV

3/2
B

D2
B

(2.2)

Where AA and AB are the surface areas of electrodes A and B respec-

tively. It should be noted that this step differs from the assumption of

treating the positive ion current densities equal. If the positive ion current

densities were equal, there would be a much greater positive ion current
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flowing during one half cycle of the applied voltage waveform than the

other due to the much greater area of the grounded substrate electrode.

Therefore, because this system is assumed to be in steady state, the total

positive ion current per half cycle should be the relevant quantity.

The glow discharge itself is a region where large quantities of positive

and negative charge exist and can be modelled as a wire. Since most of the

voltage in the glow discharge is dropped across the dark space, and they

have small conductivities, they can be modelled as capacitors such that the

capacitances,

C ∝ A

D
(2.3)

Furthermore, an ac voltage will divide across two series capacitors such

that,

VA

VB
=

CB

CA
(2.4)

From equations 2.1, 2.2, 2.4

VA

VB
= [

AB

AA
]2 (2.5)

Equation 2.5 tells that smaller area will see larger sheath voltage, whereas

larger area will see a smaller sheath voltage by a power of 2. The useful-

ness of this result is that AB > AA must hold to selectively sputter the

target. This is done in practice by grounding the substrate holder to the

entire chamber resulting in a very large AB . For this reason it is extremely

important that the substrate holder and the system are well grounded to

ensure that resputtering of the growing film does not occur.
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Sputtering yield is defined as the quantity of the material sputtered

per ion (atoms/ion or grams/ion) [70]. To measure the sputtering yield

accurately, we need to measure three experimental parameters namely the

crater volume (cm3) formed by sputtering, the ion current (A) and the

sputtering time (sec).

Main features observed for the sputtering techniques are

1. Sputtering yield is different for different elements. Sputtering yield

increases as the reciprocal of the binding energy of the surface atoms.

2. Sputtering yield decreases as the surface damage increases i.e. the

sputtering yield of rough surface is lower than that of smooth surface.

3. As the mass of the sputtering species increases, the sputtering yield

increases.

4. Light mass ions penetrate deeper into the target than heavier mass

ions.

5. As sputtering energy increases, the sputtering yield increases up to

10 -100 keV. At higher energies, the sputtering yield again decreases

since the ions penetrate into the target.

6. Since smaller particles penetrate further into the target, the energy

when the yield starts to decrease is lower for lighter particles.

7. For multicomponent samples, the light weight particle is usually pref-

erentially sputtered if the binding energies of the components are sim-

ilar. The sputtering rate of each component increases as the reciprocal

of the binding energy and mass of that component.
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8. Sputtering of oxide targets result in preferential depletion of oxygen.

9. Sputtering yield of metal oxide is less than the sputtering yield of

corresponding metals.

10. For oxide samples, sputtering in an oxygen rich environment decreases

the sputtering yield; the sputtering yield does not vary in other envi-

ronments (e.g. CO, N2) indicating that adsorption without chemical

bonding is not enough to reduce the sputtering yield.

Sierra Applied Sciences, (USA) make magnetron was used for the rf

sputtering of BST thin films. The vacuum system consists of a six-inch

diameter diffusion pump backed by a rotary pump (make - HindHivac,

Bangalore). The rf supply was connected to the magnetron through a

capacitive matching network (make-Huttinger Electronic, Germnay). The

flow of argon gas and oxygen into the vacuum chamber was controlled using

mass flow controllers (make Aalborg, USA).

2.2.3 Pulsed laser deposition (PLD)

The laser is a source of energy in the form of monochromatic and coherent

photons, enjoying ever increasing popularity in diverse and broad applica-

tions. In many areas such as metallurgy, medical technology and electronic

industry, the laser has become an irreplaceable tool. In material science also

lasers play a significant role either as a passive component for process mon-

itoring or as an active tool by coupling its radiation energy to the material

being processed, leading to various applications such as localized melting

during optical pulling, laser annealing of semiconductors, surface cleaning

by desorption and ablation, laser induced rapid quench to improve surface
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hardening and most recently pulsed laser deposition for growing thin films

[2].

Pulsed laser deposition (PLD) is clearly emerging as one of the pre-

mier thin film deposition technologies. PLD has gained a great deal of

attention in the past few years for its ease of use and success in depositing

materials of complex stoichiometry. PLD was the first technique used to

successfully deposit the superconducting YBa2Cu3O7−d thin film. Since

that time, many materials that are normally difficult to deposit by other

methods, especially multi-element oxides, have been successfully deposited

by PLD. In the case of multielemental compounds such as high temper-

ature superconductors, ferroelectrics and for electro optic materials, this

technique is extremely successful. This technique offers many potential ap-

plications, from integrated circuits and optoelectronics to micro mechanics

and medical implants [71].

The best quality films can be deposited by controlling the substrate

temperature (T), the relative and absolute arrival rates of atoms (R) and

the energy of the depositing flux (E). PLD offers the best control over these

parameters than other vacuum deposition techniques [2]. A schematic di-

agram of a simple PLD technique is shown in figure 2.2. In its simplest

configuration, a high-power laser situated outside the vacuum deposition

chamber is focused by means of external lenses onto the target surface,

which serves as the evaporation source. PLD relies on a photon interac-

tion to create an ejected plume of material from any target. The vapor

(plume) is collected on a substrate placed at a short distance from the

target. Though the actual physical processes of material removal are quite

complex, one can consider the ejection of material to occur due to rapid ex-

plosion of the target surface due to superheating. Unlike thermal evapora-
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Figure 2.2: Schematic diagram of a PLD setup

tion, which produces a vapor composition dependent on the vapor pressures

of elements in the target material, the laser-induced expulsion produces a

plume of material with stoichiometry similar to the target.

The main advantage of PLD derives from the laser material removal

mechanism. It is generally easier to obtain the desired film stoichiometry

for multi-element materials using PLD than with any other deposition tech-

niques. Typical plasma temperature measured by emission spectroscopy

during initial expansion is 10,000 K, which is well above the boiling point

of most materials (3000 K). Heating of the plasma to these temperatures

is thought to occur by inverse-Bremsstrahlung absorption of the laser light

in a free - free transition of electron ion pair. This high temperature would

evaporate the surface layer of the target thereby replicating exact compo-
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sition in the thin films.

Mechanisms of PLD

Pulsed laser deposition is a very complex physical phenomenon involving

laser-material interaction under the impact of high-power pulsed radia-

tion on solid target, and formation of plasma plume with highly energetic

species. The thin film formation process in PLD generally can be divided

into the following four stages.

1. Interaction of laser radiation with the target material.

2. Dynamics of the ablated materials.

3. Deposition of the ablated materials on the substrate.

4. Nucleation and growth of the thin film on the substrate surface.

In the first stage, the laser beam is focused onto the surface of the

target. At sufficiently high flux densities and short pulse duration, all

elements in the target are rapidly heated up to their evaporation tempera-

ture. Materials are dissociated from the target surface and ablated out with

stoichiometry as in the target. The instantaneous ablation rate is highly

dependent on the fluences of the laser shining on the target. The ablation

mechanisms involve many complex physical phenomena such as collisional,

thermal, and electronic excitation, exfoliation and hydrodynamics.

During the second stage the emitted materials tend to move towards the

substrate according to the laws of gas-dynamic and show the forward peak-

ing phenomenon. The spot size of the laser and the plasma temperature has

significant effects on the deposited film uniformity. The target-to-substrate
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distance is another parameter that governs the angular spread of the ab-

lated materials. A mask placed close to the substrate could reduce the

spreading.

The third stage is important to determine the quality of thin film. The

ejected high-energy species impinge onto the substrate surface and may

induce various type of damage to the substrate. These energetic species

sputter some of the surface atoms and a collision region is formed between

the incident flow and the sputtered atoms. Film grows after a thermalized

region is formed. The region serves as a source for condensation of particles.

When the condensation rate is higher than the rate of particles supplied by

the sputtering, thermal equilibrium condition can be reached quickly and

film grows on the substrate surface at the expenses of the direct flow of the

ablation particles and the thermal equilibrium obtained.

The effect of increasing the energy of the adatoms has a similar effect of

increasing substrate temperature on film growth [2]. Typical power densi-

ties involved in PLD are approximately 50MWcm−2 for a reasonable growth

rate. (> 1 A0/shot) If plasma is formed during laser target interaction in

vacuum or in air then an explicit laser - plasma interaction occurs. Due to

which ions in the plasma are accelerated to as much as 100 - 1000 eV [2].

Nucleation and growth of crystalline films depends on many factors such

as the density, energy, ionization degree, and the type of the condensing

material, as well as the temperature and the physico-chemical properties

of the substrate. The two main thermodynamic parameters for the growth

mechanism are the substrate temperature T and the supersaturation Dm.

They can be related by the following equation

Dm = kT ln(R/Re) (2.6)
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where k is the Boltzmann constant, R is the actual deposition rate, and

Re is the equilibrium value at the temperature T.

The nucleation process depends on the interfacial energies between the

three phases present - substrate, the condensing material and the vapor.

The critical size of the nucleus depends on the driving force, i.e. the deposi-

tion rate and the substrate temperature. For the large nuclei, a character-

istic of small supersaturation, they create isolated patches (islands) of the

film on the substrate, which subsequently grow and coalesce together. As

the supersaturation increases, the critical nucleus shrinks until its height

reaches to atomic diameter and its shape is that of a two-dimensional layer.

For large supersaturation, the layer-by-layer nucleation will happen for in-

completely wetted foreign substrates.

The crystalline film growth depends on the surface mobility of the

adatom (vapor atoms). Normally, the adatom will diffuse through sev-

eral atomic distances before sticking to a stable position within the newly

formed film. The surface temperature of the substrate determines the

adatom’s surface diffusion ability. High temperature favours rapid and

defect free crystal growth, whereas low temperature or large supersatura-

tion crystal growth may be overwhelmed by energetic particle impingement,

resulting in disordered or even amorphous structures.

The mean thickness (N99) at which the growing thin and discontinuous

film reaches continuity, is given by the equation 2.7

N99 = A(1/R)1/3exp−1/T (2.7)

where R is the deposition rate (supersaturation related) and T is the

temperature of the substrate and A is a constant related to the materials
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[2]. In the PLD process, due to the short laser pulse duration ( 10 ns) and

hence the small temporal spread (≤10 ms) of the ablated materials, the

deposition rate can be enormous ( 10 nm/s). Consequently a layer by layer

nucleation is favoured and ultra-thin and smooth film can be produced. In

addition the rapid deposition of the energetic ablation species helps to raise

the substrate surface temperature. In this respect PLD tends to demand a

lower substrate temperature for crystalline film growth.

In the present study the fourth harmonics (266nm) of Nd:YAG laser

(Spectra Physics model GCR 150) is used for ablation.

2.3 Characterization tools

The optimisation of the preparation conditions is the main task in order to

get device quality films. This has to be carried out on the basis of detailed

structural, compositional, morphological, optical and electrical properties

of the films obtained at different growth conditions. In the following sec-

tions the techniques used for the film characterizations are discussed briefly.

2.3.1 Film Thickness measurements

Thickness is one of the most important thin film parameter to be charac-

terized since it plays an important role in the film properties unlike a bulk

material. Microelectronic applications generally require the maintenance

of precise and reproducible film metrology (i.e., thickness as well as lat-

eral dimensions). Various techniques are available to characterize the film

thickness which are basically divided into optical and mechanical meth-

ods, and are usually nondestructive but sometimes destructive in nature.
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Film thickness may be measured either by in-situ monitoring the rate of

deposition or after the film deposition.

The stylus profiler takes measurements electromechanically by moving

the sample beneath a diamond tipped stylus. The high precision stage

moves the sample according to a user defined scan length, speed and stylus

force. The stylus is mechanically coupled to the core of a linear variable

differential transformer (LVDT). The stylus moves over the sample surface.

Surface variations cause the stylus to be translated vertically. Electrical

signals corresponding to the stylus movement are produced as the core po-

sition of the LVDT changes. The LVDT scales an ac reference signal pro-

portional to the position change, which in turn is conditioned and converted

to a digital format through a high precision, integrating, analog-to-digital

converter [72]. The film whose thickness has to be measured is deposited

with a region masked. This creates a step on the sample surface. Then

the thickness of the sample can be measured accurately by measuring the

vertical motion of the stylus over the step.

The thicknesses of the thin films prepared for the work presented in

this thesis were measured by a stylus profiler (Dektak 6M). Several factors

which limit the accuracy of stylus measurements are [64]

1. Stylus penetration and scratching of films (makes problem in very

soft films)

2. Substrate roughness. Excessive noise is introduced into the measure-

ment as a result of substrate roughness and this creates uncertainty

in the position of the step.

3. Vibration of the equipment. Proper shock mounting and rigid sup-

ports are essential to minimise background vibrations.
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In modern instruments the leveling and measurement functions are com-

puter controlled. The vertical stylus movement is digitized and data can be

processed to magnify areas of interest and yield best profile fits. Calibration

profiles are available for standardization of measurements.

2.3.2 Structural Characterization

X-ray diffraction

Electrical and optical properties of the thin films are influenced by the

crystallographic nature of the films. X-ray diffraction (XRD) studies were

carried out to study the crystallographic properties of the thin films. A

given substance always produces a characteristic x-ray diffraction pattern

whether that substance is present in the pure state or as one constituent of

a mixture of substances. This fact is the basis for the diffraction method

of chemical analysis. The particular advantage of x-ray diffraction analysis

is that it discloses the presence of a substance and not in terms of its

constituent chemical elements. Diffraction analysis is useful whenever it

is necessary to know the state of chemical combination of the elements

involved or the particular phase in which they are present. Compared with

ordinary chemical analysis the diffraction method has the advantage that

it is much faster, requires only very small quantity of the sample and is non

destructive [69].

The basic law involved in the diffraction method of structural analysis is

the Bragg’s law. When monochromatic x-rays impinge upon the atoms in a

crystal lattice, each atom acts as a source of scattering. The crystal lattice

acts as series of parallel reflecting planes. The intensity of the reflected

beam at certain angles will be maximum when the path difference between
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two reflected waves from two different planes is an integral multiple of λ.

This condition is called Bragg’s law and is given by the relation 2.8,

2dsinθ = nλ (2.8)

where n is the order of diffraction, λ is the wavelength of the x-rays,

d is the spacing between consecutive parallel planes and θ is the glancing

angle (or the complement of the angle of incidence)[73].

X-ray diffraction studies give a whole range of information about the

crystal structure, orientation, average crystalline size and stress in the films.

Experimentally obtained diffraction patterns of the sample are compared

with the standard powder diffraction files published by the International

Centre for Diffraction Data (ICDD).

The average grain size of the film can be calculated using the Scherrer’s

formula 2.9 [69],

d =
0.9λ

βcosθ
(2.9)

where, λ is the wavelength of the x-ray and β is the full width at half

maximum intensity in radians. The lattice parameter for crystallographic

systems in the present study can be calculated from the following equations

using the (hkl) parameters and the interplanar spacing d.

Cubic system,

1

d2
=

h2 + k2 + l2

a2
(2.10)

Tetragonal system,

1

d2
=

h2 + k2

a2
+

l2

c2
(2.11)
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Hexagonal system,

1

d2
=

4

3
(
h2 + hk + k2

a2
) +

l2

c2
(2.12)

X-ray diffraction measurements of the films in the present studies were

carried out using Rigaku automated x-ray diffractometer. The filtered cop-

per Kα (λ =1.5418A0) radiation was used for recording the diffraction pat-

tern

Raman Spectroscopy

Raman spectroscopy is a technique that can detect both organic and inor-

ganic species and measure the crystallanity of solids. Raman spectroscopy

is based on the Raman effect, first reported by Raman in 1928 [74]. If

the incident photon imparts part of it’s energy to the lattice in the form

of a phonon it emerges as a lower energy photon. This down converted

frequency shift is known as Stokes-shifted scattering. Anti stokes shifted

scattering results when the photon absorbs a phonon and emerges with

higher energy. The anti-Stokes mode is much weaker than the Stokes mode

and it is the Stokes-mode scattering that is usually monitored. In Ra-

man spectroscopy a laser beam, referred to as the pump, is incident on the

sample. The weak scattered light or the Raman signal is passed through a

double monochromator to reject the Raleigh scattered light and the Raman

shifted wavelengths are detected by a photodetector. Various properties of

the semiconductors, mainly composition and crystal structure can be de-

termined. The Stokes line shifts and broadening becomes asymmetric for

microcrystalline Si with grain sizes below 10 nm [75]. The lines become

very broad for amorphous semiconductors, allowing distinction to be made

between single crystal, polycrystalline, and amorphous materials.
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In the present work, Raman studies was carried out with micro Raman

(Jobin Yvon Horiba) with argon ion laser (488 nm) as the excitation source

.

2.3.3 Composition analysis

The stoichiometry of the deposited film were studied using the composi-

tional analysis and some of the characterization tools used in the present

investigation are described below.

EDX

EDX/EDAX or energy dispersive x-ray analysis is a technique used for

identifying the elemental composition of the specimen, on an area of in-

terest thereof. The EDX analysis system works as an integrated feature

of a scanning electron microscope (SEM), and can not operate on its own

without the latter [76, 77].

During EDX analysis, the specimen is bombarded with an electron beam

inside the scanning electron microscope. The bombarding electrons collide

with the specimen atom’s own electrons, knocking some of them off in the

process. A position vacated by an ejected inner shell electron is eventually

occupied by a higher-energy electron from an outer shell. To be able to do

so, however, the transferring outer electron must give up some of its energy

by emitting an x-ray. The amount of energy released by the transferring

electron depends on which shell it is transferring from, as well as which shell

it is transferring to. Furthermore, the atom of every element releases x-rays

with unique amounts of energy during the transferring process. Thus, by

measuring the energy of the x-rays emitted by a specimen during electron
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beam bombardment, the identity of the atom from which the x-ray was

emitted can be established. The output of an EDX analysis is an EDX

spectrum, which is a plot of how frequently an x-ray is received for each

energy level.

Figure 2.3: The emission of x-rays

An EDX spectrum normally displays peaks corresponding to the energy

levels for which the most x-rays had been received. Each of these peaks

are unique to an atom, and therefore corresponds to a single element. The

higher the intensity of a peak in a spectrum, the more concentrated the

element is in the specimen. An EDX spectrum plot not only identifies the

element corresponding to each of its peaks, but the type of x-ray to which

it corresponds as well. For example, a peak corresponding to the amount

of energy possessed by x-rays emitted by an electron in the L-shell going

down to the K-shell is identified as a Kα peak. The peak corresponding to
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x-rays emitted by M-shell electrons going to the K-shell is identified as a

Kβ peak as shown in figure 2.3

The composition analysis of BST and PZT thin films were carried out

using EDX technique

XPS

X-ray photoelectron spectroscopy (XPS)is also known as electron spec-

troscopy for chemical analysis or ESCA. In XPS, radiation from an x-ray

source strikes the sample. The deep inner shell electrons are excited and

both core and valence band electrons are ejected with characteristic energy

and release of x-ray photoelectrons [76].

Depending on the atomic structures, the wavelength of the x-ray will

be different. Electrons emitted from atoms within a few atomic layers of

the surface escape and the respective energy analyzed. Results provide

quantitative and qualitative information about oxidation states of surface

and near-surface atoms, surface impurities, and fundamental interactions

between surface species. Standard XPS provides excellent chemical in-

formation but restricted spatial data. If, however, a lens with a narrow

acceptance angle is placed at the energy analyzer’s entrance, small area

XPS (SAXPS) provides an image of surface features with a resolution of

280 pm. (figure 2.4).
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Figure 2.4: Schematic sketch of XPS system

If the x-ray source is monochromatic, the electron’s kinetic energy is

used to measure its binding energy from the relation x-ray energy minus

binding energy equals kinetic energy. The most common source creates x-

rays by bombarding either Al or Mg targets with high energy electrons to

produce 1486.6eV and 1253.6eV photons, respectively. Increasingly, syn-

chrotron radiation (the tangential photon flux formed when high energy

charged particles are deflected) is the source of choice. The photon en-

ergy, ranging from infrared to x-ray, is resolved by a monochromator into

a monoenergetic, high flux beam that provides much greater experimental

flexibility than a fixed frequency x-ray source.

XPS with Al Kα radiation source (1486.6 eV) was used to study the

oxygen content in sputtered BST thin films.

2.3.4 Surface analysis

Surface morphology is an important property since roughness of the thin

film surface play an important role during device fabrication. Atomic force
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microscopy (AFM) and scanning electron microscopy (SEM) used in the

present study is described below

AFM

Scanning probe microscopy (SPM) is a fundamentally simple technology

that is capable of imaging and measuring surfaces on a fine scale and of

altering surfaces at the atomic level. There are three elements common to

all probe microscopes.

1. A small, sharp probe. The interactions between the surface and the

probe are used to study the surface.

2. A detection system which monitors the product of the probe-surface

interaction (e.g., a force, tunneling current, change in capacitance,

etc.).

3. Scanning technique: Either the probe or sample is raster-scanned

with nanoscale precision. By monitoring the interaction intensity,

any surface variation translates to topographical information from

the surface and generates a three-dimensional image of the surface.

The most commonly used SPMs are atomic force microscope (AFM) and

scanning tunneling microscope (STM). AFM is the most widely used local

probe devices. It gives quick access to a wide range of surface properties,

including mechanical, electrical, magnetic, and other properties, with good

spatial resolution. In AFM, the probe tip is affixed on a cantilever beam.

The probe interacts with the surface and the resulting force deflects the

beam in a repulsive manner, as described by Hooke’s Law. In the same

manner that a spring changes dimensions under the influence of forces, the
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Figure 2.5: Schematic diagram of atomic force microscope.

attractive and repulsive forces between atoms of the probe and the surface

can also be monitored when brought extremely close to each other. Hence,

the net forces acting on the probe tip deflect the cantilever, and the tip

displacement is proportional to the force between the surface and the tip.

As the probe tip is scanned across the surface, a laser beam reflects off the

cantilever. By monitoring the net (x, y, and z) deflection of the cantilever,

a three-dimensional image of the surface is constructed (Figure 2.5).

The AFM typically operates in either of two principal modes: constant-

force mode (with feedback control) and constant-height mode (without

feedback control). Once the deflection of the cantilever has been detected

in the AFM, it can generate the topographic data set by operating in one

of the two modes viz constant-height or constant-force mode. In constant-

height mode, the spatial variation of the cantilever deflection can be used

directly to generate the topographic data set because the height of the

scanner is fixed as it scans. In constant-force mode, the deflection of the

cantilever can be used as input to a feedback circuit that moves the scanner
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up and down in the z-axis, responding to the topography by keeping the

cantilever deflection constant. In this case, the image is generated from the

scanner’s motion. With the cantilever deflection held constant, the total

force applied to the sample is constant. The biggest advantage of AFM

is that most samples can be investigated in their natural state, including

biological samples (even in an aqueous environment), which is otherwise

impossible by electron microscopy methods.

SEM

The scanning electron microscope (SEM) is a microscope that uses electrons

rather than light to form an image. There are many advantages for using the

SEM instead of a light microscope [76]. The SEM has a large depth of field,

which allows a large amount of the sample to be in focus at the same time.

The SEM also produces images of high resolution, which means that closely

spaced features can be examined at a high magnification. Preparation of the

samples is relatively easy since most SEMs only require that sample should

be conductive.The combination of higher magnification, larger depth of

focus, greater resolution, and ease of sample observation makes SEM one

of the most heavily used instruments in the research field. The electron

beam comes from a filament, made of various types of materials.
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Figure 2.6: The focusing of electrons in SEM

The most common is the tungsten hairpin gun. This filament is a loop

of tungsten that functions as the cathode. A voltage is applied to the

loop, causing it to heat up. The anode, which is positive with respect to

the filament, forms powerful attractive forces for electrons. This causes

electrons to accelerate toward the anode. The anode is arranged, as an

orifice through which electrons would pass down to the column where the

sample is held. Other examples of filaments are lanthanum hexaboride

filaments and field emission guns.

The streams of electrons that are attracted through the anode are made

to pass through a condenser lens, and are focused to very fine point on

the sample by the objective lens (figure 2.6). The electron beam hits the
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sample, producing secondary electrons from the sample. These electrons

are collected by a secondary detector or a backscatter detector, converted

to a voltage, and amplified. The amplified voltage is applied to the grid

of the CRT that causes the intensity of the spot of light to change. The

image consists of thousands of spots of varying intensity on the face of a

CRT that correspond to the topography of the sample.

In the present study, JEOL JSM 5600 was used for SEM analysis. Cross

sectional SEM is also taken for thin films deposited on oxide substrates.

2.3.5 Optical analysis

Optical band gap

An important technique for measuring the band gap of a semiconductor is

by studying the absorption of incident photons by the material. In this,

photons of selected energy are directed to the sample and the relative trans-

mission of the various photons is observed. Since photons with energies

greater than the band gap energy are absorbed while photons with ener-

gies less than band gap energy are transmitted, the experiment gives an

accurate measure of band gap [78].

According to Bardeen et al. [79] for the parabolic band structure, the

relation between the absorption coefficient (α) and the band gap of the

material is given by,

α = [
A

hν
](hν − Eg)

γ (2.13)

where, γ =1/2 for allowed direct transitions, γ =2 for allowed indirect

transitions, γ =3 for forbidden indirect transitions and γ =3/2 for forbidden

direct transitions. A is the parameter which depends on the transition
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probability. The absorption coefficient can be deduced from the absorption

or transmission spectra using the relation,

I = I0e
−(α)t (2.14)

where, I is the transmitted intensity and I0 is the incident intensity of

the light and t is the thickness of the film. In the case of direct transition,

(α h ν )2 will show a linear dependence on the photon energy (hν). A plot

of (α h ν )2 against hν will be a straight line and the intercept on energy

axis at (α h ν )2 equal to zero will give the band gap.

Determination of optical constants

The optical constants, the refractive index (n) and the extinction coefficient

(k) of the films are calculated using the methoed developed by Manificer

et al. [80] for weakly absorbing films

The following method can be used for determining the optical constants.

If the incident light has unit amplitude then the amplitude of the trans-

mitted wave is

A =
t1t2e

−2πn∗t λ

1 + r1r2e−4πn∗t λ
(2.15)

Where t1, t2 , r1 and r2 are the transmission and reflection coefficients

of the front and rear surfaces of the film respectively and are given by

t1 =
2n0

n0 + n
t2 =

2n

n1 + n
r1 =

n0 − n

n0 + n
r2 =

n − n1

n1 + n
(2.16)

n0 , n and n1 are the refractive indices of the substrate, film and the

medium respectively
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Transmission coefficient of the layer is

T =
n1

n0
A2 (2.17)

If we consider the case of normal incidence and weak absorption (where

k2 � (n - n0)
2 and k2 � (n -n1)

2 .

Transmission coefficient is given by

T =
16n0n1n

2α1

c2
1 + c2

2α
2
1 + 2c1c2α1cos4πt λ

(2.18)

c1 = (n + n0)(n + n1) (2.19)

c2 = (n − n0)(n1 − n) (2.20)

α1 = (−4πkt/λ) = e−αt (2.21)

Here α is the absorption coefficient of the thin film, t is the thickness,

k is the extinction coefficient and λ is the wavelength of light.

The extreme values of T are

Tmax =
16n0n1n

2α1

(c1 + c2α1)2
(2.22)

Tmin =
16n0n1n

2α1

(c1 − c2α1)2
(2.23)

where

n = [N + (N2 − n2
0n

2
1)

1/2]1/2 (2.24)

N = n2
0 + n2

1 + 2n0n1[
Tmax − Tmin

TmaxTmin
] (2.25)

Knowing Tmax, Tmin, n0 and n1 at the same wavelength refractive

index(n) of the film can be calculated. The refractive index of BST thin

films were calculated using the above relation.
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Diffuse reflectance spectroscopy

The measurement of diffused radiation reflected from a surface constitutes

the area of spectroscopy known as diffuse reflectance spectroscopy. Diffuse

reflectance spectrometry concerns one of the two components of reflected

radiation from an irradiated sample, namely specular reflected radiation,

Rs and diffusely reflected radiation, Rd . The former component is due to

the reflection at the surface of single crystallites while the latter arises from

the radiation penetrating into the interior of the solid and re-emerging to

the surface after being scattered numerous times. These spectra can exhibit

both absorbance and reflectance features due to contributions from trans-

mission, internal and specular reflectance components as well as scattering

phenomena in the collected radiation. Based on the optical properties of

the sample, several models have been proposed to describe the diffuse re-

flectance phenomena. The Kubelka-Munk model put forward in 1931 is

widely used and accepted in diffuse reflectance infrared spectrometry. The

intensity of the reflected light depends on the scattering coefficient s and

the absorption coefficient k. The reflectance data can be converted to ab-

sorbance by Kubelka-Munk equation [81, 82]. Kubelka-Munk equation is

as

Log[(
1 − r)2

2r
] = Logk − Logs (2.26)

Where r = R(sample)
R(standard)

Here the standard used is BaSO4. R (standard) is taken as unity. R

(sample) is the diffuse reflectance of the sample

(R= Isam/Iref ).

Equation 2.26 Implies,
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(1 − R)2

2R
=

k

s
(2.27)

The band gap is estimated from the plot of ((k/s).hν)2 vs hν (hν is the

photon energy) by extrapolating the graph to the x axis. DRS was recorded

using Jasco V 570 spectrophotometer in the present studies.

Photoluminescence

Luminescence in solids is the phenomenon in which electronic states of

solids are excited by photons from an external source and the excited states

release energy as electromagnetic radiation. When short wavelength radia-

tion illuminate a solid and result in the emission of higher wavelength, the

phenomenon is called photoluminescence (PL) [83]. PL is divided into two

major types: Intrinsic and extrinsic depending on the nature of electronic

transition producing it.

Intrinsic luminescence are of three kinds

1. band to band luminescence

2. exciton luminescence

3. cross-luminescence.

Band to band luminescence: Luminescence owing to the band-to-band

transition, ie to the recombination of an electron in the conduction band

with a hole in the valance band, can be seen in pure crystal at relatively

high temperature. This has been observed in Si,Ge and IIIb-Vb compounds

such as GaAs.

Exciton luminescence: An exciton is a composite particle of an excited

electron and a hole interacting with one another. It moves in a crystal
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conveying energy and produces luminescence owing to the recombination

of the electron and the hole. There are two kinds of excitons: Wannier

exciton and Frenkel exciton. The Wannier exciton model express an ex-

citon composed of an electron in the conduction band and a hole in the

valence band bound together by couloumb interaction. The expanse of the

wave function of the electron and hole in Wannier exciton is much larger

than the lattice constant. The exciton in IIIb-Vb and IIb-VIb compounds

are examples for Wannier exciton. The Frenkel exciton model is used in

cases where expanse of electron and hole wave function is smaller than lat-

tice constant. The excitons in organic molecular crystals are examples of

Frenkel exciton.

Cross luminescence: Cross luminescence is produced by the recombina-

tion of an electron in the valance band with a hole created in the outer most

core band. This is observed in number of alkali and alkaline-earth halides

and double halides. This takes place only when the energy difference be-

tween the top of valance band and that of conduction band is smaller than

the band gap energy. This type of luminescence was first observed in BaF2.

Extrinsic luminescence: Luminescence caused by intentionally incorpo-

rated impurities, mostly metallic impurities or defects is classified as extrin-

sic luminescence. Most of the observed type of luminescence of practical

application belongs to this category. Intentionally incorporated impuri-

ties are activators and materials made luminescent in this way are called

phosphors. Extrinsic luminescence in ionic crystals and semiconductors is

classified into two types: unlocalized and localized. In the unlocalized type,

the electrons and holes of the host lattice participate in the luminescence

process, while in localized type the luminescence excitation and emission

process are confined in a localized luminescence center.
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Two types of luminescence spectra can be distinguished: excitation and

emission. In the case of an excitation spectrum the wavelength of the excit-

ing light is varied and the intensity of the emitted light at a fixed emission

wavelength is measured as a function of the excitation wavelength. The ex-

citation spectrum gives information on the position of excited states just as

the absorption spectrum does, except that the former reveals only the ab-

sorption bands that result in the emission of light. The observed differences

between the absorption and excitation spectra can yield useful information.

An emission spectrum provides information on the spectral distribution of

the light emitted by a sample. The time resolved PL measurements are

a powerful tool for the determination of the radiative efficiency. The ra-

diative efficiency specifies the fraction of excited states, which de-excite by

emitting photons [83].

The emission and excitation spectra for the BST:Eu thin films are

recorded using Jobin Yvon Fluorimeter -3 spectroflurometer.

Nonlinear absorption

A single beam Z-scan technique was employed (figure2.7) for nonlinear

absorption and nonlinear refraction measurements at room temperature.

A single Gaussian laser beam in tight focus geometry as depicted in

figure 2.7 was used to measure the absorption and refraction of a medium

in the far field as a function of the sample position z measured with respect

to the focal plane. A beam splitter was used to get the transmitted and the

reference beam simultaneously. If part of the light intensity transmitted

across the nonlinear material is measured through an aperture in front of

the detector(closed Z-scan), the magnitude and sign of the nonlinear refrac-
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tive index is obtained. If all the transmitted beam is detected without the

aperture (open aperture Z-scan), the nonlinear absorption can be obtained.

Figure 2.7: Single beam Z-scan set up

The open aperture Z-scan curve comprises a normalised transmittance

as a result of nonlinear absorption. The experimental data is fitted with the

theoretical values. The theoretical equation for normalised transmittance

T, for two photon absorption at a given position of the sample z, is given

by equation 2.28 [84].

T (z, S = 1) = (1/
√

π)q0(Z, 0)

∫

[ln(1 + q0(Z, 0))e−τ2

]dτ (2.28)

Where q0(Z,t) is the fitting parameter given by equation (2.29), S=1 for

open aperture

q0(Z, t) =
βI0(t)Leff

(1 + z2/z2
0)

(2.29)

β is the nonlinear absorption coefficient, z0 is the Raleyigh parameter,

I0(t) is the on axis irradiance at the focus Leff is the effective focal length

given by equation (2.30).

Leff =
(1 − e−Lα)

α
(2.30)
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where L is the sample length and α is the linear absorption coefficient.

The experimental curve is theoretically fitted by equation(2.28)and the

nonlinear absorption coefficient β is calculated. The imaginary part of third

order nonlinear susceptibility Imχ(3) is calculated using the equation(2.31)

[84]

β =
3kImχ3

2ε0cn0
(2.31)

Where k = 2π/λ(λ = 532nm) ε0 is free space dielectric constant, n0 is

linear refractive index and c the velocity of light.

The on axis phase shift at the focus, ∆φ0, can be obtained through

the best theoretical fit from the normalised closed aperture transmittance

T(z,∆φ0) at the sample position z, by the equation (2.32) [84].

T (z,∆φ0) ≈ [1 +
4∆φ0x

(x2 + 9)(x2 + 1)
] (2.32)

where x = z/z0. The nonlinear refractive index γ and the real part

of third order optical nonlinear susceptibility Reχ(3) can be given by the

following equations (2.33) and (2.34) [84].

γ =
λ∆φ0

2Leff I0
(2.33)

Reχ(3) = 2(n0)
2ε0cγ (2.34)

where λ = 532nm is the wavelength of laser used, ε0 is free space di-

electric constant, n0 is linear refractive index and c the velocity of light.

In the present study second harmonics of Q switched Nd:YAG laser at

532 nm having a repetition rate of 10 Hz was used as the light source.

The focal length of the lens used was 25cm. Using a translation stage the
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sample was moved in a spatially varying intensity region on either side of

the focused laser beam. The transmitted and reference energies can be

measured using probe heads PD1 and PD2 of the energy ratio meter. The

entire setup is automated using LabVIEW.

2.3.6 Electrical measurements

Thin film capacitors were characterized by various electrical measurements.

This includes leakage current, capacitance as a function of frequency and

voltage and polarization measurements from hysteresis loop traced by the

ferroelectric thin films. Metal as well as oxide electrode are sputter de-

posited through shadow mask to form thin film capacitors.

Leakage current

The leakage current of the samples were found from the current - voltage (I-

V) curve, where the current is measured at a specified voltage. The leakage

current is an important characteristic of thin film ferroelectric capacitors,

it directly limits the charge retention and it influences the ferroelectric

hysteresis loop. The leakage current is also a sensitive electrical probe of

the material quality of hetrostructure as it is strongly dependent on mate-

rial aspects of the ferroelectric film and of electrode-ferroelectric interfaces

[15]. Capacitor with low leakage current is ideal for microelectronic device

application.

The leakage current for ferroelectric oxide thin films is expressed as

J = AT 2exp
−q((φ)b − (qV/4πε0εω))1/2

KT
(2.35)

J is the leakage current density, A the effective Richardson constant, T

the temperature, q the electronic charge, φb the Schottky barrier height,
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V the applied voltage, ε0 the free space dielectric constant, ε the dielectric

constant of BST, ω the depletion layer width, K the Boltzmann constant.

The current voltage measurements of BST and PZT thin films were

carried out using a Keithley‘s source measure unit (Model SMU 236).

Capacitance measurements

The capacitance was measured by fabricating hetrostructures with ferro-

electric thin films. Capacitance can be directly measured from an impedance

analyser.

The dielectric constant is found using the relation

ε =
Cd

Aε0
(2.36)

Where C is the capacitance in farads, ε the free space dielectric constant

(8.85x10−12Fm−1), A is the area of the capacitor and d is the thickness of

the ferroelectric thin film. The area of the electrode is 0.25cm2. In the

present study the capacitance - frequency (C-f) and capacitance - voltage

(C-V) is measured using an impedence analyser 4192 A HP in the frequency

range 1KHz - 1MHz for a bias voltage ±8V .
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Polarization measurements

Figure 2.8: Basic Sawyer Tower test configuration for polarization measurements

The hysteresis measurement of the fabricated capacitors were carried out

using RT66A ferroelectric tester from Radiant Technologies (Albuquerque,

NM). The polarization hysteresis loop can be obtained with the traditional

sawyer-tower circuit mode or with a virtual ground mode [85]. The sawyer-

tower circuit is composed of linear sense capacitor (Cs ) connected in series

with Device Under Test (DUT). In this circuit the two capacitors have the

same charge on them, and the polarization is obtained by measuring the

voltage across the sense capacitor as shown in the figure 2.8. Even though

the circuit is simple, the value of the sense capacitor has to be accurate

and must have much higher capacitance than the ferroelectric capacitor to

obtain accurate results.
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The standard way of measuring the hysteresis loop is the virtual ground

mode. In the virtual ground measuring system the sense capacitor in the

Sawyer Tower circuit is replaced with the measurement circuit shown in

figure2.9. In this configuration, the transimpedance amplifier maintains the

precision return terminal at a virtual ground potential. All of the charge

that follows through the sample as a result of the applied drive voltage is

collected by the integrator circuit. The voltage generated on the output

of the integrator is then measured and translated into the test results that

are displayed by the software. The precision drive and return circuitry

are matched with respect to speed and current sinking ability. Thus the

precision testers reject errors that might occur when the drive makes a

transition faster than the transimpedance amplifier can follow. Therefore

a large range of capacitance values over a large range of speeds can be

measured accurately.

There are basically two advantages of using the virtual ground measur-

ing system rather than the Sawyer Tower measuring system. In Sawyer

Tower measuring system the sense capacitor is susceptible to develop back

voltage. When the drive voltage makes the transition to the maximum test

voltage and then returns to zero volts, the charge collected in the sense

capacitor generates a voltage known as the back voltage, which is applied

in the opposite direction to the last drive voltage used to program the

DUT. The back voltage may be minimized by the proper selection of the

sense capacitor value. If the sense capacitor value is large (10 times) com-

pared to the sample, the voltage across the sense capacitor generated by

the charge flow through the sample is small and therefore the back voltage

is minimized.
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Figure 2.9: Virtual ground measuring system

In the virtual ground measuring system the DUT is never subject to

back voltage because the measurement side of the sample that is connected

to the return input of the system is ”virtually grounded”. In the Sawyer

Tower measuring system the parasitic capacitance of the measurement cir-

cuitry adds in parallel to the sense capacitance value. The accuracy of the

Sawyer Tower measurement depends directly on the accuracy of the value

of the sense capacitor known. Therefore the parasitic capacitance value

can introduce inaccuracy in the measurement if the value of the sense ca-

pacitor is not large compared to the parasitic capacitance. But in virtual

ground mode the parasitic capacitance is associated with the return ter-

minal. As this terminal is never allowed to gain voltage greater than zero

volts the charge build up by the parasitic capacitance is zero. Therefore

the parasitics that are associated with the return circuitry is essentially

eliminated



Chapter 3

Pulsed laser deposition of

PZT and PLZT

A lower growth temperature of PZT films is favored for integration of these

films for MEMS application. This chapter gives a detailed account of the

work carried for the growth of PZT films at relatively lower substrate tem-

perature. The deposition of PZT on PtSi substrates itself is a challenging

task since Pb is highly volatile. The targets used were 2% and 10% excess

Pb added to the PZT for maintaining the stoichiometry of the films.La is

substituted as donar dopant in PZT to form PLZT. Effect of buffer layer

on the structural and electrical properties is also investigated.The use of

ZnO buffer layers has reduced the temperature of crystallisation of PZT to

3000C. The electrical characterizations of the devices is discussed in detail.

87
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3.1 Introduction

Pb-based ferroelectric thin film such as Pb(Zr,Ti)O3 (PZT)and (Pb,La)

(Zr,Ti) O3 (PLZT) are widely attracted because of their excellent ferro-

electric , dielectric, pyroelectric and piezoelectric properties. Piezoelectric

lead zirconate titanate (PZT) thin films have been employed extensively

in micro actuators for micro electro mechanical system (MEMS). Recently

PLZT has got attention because of its potential to integrate with the semi-

conductor devices. The synthesis of PZT ferroelectric film is difficult. Re-

cently the films of pure perovskite phase were successfully prepared with

electrical properties comparable to that of ceramic form but its dielectric

constant is inferior to bulk ceramic. The problem originate from the diffi-

culty in the control of composition which is due to the inherent Pb2+ ion

loss occurring during the thin film deposition. The techniques which have

been successful for deposition of PZT on single crystal cannot be applied

directly to grow PZT films on silicon or Pt coated substrate. A large por-

tion of pyrochlore phase is always present in thin films grown by sol gel,

chemical solution method, laser ablation and sputtering[86–88].

The popular thin film deposition techniques for PZT/PLZT are sol-gel,

sputtering, metal-organic chemical vapor deposition (MOCVD) and pulsed

laser deposition. For preparing ferroelectric PZT films, magnetron sput-

tering has conventionally been used. This method has some disadvantages

such as low deposition rate and large variation in composition. These dis-

advantages are overcome in other methods like sol-gel technique, MOCVD

and laser ablation. Sol-gel has the advantages of high purity, uniform film

thickness and easy control of composition and crystallinity. But a sol-gel

derived PZT thin film has problems such as low deposition rate and rela-
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tively high crystallization temperature. The PLD technique possesses over-

whelming advantage of easiness in control of stoichiometric composition in

thin film deposition. It is suitable for growing multicomponent oxide thin

films. Further in contrast with sol-gel and MOCVD which require special

source materials , the laser ablation can use the ceramic target as a source

material[87].

The PZT films of good electrical characteristics can be obtained on Si

substrates using PLD technique such as sequential deposition of ZrO2, TiO2

and PbO layers [89], direct ablation of PZT target with excess PbO [86],

depositing a perovskite buffer layers or post annealing of low temperature

deposited films [87].

Most defects in PZT films are due to vacancies of lead and oxygen. PbO

is volatile and PZT can accommodate large amounts of lead and oxygen

vacancies which can interact with one another. Lead loss is avoided by

adding 2% and 10% excess lead to the ablation targets . Oxygen vacancy

formation is inhibited by including donor dopants in PZT [90, 91].

In this chapter pulsed laser deposition of PZT/PLZT thin films are

described. The chapter is divided into two parts. Section 3.3 focuses on

the pulsed laser deposition of PZT/PLZT for obtaining pure perovskite

phase. The effect of buffer layer on the microstructure of PZT/PLZT is

discussed. Section 3.4 details the electrical characterization of PZT/PLZT

ferroelectric devices.

3.2 Experimental Details

The PZT and PLZT targets for PLD is synthesised using solid state reac-

tion of PbO, TiO2 and ZrO2. La donar dopant is added to PZT during
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material preparation. PZT thin films were ablated using fourth harmonics

of Nd:YAG laser (266nm). The repetition frequency was 10Hz with a pulse

width of 8-9ns. The laser fluence was kept at 2J/cm2.

The target was fixed at an angle 450 to the direction of laser beam

and it was rotated at a constant rpm during the laser deposition, so that

pitting of the target surface by the laser beam will be uniform.The focused

energy of the high-energy laser ionises the target material and the ’plume”

produced spreads out in the forward direction towards the substrates and

it is slightly divergent. The substrate is placed at a distance 4cm to the

target surface.The gas (oxygen) is bled into the vacuum chamber contin-

uously at a fixed flow rate, while the chamber is simultaneously pumped

to maintain a constant background pressure during deposition. The flow

of oxygen ambient gas is controlled by using a mass flow controller.The

substrate temperature (Ts) was varied from 3000C - 6000C. The oxygen

partial pressure in the chamber is 0.15mbar.

The crystallinity of thin films was determined by x ray diffraction

(XRD) using CuKα radiation(λ =1.5418A0). Thickness of the samples

were measured using Dektak 6M surface profiler. The electrical character-

ization of thin films were carried out using I-V and C-V measurements.

The ferroelectric behavior of the films were carried out using Sawyer Tower

circuit.

3.3 Pure perovskite phase formation of PZT/PLZT

thin films

Figure 3.1 shows the XRD pattern of PZT target used for ablation. The

XRD pattern clearly indicates a tetragonal perovskite phase. La substi-
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tuted target is also prepared by solid state reaction for depositing PLZT

thin films. These targets synthesized in the laboratory have been used for

the growth of thin films by PLD.

Figure 3.1: The XRD pattern of PZT target

The XRD pattern of the PZT thin films grown by PLD is shown be-

low(figure 3.2).

The PZT thin films were amorphous when deposition was carried out

at substrate temperature Ts < 5000C. At a substrate temperature of 5000C

only pyrochlore phase was formed. Pure perovskite phase is obtained at Ts

= 6000C without any post deposition treatment.
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Figure 3.2: The XRD pattern of PZT thin films grown by PLD at different

substrate temperature using stoichiometric target (π represents the pyrochlore

phase).

Composition analysis of the thin film samples were carried out by EDX

measurements. It shows that the films were deficient of Pb2+ ions. The

Pb/(Ti+Zr) ratio is found to be 0.548 for films deposited at Ts = 6000C

even though these films are pure perovskite. During the deposition process

much of the lead is lost owing to reduced sticking and accommodation

coefficients at elevated substrate temperatures [87]. Hence the PZT target

compensated with excess PbO for maintaining stoichiometry in the films.

PZT target with 2% and 10% excess Pb is used for depositing PZT thin

films were used as the target. XRD pattern of the targets confirms the
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tetragonal perovskite phase in the starting material. Pb1.02Zr0.5Ti0.5O3

(P2ZT) and Pb1.1Zr0.5Ti0.5O3) (P10ZT) were used for the growth of thin

films by PLD.

XRD pattern of P2ZT and P10ZT on PtSi substrates at different sub-

strate temperature shows the same pattern as that of PZT. The films de-

posited at Ts = 6000C is crystalline perovskite wheras films deposited at

Ts = 5000C showed pyrochlore phase. All the films deposited below 5000C

were amorphous.

The composition analysis of these films shows that the films are stoi-

chiometric when the target is compensated with 2% excess Pb. The ratio

Pb/(Zr+Ti) is nearly 1 for films deposited at a substrate temperature of

6000C.

It is a common practise to include donor dopants in PZT to improve

electrical and optical properties. The most common A site dopants are

trivalent lanthanum (La). Lanthanum donor dopants in PZT compensate

the lead vacancy thereby inhibiting the formation of oxygen vacancies [92].

PLZT thin films are ablated using the fourth harmonics of Nd:YAG laser.

The conditions are same as that for the deposition of PZT thin films.
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Figure 3.3: The XRD pattern of PLZT thin films on PtSi substrates for various

substrate temperatures (* represents substrates and π represents the pyrochlore

phase).

From the XRD (figure 3.3) it can be seen that the films grown at Ts

= 5000C have perovskite phase with (001) orientation. But when the sub-

strate temperature was increased to 6000C, the films showed perovskite

phase with (101) orientation. (001) is the oxygen rich phase of perovskite

is observed in PLZT thin films. The substrate temperature can be lowered

to 5000C for growing perovskite PLZT thin films. The constituents in the

thin film materials can affect the formation of the perovskite structure, the

substrate materials will also imposed marked influence on the crystallisa-

tion characteristics. The platinum surface of PtSi substrates can possibly
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trigger the formation of the perovskite phase at lower temperature [87].

Composition analysis is carried out for PLZT films by EDX is shown in

table 3.1. The results shows that the ratio (Pb+La)/(Zr+Ti) is 0.42. Here

also there is lead deficiency for films grown at high substrate temperature.

The thickness of all the PZT thin films were around 1 micron.

Table 3.1: The composition and the condition for pervoskite formation

Sample Pb/(Ti+Zr)
Substrate Temperature

for perovskite formation

PZT 0.84 600

P2ZT 0.90 600

P10ZT 0.22 600

PLZT 0.413 500

3.3.1 Effect of buffer layers on the growth of perovskite

PZT/PLZT

It is difficult to crystallise PZT thin films in tetragonal perovskite structure

directly grown on PtSi substrates. The presence of pyrochlore phase will

result in lower polarisation. A thin layer of PbTiO3 deposited prior to the

deposition of PZT and PLZT has been shown to assist in the crystallization

of the perovskite phase. The PbTiO3 (PT) always crystallites in the per-

ovskite phase which promote the growth of perovskite phase of PZT/PLZT.

Very thin layer of PbTiO3 facilitate growth of perovskite phase and have

effect on the dielectric properties of the film [93]. The PZT thin films have

high dielectric constant for possible pyroelectric detectors. But the dielec-

tric constant of PT is lower. It is possible to decrease the dielectric constant



96 Pulsed laser deposition of PZT and PLZT

of PZT by using a thin layer of PT as buffer. The PT buffer layer can assist

in perovskite formation; at the same time decreases the dielectric constant

which is suitable for pyroelectric application. The formation of perovskite

phase of PZT at lower substrate temperature with PbTiO3 thin layer as

observed by XRD studies is shown in figure 3.4.

Figure 3.4: The XRD pattern of PZT thin films grown by PLD using the fourth

harmonics 266nm with a thin buffer layer of PbTiO3 on PtSi substrates (* repre-

sents substrates and π represents the pyrochlore phase)

With the introduction of buffer layer the substrate temperature for the

growth of perovskite PZT has been reduced to 5000C. Pure perovskite phase

is obtained with PbTiO3 buffer layer. The thickness of the PbTiO3 layer
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is 80nm.

The XRD pattern of PLZT thin films deposited on PtSi substrate with

PbTiO3 buffer layer is shown in figure 3.5.

Figure 3.5: The XRD pattern of PLZT thin films on PtSi substrates with PbTiO3

buffer layer

In the case of PtSi/PT/PLZT structure the growth temperature for the

perovskite phase is same as that of films grown on PtSi substrates without

buffer layer . However the introduction of buffer layer has promoted the

growth of (101) oriented PLZT films.

For many device applications substrates that are compatible with both

ferroelectric thin films and semiconductor devices are sought where po-
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tential direct integration of ferroelectric with semiconductor is envisioned.

ZnO is emerging as an important wide bandgap semiconductor material for

devices operating in the ultraviolet. ZnO has intrinsic compatibility with

ferroelectric oxides as a semiconducting oxide. ZnO has also been used as

a buffer layer for PZT ferroelectric capacitors in PtSi and as the channel

layer for ferroelectric gate thin film transistors [89].

Figure 3.6: The XRD pattern of PZT thin films on PtSi substrates with ZnO

buffer layer at Ts = 3000C

Thin film of PZT is found to crystallize in perovskite phase at much

lower substrate temperature when ZnO is used as the buffer layer. ZnO

buffer layers may not affect the piezoelectric properties of PZT layer since
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ZnO itself is a piezoelectric material. ZnO buffer layer has reduced the

substrate temperature for the growth of perovskite PZT films from 6000C

to 3000C. The XRD pattern of ZnO/PZT is shown in figure 3.6. ZnO buffer

layer promotes the growth of (101) oriented perovskite phase of PZT thin

films.

Compositional analysis confirms that PZT films grown with ZnO buffer

layers are stoichiometric. Compositional analysis of thin films with buffer

layer is given in the table.

Table 3.2: The composition of PZT thin films and the minimum substrate tem-

perature for pervoskite growth

PT(PbTiO3), P2ZT(2% Pb excess PZT target), P10ZT(10% Pb excess

PZT target)

Sample Pb/(Ti+Zr)

Minimum Substrate

Temperature for growth of

perovskite phase

PT/PZT 0.79 500

PT/P2ZT 0.84 500

PT/P10ZT 0.22 500

PT/PLZT 0.413 500

ZnO/P2ZT 1.02 300

Apart from Pb vacancies, it is widely accepted that oxygen vacancies

play an important role in PZT perovskite ferroelectrics. Though the oxy-

gen ambient during deposition is used to prevent the formation of oxygen

vacancies in the deposited film, it has been shown that oxide films grown

using PLD are still oxygen deficient. The lattice of an O2 deficient film
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expands beyond the size reported for corresponding bulk ceramics. The in-

terfacial defect layers may originate from accumulation of oxygen vacancies.

Under the electric field oxygen vacancies migrate towards the electrode and

aggregate near the electrode interface. The perovskite structured titanate

could not afford a large population of point defects [92, 94].

In the case of conducting oxide electrodes or aqueous solution electrodes,

oxygen vacancies in the perovskite film in the region near the film electrode

interface can be compensated by the electrodes. Thus the use of this kind

of electrodes inhibits the accumulation of oxygen vacancies at the interface.

As a result no interfacial defect layer forms at ferroelectric oxide interfaces.

Oxide thin films have a wide range of properties covering insulators to

high temperature superconductors and from ferroelectric to ferromagnetic

materials. The growth of oxide thin films is an active field of research

[95, 96]. Perovskite conducting oxide La0.5Sr0.5CoO3(LSCO) is obtained

from ABO3 perovskite LaCoO3 by partial substitution of La3+ by Sr2+

[97, 98]. The similar crystal structure of LSCO with that of the perovskite

ferroelectrics makes it a potential candidate as electrode for ferroelectric

memory devices. The LSCO which is a conductive oxide electrode act as

oxygen vacancy sink of the PZT capacitors thereby reducing the fatigue

problem usually encountered while using conventional Pt electrode [99–

102]. The similar crystal structure of LSCO and perovskite ferroelectrics fa-

cilitates the easy growth of ferroelectrics over textured or epitaxially grown

LSCO layer [103, 104]. La0.5Sr0.5Co1−xNixO3 (LSCNO)is also widely used

as electrode for ferroelectric memory devices [105]. The partial substitution

of Co by Ni in La0.5Sr0.5CoO3 has been reported to increases the electrical

conductivity of LSCO thin films [106].
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Hence for fabrication of capacitors using PZT thin films, La0.5Sr0.5CoO3

(LSCO) and La0.5Sr0.5Co1−xNixO3 (LSCNO)were used as electrodes. These

will serve as an electrode as well as a template for the growth of ferroelec-

tric PZT thin films.These oxide electrode layers were deposited on PtSi

substrates by rf magnetron sputtering. The sputtering power was kept at

100W with an argon gas pressure of 0.003mbar and the substrate temper-

ature at 6000C. The films were crystalline and has a thickness of about

400nm.The resistivity of all the samples were of the order 10−5Ωcm.The

typical x ray diffraction pattern of LSCO and LSCNO on PtSi substrates

is shown in figure 3.7 [107].

Figure 3.7: The XRD pattern (a) LSCO (b) LSCNO thin film electrodes de-

posited by rf magnetron sputtering

Thin films of PZT was deposited on LSCO and LSCNO oxide layers.

The crystallinity of PZT thin films grown on LSCO and LSCNO electrodes
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was studied using XRD. The figure 3.8 shows the perovskite structure of

PZT films grown on LSCO and LSCNO electrode.

Figure 3.8: The XRD pattern of thin film PZT deposited on (a) LSCO and (b)

LSCNO electrode

The films deposited at a substrate temperature of 5000C showed crys-

tallinity with pure perovskite phase. This growth temperature is lower

than the substrate temperature needed for perovskite formation of PZT

thin films on PtSi substrates.

The perovskite PZT thin film has a lattice constant of 3.85Ao. The

LSCO and LSCNO materials also has perovskite structure with lattice pa-

rameter a = 3.805Ao. The lattice match between PZT and PLZT with

LSCO and LSCNO be one of the reasons for the perovskite formation of

PZT and PLZT at low temperature on LSCO/LSCNO films.

The surface morphology of the PZT thin films on PtSi substrates with

and without buffer layer are studied.Figure 3.9 shows the SEM images of
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PtSi/PZT, PtSi/PT/PZT, PtSi/ZnO/PZT and PtSi/LSCNO/PZT. The

PZT films on PtSi substrates show particulates. This may be due to the

high temperature and low oxygen pressure inside the chamber. The low

sticking coefficients of Pb may have formed particulates at this pressure

and temperature.

Figure 3.9: The SEM images of (a)PtSi/PZT (b) PtSi/PT/PZT (c) PtSi/Zno/

PZT and (d) PtSi/LSCNO/PZT

The films grown on ZnO buffer layer and oxide electrode LSCNO is

crack free.

The cross sectional SEM of PZT thin films on LSCO electrodes on PtSi

substrates is shown in figure 3.10. The electrode PZT interface is free from
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defects and cracking.

Figure 3.10: The cross sectional SEM of PZT/LSCO interface

3.4 Electrical characterization

The electrical characterizations using impedance analyser were carried out

by forming a capacitor with PZT between the bottom Pt (or oxide LSCNO)

and the top gold electrode. The top gold electrode is deposited by rf sput-

tering. Figure 3.11 shows the structure used for electrical measurements of

PZT thin films.
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Figure 3.11: The different bottom electrode configuration used for electrical mea-

surements (a)PtSi bottom electrode (b) PbTiO3 or ZnO buffer layer(c) LSCNO

bottom electrode

All the electrical characterizations were carried out on thin films of PZT

in their perovskite structure.

3.4.1 Leakage current studies

The leakage current of the samples were found from the current - voltage (I-

V) curve, where the current is measured at a specified voltage. The leakage

current is an important characteristic of thin film ferroelectric capacitors,

it directly limits the charge retention and it influences the ferroelectric hys-
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teresis loop. The leakage current is also a sensitive electrical probe to the

material quality of heterostructure as it is strongly dependent on mate-

rial aspects of the ferroelectric film and of electrode-ferroelectric interfaces

[107]. Capacitor with low leakage current is ideal for microelectronic device

application.

PtSi/PZT/Au and PtSi/PT/PZT/Au

The leakage current of all the samples were measured using constant current

and voltage source. The figure 3.12 shows the leakage current density vs

electric field of PtSi/PZT/Au and PtSi/PT/PZT/Au structures. From the

figure it can be seen that the leakage current with PbTiO3 buffer layer is

greater than that of heterostructure with PZT thin film alone. The buffer

layer has not reduced the leakage current of PZT thin films in contrary

the leakage current has increased due to the buffer layer. The extrinsic

additives affect the nature and distribution of defects present in the PZT

thin films [108]. Defect distribution and their subsequent mobility have a

direct impact on leakage current. Oxygen defect of PZT thin films may

increase when PT thin films were used as buffer layer.At the same time

PZT thin films have the same structure as that of PT films. Hence leakage

current is of the same order [93].
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Figure 3.12: The current voltage characteristics of PZT heterostructure with

and without PT buffer layer

All the films show good insulating properties. Initially, the leakage

current shows an ohmic behavior for low fields. At slightly higher electric

fields, there is an onset of non-linearity, the cause of which can be said to

be the onset of the space charge limited conduction (SCLC) mechanism.

The space charge limited current follows the law

I =
V (l+1)

d(2l+1)
(3.1)

l =
Tt

T
(3.2)
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where, d = thickness of the thin films and Tt is the temperature param-

eter characterizing the trap distribution and T is the absolute temperature,

for a distributed-trap space-charge limited conduction[97]. The measure-

ment is carried out at room temperature. The conduction process for the

structure is obtained by the analysis of the slope at different regions of the

I-V plot by taking the log log plot of current density vs applied field.

Figure 3.13: Log J versus Log E plot of the device (a)PtSi/PZT/Au and

(b)PtSi/PT/PZT/Au

The variation of log J with log E in both the structures are similar as

shown in figure 3.13. It consists of a low field linear region and a high field

nonlinear region.

In the low field region (i) in the figure 3.13 the film shows ohmic nature.

At room temperature, it can be assumed that enough charge carriers are

present within the film, so as to contribute to the conduction process and

hence a linear field dependence of conductivity can be observed. The onset
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of the non-linear character for both types of contacts lie within region(ii)

in the figure 3.13 , where a prominent role of the electrode is revealed.

The onset of non-linearity is a combined effect of the Schottky emission

through the contact interface and the SCLC mechanism within the bulk.

The leakage current in the films is dominated by space charge limited cur-

rent (SCLC) mechanism which can be expressed in the following form [109].

J =
9µε0εrE

2

8d
(3.3)

where J is the leakage current density, µ is the charge carrier mobility,

ε0 is the permitivity of free space,εr is the dielectric constant of the film

and d is the film thickness.

PtSi/ZnO/PZT/Au

The figure 3.14 shows the leakage current density vs electric field of PtSi/ZnO/PZT/Au

structures. The films show good insulating behavior.The current voltage

characteristics were carried out at room temperature.It can be seen that

current density has increased with ZnO buffer layer.
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Figure 3.14: The current voltage characteristics of the device

PtSi/ZnO/PZT/Au structure

The oxygen vacancies play an important role in the resistance degrada-

tion. They are positively charged with respect to the regular lattice and

thus in a dc electrical fields they migrate towards the cathode. The increase

in current density can be attributed to a decrease in the effective barrier

height at the cathode [110].

The applied voltage can be divided into two regions a low voltage region

and a high voltage region. The data is replotted according to equation for

Pool Frenkel emission as Log J/E vs E1/2 as shown in figure 3.15. The

log (J/E) curves show only a small increase with E1/2. In the high voltage

region these value increases linearly with E1/2.
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The log log plot of the structure is shown in figure 3.16. In the low

voltage region the graphs is linear with slope 0.75. Hence under low field

the contact to ZnO/PZT structure is ohmic in nature. Under high field the

distribution of the electrons is disturbed and the leakage current deviates

from ohmic nature. The conduction mechanism is dominated by Pool-

Frenkel emission.

Figure 3.15: Log J/E versus
√

E plot of the device PtSi/ZnO/PZT/Au structure
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Figure 3.16: Log J versus Log V plot of the device PtSi/ZnO/PZT/Au structure

PtSi/LSCO(LSCNO)/PZT/Au

The electrical characterization of PZT thin films on oxide electrodes is

investigated. The PZT films are insulating and bottom oxide layer is con-

ducting. The leakage current density as a function of applied field for the

structure PtSi/LSCNO/PZT/Au is shown in figure 3.18. Here also the ox-

ide layer has decreased the effective barrier height thereby increasing the

current density.

The IV characteristics of the heterostructure was studied using Keithley

source measure unit. The figure 3.17 shows the current density-time graph

of the device PtSi/LSCNO/PZT/Au. From the figure it can be seen that
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at room temperature there is no current relaxation. The current after 100s

can be taken as the true value of leakage current.

The data is reploted as log log plot to analyse the conduction mecha-

nism. The figure 3.19 shows the Log J log V plot of the structure. The

graph shows two regions a low voltage and high voltage region.

Figure 3.17: The room temperature current density-time plot of PtSi/LSCNO/

PZT/Au at an applied voltage of 1V
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Figure 3.18: The room temperature leakage current of the structure

PtSi/LSCNO/ PZT/Au

In the low voltage the slope of the graph is 1.28 which shows the be-

havior is ohmic. In the high voltage region also the behavior doesnt show

much deviation. The slope in the region is 1.9.

The device show no effect of traps. The slope of the above plot is less

than 2 both at higher and lower fields. which suggests a trap free space

charge limited current (SCLC).
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Figure 3.19: LogJ LogV plot of the device structure PtSi/LSCNO/ PZT/Au

3.4.2 Capacitance frequency measurements

The dielectric constant is given by the relation 3.4

ε =
Cd

Aε0
(3.4)

Where C is the capacitance in farads, ε0 the free space dielectric con-

stant (8.85x10−12Fm−1), A is the area of the capacitor and d is the thickness

of the ferroelectric thin film.

PtSi/PZT/Au and PtSi/PT/PZT/Au

Figure 3.20 shows the variation of dielectric constant with frequency for the

perovskite PZT films grown on PtSi substrates with and without PbTiO3
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(PT) buffer layer . The introduction of PT buffer layer has reduced the

deposition temperature of PZT thin films in the present study. But the

dielectric constant has diminished for the device fabricated with PbTiO3

buffer layer(figure 3.20).

Figure 3.20: The variation of dielectric constant with frequency for PZT thin

films for the structure PtSi/PZT/Au and PtSi/PbTiO3/ PZT/Au structure

The reduction in the dielectric constant of PZT thin films with buffer PT

layer can be attributed to the lower dielectric constant of PbTiO3 layer. The

thin layer of PbTiO3 and PZT film behaves like series capacitance. Hence

the total capacitance will be reduced due to the smaller capacitance of

PbTiO3. Thus the introduction of PT can decrease the dielectric constant

of PZT thin films. The reduced dielectric constant of PZT with PbTiO3
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finds application in pyroelectric detectors.

PtSi/ZnO/PZT/Au

The effect of ZnO buffer layer on the electrical properties of PZT thin

films has been also investigated. The variation of dielectric constant with

frequency is shown in figure 3.21.

Figure 3.21: The variation of dielectric constant with frequency of PtSi/ZnO/

PZT/Au with PZT dielectric on ZnO buffer layer.

The dielectric constant of PZT with ZnO buffer layer shows similar value

as that of PZT thin films without buffer layer. However it was possible to

reduce the substrate temperature substantially to 3000C with ZnO buffer
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layer.

ZnO buffer layer, a metal oxide, is known to contain oxygen vacancies

as a predominant point defects. It can alleviate the oxygen vacancy accu-

mulation at the PZT/ZnO interface via oxygen transport at the interface.

This should enhance the ferroelectric properties of PZT thin films. But in

the present work the orientation of PZT is along (101). The polarization

of the ferroelectric materials with the tetragonal structure is along (001)

direction [111].

PtSi/LSCNO/PZT/Au

The variation of capacitance with frequency for the device structure PtSi/

LSCNO/PZT/Au is as shown in the figure 3.22. The films show dielectric

constant of 900 at 1kHz.The variation of dielectric constant shows a fre-

quency dispersion. The dielectric constant has not increased considerably

compared with PtSi/PZT/Au structure.
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Figure 3.22: The variation of dielectric constant with frequency of thin film PZT

deposited on LSCNO electrode for the structure PtSi/LSCNO/PZT/LSCNO/Au

3.4.3 Capacitance Voltage measurements

Dielectric permittivity versus electric field (or capacitance C versus voltage

V) loops are often used in the characterization of ferroelectric materials.

Measurements of ε - E (or C-V ) curves are usually made by applying simul-

taneously on the sample a DC field which changes as a step-like function

and an AC voltage of relatively high frequency (1 kHz or above) of small

amplitude. The AC voltage is used to measure the capacitance which is

then plotted as a function of the DC bias field, giving a C-V graph.

Initial rise in the permittivity with DC field is probably due to increased
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movement of the domain walls which become ’free’ from defects and will

lock them at zero-DC field [112]. This is due to partial switching of some

domains whose coercive field happens to be small enough and which can

be switched by the DC and AC field combination. The maximum in the ε

- E curve appears in the vicinity of the coercive field for the P-E hysteresis

when most of the domains switch and the material appears to be dielectri-

cally very ’soft’. At high DC fields, the permittivity decrease reflects two

processes: (i) decrease in the number of domains as they become aligned

with the field (ideally the sample becomes a single domain and only lattice

contributions are present) and (ii) inhibition of the movement of residual

domain walls by the DC field [112].

In all the devices studied and presented in this chapter the top and

bottom electrode are of different material. The carrier concentration and

electronic work function of the top and bottom electrode are different.This

causes a shift in the C-V plot or hysteresis loop.

PtSi/PZT/Au

The variation of dielectric constant with voltage (ε - E) of PZT thin films

with PtSi as bottom and Au as top electrode is shown in figure below 3.23.
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Figure 3.23: The butterfly loop (C-V characteristic) of thin film PZT ferroelectric

capacitor with PtSi bottom electrode and Au as top electrode

The variation of dielectric constant with voltage of PZT thin films

showed a butterfly loop. The butterfly shaped CV curves imply that the

PZT films possess ferroelectric characteristics. The PZT films for this de-

vice structure was deposited at 6000C to ensure the growth of perovskite

ferroelectric phase. The maxima of the CV plot correspond to the coer-

civity (Ec). The coercive field for both the positive and negative field at

100kHz was found to be 28kV/cm and -25kV/cm respectively for a 800nm

thick PZT film.
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PtSi/PT/PZT/Au

The variation of dielectric constant with voltage (ε - E) of PtSi/PT/PZT/Au

structure is shown in figure 3.24.

Figure 3.24: The butterfly loop (C-V characteristics) of thin film

PtSi/PT/PZT/Au structure

The variation of dielectric constant with voltage of this films showed a

butterfly loop. The butterfly shaped CV curves imply that the PT/PZT

films possess ferroelectric characteristics. Here the PT buffer layer has

reduced the growth temperature for the perovskite phase. The positive

and the negative coercive field at 100kHz was found to be 18kV/cm and

-22kV/cm respectively for a 800nm thick PZT film. The switchable field
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of the device has also come down to 22kV/cm when PT buffer layer was

introduced.

PtSi/ZnO/PZT/Au

The variation of dielectric constant with voltage (ε - E) of PZT thin films

with PtSi/ZnO/PZT/Au structure is shown in figure 3.25.

Figure 3.25: The butterfly loop (C-V characteristics) of thin film PZT deposited

on PtSi electrode with ZnO buffer layer(PtSi/Zno/PZT/Au structure

The variation of dielectric constant with voltage of ZnO/PZT multilayer

thin films showed a butterfly loop. The butterfly shaped CV curves imply

that the films possess ferroelectric characteristics for the device structure
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PtSi/ZnO/PZT/Au. The ZnO layer has substantially reduced the growth

temperature of PZT thin films to 3000C. But the ferroelectric properties

were not deteriorated with the ZnO buffer layer. The maxima of the CV

plot correspond to the coercivity (Ec). The coercive field at 100kHz was

found to be 12kV/cm -15.6kV/cm for a 800nm thick PZT film. The switch-

able field of PtSi/ZnO/PZT/Au is smaller than that of PtSi/PT/PZT/Au

structure.

PtSi/LSCNO/PZT/Au

The variation of capacitance of PtSi/LSCNO/PZT/Au structure as a func-

tion of applied voltage is shown in figure 3.26. The C-V exhibit a butterfly

loop showing the ferroelectric nature of the LSCNO/PZT multilayers.

The coercive field of the devices can be obtained from the butterfly

curve. Here the bottom electrode is LSCNO. The switching field at 10kHz

is as low as 10kV/cm with oxide electrode for a 800nm thick PZT film.

The coercive field for PtSi/LSCNO/PZT/Au heterostructure is lower than

all the other structures investigated in the present study. This can be at-

tributed to the better growth and crystallinity of PZT on LSCNO electrode.
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Figure 3.26: The butterfly loop (C-V characteristics) for PtSi/LSCNO/PZT/Au

device

The LSCNO being an oxide electrode compensate the oxygen vacancy

accumulation at the PZT/LSCNO interface. This may improve the ferro-

electric property since oxygen vacancy play a detrimental role in domain

wall pinning which was widely accepted as the main mechanism of ferro-

electric fatigue.

The ferroelectric properties of PtSi/LSCO/PZT/Au have been stud-

ied using RT ferroelectric tester. The hysteresis behavior of the device is

shown in figure 3.27. The remnant polarization of 4µC/cm2 and coercive

field of 58kV/cm is obtained for films deposited on LSCO. The saturation

polarisation is about 6µC/cm2.
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Figure 3.27: P-E hysteresis loop of the PtSi/LSCO/PZT/Au structure

3.5 Conclusion

PZT and PLZT thin films were deposited by pulsed laser deposition on

PtSi substrates. Pure perovskite phase PZT thin films was obtained at a

substrate temperature 6000C for PZT thin films. The Pb excess targets

were used for compensating the Pb loss in the PZT thin films. PbTiO3 and

ZnO buffer layers were deposited to lower the deposition temperature. Per-

voskite phase was formed in all thin films at much lower temperature.The

PT buffer layer have decreased the dielectric constant of PZT thin films for
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possible application in pyroelectric detectors. ZnO buffer layer has lowered

the deposition temperature to 3000C. Stoichiometry is confirmed by com-

position analysis of the samples. Electrical characterization of the samples

with and without buffer layer were studied. The leakage current through

the sample were studied. The variation of dielectric constant with fre-

quency shows a dispersion nature.The capacitance voltage measurements

show butterfly loop for all the ferroelectric samples. The coercive field of

the structure is the maxima of the C-V plot.This switchable field is lower

for films deposited with LSCNO oxide electrode.
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Chapter 4

Influence of oxygen to argon

ratio on the optical and

structural properties of rf

magnetron sputtered

Ba0.7Sr0.3TiO3 thin films.

The optical properties of barium strontium titanate thin films are important

due to its wide band gap, high refractive index and low absorption coef-

ficient and hence find application in electro-optic devices and non-linear

optical systems. Ba0.7Sr0.3TiO3 (BST) thin films were deposited by rf

magnetron sputtering on fused silica and Pt/TiO2/SiO2 (PtSi) substrates

at relatively low temperature. The crystallisation of thin films strongly

depends on O2/Ar ratio. The optical parameters like band gap (Eg), re-

129
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fractive index (n) were studied as a function of O2 mixing ratio (OMR) in

the sputtering gas. The electrical properties of BST thin films deposited

on PtSi substrates as a function of OMR is also studied. The films show

tunability 50% with minimum loss of 0.018 at 1MHZ for films grown at the

optimized O2 to Ar ratio.

4.1 Introduction

In the recent years ferroelectrics have gained much attention in the fabri-

cation of novel functional devices. Barium strontium titanate (BST) has

extensively studied because of its high dielectric constant, low dielectric

loss, low fatigue and low leakage current [29]. This complex perovskite

oxide is a potential material for the use in high density dynamic random

access memories (DRAM) [113], voltage tunable devices and sensors [114].

Previous research into BST thin films has mainly been focused on wire-

less telecommunications because these materials exhibit high tunability and

low dielectric loss in the microwave region at room temperature[115–118].

Recently much attention has also been paid to BST thin films in integrated

opto-electronic device application since they have large electro optic coef-

ficient and relatively low optical loss [119] .

The wide bandgap, high refractive index and low absorption coefficient

of BST thin films find application in electro-optic devices and non linear

optical systems [119, 120]. The parameters which govern the overall optical

performance of these films for electro-optic applications are the band gap

(Eg), refractive index (n) and extinction coefficient (k). Among these the

optical band gap is an important parameter for electro optic materials. In
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most cases an increase in bandgap of BST thin films depending on Ba/Sr

ratio compared to bulk value with same composition has been reported.

Various deposition techniques are being used for the growth of BST

films such as sputtering [121] , sol-gel process [37] and pulsed laser depo-

sition [122–124]. The sputtering has some advantages such as high deposi-

tion rate, better homogeneity control and ease of fabrication of large area

thin films [125]. Sputtering has been employed extensively to deposit BST

thin films as it promotes uniformity, good adhesion to the substrates, a

smoother surface and lower deposition temperature [126]. It is well known

that both electronic and optical properties of the films which are sensitive

to their stoichiometry [127], microstructure [128] and crystallinity [129] are

determined by the sputtering and post deposition process.There are few re-

ports on the dependence of optical properties on the deposition conditions

like substrate temperature and O2/Ar ratio during sputtering of thin film

[126, 130, 131]. In all these cases the deposition temperature is very high

and the films required post deposition treatments at high temperatures.

Due to the enormous technological importance in electronic and pho-

tonic applications, it is necessary to study the interdependence of the optical

and structural properties of BST film as a function of sputtering condition

[132]. Single crystals such as MgO, Sapphire, SrTiO3 are the substrates

usually used for the deposition of ferroelectric thin films for the applica-

tion of optical devices,as the epitaxial films grown on such substrates have

better optical properties than polycrystalline films grown on quartz. The

use of quartz as substrates has economical advantages as they are cheaper

than single crystals. Therefore it is necessary to fabricate well oriented

thin films on quartz substrates. However, the growth of perfect and pure

ferroelectrics has proven to be very difficult. Another fact is that indium
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tin oxide(ITO) based optoelectronic devices can be fabricated on quartz

substrates at temperatures higher than the crystallization temperature of

BST. Thus monolithic integration of the BST devices with prefabricated

ITO based devices on quartz substrates is feasible.

This chapter describes the growth of BST thin films by rf sputtering

and its structural, optical and electrical characterizations. The chapter is

divided into two sections. Section 4.3 describes the structural and optical

properties of BST films grown by rf magnetron sputtering. A correlation

has been observed between the structural and optical property of the BST

thin films with O2/Ar ratio during sputtering. Better optical properties of

the BST films were obtained at lower substrate temperature without any

post deposition heat treatment. The important role of grain size in modu-

lating optical properties is explained here. Section 4.4 gives an account on

the electrical properties of BST films depsoited on PtSi substrates.

4.2 Experimental

Ba0.7Sr0.3TiO3 (BST) thin films were deposited by rf magnetron sputter-

ing on fused silica and Pt/TiO2/SiO2 (PtSi) substrates. The presynthesised

Ba0.7Sr0.3TiO3 powder by solid state reaction was used as the target. The

target to substrate distance was kept at 5cm. The sputtering was carried

out at rf (13.56MHz) power of 100 watts at a pressure of 0.01mbar. The

structural characterisation and grain size of BST thin films were analysed

by X ray diffractometer (Rigaku) with Cu Kα radiation in θ - 2θ configura-

tion.The grain size of BST thin films was determined by Scherrer’s formula

from equation (4.1).
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d =
0.9λ

βcosθ
(4.1)

where d is the grain size, λ is the wavelength of x-ray used(1.5418Å), β

is the FWHM in radians of the peak at the diffraction angle θ.

The composition analysis is carried out using energy dispersive x- ray

analysis (EDX) as well as x ray photon spectroscopy (XPS) with Al Kα

source. Thickness of the film was measured using the surface profiler (Dek-

tak 6M). The optical transmission of the films on fused silica has been

studied using UV-Vis-NIR spectrophotometer (Jasco V 570) in the wave-

length region 190-2600nm.

4.3 Structural and optical properties of rf sput-

tered BST thin films

4.3.1 Structural Characterisation

Figure 4.1 shows the x -ray diffraction (XRD) pattern of BST thin films

sputtered at 0.01millibar at different substrate temperatures on PtSi sub-

strates. The films grow with the (110) plane parallel to the substrate. When

sputtered at room temperature the films were amorphous. Crystalline films

with a preferred (110) orientation were obtained when the substrate tem-

perature was 3000C which is lower than reported value [133, 134]. The

optimisation of the process parameters like pressure, oxygen content in the

present study leads to the growth of crystalline films at lower substrate

temperature.
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Figure 4.1: XRD pattern of BST thin films deposited on PtSi substrates at

different substrate temperatures

.

The BST thin films on quartz substrates show crystalline nature when

substrate temperature is 5000C. The reason is the influence of different

lattice parameters for fused quartz and PtSi substrates. Another reason

is the fact that the real substrate temperature during sputtering of fused

quartz is lower when compared with PtSi substrates. The fused quartz is

transparent for IR waves radiated by the heater and there is large difference

in thermal conductivity between PtSi and quartz [134].

Figure 4.2 shows the x -ray diffraction (XRD) pattern of BST thin films

sputtered at 0.01millibar at a substrate temperature 5000 C on PtSi and

fused silica substrates for different O2 to Ar ratio. The crystallisation of
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thin films strongly depends on O2/Ar ratio.

Figure 4.2: The XRD pattern BST thin films grown at 0.01 mbar at 5000C at

rf power 100 W for various O2 to Ar ratio on (a) quartz substrate (b)on PtSi

substrate.

The oxygen to argon ratio is also found to influence the growth of crys-

talline perovskite thin films. From the figure it can be seen that the (110)

peak of perovskite is prominent. FWHM is minimum or crystallinity is

better for thin films grown at 35/65 oxygen to argon ratio. The variation

of FWHM of (110) peak of BST thin films on quartz substrates with O2

to Ar ratio is shown in figure 4.3. There is an optimum ratio for obtaining

(110) oriented crystalline BST thin film. This behavior is predictable as

film stoichiometry, structure, texture are affected by the oxygen to argon

ratio.



136 Influence of oxygen to argon ratio...

Figure 4.3: The variation of FWHM of (110) peak and rate of deposition of BST

thin film grown on quartz substrates with O2 to Ar ratio.

Increasing the oxygen partial pressure results in smaller grained films.The

oxygen in the sputtering gas causes the reduction in sputtering rate (figure4.3).

Negative oxygen ion that are generated at the oxide target and from the O2

in sputtering gas gain enough energy and are accelerated passing through

the cathode dark space [135, 136]. With increasing oxygen partial pressure

there is an increase of negative ions which causes the resputtering of the

films reducing the growth rate and grain size of the films. Generally the

damages on the growing films are mainly attributed to the bombardment

of secondary electron emitted from the cathode, the high energy sputtered

particle, and negative ions such as oxygen ions in the sputtering gas. The

secondary electron effects are minimized in a magnetron sputtering be-

cause they are captured around the cathode due to the magnetic field. The

high energy sputtered particles can impact and deteriorate the surface of
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the growing film when rf power increases over the optimum level. In the

present study a constant moderate rf power of 100W was used for sput-

tering and hence the surface damage due to the sputtered particles can be

neglected. The only source of resputtering of the films could be due to the

bombarding of the negative oxygen ions.

At very low oxygen to argon ratio there would not be sufficient oxygen to

produce stoichiometric films since the growth rate is very high (as compared

with 35/65). The films grown in argon without oxygen under the similar

conditions were amorphous. There is optimum oxygen to argon ratio for

the better growth of perovskite BST thin film.

4.3.2 Composition Analysis

Figure 4.4: Variation of (Ba+Sr)/Ti of the BST thin films with oxygen to argon

ratio
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The chemical composition of the thin films was analysed using EDX and

XPS measurements. EDX is used to calculate the atomic percentage of Ba,

Sr, and Ti. The variation of (Ba+Sr)/Ti of the thin films with gas ratio is

as shown in figure 4.4. The atomic ratio of (Ba+Sr)/Ti for stoichiometric

BST is 1. The ratio for films grown at 35/65 is close to unity (1.02) which

indicates that the films grown at this condition are stoichiometric. All the

films grown at other oxygen partial pressure the cationic ratio is slightly

greater than one.

Figure 4.5: The XPS (O1s) peaks of BST thin films sputtered at different oxygen

to argon ratio. The inset shows the oxygen content in these films as a function of

O2/Ar ratio.

The oxygen content in the BST films grown at various O2/Ar pressures

during sputtering was estimated using x ray photoelectron spectroscopy

(XPS). The XPS of O1s peak is shown in the figure 4.5. Intensity of the

recorded peaks of O1s suggests higher oxygen concentration in films de-
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posited at O2/Ar ratio of 35/65. The variation of oxygen content with

respect to O2/Ar gas ratio is plotted as inset in figure 4.5. The XPS results

is in agreement with the EDX measurements.The films deposited at O2/Ar

ratio of 35/65 showed the highest oxygen content.

Figure 4.6: AFM picture of rf sputtered BST thin film on (a) Quartz substrates

(b) on PtSi substrates at O2/Ar ratio of 35/65.

The surface morphology of the thin film samples was studied using

atomic force microscopy (AFM). The figure 4.6 shows the AFM of the

sputtered thin films on quartz and PtSi substrates at O2/Ar ratio of 35/65.

All the films were smooth with an average roughness of about 4nm.
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4.3.3 Optical Properties

The transmission spectra of BST thin films show a transparency > 90% in

the visible region (figure 4.7). The transmission spectrum can be divided

into two regions: a transparent oscillating region and a region of strong

absorption. The oscillating region is the interference fringe due to the

interference between the air-film and film substrate interfaces.

The transmission spectrum of BST thin films grown at different oxygen

to argon ratio (fig 4.7) reveals a blue shift for the absorption edge with

oxygen to argon ratio. The blue shift has close correlation to the grain size

of the thin films. The grain size is calculated from XRD using Scherrer’s

formula. The absorption edge for the films grown at O2 to Ar ratio 35/65

shifts to longer wavelength which implies a decrease in band gap.
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Figure 4.7: Transmission spectrum of BST thin films for various oxygen to argon

ratio. Inset shows the typical plot of (αhν)2 vs hν for thin films.

The bandgap of thin films were determined from the plot of (αhν)2 vs

hν ieby extrapolating the linear portion of the curve to hν equal to zero

[137]. The variation of band gap as a function of O2 to Ar ratio and grain

size is shown in figure 4.8 . The band gap of BST films is found to increase

with increase of oxygen partial pressure during sputtering while the grain

size decreases.

Blue shift in the band gap can occur due to several factors such as

grain size effect, stress in the films and amorphous nature of the films. It is

well known that the stress in thin film decreases with increase in thickness.

In the present study the bandgap is found to be independent of the film

thickness. Hence the shift in band gap may be attributed to grain size
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effect.

Figure 4.8: The variation of band gap and grain size of BST films with oxygen

to argon ratio.

Refractive index (nf ) and excitinction coefficient (k) of the thin film

was derived by the envelope method using the theory of Manificer [80] as

described in chapter 2. Figure 4.9 shows the variation of refractive index as

a function of O2 to Ar ratio during sputtering. Refractive index is greater

(2.10) for thin films deposited at 35/65 ratio. The excitinction coefficient

of all the films is in the range 10−2.
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Figure 4.9: Variation of refractive index and packing density with oxygen to

argon ratio in rf sputtered BST thin films.

The packing densities of the film and the bulk material can be calculated

from refractive index. The packing density (p) is defined as the ratio of the

average film density (ρf ) and the bulk density (ρb) (equation 4.2)

P =
ρf

ρb
(4.2)

The correlation between the packing density and the refractive index

can be expressed as equation 4.3 [138, 139],

P =
ρf

ρb
=

(n2
f − 1)

(n2
f + 2)

X
(n2

b + 2)

(n2
b − 1)

(4.3)

Where nf denotes the refractive index of the film, nb the refractive

index of the bulk. Assuming the bulk value to be 2.46 at 550nm [122] and

using the refractive index of the films, the packing density with oxygen to
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argon ratio is shown in figure 4.9. The packing density of the BST films

is maximum (0.85) when sputtering was carried out at O2/Ar ratio 35/65.

This shows the formation of closely packed structure.

In order to calculate the packing density of the film from the refractive

index data, the effective medium model of Bragg and Pippard [140, 141],

which takes the growth morphology of the film into account, was used. This

model has been very successfully applied previously by a number of workers

to explain the deviation in the refractive index values of oxide thin films

from the bulk refractive index values [130]. The basic assumption is that

the voids are either empty (refractive index = 1) or filled with moisture

(refractive index = 1.33). In the current study, both possibilities have

been taken into account and it was found that the model of closed packed

columnar growth with empty voids provides a good fit.
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Figure 4.10: Refractive index (at λ = 550nm) as a function of packing density,

P, for two microstructures calculated according to Bragg Pippard model:(a) close-

packed columns with empty voids; (b) close-packed columns with moisture filled

voids; (c) columnar growth with empty voids; (d) columnar growth with moisture

filled voids; (e) observed values for rf sputtered Ba0.7,Sr0.3TiO3 films in the present

study.

For close-packed columnar grain morphology, the relation is given by

n2
f =

(n4
bP + (2 − P )n2

bn
2
p

(2 − P )n2
b + Pn2

p

(4.4)

while for a columnar structure of reduced density it is given by

n2
f =

((1 − P )n4
p + (1 + P )n2

bn
2
p

(1 + P )n2
p + (1 − P )n2

b

(4.5)

where np denotes the refractive index of the voids, which is 1 for empty

voids or 1.33 in the case of moisture filled voids.
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Figure 4.10 depicts the calculated dependence of refractive index nf (λ

= 550nm) on the packing density, P, for a close packed columnar structure

and a columnar structure of reduced density, both with empty and moisture

filled voids. The refractive index versus the packing density for the rf

sputtered BST films in the present study is also shown in the same figure.

A comparison of these reveals that a close fit could be achieved in the

packing density by assuming the mode of closed packed columnar growth

with empty voids and columnar growth with voids filled with moisture.

This assumption is justified by the fact that oxide films deposited by rf

magnetron sputtering generally have a columnar growth structure with

voids [123, 142]. In the present study the films were deposited at a substrate

temperature of 5000C and hence the presence of moisture filled voids cannot

be taken into account. The mode of closed packed columnar growth with

empty voids is, therefore, a good fit.

4.4 The electrical properties of rf sputtered BST

thin films

4.4.1 Leakage current

Electrical characterization of sputtered BST thin films were carried out by

depositing gold electrode on top by using shadow mask. The structure for

the electrical characterization is PtSi/BST/Au.

The leakage current of the samples were found from the current - voltage

(I-V) curve, where the current is measured at a specified voltage. Capacitor

with low leakage current is ideal for microelectronic device application. The
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current density versus electric field characteristics of the BST capacitor for

the structure PtSi/BST/Au is shown in figure 4.11.

Figure 4.11: The room temperature leakage current with applied electric feild

for the device PtSi/BST/Au.

The leakage current density is found to be 500nA/cm2 at a bias of 3V

for 500nm thick BST film. The low leakage current density of the capacitor

makes it a potential candidate for DRAM application.

4.4.2 Capacitance Voltage measurements

Dielectric permittivity versus electric field (or capacitance C versus voltage

V) loops are often used in the characterization of ferroelectric materials.

Measurements of ε - E (or C-V ) curves are usually made by applying simul-

taneously on the sample a DC field which changes as a step-like function
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and an AC voltage of relatively high frequency (1kHz or above) of small

amplitude. The AC voltage is used to measure the capacitance which is

then plotted as a function of the DC bias field, giving a C-V graph.

The variation of dielectric constant with voltage (ε - E) of BST thin

films with PtSi as bottom and Au as top electrode is shown in figure below

4.12 at O2/Ar ratio 35/65 .

Figure 4.12: The butterfly loop (C-V characteristic) of thin film of the structure

PtSi/BST/Au at O2/Ar ratio 35/65

The bias voltage dependence of dielectric constant reveals that BST

thin films have tunable nature as well. The dielectric properties at 1MHz

for BST thin films grown at different oxygen to argon ratio at 30kV/cm is

shown in figure 4.13.



The electrical properties.... 149

Figure 4.13: The dielectric properties of the BST thin films with O2/Ar ratio

(a) dielectric constant and dielectric loss (b) Tuning (%) (c) figure of merit.

The variation of dielectric constant and dielectric loss of BST thin films

with O2/Ar ratio is shown in figure4.13(a). All the films show smaller

dielectric constants. The films deposited at 35/65 showed a maximum

dielectric constant at 30 kV/cm and 1MHz. The smaller dielectric constant

can be attributed to the smaller grain size of BST thin films. The dielectric

loss of films grown at this O2/Ar ratio is also very low (0.018).

The dielectric constant of all the BST films deposited at different oxygen

to argon pressures showed tunable nature.The tunability is defined as the

tunability =
[ε(0) − ε(E)]

ε(0)
X100% (4.6)
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where ε(0) and ε(E) are the dielectric constant at zero electric field and

at an applied electric field E respectively. The figure of merit is given by

K =
%tunability

tanδ
(4.7)

The variation of tunability and figure of merit at 30kV/cm and 1MHz

with O2/Ar ratio is shown in figure 4.13 (b) and (c). The high tunability at

the optimised O2/Ar ratio can be attributed to the better crystallinity of

BST thin films on PtSi substrates at that O2/Ar ratio . The low dielectric

loss of BST thin films and high figure of merit makes it a promising material

for frequency agile application.

4.5 Conclusion

BST thin films were deposited on PtSi and fused quartz by rf magnetron

sputtering at various oxygen to argon ratio. The XRD pattern shows

that films deposited at room temperature are amorphous. The crystalline

films are grown at lower substrate temperature on PtSi substrates than

on quartz. The AFM of the sputtered thin films show that the films are

smooth with an average roughness of about 4nm. The oxygen to argon

ratio has profound influence on crystallinity. The present study shows

that there is an optimum value for oxygen to argon ratio for the growth

of BST thin films. The oxygen partial pressure during sputtering affects

the crystallinity, growth rate and grain size of the BST films. It is found

that oxygen to argon ratio of 35/65 shows better structural and optical

properties. XPS confirms that maximum oxygen content is for films grown

under these optimised conditions. The absorption edge shows a blue shift

for smaller oxygen to argon ratio. The band gap for these films varies
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from 3.63 to 3.48eV. The refractive index (2.01) and packing density (0.85)

was also maximum for films grown at this optimised conditions. Electrical

charecterisation of the films were carried out by fabricating PtSi/BST/Au

devices. The leakage current of the device showed a good insulating be-

havior. The variation of dielectric constant with voltage shows the tunable

nature of the device. The low loss (0.04) and high figure of merit tunable

BST ferroelectric thin films can be used for microwave applications.
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Chapter 5

Pulsed laser deposition of

BST thin films

Ferroelectric thin films such as BST, PZT and PLZT are extensively be-

ing studied for the fabrication of DRAMS due to their high dielectric

constant. The large and reversible remnant polarization of these ma-

terials make it attractive for nonvolatile ferroelectric RAM application.

In this chapter we discuss the characterization of Ba0.7Sr0.3TiO3 (BST)

thin films grown by pulsed laser ablation on different substrates. The

structural and electrical properties of the fabricated devices were studied.

Growth of crystalline BST films was observed on La0.5Sr0.5CoO3 (LSCO)

and La0.5Sr0.5Co1−xNixO3 (LSCNO) thin film electrodes at low substrate

temperature. PtSi/LSCO/BST/LSCO and PtSi/LSCNO/BST/LSCNO het-

erostructures were fabricated and the structural and electrical characteriza-

tions of these were also carried out. The leakage current and charge storage

density is found to be suitable for 64 and 256 Mb DRAM applications.

153
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5.1 Introduction

Ferroelectric oxide thin films with perovskite structure are currently of

great technological interest due to their excellent properties for the ap-

plication in dynamic random access memories (DRAMS)[143]. For tunable

device applications, such as varactors, filters, oscillators, and phase shifters,

ferroelectric materials, whose working principle is based on the nonlinear-

ity of the internal electrical polarization steerable by an external electric

field, have attracted considerable attention.Compared to currently popular

tuning elements such as p-i-n diodes, GaAs Schottky diodes or ferromag-

netics, ferroelectric components offer the advantages of continuous, quick,

low power tunability up to the highest gigahertz frequencies, and easy in-

tegration [144, 145].

Barium strontium titanate BaxSr(1−x)TiO3(BST) an environment friendly

lead-free material is an attractive candidate for microelectronic devices.

BST can be integrated to semiconductor technology such as next genera-

tion of giga byte dynamic random access memories because of high dielec-

tric permittivity and low dielectric loss [146–148]. BST is the solid solution

between barium titanate (BaTiO3) and strontium titanate (SrTiO3) over

the entire range of concentration. The dielectric and ferroelectric prop-

erties of BaxSr(1−x)TiO3 depend on Sr content. At room temperature

BaxSr(1−x)TiO3) is ferroelectric, when x is in the range of 0.7-1 and is

paraelectric when x is in the range 0-0.7 [36]. As a result the electrical and

optical properties of BST can be tailored over a broad range for various

electronic applications [26].

Ferroelectric thin films have been successfully deposited by rf sputtering

[121, 149], metal organic chemical vapor deposition [149], sol gel [146, 149]
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and pulsed laser deposition [143, 149–152]. Among these process the laser

ablation process is most superior since it posses the advantages viz., lower

synthesis temperature, easier in controlling the stoichiometry of thin films,

possibility in depositing oxide films of high melting point and the materials

of metastable phase [149].

Leakage current characteristics of BST films are also highly influenced

by the electrode and film electrode interface characteristics. Deposition

conditions, composition and electrode structure play most significant role

in leakage current characteristics. Understanding the current transport

mechanism is crucial and most of the knowledge is based on the transport

across the interfacial potential barrier at the cathode when thermionic field

emission or a combination of this is dominant. For all the mechanisms the

leakage current density J increases with increasing temperature leading to

the increased probability for the electrons to overcome or to tunnel the

barrier either at the interface or in the bulk due to higher thermal energy

[153].

It is widely accepted that oxygen vacancies play an important role in

perovskite ferroelectrics. Though the oxygen ambient is used to prevent

the formation of oxygen vacancies in the deposited film, it has been shown

that oxide films grown using PLD at high oxygen ambient pressure are

still oxygen deficient [151, 152, 154, 155]. The lattice of an O2 deficient

BST film expands beyond the size reported for corresponding bulk ceram-

ics [152, 154, 155]. One of the main technological challenges is to find a

suitable electrode material with low electrical resistivity good thermal sta-

bility, high resistance to oxidation and good adhesion both to substrate and

the ferroelectric film. The interfacial defect layers may originate from ac-

cumulation of oxygen vacancies. Under the electric field oxygen vacancies
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migrate towards the electrode and aggregate near the electrode interface.

The perovskite structured titanate could not afford a large population of

point defects [156]. In the case of conducting oxide electrodes or aqueous

solution electrodes, oxygen vacancies in the perovskite film in the region

near the film electrode interface can be compensated by oxygen from the

electrodes. Thus the use of this kind of electrodes inhibits the accumulation

of oxygen vacancies at the interface. As a result no interfacial defect layer

forms at ferroelectric oxide or ferroelectric aqueous interfaces [156].

Perovskite conducting oxide La0.5Sr0.5CoO3(LSCO) is obtained from

ABO3 perovskite LaCoO3 by partial substitution of La3+ by Sr2+ [36, 157].

The crystal structure of LSCO is same as that of the perovskite ferro-

electrics which makes it a potential candidate as electrode for ferroelectric

memory devices. The LSCO which is a conductive oxide electrode act

as oxygen vacancy sink for the BST capacitors thereby reducing the fa-

tigue problem usually encountered while using conventional Pt electrode

[109, 158–160]. The similar crystal structure of LSCO and perovskite fer-

roelectrics facilitates the easy growth of ferroelectrics over textured or epi-

taxially grown LSCO layer [161, 162].

Some problems of porosity and poor adhesion are often reported in BST

films and very high temperature thermal treatment is generally required to

achieve well-crystallized BST thick films. Such a high temperature process

could limit drastically the application potential of these BST films in in-

tegrated circuits [26, 144]. Low temperature deposition was achieved for

BST thin films with deposition techniques like ion beam sputtering without

any oxide buffer layer. But the dielectric constant of these films were low

[144]. A low processing temperature is crucial for application of these thin

film materials in integrated electronic devices. With oxide buffer layer the
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deposition temperature has been reduced and crystallinity was observed

without any post deposition treatment at relatively low temperature.

In this chapter the detail study on the growth of ferroelectric Ba0.7Sr0.3Ti

O3 (BST) films deposited on PtSi substrates are presented. The electrical

characterization of PtSi/BST/Au is discussed. The conduction mechanism

and the band structure is studied. BST thin films were deposited on oxide

electrode material like La0.5Sr0.5CoO3(LSCO) and La0.5Sr0.5Co1−xNixO3

(LSCNO). This LSCO and LSCNO will serve as an electrode as well as

a template for the ferroelectric BST. The films were deposited using both

the third harmonics (355nm) as well as the fourth harmonics (266nm) of

Nd:YAG laser.

Commercial Si/SiO2/TiO2/Pt (PtSi) wafers were used as the substrate

for deposition. The structure of discrete capacitors is shown in figure 1.1.

Both the top and bottom LSCO electrodes were deposited by rf magnetron

sputtering. The sputtering power was kept at 100W with an argon gas

pressure of 0.003mbar at 6000C. The films were crystalline and has a thick-

ness of about 400nm.The resistivity of all the samples were of the order

10−5Ω cm. The detailed growth and characterization of LSCO thin films

grown in the laboratory has been reported elsewhere [163].

5.2 Experimental Details

BST thin films were ablated using the third (355nm) and fourth harmonics

of Nd:YAG laser(266nm). The repitation frequency was 10Hz with a pulse

width of 8-9ns. The laser fluence was kept at 2J/cm2.

The target for PLD was prepared by solid state reaction of Barium

titanate (BaTiO3) and strontium titanate (SrTiO3). The mixture was
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pressed and sintered at a temperature of 14500C for 5hrs to obtain Ba0.7Sr0.3

TiO3 (BST). The target was fixed at an angle 450 to the direction of laser

beam and it was rotated at a constant rpm during the laser deposition, so

that pitting of the target surface by the laser beam will be uniform. The

focused high-energy laser beam ionises the target material and the ’plume”

produced spreads out in the forward direction towards the substrates and

it is slightly divergent. The substrate was placed at a distance 4cm to the

target surface. The gas (oxygen) was bled into the vacuum chamber contin-

uously at a fixed flow rate, while the chamber was simultaneously pumped

to maintain a constant background pressure during deposition. The flow

of oxygen ambient gas was controlled by a mass flow controller. The sub-

strate temperature (Ts) was varied from 3000C - 6000C. The oxygen partial

pressure in the chamber is 0.15mbar.

The crystallinity of thin films was determined by X ray diffractometry

(XRD) excited with CuKα radiation (λ = 1.541Å) and surface morphology

by AFM and SEM. Thickness of the samples were measured using Dek-

tak 6M stylus profiler. Electrical characterization was carried out using

Keithley SMU unit. The dielectric constant was calculated from the ca-

pacitance measured at 1kHz using LCR meter and polarization by Sawyer

Tower circuit.
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5.3 Growth of thin films ablated using 355nm and

266nm

5.3.1 Growth on quartz substrates

To study the optical properties BST thin film are deposited on quartz sub-

strates using third and fourth harmonics of Nd:YAG laser. The crystallinity

of these films were compared.

Figure 5.1: XRD pattern of BST thin films grown on quartz substrates at various

deposition temperature and post annealed at 6000C in O2 atmosphere using 355nm

As deposited films were amorphous on all the films deposited on quartz

irrespective of the ablation wavelength used. Hence these films were an-

nealed in oxygen ambience to induce crystallinity. The films were annealed

in excess oxygen flow for 1hr at 6000C. All the films showed perovskite crys-
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talline nature on annealing irrespective of the wavelength used for ablation.

The thickness of the films were about 800nm.

The XRD pattern of thin films deposited using 355nm of Nd:YAG laser

is shown below(figure 5.1). A laser fluence of 2J/cm2 was used for ablation

The films were deposited at 0.1mbar oxygen pressure at 3000C and annealed

at 6000C in oxygen ambience. The (100) oriented growth trend is ascribed

to the fact (100) plane is a closely packed O2 plane which has the lowest

surface energy in perovskite structure [134].

The XRD pattern (as in figure 5.2) of BST thin film deposited using

266nm also show a similar pattern. In this case also the laser fluence

was maintained at 2J/cm2 . All the films deposited were amorphous and

required post deposition treatment. When compared with 355nm the films

deposited using 266nm were smooth and better crystalline under the same

condition.
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Figure 5.2: XRD pattern of BST thin films grown on quartz substrates at various

deposition temperature and post annealed at 6000C in O2 atmosphere using 266nm

The oxygen rich phase in perovskite (001) is seen in the films deposited

at lower temperature irrespective of the wavelength used for ablation. The

grain size of the films were calculated using Debye Scherrer’s formula. The

films deposited using 266nm show larger grain size than films deposited

using 355nm. The variation of grain size with substrate temperature for

films deposited using 355nm and 266nm is shown in figure 5.3.
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Figure 5.3: Variation of grain size with temperature for BST films grown using

355nm and 266nm of Nd:YAG laser(line for visual guidance only)

5.3.2 Growth on Si substrates

Thin films were grown at various temperatures on Si substrates (100) at

0.1 mbar oxygen pressure. All the as deposited films on Si were found to

be amorphous. This may be due to the low oxygen pressure in the cham-

ber during deposition. These films were annealed in oxygen atmosphere

at 6000C for 1hr. The post annealed films were found to be crystalline.

Figure 5.4 shows the XRD pattern of BST thin film grown at different

temperatures. It can be seen that the crystallinity is better for thin films

grown at lower temperature. The preferred orientation of BST thin films

at each substrate temperature are determined from the thermodynamical
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equilibrium between various depositions variables, including stress occurred

on the thin films. The (100) oriented growth trend is ascribed to the fact

(100) plane is a closely packed O2 plane which has the lowest surface energy

in perovskite structure.

Figure 5.4: XRD pattern of BST thin films grown by ablation using 355nm on

Si substrates at various substrate temperatures and then post annealed at 6000C

in O2 atmosphere.

The thin film BST deposited using 266nm also showed perovskite struc-

ture similar to that of figure 5.4. Here also the films deposited at lower

substrate temperature on annealing shows better crystallinity.
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5.3.3 Growth of BST thin films on Pt Si substrates

PtSi act as a good substrate for the deposition of perovskite oxides. XRD

pattern given in figure 5.5 shows the growth of perovskite BST thin films.

The films were deposited at a substrate temperature of 6000C at 0.1mabr.

The PLD films were always found to be oxygen deficient which hinders

the crystallinity. Hence they need post deposition annealing in oxygen

presence. In the present study the as deposited BST films were found to

be crystalline even without oxygen annealing. The (100) oriented growth

trend is ascribed to the fact that (100) plane is a closely packed O2 plane

which has the lowest surface energy in perovskite structure.

Figure 5.5: XRD pattern of PLD grown BST thin films on PtSi substrates at

6000C: (a) using 355nm of Nd:YAG laser (b) using 266nm of Nd:YAG laser

The films were deposited using 266nm of Nd:YAG laser as well. The

XRD pattern of thin films show perovskite structure. The films show better

crystallinity compared to films grown by 355nm laser wavelength all the

other conditions being the same.
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5.3.4 Growth of BST thin films on oxide electrodes

Figure 5.6: The XRD pattern of Si/LSCO/BST and Si/LSCNO/BST grown at

5000C at 0.1 mbar using 266nm of Nd:YAG laser

BST thin films were deposited on oxide electrodes LSCO and LSCNO us-

ing both 266nm and 355nm of Nd:YAG laser. LSCO and LSCNO were

deposited using rf magnetron sputtering. The conditions for the growth

and the XRD pattern of LSCO and LSCNO is discussed in chapter 3.

BST thin films were grown by PLD at 5000C at 0.1 mbar oxygen pres-

sure on La0.5Sr0.5CoO3 (LSCO) and on LSCNO electrodes. LSCO was

grown on Si (100) substrates using rf magnetron sputtering. The LSCO

crystallizes in the perovskite structure. It was found that there is better

growth of BST thin films on LSCO and LSCNO electrode. The as deposited

films were found to be crystalline without post annealing. A typical XRD

pattern of the layers Si/LSCO/BST is shown in figure 5.6

The BST perovskite film were grown at a lower substrate temperature

on the LSCO and LSCNO electrodes. These oxide electrodes act both as a
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template and as electrode for BST thin films.The perovskite BST thin film

has a lattice constant of 3.95Å. The LSCO materials also has perovskite

structure with lattice parameter a = 3.805Å. Crystalline growth of BST

on LSCO thin films is due to the close match among the crystal structure,

lattice parameter and atomic arrangements between LSCO layer and BST

material [164].

5.4 Surface morphology and composition analysis

Figure 5.7: SEM image of films (a)ablated using 355nm (b) ablated using 266nm

of Nd:YAG laser (c) cross sectional SEM image of Si/SiO2/LSCO/BST and (d)

cross sectional SEM image of PtSi/BST
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Figure 5.8: AFM image of BST thin films deposited using (a) third harmonics

and (b) fourth harmonics of Nd:YAG laser on Si substrates.
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Surface morphology of thin films were studied using SEM and AFM im-

ages. The cross sectional SEM images were used to study the electrode-film

interface. The compositional analysis were carried out using EDX mea-

surements. SEM image of BST thin films shows that the films are smooth.

The SEM images of BST thin films deposited using 355nm and 266nm of

Nd:YAG laser is shown below(figure5.7).

Figure 5.9: AFM image of BST thin films grown on LSCO oxide electrode using

fourth harmonics of Nd:YAG laser on PtSi substrates.

The AFM image of BST thin film deposited on Si substrates is shown in

figure 5.8. The average roughness of BST thin film deposited using 355nm

of Nd:YAG laser on Si substrates is about 29nm and that using 266nm

is 22nm. The AFM image of BST thin films deposited on oxide electrode

LSCO is shown in figure 5.9. The average roughness was found to be 19nm.

The compositional analysis of thin films shows that the films with per-
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ovskite phase has Ba+Sr/Ti ratio approximately 1 irrespective of the sub-

strate used.

5.5 Optical characterization

Optical studies was carried out on BST thin films grown on quartz substrate

using UV Vis NIR spectroscopy. The as deposited films do not show good

transmission as the films were milky in appearance.

Figure 5.10: Transmission spectra of BST thin films grown by PLD using 266nm

on quartz substrates at substrate temperature 3000C and then annealed at 6000C

in O2 atmosphere for 266nm

The films deposited on quartz substrates using 355nm of Nd:YAG laser

after post deposition annealing show transmission less than 70% in the
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visible region.But the films deposited using 266nm and annealed in oxygen

ambience showed transmission greater than 85%. The transmission spectra

of BST thin films deposited using 266nm is shown in figure5.10.

The band gap of BST thin films is calculated using Tauc plot. The

absorption coefficient α is related to the photon energy hν as given by

equation (5.1)[137].

(αhν) = A(hν − Eg)n (5.1)

where Eg is the energy band gap and n = 1/2 for direct allowed tran-

sitions between valance and conduction band. Inset of figure 5.7 shows the

plot of (αhν)2 vs hν. Band gap of BST thin films is found to be 3.51eV.

Refractive index (n) of the thin film was derived by the envelope method

using the equation 5.2 and 5.3 [80].

n = ((N ′ + (N ′2 − n′2)1/2)1/2 (5.2)

N ′ = 1/2(1 + ns)
1/2 +

2ns(Tmax − Tmin)

TmaxTmin
(5.3)

where Tmax and Tmin are the corresponding transmittance maximum

and minimum at a particular wavelength λ and ns is the refractive index

of fused quartz. The refractive index of the thin film was calculated to be

about 2.

5.6 Electrical Characterization

5.6.1 Leakage current density

The leakage current of the samples were found from the current – voltage (I-

V) curve, where the current is measured at a specified voltage. The leakage
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current is an important characteristic of thin film ferroelectric capacitors,

it directly limits the charge retention and it influences the ferroelectric

hysteresis loop. The leakage current is also a sensitive electrical probe of

the material quality of hetrostructure as it is strongly dependent on mate-

rial aspects of the ferroelectric film and of electrode-ferroelectric interfaces

[165]. Capacitor with low leakage current is ideal for microelectronic device

application.

Devices are fabricated in the structure PtSi/BST/Au and PtSi/ LSCO/

BST/ LSCO/Au structures for the electrical characterization. The top Au

electrode is deposited using a shadow mask by rf magnetron sputtering.

The leakage current mechanism in the two device structures are different.

PtSi/BST/Au

The true I – V characteristics was performed by first analyzing the I – t

characteristics. As it can be seen from figure5.11, the current value after

100 seconds can be taken to be a near approximation of the true leakage

current.

The leakage current of the device PtSi/BST/Au with applied dc voltage

is shown in the figure 5.12. The measurement was carried out at room

temperature with top electrode negatively biased.The method of obtaining

the I – V characteristics was repeated over several electrode dots on the

same sample and also samples from different batches to ensure reliability

of the obtained data. An analysis of the slope at different regions of the I –

V plot in a log – log plot gives an idea of the conduction processes involved

under the influence of varying electric fields.
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Figure 5.11: Typical I – t curve of PtSi/BST/Au structure for BST thin films

deposited at 5000C at 0.1mbar oxygen pressure

To ensure the universality of the obtained data, the current and voltage

values were converted into current density and electric fields J – E and

are plotted in figure 5.13. Initially, the leakage current shows an ohmic

behavior for low fields. At slightly higher electric fields, there is an onset

of non-linearity, the cause of which can be said to be the onset of the space

charge limited conduction (SCLC) mechanism.
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Figure 5.12: The room temperature leakage current with applied dc voltage for

the device PtSi/BST/Au

The space charge limited current follows the law

I =
V (l+1)

d(2l+1)
(5.4)

l =
Tt

T
(5.5)

where, d = thickness and Tt is the temperature parameter charac-

terizing the trap distribution and T is the absolute temperature, for a

distributed-trap space-charge limited conduction [36]. The type of trap

present can be judged by the behavior of the I – V characteristics of the

sample. The presence of grain boundaries usually contribute to the trap

distribution, through structural and chemical defects. The verification of

this particular process lies in the film thickness dependence characteristics.
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Figure 5.13: The log J versus log E plot of the device PtSi/BST/Au device

Since the film is composed of ultra-fine grains, the space charge mecha-

nism is governed by the size of the grain and not the film thickness. It was

already shown that the value of d corresponds to the grain size and not the

film thickness [157].

Region (I) corresponds to the low field region, region (II) and (III)

corresponds to the intermediate field region and very high field region is

not considered here. The corresponding slopes in the different regions are

indicated by ohmic in nature, i.e. an enrichment space charge contact.

Waser [158], reported that the ultra-fine-grained films are fully depleted

of charge carriers and the conduction mechanism is completely electrode

controlled. Though, the electrode plays an important role in the leakage

current value, yet the presence of grain boundaries and their properties can
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variably change the value of the leakage current by orders of magnitude.

Further, the conduction mechanism varies for films with different thickness

ranges. Films with lower thickness (< 0.1µm) repeatedly show electrode

limited conduction process, while films with higher thickness tends to be

dominated by bulk properties. This can be attributed to the fact that

complete depletion [158] of the film takes place if the film thickness is less,

while for thicker films, the film is not completely depleted.

The current equation, governing the Schottky mechanism is given by

[158].

J = A∗∗T 2exp(αE1/2−Wb)/kbT ) (5.6)

α =

√

q3

4πεrε0
(5.7)

Wb = Wm − qχ (5.8)

where, A** is the effective Richardson constant which incorporates car-

rier mobility, T is the absolute temperature, E is the applied electric field,

Wb is the zero field barrier height, kb is the Boltzmann constant, q is the

electronic charge, ε0 is the permittivity of free space and εr is the relative

dielectric constant.Wm is the work function of the metal electrode and χ is

the electron affinity of the insulator.

For SrTiO3 and BaTiO3, the reported value of the electron affinity

are qχSrT iO3
= 4.1 eV [159] and qχBaTiO3

= 2.45 eV [160], respectively.

Assuming the electron affinity of the BST film to be very nearly equal to

SrTiO3, the barrier height is around 1 eV for the Au contact. The value of

the barrier height justifies the presence of a Schottky or blocking contact at
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the metal insulator interface. A charge depletion region is thus formed near

the interface to account for the difference in the Fermi level of the insulator

and the metal. Since the film is composed of numerous grains along the

thickness each grain boundary contribute to the effective potential barrier

for the conducting electron. Thus the behavior can be effectively viewed as

the combined effect of the grain, grain boundary interfaces as well as the

electrode interface.

In polycrystalline sample the deposited films can be thought of a series

of grains, grain boundaries, and electrode interfaces. The field dependence

of conductivity, or the J – E characteristics, of the films is a combined

response of these three parts. Variations in the influences of different parts

give rise to variation in J – E characteristics.

In the low field region (i) in the figure 5.13 the film shows ohmic nature.

At room temperature, it can be assumed that enough charge carriers are

present within the film, so as to contribute to the conduction process and

hence a linear field dependence of conductivity can be observed.

The onset of the non-linear character for both types of contacts lie

within region(ii) in the figure 5.13 , where a prominent role of the electrode

is revealed. The onset of non-linearity is a combined effect of the Schottky

emission through the contact interface and the SCLC mechanism within

the bulk. The leakage current in the films is dominated by space charge

limited current (SCLC) mechanism which can be expressed in the following

form [109].

J =
9µε0εrE

2

8d
(5.9)

where J is the leakage current density, µ is the charge carrier mobility,
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ε0 is the permitivity of free space, εr is the dielectric constant of the film

and d is the film thickness.

Band Structure

In terms of the energy-band picture, the function of the insulator is to

raise a potential barrier between the electrodes, extending from the elec-

trode Fermi level to the bottom of the conduction band of the insulator.

This barrier impedes the flow of electrons from one electrode to the other,

which would normally flow virtually unimpeded in the absence of an insu-

lator (i.e. metal–metal contact). Then the height of the potential barrier is

an important parameter in conductivity studies in metal-insulator systems.

The shape of the potential barrier just within the surface of the insulator

depends on whether or not the insulator is intrinsic or extrinsic, and on

the relative magnitudes of the work functions of the metal and insulator.

The mechanism of blocking or Schottky contact arises when the work func-

tion of the metal is higher than that of the insulator, which results in an

outflow of electrons from the insulator to the metal contact to establish

thermal-equilibrium conditions. A space-charge region of positive charge,

the depletion region is thus created in the insulator and an equal negative

charge resides at the metal electrode. If the insulator is thick enough, or

the doping density is high, the depletion region at the interface effectively

screens the interior of the insulator. Under these conditions, the interior of

the insulator is field-free, and the bottom of the conduction band attains

its equilibrium position above the Fermi level within the interior [36].
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Figure 5.14: Energy band structure of the Pt/BST/Au sturucture

Figure 5.14 shows the band structure of the metal-insulator-metal con-

tact as proposed by Saha et al [36]. Considering the band structure as

shown in figure where the depletion region is very thin and the bulk resis-

tance is quite high due to the presence of traps, it is possible to observe

electrode to bulk-limited transition in the conduction process [161]. For

initial voltage bias in the low to intermediate field region, the conduction

process will be electrode-limited because of the high cathode-insulator bar-

rier. The electrode-limited conduction process is by simultaneous thermal

excitation of electrons from the cathode over the interfacial barrier with

the barrier lowering effect due to the electric field. In that condition, the

conduction process is purely a Schottky type and the J–E characteristics

(as shown in Figure5.13) are revealed which shows the effect of the blocking

contact. At higher fields one of the two process can occur. If the barrier

at the Fermi level becomes thin enough, field emission of electrons from

the cathode to the conduction band of the insulator can take place or im-

pact ionization can take place in the depletion region when the voltage
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bias exceeds 3Eg/2, where Eg is the band gap of the insulator. Both these

processes are characterized by a rapid increase in current with applied volt-

age, i.e. the contact resistance decreases extremely rapidly with increasing

field. The electrode-limited process does not continue indefinitely, since

the bulk resistance decreases much more slowly with increasing field than

does the contact. Thus at some field, there will be a transition from the

electrode limited process to the bulk-limited process, where the contact re-

sistance falls to the value equal to that of the bulk and the voltage across

the sample is equally shared between the contact and the bulk. Thereafter,

all the voltage in excess of the transition voltage falls across the bulk and

the remaining across the barrier, just sufficient to ensure current continuity

throughout the system [36].

PtSi/LSCO/BST/LSCO

The current density versus electric field characteristics of the BST capacitor

for the structure PtSi/LSCO/BST/LSCO is shown in figure 5.15.The leak-

age current density of BST thin film capacitor with LSCO electrode is found

to be 200nA/cm2 at a bias voltage of 2V for 800nm thick BST film. The

low leakage current density of the capacitor with LSCO electrode makes it

a potential candidate for gigabit density memory [166].
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Figure 5.15: The room temperature leakage current density with applied field

for the device PtSi/LSCO/BST/LSCO

The applied voltage can be divided into two regions based on the in-

crease of Log J with V viz a low voltage region and a high voltage region.

Here Log J increases with V in the low voltage region at a small rate as

well as in the high voltage region.

Log J vs Log V plots of the capacitor shown in the figure 5.16 describes

the leakage current mechanism in the low voltage region. In the low voltage

regime the graph is linear with a slope of 1.31eV. The contact LSCO/BST

can be considered to be ohmic like under low field strength. At high voltage

the distribution of electrons between LSCO and BST can be disturbed

and the leakage current deviates from ohmic behavior. In the high voltage

region the conduction mechanism is dominated by Pool Frenkel mechanism.
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Figure 5.16: Variation of Log J for PtSi/LSCO/BST/LSCO as a function of Log

V

To ensure the Pool Frenkel conduction mechanism,the data in the fig-

ure 5.16 is replotted as Log(J/E) vs
√

V as shown in figure 5.17. The

log(J/E) curve show small increase with
√

V in the low voltage region. At

high voltage the values increases linearly with
√

V . The variation of Log J

with measurement voltage as a function of temperature is shown in figure

5.18. The variation of Log(J/E) with 1/T for various voltages is plotted.

All the films showed good linearities with negative slopes suggesting ther-

mally activated leakage current mechanism are operative. A typical plot of

Log(J/E) with 1000/T at 50kV/cm is shown in figure 5.19. The activation

energy is calculated from the slope of the this plot. The activation energy

is about 1.21eV for a voltage of 50kV/cm.
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Figure 5.17: Variation of Log J/E as a function of
√

V for the device

PtSi/LSCO/BST/LSCO

Figure 5.18: Variation of Log J as a function of voltage with temperature for

the device PtSi/LSCO/BST/LSCO/Au
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Figure 5.19: Variation of Log J/E as a function of 1000/T for the device

PtSi/LSCO/BST/LSCO/Au at 50kV/cm

The activation energies at each voltage are calculated from the slopes

of each plot. The activation energy as a function of
√

V is plotted in

figure 5.20. This figure shows the two different leakage current mechanism

operating in the high and low voltage regions. In the high voltage region

the activation energies decrease in a linear fashion with
√

V with larger

absolute values than those in the low voltage regions. Mean square linear

fitting for the high voltage region when extrapolated to V = 0 gives the

activation energy at V=0 as 1.3eV.

In the low voltage region the linear decrease in activation energy with

square root of the applied voltage suggests that the conduction is not purely

ohmic but rather a type of field enhanced thermally activated process may

be involved.
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Figure 5.20: Variation of the activation energy for the device PtSi/LSCO/BST/

LSCO/Au as a function of
√

V

This may be the reason for the slope being larger than 1 in the log J

log V plot(figure 5.16). At high voltage region the leakage current devi-

ates from ohmic or ohmic like behavior. The activation energy in the high

voltage region decreases linearly with
√

V suggesting that a field enhanced

thermally activated process is responsible for electrical conduction in this

region. The slopes of the plot log J-log V and that obtained by extrapola-

tion of activation energy to V =0 are the same. At high voltages the the

electrical conduction mechanism can be attributed to Pool Frenkel emission

mechanism.
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Figure 5.21: Energy band diagram for the PtSi/LSCO/BST/LSCO device struc-

ture

A band structure based on the conduction mechanism is proposed in the

present study. The ohmic nature of LSCO/BST implies that the surface

states of the BST in contact with LSCO is different from metal electrode.

The main difference is in the chemical bonding nature of the BST with oxide

electrode. The oxygen ions in the LSCO strongly interact with oxygen and

cations in the BST thus forming chemical bonds. In the case of metal/BST

the chemical states of the surface dangling bonds can be preserved after

contact formation but on LSCO/BST most of the dangling bonds disappear

due to the interaction of oxide electrode with BST [167]. The contact

between BST and LSCO is ohmic as observed in figure5.16. The oxygen

vacancy concentration is reduced and the Fermi level is located closer to

the center of the energy band. The LSCO can release oxygen to the oxygen

deficient BST during the film formation. Figure5.21 shows the schematic

energy bands for PtSi/LSCO/BST/LSCO devices.
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5.6.2 Dielectric constant

In order to measure the capacitance several heterojucntions were fabricated

viz PtSi/BST/Au, PtSi/LSCO/BST/LSCO were fabricated. The dielectric

constant estimated using the relation

C =
Aεεr

d
(5.10)

Where C is the measured capacitance in Farads,ε the free space dielec-

tric constant (8.85x10−12Fm), A the area of the capacitor (m2) and d (m)

the thickness of the ferroelectric thin film.

PtSi/BST/Au

The variation of dielectric constant with frequency for PtSi/BST/Au device

is shown in figure 5.22. The dielectric constant is low for PtSi/BST/Au

capacitors.

The dielectric constant of the crystallized BST films were found to be

around 1436 at a frequency of 100kHz. As compared to sintered pellets of

BST, the dielectric constant was found to be low, which is a consequence

of the small grain size of the grown films. The dielectric constant showed

dispersion with frequency which is due to the presence of internal interfacial

barriers [162]. It can be seen from the figure that there is a tendency of

decrease in the dielectric constant with increase in frequency, which suggests

that at higher frequency the contribution from a possible dc conduction

contribution decreases.
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Figure 5.22: The capacitance-frequency variation of BST thin films deposited

on PtSi/BST/Au devices

PtSi/LSCO/BST/LSCO

PtSi/LSCO/BST/LSCO structure showed appreciable capacitance with

minimum loss. The variation of dielectric constant measured with PtSi/

LSCO/ BST/LSCO capacitor configuration with the BST film grown by

PLD is shown figure5.23.

The dielectric constant of the crystallized films were found to be around

628 and the dissipation factor around 0.04 at a frequency of 100kHz. As

compared to bulk values the dielectric constant was found to be low, which

is a consequence of the small grain size of the grown films. The dielec-

tric constant and the loss tangent do not have noticeable dispersion with

frequency, indicating good quality of the present film and the absence of
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internal interfacial barriers. However it can be seen from the figure that

there is a tendency of decrease in the dielectric constant with increase in

frequency, which suggests that at higher frequency the contribution from a

possible dc conduction contribution decreases.

Figure 5.23: The variation of dielectric constant and loss with frequency for BST

films deposited on oxide electrode

From the figure it can be seen that the dielectric constant is better for

films grown on oxide electrodes. It was found that the loss is minimum

for the capacitor fabricated with LSCO electrodes. This may be due to

the better growth of BST thin films over LSCO electrodes. Several devices

were fabricated on Si as well as on quartz substrates. Figure 5.24 shows the

variation of dielectric loss with frequency for the BST capacitors fabricated

on various substrates.
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Figure 5.24: The variation of dielectric constant and loss with frequency for films

deposited on oxide electrode on quartz and Si substrates

The dielectric loss is found to be minimum for Quartz/LSCO/BST/Au

heterojunction. It can be seen that the films deposited on quartz show lower

loss but its dielectric constant is also lower compared to PtSi/LSCO/BST/LSCO.

The ferroelectric property of the BST thin films on oxide films in the

configuration PtSi/LSCO/BST/LSCO has been studied.

Figure 5.25 shows the room temperature dielectric constant ε and dis-

sipation factor tan δ as a function of the applied dc electric field where

the relative dielectric constant εr was calculated from the capacitance data

using the classical formula of parallel-plate capacitors. The capacitance -

voltage characteristics of the BST films were measured at a frequency of

1kHz. Hysteresis was observed in the films showing the ferroelectric phase
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at room temperature. The dielectric properties BST thin films are highly

tunable through the application dc bias field.

Figure 5.25: Variation of dielectric constant and dielectric loss of

PtSi/LSCO/BST /LSCO structure measured at 1kHz

The tunability is defined as the

tunability =
[ε(0) − ε(E)]

ε(0)
× 100% (5.11)

where ε(0) and ε(E) are the dielectric constant at zero field and at an

applied field E respectively. The variation of tunabiliy and figure of merit

with the dc field is shown in figure 5.26.
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Figure 5.26: Variation of tunability and figure of merit of

PtSi/LSCO/BST/LSCO structure with dc bias voltage

The films show high tunability and figure of merit with oxide electrode.

High value of tunability can be attributed to the better growth of BST thin

films on oxide electrode.

5.6.3 Polarisation

PtSi/BST/Au

The ferroelectric property of the BST thin film was examined in metal

ferroelectric metal MFM configuration. Figure 5.27 gives the room tem-

perature P - E characteristic of the BST film. A saturated P-E hysteresis

loop is obtained with a remnant polarization of 1µC/cm2 and coercive field
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of 45kV/cm.

Figure 5.27: P-E hysteresis loop of the PtSi/BST/Au structure

The P-E curve shows that the polarisation is very low with a small

coercive field. The remnant polarization of 1µC/cm2 and coercive field of

45kV/cm. The saturation polarisation is about 1.8µC/cm2. The low value

of the PtSi/BST/Au devices can be attributed to the smaller grain size

(12nm) of thin films on PtSi substrates.

PtSi/LSCO/BST/LSCO/Au

The ferroelectric property of the BST thin films on oxide films in the con-

figuration PtSi/LSCO/BST/LSCO/Au is studied. The P-E characteristics

(figure 5.28) of the films shows hysteresis behavior with a remnant po-

larization of 4.8µC/cm2 and coercive field of 48kV/cm. The saturation
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polarisation is about 7.8µC/cm2.

Figure 5.28: P-E hysteresis loop of the PtSi/LSCO/BST/LSCO/Au structure

The ferroelectric properties of PtSi/LSCNO/BST/LSCNO/Au is also

studied using RT ferroelectric tester. The hystersis behaviour of the device

is shown in figure 5.29. The remnant polarization of 8µC/cm2 and coercive

field of 35kV/cm is obtained for films deposited on LSCNO. The saturation

polarisation is about 10µC/cm2.

The improved remnant polarization on LSCNO electrode can be at-

tributed to the crystalline growth of BST thin films. The grain size of BST

thin films on LSCNO electrode is 42nm where as that on LSCO is 35nm.

Hence the lower polarization of PtSi/LSCO/BST/LSCO/Au capacitors.
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Figure 5.29: P-E hysteresis loop of the PtSi/LSCNO/BST/LSCNO/Au struc-

ture

The grain size of BST films on oxide electrode is larger than PtSi/BST/Au

structure. Hence both the oxide devices showed better ferroelectric prop-

erty than PtSi/BST/Au devices.

5.7 Conclusion

Ferroelectric BST thin films were grown on different substrates by pulsed

laser ablation. The films were deposited using both the third harmonics and

fourth harmonics of Nd:YAG laser.The films deposited by laser ablation

using 266nm were found to show better properties than those grown by

ablating with 355nm. The films were deposited on Si and PtSi substrates

to form capacitors with Au electrodes. The electrical characterization of
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the device PtSi/BST/Au is studied and the conduction mechanism shows

SCLC nature at intermediate fields. The polarization versus electric field

plot shows ferroelectric nature. BST thin films deposited on LSCO and

LSCNO, oxide perovskite electrodes, were found to be crystalline without

any post deposition heat treatment. Thus LSCO and LSCNO serve as

a template as well as bottom electrode for the BST thin film capacitors.

The interface between the oxide electrode and the BST layer is sharp and

free from defects. The dielectric constant of BST is studied as a function

of frequency. The devices showed little dispersion with frequency. The

loss was found to be minimum for BST capacitors with oxide electrodes.

The leakage current shows that the BST films are insulating. The films

showed Pool Frenkel emission at high fields. The P-E characteristics traces

hysteresis loop with a good polarization and low coercive field.
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Chapter 6

Pulsed laser deposition of

Eu
3+ doped Ba0.7Sr0.3T iO3

thin film for optoelectronic

application

The europium doped barium strontium titanate (BST:Eu) films find appli-

cation in ferroelectric as well as in optoelectronic devices. In this chapter

the linear and nonlinear optical properties of pulsed laser deposited BST:Eu

thin films are discussed. The structural and optical properties of the PLD

grown BST film have been investigated and correlated. The luminescent

properties of BST:Eu thin films follows a close correlation with crystallinity

of thin films. Films deposited at lower substrate temperature show good

luminescent characteristics. Dependance of substrate temperature on lin-

ear and nonlinear optical properties are investigated. Nonlinear properties

are investigated using the Z-scan technique at room temperature.

197
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6.1 Introduction

Perovskite oxides are attractive as a host material for rare earth doping.

These materials finds application in integrated light emitting devices, field

emission devices (FED’s) all solid –compact laser devices operating in the

blue-green region and positive temperature coefficient (PTC) resistors [168–

170]. Luminescent rare earth doped materials are extensively studied be-

cause of their potential application in photonic devices and next generation

flat panel displays. Rare earth (RE) ions exhibit a characteristic intra 4f

shell luminescence which is almost insensitive to host material and temper-

ature. This feature can be used to tune the emission spectrum for specific

application by the appropriate doping of rare earth ions in host material

[171].

Recently, electro-optic (EO) characterizations of BST films reveal an

EO coefficient with a very large saturation value of the field-induced bire-

fringence at the wavelength of 632.8 nm [172]. Optical second-harmonic

generation (SHG) has also been observed in the NIR (near infra-red) wave-

length range using Q-switched Nd-YAG laser at 1.06 µm [173] and mode-

locked Ti:Sapphire laser at 760 nm [174]. Thin films of BST show nonlinear

optical absorption and refraction and hence is a good candidate for non-

linear application. The nonlinear optical absorption and refraction of the

polycrystalline Ba0.7Sr0.3TiO3 film on quartz substrate have been measured

to be 1.2x10−6 m/W and 1.08x10−15 m2/V2 respectively [175]. But the

nonlinear absorption and refraction coefficient on epitaxial Ba0.6Sr0.4TiO3

thin films on MgO is much lower [176]. The large value of nonlinear optical

absorption and refraction of BST polycrystalline film was attributed to the

small grain size and good homogeneity [175].
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ABO3 type of perovskite compounds such as BaTiO3, SrTiO3 and solid

solutions of these viz. BaxSr(1−x)TiO3 (BST) have drawn a good deal of

attention due to their attractive ferroelectric and electro optic properties.

Barium strontium titanate is a dielectric material with excellent dielec-

tric properties such as high dielectric constant, small loss and with large

breakdown strength. Hence it is a good candidate as a host material for

doping RE as luminescent center. BST:Eu ceramics had shown excellent

luminescent properties at room temperature for application in optoelec-

tronic devices [170]. Hence combining the merits of electrical and optical

properties, BST:Eu thin films is a promising candidate for optoelectronic

–ferroelectric – nonlinear optical devices.

In this chapter the linear and nonlinear optical properties of pulsed

laser deposited BST:Eu thin films are presented. The structural and optical

properties of PLD grown films are investigated and correlated. Dependance

of substrate temperature on linear optical properties like bandgap and PL

spectra are investigated. A single beam Z-scan set up is used for nonlinear

absorption and nonlinear refraction measurements at room temperature.

6.2 Experimental

The target for pulsed laser deposition (PLD) was prepared by solid-state

reaction of barium titanate (BaTiO3), strontium titanate (SrTiO3) and eu-

ropium oxide (Eu2O3). The mixture was sintered at a temperature 14500C

in air for 5 hrs to obtain Ba0.7Sr0.3TiO3:Eu (BST:Eu) target with Eu 3.5

wt%. The fourth harmonics of Q-switched Nd: YAG laser(266nm) was

used for ablation. The repetition frequency was 10Hz with a pulse width of
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6-7 ns. The laser fluence was kept at 2J/cm2. The target to substrate dis-

tance was kept at 3.5cm. The substrate temperature (Ts) was varied from

300oC to 6000C. The oxygen partial pressure in the chamber was main-

tained at 0.1mbar. All the as deposited films were amorphous irrespective

of the substrate temperature (Ts = 3000-6000C). The deposited films were

annealed in oxygen ambience at 6000C for 1 hr which resulted in perovskite

phase. All the studies were performed on the films after the post deposition

annealing at 6000C for 1 hr in oxygen atmosphere.

The crystallinity of thin films was determined by x ray diffraction

(XRD) using CuKα radiation (λ =1.5418A0). Thickness of the samples

were measured using Dektak 6M surface profiler. The room temperature

photoluminescence (PL) studies were carried out using fluorimeter (Horiba

Jobin Yuon Floromax-3) in the range 500-800nm with excitation wave-

length 408nm. The optical transmittance spectra of the samples were

recorded in the range 190nm – 1800nm using (Jasco V - 570) UV-Vis-

NIR spectrophotometer. A single beam Z-scan technique was employed for

nonlinear absorption and nonlinear refraction measurements at room tem-

perature. The second harmonics of Q switched Nd:YAG laser at 532 nm

having a repetition rate of 10 Hz was used as the light source of z scan mea-

surements. The focal length of the lens used was 25cm. Using a translation

stage the sample was moved in a spatially varying intensity region on either

side of the focused laser beam. The transmitted and reference energies can

be measured using probe heads of the energy ratio-meter. The entire setup

was automated using LabVIEW. The details of the experimental set up is

described in chapter 2.
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6.3 Results and discussion

6.3.1 Structural and Compositional analysis

Figure 6.1: The XRD pattern of BST:Eu thin films deposited at various sub-

strate temperature and then annealed in oxygen atmosphere at 6000C (* represents

SrTiO3)

X-ray diffraction patterns of the europium doped barium strontium ti-

tanate(BST:Eu) thin films deposited on quartz substrates at various sub-

strate temperature (Ts) and then annealed at 6000C in oxygen atmosphere

are shown in figure 6.1. The crystallinity of thin films annealed in oxygen

atmosphere at 6000C decreases with increase in Ts during the deposition.
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The films were crystalline with tetragonal perovskite structure having (110)

orientation on annealing.

The amorphous films deposited at lower Ts on post deposition anneal-

ing at 6000C in oxygen ambiance may reorient and recrystallise to form

oxygen rich perovskite phase as evident from the XRD pattern. The (100)

peak is ascribed to the fact (100) plane is a closely packed oxygen plane

which has the lowest surface energy in perovskite structure [134]. The

XRD peak observed at 240 for thin film deposited at 4000C and the peak

at 340 for films deposited at 5000C may be attributed to the presence of

SrTiO3 in thin films. The films deposited at high temperature did not show

oxygen rich (100) orientation after post deposition annealing. Thin films

deposited below 3000C substrate temperature were amorphous even after

post deposition annealing in oxygen ambience.

The surface morphology of BST:Eu films were studied using scanning

electron microscope (SEM). The SEM pictures (figure 6.2) shows that the

post deposition annealed films are smooth irrespective of the deposition

temperature.

EDX was used to determine the atomic percentage of Ba, Sr and Ti.

The atomic ratio of (Ba+Sr)/Ti for stoichiometric BST is 1. The varia-

tion of this ratio with substrate temperature is shown in figure 6.2c. The

(Ba+Sr)/Ti ratio for films grown at 3000C is close to unity (1.06) which in-

dicates that the films grown at this condition are stoichiometric. Hence the

better crystallinity at Ts = 3000C is due to the recrystallisation. The films

deposited at 6000C are not stoichiometric (Ba+Sr)/Ti = 1.6) as evident

from the EDX and hence poorly crystalline.
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Figure 6.2: A typical SEM image of BST:Eu thin film deposited by PLD and

post annealed in oxygen atmosphere at 6000C (A) Ts = 3000C and (B)Ts = 6000C

(C) the variation of (Ba+Sr)/Ti with substrate temperature Ts.

6.3.2 Photoluminescence (PL) studies

The PL spectra (figure 6.3) of the thin films were recorded at an excitation

wavelength of 408 nm. The emission band clearly shows the presence of

Eu3+ in the host lattice. The Commission Internationale de lEclairage

(CIE) coordinates of the films were calculated from the emission spectra.
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The BST:Eu films gives a red emission with CIE coordinates (x=0.615;

y=0.383) suggesting the use of BST:Eu in phosphor convertor light emitting

diodes converting UV and blue emission to red emission.

The emissions in the region 550-700nm are in good agreement with

radiative transition between energy levels of Eu3+ ions [177, 178]. The PL

emission peak in this region are due to the transition 5D0 – 7Fj (j = 2,3).

The PL peak at 615nm and 669nm are respectively the characteristic 5D0

– 7F2 and 5D0 – 7F3transitions of Eu3+ ions [179, 180]. The emission at

550nm is due to the transition 5D1 – 7F1 [179]. The most prominent Eu3+

related emission is in the red spectral region due to the 5D0 – 7F2 transition.

The presence of SrTiO3 has not effected the PL spectra of BST:Eu thin

films since SrTiO3 itself is good host material for Eu3+ ions showing similar

PL transitions [180].

PL spectra of amorphous thin film BST is also shown in figure 6.3.

Luminescence of amorphous and partially crystalline materials originate

from disordered phase [181, 182]. The observed PL in amorphous film

show a broad emission peak at 617.5nm. This emission is not due to Eu3+

ions since the other transitions at 550nm and 699nm were absent. Hence

the emission of as deposited BST:Eu thin films can be attributed to the

disordered phase of the host BST material.
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Figure 6.3: Room temperature photoluminescence emission (λex = 408nm) spec-

tra of BST:Eu thin film deposited at different substrate temperatures and post

annealed at 6000C. PL emission of as deposited amorphous film is also shown.

The as deposited films at Ts ≥ 3000C on annealing in O2 atmosphere

at 6000C , reorient and recrystallise to form crystalline BST:Eu thin films.

Films deposited at lower substrate temperature (3000C) on post deposition

annealing was found to be polycrystalline with larger grain size (29nm).

The improvement in crystallinity can be related to oxygen stoichiometry

as indicated by the x ray diffraction peak. The (100) plane is the closely

packed oxygen plane which has the lowest surface energy in perovskite

structure [134]. The EDX analysis shows that the cationic ratio is ∼ 1 for

the film deposited at Ts = 3000C. Hence the higher PL intensity for the

films grown at 3000C can be attributed to the better crystallinity and lower
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oxygen defect density. Lower defect density and better grain size correspond

to a better PL transition[183]. As Ts increases the oxygen defect density

and cationic ratio Ba+Sr/Ti increases providing nonradiative path for de-

excitation.

Samantary et al [170] had observed splitting of the energy levels due to

the crystal field in the PL spectra of BST:Eu powder. But no such splitting

was observed in BST:Eu thin films in the present study . This indicates

that there is no change in crystal field symmetry. The weak emission at

580nm corresponding to the forbidden 5D0 - 7F0 electric dipole transition

suggests that Eu3+ ions occupy the low symmetry environment in BST. The

ionic radii of Eu ion is more close to Ba2+ ions than Ti4+ sites and hence

Eu3+ ions occupy Ba2+ ions preferentially. In perovskite crystal structure

of BaTiO3 the distance between Ti4+ and O2− is 2.00Å and the distance

between Ba2+ and O2− is 2.83Å. The crystal field is lower for Eu3+ ions

occupying a lower symmetry site and hence no splitting of the spectral lines

is observed in the PL spectrum.

The variation of PL integral intensity of the peak at 615nm and FWHM

of the XRD peak with substrate temperature at which the films are grown

is shown in figure 6.4.
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Figure 6.4: The variation of normalised integral intensity of PL emission of

BST:Eu thin film excited at 408nm.

Characteristic luminescence features of the materials are determined by

the electronic structure of the doped rare earth, while the width and the

relative intensity of the spectra depend on the crystal symmetry of the

host matrix [170].The characteristic emission of Eu3+ is present in all the

films grown at Ts ≥ 3000C irrespective of the processing condition. The

Eu content in the film may vary with substrate temperature. The EDX

spectra shows all the films have the Eu content more or less the same. The

PL emission peaks are intense for films deposited at Ts = 3000C. This can

be attributed to the better crystallinity of the films grown at that condition.
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Figure 6.5: Room temperature photoluminescent excitation spectra (λem =

615nm) of BST :Eu thin films deposited at 3000C and post annealed at 6000C

The photoluminescent excitation (PLE) spectra of thin films are shown

in figure 6.5. The excitation peaks at 408nm and 458 nm corresponds to

the 7F0 - 5D3 and 7F0 - 5D2 transitions of Eu3+ ions corresponding to the

energies 2.99eV and 2.66eV. The broad band at 398nm corresponds to the

7F0 - 5L6 transition (3.147eV) [180]. The emission wavelengths of BST:Eu

thin films were same for all these of the excitation wavelengths.

Schematic representations of the main energy levels identified in the

studied samples are shown in figure 6.6. The absorption and emission lines

are shown in the diagram.
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Figure 6.6: The schematic energy diagram of Eu3+ in BST thin film samples.

6.3.3 Optical bandgap

The optical properties of the thin films deposited on quartz substrates

were investigated by recording the transmission spectra. All the films are

transparent in the visible region. The optical band gap of BST thin films

were found out using the Tacu’s plot [137] (αhν)n = A(hν - Eg) Where A is a

constant,α is the absorption coefficient; hνis the photon energy , Eg optical

band gap and the constant n depends on the nature of electronic transition,

for direct transition n=2. BST thin films have direct allowed transitions

between valance and conduction band. The transmission spectra showed a
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blue shift in bandgap with substrate temperature. The plot of transmission

as a function of wavelength is shown in figure6.7. Inset shows the plot of

(αhν)2 vs hν of the films grown at different substrate temperatures.

Figure 6.7: Transmission spectrum of BST:Eu thin film. Inset shows the (αhν)2

plot for various temperatures

Variation of band gap with substrate temperature is shown in figure6.8.

Generally the blue shift in band gap is attributed to various reasons like the

amorphous nature of the films [84], stress induced distortion by substrate

film interaction [184, 185] and grain size effect [183].
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Figure 6.8: The variation of FWHM of (110) XRD peak and bandgap with

substrate temperature.

The variation due to stress induced shifts is verified by depositing films

under same conditions but for two different thicknesses. In the present

study the films of thickness 500nm and 1µm were grown at 6000C and then

annealed in oxygen atmosphere for 1 hr at 6000C. The band gap was found

to be almost a constant (3.68 and 3.64 respectively). In the present study

the variation in band gap with substrate temperature is not due to the stress

effect but can be attributed to the poor crystallinity. The linear refractive

index and the absorption coefficient of the thin films are calculated from

the transmittance spectrum using the envelope methods[80]. At 532nm the

linear refractive index is found to be 1.82.
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6.3.4 Nonlinear optical studies

Nonlinear absorption coefficient is calculated from the single beam Z scan

set up as described in section 2.3.5. The open aperture curve comprises a

normalised transmittance as a result of non linear absorption as shown in

figure 6.9.

Figure 6.9: The open aperture Z-scan curve of BST:Eu thin films grown at

different substrate temperature.

The experimental data is fitted with the theoretical values (open cir-

cles). The theoretical equation for normalised transmittance T, for two

photon absorption is given by equation 6.1 [84].

T (z, S = 1) = (1/
√

π)q0(Z, 0)

∫

[ln(1 + q0(Z, 0))e−τ2

]dτ (6.1)
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Where q0(Z,t) is the fitting parameter given by equation 6.2, S=1 for

open aperture

q0(Z, t) =
βI0(t)Leff

(1 + z2/z2
0)

(6.2)

β is the nonlinear absorption coefficient, I0(t) is the on axis irradiance

at the focus Leff is the effective focal length given by equation 6.3

Leff =
(1 − e−Lα)

α
(6.3)

with L the sample length and α the linear absorption coefficient. The

experimental curve can be theoretically fitted by equation 6.1 and the non-

linear absorption coefficient β is calculated. Since quartz substrates have

very low nonlinear absorption at 532 nm the observed non linear absorption

is from BST:Eu thin films.

The open aperture Z-scan curve of BST:Eu shows that the dip in the

nonlinear absorption is maximum for thin films deposited at 3000C followed

by the post annealing. This is attributed to the better crystallinity of

thin films grown at 3000C. In the present study the nonlinear absorption

coefficientβ was found to increase with decrease in Ts (figure 6.10).
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Figure 6.10: The variation of absorption coefficient β and bandgap of BST:Eu

thin films with substrate temperature.

Absorption coefficient β follows an inverse relation with bandgap Eg

[186]. The figure 6.10 clearly depicts the inverse relation of absorption

coefficient and bandgap. This variation is followed from the crystallinity of

thin films with Ts.

The imaginary part of third order nonlinear susceptibility Imχ(3) is

calculated using the relation between Imχ(3) and β given by equation 6.4

[84].

β =
3kImχ3

2ε0cn0
(6.4)

Where k = 2π/λ (λ = 532nm) ε0 is free space dielectric constant, n0 is

linear refractive index and c the velocity of light. The third order suscep-
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tibility of all BST:Eu thin films were calculated. The variation of Imχ(3)

with substrate temperature is shown in figure 6.11

Figure 6.11: The variation of Imχ(3) of BST:Eu thin films with substrate tem-

perature.

The typical closed aperture Z-scan curve for the BST:Eu film is shown

in figure 6.12. The measured data show a negative nonlinear refractive

index n2 with peak-to-valley curve. The curve was obtained by dividing

the closed aperture data with the corresponding open aperture data, after

normalizing each scan.
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Figure 6.12: Closed aperture Z-scan curve of BST:Eu thin film (S=0.1). The

dotted line is the theoretical fit.

The data were analysed using the procedure described by Sheik-Bahae

[84]. The on axis phase shift at the focus, ∆φ0, can be obtained through

the best theoretical fit from the normalised closed aperture transmittance

T(z,∆φ0) at the sample position z, by the equation (6.5) [84].

T (z,∆φ0) ≈ [1 +
4∆φ0x

(x2 + 9)(x2 + 1)
] (6.5)

where x = z/z0. The nonlinear refractive index γ and the real part of

third order optical nonlinear susceptibility Reχ(3) is given by the following

equations (6.6) and (6.7) [84].

γ =
λ∆φ0

2Leff I0
(6.6)
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Reχ(3) = 2(n0)
2ε0cγ (6.7)

where λ = 532nm is the wavelength of laser used, ε0 is free space di-

electric constant, n0 is linear refractive index and c the velocity of light.

The calculated nonlinear refractive index is - 1.508 x 10−6 m2/GW and the

real part of third order optical susceptibility, Reχ(3) is 2.58 x 10−17 m2/V2 .

The negative nonlinear refractive index indicates the self defocusing optical

nonlinearity. The third order nonlinear susceptibility can be expressed as

χ3 = Reχ(3) + i Im χ(3)

The property of two photon absorption makes BST:Eu useful for novel

application as an optical limiter. An ideal optical limiter has a linear trans-

mission only up to threshold input fluence Ith which will vary in different

materials. If the input fluence is increased above the Ith, the output fluence

remains a constant. So the transmittance T of the sample falls down with

increasing input fluence. The optical limiting characteristic of samples is

the plot of input energy versus normalized transmittance T of the sample

(figure 6.13). All the films showed optical limiting behavior. The Ith of the

thin film sample grown at 3000C is about 125µJ.
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Figure 6.13: The optical limiting property of BST:Eu thin films.

6.3.5 Electrical Characterizations

The electrical characterization is carried out on BST:Eu thin films deposited

on commercial PtSi wafer. Gold deposited through shadow mask by rf sput-

tering was used as the top electrode. The structure used for the electrical

characterization is PtSi/BST:Eu/Au.

The leakage current of the samples were obtained from the current volt-

age characteristics.
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Figure 6.14: The room temperature leakage current with applied dc voltage for

the device PtSi/BST:Eu/Au.

The current density versus electric field characteristics of the BST ca-

pacitor with the structure PtSi/BST:Eu/Au is shown in figure 6.14. The

leakage current density of BST:Eu thin film capacitor is found to be 200nA/cm2

at a bias voltage of 2V for 600nm thick BST:Eu film. The low leakage cur-

rent density shows that the films have good insulating property.

The dielectric constant of the hetrostructure PtSi/BST:Eu/Au is cal-

culated using the relation

c =
Aεεr

d
(6.8)

Where C is the capacitance in Farads,ε the free space dielectric constant

(8.85x10−12F/m), A the area of the capacitor (m2) and d (m) the thickness

of the ferroelectric thin film. The variation of dielectric constant with

frequency for PtSi/BST:Eu/Au device is shown figure 6.15.
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Figure 6.15: The capacitance-frequency variation of BST:Eu thin films deposited

on PtSi/BST/Au devices.

The dielectric constant of the crystallized films were found to be around

1400 at a frequency of 100kHz. The dielectric constant is almost same for

PtSi/BST/Au devices. Thus BST:Eu showed similar behavior as that of

undoped sample.

Figure 6.16 shows the room temperature dielectric constant ε as a func-

tion of the applied dc electric field where the relative dielectric constant εr

was calculated from the capacitance data using the formula parallel-plate

capacitors. The capacitance - voltage characteristics of the BST films were

measured at a frequency of 100KHz. Hysteresis was observed in the films

showing the ferroelectric phase at room temperature. The dielectric prop-

erties BST:Eu thin films are highly tunable through the application of dc

bias field.
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Figure 6.16: Variation of Dielectric constant of PtSi/BST:Eu/Au devices with

applied field at 100kHz.

6.4 Conclusion

Eu doped BST thin films were successfully deposited by pulsed laser abla-

tion. Optical properties follow a close correlation with the crystallinity of

thin films. All the as deposited films were amorphous and post annealing

in oxygen atmosphere at 6000C results in crystalline films with perovskite

structure. Luminescent properties were investigated at an excitation wave-

length of 408nm. The room temperature photoluminescence spectrum re-

veals the characteristic lines of rare earth Eu3+ in all the thin films. The

luminescence intensity shows a close correlation with crystallinity of thin

films. The linear refractive index of the samples calculated from the trans-

mittance spectra is 1.82. The nonlinear optical properties were investigated

by a single beam Z scan set up. The films show excellent nonlinear opti-
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cal property. The open aperture Z-scan curve of BST:Eu shows that the

dip in the nonlinear absorption is maximum for thin films deposited at

3000C. The imaginary part of third order susceptibility Imχ(3) increases

with substrate temperature. The thin film shows good optical limiting

property with a threshold input fluence of 125µJ. This indicated that the

BST:Eu thin films can be used for optoelectronic applications. The electric

property of BST:Eu thin films shows that the films are highly insulating.

The dielectric constant of BST:Eu is also high. The capacitance voltage

measurements shows the ferroelectric nature of BST:Eu thin films. Thus

nonlinear - optoelectronic - ferroelectric functions of BST:Eu thin films can

be integrated to a single device



Chapter 7

Summary and Scope for

further study

7.1 Summary of present study

Todays dynamic random access memories (DRAMs) have advanced by

mainly focussing on how to make memory cells small to realize high density

DRAMs. The continuous shrinking of devices up to Gbit density exposes

many technological challenges. The most critical challenges in gigabit den-

sity DRAMs are yield loss due to large die size and small feature size,

standby current failure caused by large chip size and small data reten-

tion times owing to reduced charge packet in the memory cell. Narrowing

the bandwidth mismatch between fast processors and slower memories and

achieving low-power consumption together with aforementioned challenges

drive DRAM technologies toward smaller cell size, faster memory cell oper-

ation, less power consumption and longer data retention time. In addition,

a tight control of increasingly complicated wafer processing requires DRAM
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process technology to be simpler and less sensitive to processing variation.

Thus, DRAM technology in Gbit era should solve the challenges imposed by

the shrink technology system application requirement and manufacturing

technology [29, 187–189].

One of the most critical challenges which Gbit density DRAMs face

will be memory cell capacitance. Memory cell capacitance is the crucial

parameter which determine the sensing signal voltage, sensing speed, data

retention times and endurance against the soft error event. It is generally

accepted that the minimum cell capacitance is more than 25fF per cell re-

gardless of density. However, lower supply voltage and increased junction

leakage current due to high doping density drive memory cell capacitance

toward higher value more than 25fF per cell in the Gbit density DRAMs.

The strategy to increase memory cell capacitance has been focussed on the

increase of the memory cell capacitor area and decrease of the dielectric

thickness up to now. In the memory cell capacitor which is the most im-

portant technology in the Gbit era, high dielectric constant capacitor seems

to be the only solution [29].

The capacitor materials currently utilized in DRAMs are either silicon

dioxide (SiO2) or a silicon oxide/nitride composite layer (ONO) with a rela-

tive dielectric constant of 6. Use of SiO2 or ONO allows the memory cell to

be fabricated as a metal-oxide-semiconductor (MOS) device. As the num-

ber of memory cells increase to gigabits, the available area for the capacitor

decreases rapidly (0.4mm2 for a 256-Mbit device and 0.2 mm2 for a 1-Gbit

device) to maintain acceptable die sizes. For maintaining sufficient storage

capacitance of memory cell, manufacturers have abandoned the idea of flat

integrated circuits and three-dimensional cell structures were consequently

incorporated by use of deep trenches and stacked layer to offer more surface
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area. So far, these structures with ONO storage dielectrics can adhere to

the requirements of 256-Mbit DRAMs. The capacitor areas will be close

to 0.2mm2 and 0.1mm2 for future 1-Gbit and 4-Gbit DRAMs, respectively,

and there is a requirement that the capacitance per unit area be increased.

The ONO dielectrics will not be used in these products since the capacitor

area cannot be maintained constant in a cell that is still manufacturable

and also the ONO dielectric thickness has reached a lower limit set by

electron tunneling through the dielectric [28]. Consequently, an increasing

effort has been made in search of alternative dielectric having a substan-

tially higher permittivity. The first step in the direction of high dielectric

constant materials is to consider some single metal oxide materials such as

Ta2O5, TiO2 , or others. The dielectric constant and critical capacitance

(defined as the maximum capacitance-per-unit area that can be achieved

for a film that satisfies DRAM leakage requirements) [190] for various sin-

gle metal oxides that present dielectric constant values is in the range 10

– 100. On the other hand, ferroelectric materials are considered the ideal

DRAM dielectrics for the Gbit era since they exhibit dielectric constants

in the range 200 – 2000 range [29].

In the recent years thin film perovskite materials with high dielectric

constant such as PZT, SrTiO3 and (Ba,Sr)TiO3 (BST) [30, 191–196] have

been investigated as materials for future memory. The best suited dielectric

material would have a low leakage current and a high dielectric constant.

SrTiO3 has a smaller dielectric constant than BST and PZT is in ferroelec-

tric phase at room temperature. Hence these materials were used in the

present study for possible ferroelectric memory device. Thin films of PZT

and BST were deposited using PLD. BST thin films were also deposited

by rf magnetron sputtering. From the study it can be seen that the films



226 Summary and Scope for further study

deposited using PLD were crystalline with (100) perovskite phase. The

grain size of ablated thin films were larger than that of sputtered BST

films. Hence the ferroelectric properties depends on the growth tempera-

ture. Hence PLD can be considered to be the best method to deposit high

quality ferroelectric thin films with high dielectric constant and low loss.

PZT thin films were successfully deposited at low temperature by PLD

with ZnO buffer layer. This finds application in MEMS devices which de-

mands a low temperature deposition of PZT for integrating with existing

Si technology. A lead free ferroelectric material, BST has been successfully

deposited for DRAM applications. Capacitors are fabricated and electri-

cal properties were investigated. The oxide electrode layer favors better

growth and properties for the BST thin film. The fabricated capacitors

PtSi/LSCO/BST/LSCO can be used in gigabyte memory. BST thin films

were deposited by rf magnetron sputtering. Rf magnetron sputtered BST

showed a structure related optical and electrical properties with respect

to oxygen mixing ratio (OMR). But the lower grain size of the films had

caused a reduction in ferroelectric property. The rare earth doped BST

thin films gives a red emission suggesting the use of BST:Eu in phosphor

converter light emitting diodes converting UV and blue emission to red

emission.The BST:Eu films can be used for both ferroelectric as well as for

optoelectronic application.

7.2 Scope for further study

The FeRAM can be fabricated with the ferroelectric materials and films

developed in the present study. After satisfying the requirements for ca-

pacitance and leakage current, another relevant issue is the reliability, in
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the practical use of the BST films for memory cell capacitors. As com-

monly observed, leakage current gradually increases with a degradation of

the insulation when applying temperature, ac and dc voltage stresses to

BST capacitors for a certain time duration. The degradation process limits

the lifetime and reliability of BST capacitors. Further understanding the

defect formations and distribution, relaxation, conduction and breakdown

of BST capacitors is required to improve the reliability.

The advancement of thin film technology and the principles of minia-

turization/integration, BST thin films will remain as fertile field of research

and development, full of application potential and rich in science.
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Appendix A

Abbreviations used in the

thesis

Table A.1: Abbreviations used in the thesis

Abbreviation Expansion
AFE Antiferroelectric Phase
AFM Atomic Force Microscope
BCC Body centered Cubic
BBSRAM Battery Backed Static RAM
BST Barium Strontium Titanate
CIE Commission Internationale de lEclairage
C-V Capacitance-Voltage
CVD Chemical Vapour Deposition
CRT Cathode Ray Tube
DC Direct Current
DRO Destructive Read Out
DRS Diffuse Reflectance Spectroscopy
DUT Device Under Test
DRAM Dynamic Random Access Memory
EDAX Energy Dispersive X-ray Spectroscopy

229



230 Appendix

Abbreviation Expansion
FCC Face Centered Cubic
FE Ferroelectric Phase
FED Field Emission Devices
FeTFT Ferroelectric Thin Film Transistor
FeRAM Ferroelectric RAM
FWHM Full Width at Half Maximum
Gbit Gigabit
IC Integrated Circuit
IDT Interdigital Transducers
I-V Current - Voltage
LVDT Linear Variable Differential Transformer
MEMS Micro Electro Mechanical Systems
MLC Multilayer Ceramic Capacitors
MMIC Microwave Monolithic Integrated Circuits
MOS Metal Oxide Semiconductor
MOSFET Metal Oxide Semiconductor Filed Effect Transistor
MOCVD Metal Organic Chemical Vapour Deposition
MPB Morphotropic Phase Boundary
Nd:YAG Neodymium Yttrium Aluminium Garnet
NDRO Non Destructive Read Out
NVRAM Nonvolatile Random Access Memory
OMR Oxygen Mixing Ratio
P-E Polarization - Electric Field
PECVD Plasma Enhanced Chemical Vapour Deposition
PL Photoluminescence
PLE Photoluminescence Excitation
PLD Pulsed Laser Deposition
PVD Physical Vapor Deposition
PT Lead Titanate
PLZT Lead Lanthanum Zirconium Titanate
PTC Positive Temperature Coefficient
PtSi Pt/TiO2/SiO2/Si
PZT Lead Zirconium Titanate
P2ZT Lead Zirconium Titanate 2% Pb excess
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Abbreviation Expansion
P10ZT Lead Zirconium Titanate 10% Pb excess
RAM Random Access Memory
RE Rare Earth
RF Radio Frequency
rpm Rotations Per Minute
RT Room Temperature
RTA Rapid Thermal Annealing
SAW Surface Acoustic Wave
SEM Scanning Electron Microscopic
SCLC Space Charge Limited Current
SPM Scanning Probe Microscopy
UV Ultraviolet
ULSI Ultra Large Scale Integrated Circuits
VDD Virtual Device Driver
XPS X-ray Photoelectron Spectroscopy
XRD X-ray Diffraction
XRF X-ray Fluorescence Spectroscopy
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For I place this at their feets!
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