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Abstract

Sol-gel process is emerging as one of the most mportant material processing
technologies due to its versatility in producing entirely new class of materials, Sol-pel
process is capable of producing new phases of materials and a veriety of composite
materials from ceramics. organics, morganics. polvmers and metals, These sol-gel
processed materials possess unique properties which can be useful in apphed tech-
nologies. Sol-gel process has been extensively used in the past decade for the devel-
opement of ceramics. glasses and thin filims. Sol-gel process gives better structural
and microstructural control over the production of these materials there by attaining

better reproducibility and homogeneity.

One of the major activity in the field of sol-gel rescarch is the fabrication of
thin films. A variety of thin il coating for electronic, optical. sensor. protective
and mechanical applications have been realised using sol-gel process, IFabrication
of ferroclectric thin filins for application in microelectronics and integrated optics is
gaining more interest in recent times. A large number of ferroclectric thin films such
as PbTiOy , Ph(Zr,Ti)Oy4 , BaTiO; . StTiOy . LiNbO, | (Sr.Ba)Nb,0, . KNbO, has
been deposited on a variety of substrate using sol-gel process by rescarchers world-

wide.

This thesis is about the fabrication of ferroelectric thin films of BaTiOy and

SrTiO3 on different substrates using sol-gel process and their characterization The

content of the different chapters of this thesis is summerized in the following pra

graphs.

A formal introduction to the different aspects of sol-gel process is depicted
in chapter 1. A general survey of the different sol-gel processed ferroclectric thiy,
films made by other workers in the field and thier major achievements are discussed
The principle of sol-gel process and the different stages involved ip the processing of’"
thin films are also summerised. The chapter also deals wit), the differeny physical
and chemical changes occuring during the sol-gel process. T chapter gives a briof

description about the rheological nature of the hvdrolysed ang condensed prodye
: ! 1cts

XV




during the filims formation. Finally the application of 1the sol ol process an the freld

ol l|1lll Illll: lil%'li('illiijll ik tllm'?l\\mi.

Ferroelectric materials in seneral and their tnportant apphications in differen

cmerging technologios are reviewed in chapter 20 The origin of ferro lectricity i

materials and how they depend on the straeture of the materials are discussed in s
chapter. A brief survey has been done in this cliapter about the devices whicl, utilizes
the ferroclectric behaviour of materials. The devices which has been developed o
a commercial basis and those developed to a prototype are also discussed.  T'he
commonly used ferroelectric thin filim fabrication techniques sueh as sputtering. laser
ablation and chemical vapor deposition techniques are discussed for comparison with

{ }l(‘ H(JI—IL"('I JProcess.

Chapter 3is about the sol-gel fabrication of ferroclectric thin films of BaTiO, and
StTi05 used in the present study. the experimental techniques and the characteriza-
tion of the above films., Thin filims of BaTiO, and Sr'li0y are made usine alkoxide
and metal salt sol-gel route. Thin films of BaTiO4 are made from two different sets of
precursors and are characterized. X-ray diffraction. Scanning Electron Microscopy.
Auger Electron Spectroscopy. Fourier Transform Infrared S])(‘(‘I[‘()H('(J]I}'. and Optical

Spectroscopy are the major characterization techniques used. X-ray diffraction stud-

ies on the BaTiOy thin films made from ttanium isopropoxide and barium 2-ethyl

'Xanoate shows a tetragonal structure. which is the requirement for ferroelect ricity
1exan :

in these films. BaTiOy thin films made from titanium Isopropoxide and barium hy-

droxide dissolved in 2-methoxyethanol crystallised in the cubje form. The comparitive

study of the BaTiO, thin films made from the two sets of Precursors are discussed

in chapter 4. The ferroclectricity in the BaTiOy thin films are confirmed from {}e

P-I hysteresis measurements made on BaTiOQ4 M-1-M capacitors using Sawyer-Tower

circuit.,

The structural and microstructural evolution in Ba'liOy thin films grown {rom

titanium isopropoxide and barium 2-cthyl hexanoate and titanium ISopropoxide and

barium hvdroxide dissolved in 2-methoxvethanol are studied i chapter 1. The micio
crvstals of BaTiOy grown above 550°C" from the first sof of precursor s found 14 1y
tetragonal in nature and ()ya from the later crystallized in cubie form, I"T'IR analvsis

XV



of the above precursor systems in the thin il form are coupled with the uv visible
spectroscopy élllil]_\'.‘-\i.\ to mvestigate on the cvolution i the precursor stracture with
heat treatment of the thin films to form the imal coramic oxide thin flms. Scannine
clectron microscopic studies of these thin films are done to reveal the microstruct ure
of the final product. SETTO4 thin filins are also subjected to similar studies 1o ident iy

the general behaviour of sol-gel grown diclectric thin films.

The electrical. diclectric and ferroelectric propertios of the so-ocl deposited
Ba'lhO4 thin films are studied in chapter 5. The substrates used in this study are
stainless steelusilicon waler, platinum plate. and platinized silica. The films grown on
stainless steel show electrode barrier effect and has large dielectric dispersion. Thin
films of barium titanate made on platinum plates are very sensitive to the ambiont
humidity. The effect of humidity on the dielectric measurements are confirmed by
carrying out the measurements in both ambient and humid free conditions.  The
measurements show that the presence of moisture gives rise to large diclectric losess.
The a.c conduction mechanism in the thin films of Bali04 on platinum plates are
found to be frequency dependent and are attributed to the bound charge carriers
trapped in the intercrystalline barriers. The electron micrograph of the films show
the presence of a mixed amorphous and crystalline phases in these {ilims. A model
for the M-1-M Ba'li0O3 capacitor based on the above observations has beep proposed
and the electrical properties are in good agreement with the model, The ferroelectrie
properties of the BaTiOy thin filins are done on the samples made on

platinized

silicon wafer. The measurements were hotl done in ambient atmospheric and iy,

humid free conditions. The sample conductivity and capacitance are compensated

in the measurements using a modified Sawyer-Tower circuit. The M-1-§ capacitor
configuration based on amorphous BaTiO4 thin films are investigated in {his chapter
to identify their use in Dynamic Random Access Memory (DRAM) devices as a
substitute for conventional silicon dioxide capacitors. The large diclectric constany
of BaTiOy may make it a better chojce for such devices.

In chapter 6 the electrical and diclectric properties of sol-gel growy, SUTO; thiny

films on stainless steel and silicon waler are discussed. The M-1-M thin film capacitor

based on SrTiO4y shows little dielectric dispersion in the frequancy TANgE investigat o
. h ¢l

X Vil ~



e the work. Thev also have a very small temperature coellicient of diclectrie constant
This makes StTHOy an excellent candidate for precesion applications regardless of e
changes in the eoviromment. The electrical propertios of the sol ool srown Syl 10 thin
ilms were found to depend on the microstructure of the filnn, The filims ysed e the
present study has a crvstalline phase cinbeded in the amorphons phase as seen from
the electron micrographs. The electrical conduction in these films were explained o
the basis of the above structure. Sr1O4y thin iilms are also imvestigated in the M-1.S
configuration. The analysis showed that they can be better substitute of conventional
diclectric lavers nsed in the present memory elements,

The last chapter is used to present the major conclusions derived from the
present work. The important outcome of the above studies are critically analvsed 1o

find the relevance of the studies done during the course of this thesis work.
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Chapter 1

Sol-Gel Technique for Synthesis of
Advanced Materials

During the past two decades there has been considerable advances in the processing
of electronic materials. Ceramic materials used in the modern clectronic industry as
thin films and bulk have a controlled crystal chemistry 1o achive desired physical and
clectronic properties. However. the electronic properties of the ceramic thin filins
strongly depends on the the purity and the microstructure of these films. Therefore,
technologies that preserves purity of materials and provides room for manipulation
of microstructure have a clear edge over the others in modern material science. i

this regard sol-gel processing is considered to e very promising,

Sol-gel process is identified as one of the major material processing t(‘('hllolog\'
in recent years due to its versatility in synthesizing new materjals for a variety of

applications. Fabrication of ceramic oxide thin films by sol-gel process has beconme

an important activity in the arca of thin film technology due to its case of fabrica
ase a-

tion. better reproducibility, cost effectiveness and high purity of end products. The

structutal and physical properties of the thin films made by sol-gel process strongly

depends on the selection of starting materials, the rate of hydrolysis and condensa
-~ % Da-

tion. the chemical modification of the sol-gel system and other pProcessing paramet. s
el Fe ‘1o -‘..

In fact these parameters can be precisely controlled to tailor { e Properties of the o

gel derived materials,



1.1 Historic Background of Sol-Gel Process

l Ilf' [llill".i}lit‘Hi—HU' L‘!'| Process 'Ill\'ul\'i‘s IIH‘ |l\'(|['¢)|7\'?\.]“~ .|[||| ( :'Iltlt‘ll.\,:liun III-.'lH il]’il’\i|ll‘
followed by polvinerization 1o form metal oxide at clevated temperature. The frst
ever alkoxide was prepared [rom SICL and aleohol by Fbleman 1. who found that
the compound gelled on exposure 1o atmosphere, However these materials remained
of interest only to chemist for a century. 1t was finally recognized by Geflken [2]
i 1930 that alkoxides could be used in the preparation of oxide thin filims. The
process was developed by Schott glass company in Germany and was well understood.
as explained inan excellent review by Schroder [3].

Ceramic industry began to show interest in sol-gel process in late sixties. ('on-
trolled hydrolysis and condensation of alkoxides for preparation of multicomponent
glasses were independently developed by Levene and Thomas [1] and Dislich [5]. Thin
films and coatings represent the carliest commercial applications of sol-gel technol-
ogy. ‘Thin films generally prepared by dipping or spinnine consumes small amount of
material and prepared without cracking in a short time make it advantageous for ot
of applications. Sol-gel technique were first used to make optical coating as reviewed
by Schroder [3]. Since then many new uses and applications of ]je sol-gel films has
appeared in the area of microclectronics. applied optics and sensors, The current
application of sol-gel thin films and coatings have been studied iy detail by various
groups worldwide [6-12].

1.2 Sol-gel Process in the Fabrication of
tric Thin Films - A Survey

Ferroelec-

One of the major activity in the sol-gel processing of thin films 1s the fabricatio
St ’ ]

of ferroelectric thin films. Sol-gel process is a low temperature process which pro
Oy ‘( -

vides very good reproducibility of stoichiometry, thickness and composition for 1],
sit "

thin films. However. more rescarch is needed to evaluate the factors which affect
' Alleels
the evolution of microstruct ure during hvdrolvsis

and condensation which i turn

controls the stoichiometry and crystallinity of the filins. Anothey advantage of (1l
[ 4 ](l



sol-gel processing s that it can provide materials of composition that are diffienlt
to obtain by other methods, Chemical modification and doping are some time nee
essary to achieve special properties for special applications 3L Sol eel proces has
been used for the fabrication of varions tvpes of ferroelectric thin filne, which includes
titanates, zirconates and niobiates such as Ba 1104 . St TiO4 . P 104« PU(Ze. TNy .
(5r.Ba)Nb,Og . LINHOy . KNDO4 in the past vears. These materials are very impor
tant for apphcation in a variety of new devices and instruments [11].

The first report was on the fabrication of ferroclectric PbTiO4 by Budd etal
[l 1.15] in 1985-86. They have used a mixture of titanium methoxvethoxide and
dehvdrated lead acetate dissolved in 2-methoxy ethanol. This was then modified by
Acgerter et al.[1G] by using acetyl acetone modified titanium 1isopropoxide and lead
acetate dissolved in acetic acid. In these carlier films the diclectric constant obtained

was of the order of 25 to 30. It was found that the filim refractjve index depends on

the thermal processing conditions. Amorphous PHTiO4 thin filims of refractive index
2.35 were fabricated at 300°C' by Pyvne etal. 1 7] 1990, The refractive index of these
filins increased to 2.65 after anncaling at 150"C" . The large value of refractive index
of PhTi04 was utilised by Acgerter [16] in fabricating planer optical wave puides,
Schwartz et al. [18] has fabricated PHTiO5 thin films on GaAs substrate and studied

their electrical properties. They found that a fast heat treatment was necessary. while

anncaling. to avoid the diffusion of As in to the PHTi04 laver. which degrades theiy

clectrical properties.
Another ferroelectic material. LiINDOy is found to be very useful 1 optical mod
J ACe (-

ulators, electrooptic switches and transducers due the large value of s clectroopt;
" G ) ]('

coefficient [19]. However, some of their outstanding properties such as Curie point

and refractive index etc. are found to he very sensitive to their COmposition i
: : S1t arc

growth conditions and it is very expensive to grow the single crystals of INLO
“ ’ L 414 '5
Fhis has lead the researchers to look in to the feasibility of fabrication of thin i
: thms
of LINDO3 by sol-gel process, which is verv inexpensive an give good control
* : over

composition and stoichiometry. LiNLO+ sol has hee ade by [1;
\ I 3 i n made by Hirane ot al. [2(}]

using alkoxides of Li and Nb based on et hanol and mnethoxvet hanol These i
- . SC Nms
were crystallized at temperature as low as 1007 Polyervstalline | INBOs film
e 1. 3 S werpe



found to erow on St (100) and St (110) due to the presence ol native Si10), |{l.\'l‘l
on sithicon [21]. Heteroepitaxial erowth with preferred orientation was achieved by
adding a small amount ol water for hydrolvsis. The grain size of the LiINDO- filins
were found to depend on the heating rate [22].0 A refractive index value of abont 2 15
was obtined for these film. which was less than the single crystal value presumably
due to residual porosity in the film [23). The dileletrie constant of LiNLO. filim made
by sol-gel process was about 23 at andio [requancies and a loss factor of 0.005 was

measured at 1 Mz [2-1]

One of the most important ferroelectric thin film which has heen deeply inves-
tigated is PZT (lead zirconate titanate). PZT subtituted witl, lanthanum (PLZT)
is also very important from the application point of view. Tle first sol-gel PZT
composition PbZry.5Tig.5); was made by Fukushima etal. in 1984 [25] using lead
2-ethylhexanoate. zirconium acetyl acetonate and titanium tetrabutoxide. Pyne etal,
in 1986 [26] made PZT thin films using lead acetate and alkoxides of zirconium and
titanium in 2-methoxvethanol. They made crvstalline PZT thin fils after anncaling
at 500°C" . Quek etal. [27] reported for their PZT thin filins a cocrcive field 4 = 108
V/m and a remanent polarization of 0.36 C'/m*. Similar results were also reported

by Chen et al [28].

Sol-gel PZT thin films are extensively investigated for he fabrication of thin

films capacitors for integration with GaAs Junction field effect transitors to develop

g 1] e e - Y pee P ey 3 _".|(- [
non-volatile, programmeble random access memories [29.30]. It is found that pro-

coea] F ..'-'vx Arv . SIS ¥ : e 3 alitsr, X777 o0
cessing conditions are very important for getting good quality P77 films by sol-gel
process. 5% excess of lead and faster heating rate during annealing are necessary (o
't perovskite PZT thin films [31]. slow heati ol v :

get pero / in films [31]. A slow heating rate wag found to increase the
content of undesired, non ferroelectric pyrochlore phase in PZT material

PLZT thin films are very useful in electro optic applications l)(‘l)('n(““g on 1l
: 10
composition and processing conditions the crystal strucrure of PJ 2T will be i)
o 4d i 3 b l(\l-

rhombohedral or tetragonal [32] and the unit cells of the material will be simil
stmilar

to reversible dipoles. This reversible dipole behaviour makes them usefyl iy misk
: aking
non-volatile I-C' memories. A field applied across the film can pole the materps |
ateria

and
align the randomly oriented dipoles in one of the two possible dire

ctions, whiel, will



correspond to the binary 0 or 1 of a digital memory [19]0 Only very few reprts are
available on the fabrication of PLZT by sol-gel process [3:3.34].

Another class of ferroclectric materials with cnormonsly large value of diclect ric
constant which are gaining more interest in capacitor technology are relaxor ferro
clectrics. They have a complex perovskite structure (A1) B B2)OY. where different
cations occupy A and B sites. The relaxor behaviour is generally associated with the
dissorder in site occupation. Okawada and co-workers in 1989-9() [35.36] developed
lead magnesium niobiate (PMN) and lead iron niobiate (PEN) relaxor thin filis,
which crystallized in to perovskite phase above an anncaling temperature of 600°¢"
The phase transformation was found to depend on anncaling rate and the tvpe of
substrates.  The diclectric constant measured was about 1800. which is much less
than the bulk value of 16000. For preparing PMN they have used lead acetate and a
double alkoxide of Mg and Nb. Other compositions like Lead zine niobiate (PZN) and
Lead magnesium niobiate titanate(PMN'T) were also developed by sol-gel process,

BaTiOy is one of the widely used ferroclectric material in capacitor technol-
ogy for developing high density thin film capacitors. Thin films of Ba'li04 has not
been investigated in detail for the understanding of their structural and microstruc-
tural evolution during sol-gel process. In fact sol-gel process has bee

n used in the

recent past for making ceramic powder of BaTiOy [16]. Recently sols for making

BaTiOy thin films has been prepared by mixing a solution of Litanium Isopropoxide
diluted with isopropanol [37-39] or Titanium ethoxide [10,41)with aquous solution

of Barium acetate. Acetic acid or acetyl acctone was also added to avoid precipita-

tion[42]. Films deposited were amorphous upto 500°C and have electrical breakdown
Ims (10°V/em.) (43].

I annealing above 800°(C |
A grain size of about 0.1um was obtained i these films. The diele

strength 9 x 10° V/cm which is larger than that for crystalline fi

In these films ferroelectricity has been reported only afte

ctric constant
and loss factor measured were 20 to 90 and 2 to 3 respectively witl g broad Curje
point around 118°C! [44,45]. Tuchiya et al. [12] obtained large diclectric constant for

crackfree BaTiOy thin films deposited on platinum substrates and heat treated gy

1000°C" . The value of sat uration polarization and coercive fiel( obtained were abouyg
‘ 4 i

6) o L2, ‘ R . ,
23 4C/em® and 2.8 kV/em respectively. Recently Kamalasanay, et al. hag labricate
. n \(



Ba'liOy thiu filns using barium 2-ethvlhexanoate and ttaninm hutoxide 6] and 1
: . £ B R ‘ ; : . A
tanium sopropoxide LEef These films were highlv tansparent witl, cood diclect e
and ferroclect ri properties. The dielectric constant and the Toss facton easured fo

these filins were about 600 and 0.01 respectively ar 10 K1,

SOy thin filins are lound 1o he pood candidate [or fabricating Memory ey

pacitors due 1o their high diclect e constant values and hjel, breakdowr strenet
[18.:19]. They can clfectively replace conventional oxide materials like stlicon dioxode

and tantalum dioxide for {]e fabrication of MOS mewary elements, There gre [ew

reports on the fabrication of SrTi04 thin films by sol-gel pProcess. KoY. Chen of ).

have made SrTiO- thin filmis using hydroxide-alkoxide Precutsor system [51]. Iiey

found the filims were severely cracked aftor anncaling above 60go(* The electrical

properties of sol-gel derived SrTi04 thin films woere studied in det

ail by Kamalasanan

at al.[51]. The starting materials used iy, this study was strontinm 2-ethylhexanoat o

and titanium 1Isopropoxide.

['he lower production cost for sol-gel processig of materials combined with (e

high degree of compositional h()mog('m('l_\' make the pProcess superior over other thin

film processing technologies.

1.3 Different Stages in Sol-gel Processing of Ma-
terials

A sol is a colloidal suspension of solid particle in liquid which can be used 1o I
; ! malke

glasses and ceramics by the process of condensation apd Polymerizatio, Th |
S Zation, ¢ 50]-
gel processing of a material generally star(s with the hydrolysis of an alkoxide, A
. = ' . LIINQ)] o/ 1
alkoxide is a metalorganic compound which consists of 4 metal aton, surroun |
Halt § de

d by
a ligand. The general formula of ap alkoxide is M(OR),, where

M is the metal aton,
Roany alkyl group and v represents the valency of (e metal atom

Fhe different mechanism taking place from the hydrolysis of metal alkoxid
| | . L Al alkoxideg
to form metal oxides are mdicated iy figure 1.1. The different stages of ] loc]

~ ! 1 50)-ge

process are explained below i, detail.
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1.3.1 Hydrolysis

Metal alkoxides are poputar precursors in the sol-gel processing of materials becanse
they react readily with water, The reaction is called hydrolysis. hecause the hyvdroxyl

group will be attached 1o the metal atom as shown below :
MOR), 4+ 1,0 — HO = M(OR),_, + ROI (1.1)

The hydrolysis may go to completion under the presence of suflicient amount of water
and catalyst:

M(OR), + nll, 0 — M(OH), + nROH (1.2)

“ =

Some times the reaction may end up in partially hydrolyzed products such

as M(OR),,-.n(OH),,.

1.3.2 Condensation and Polymerization

The two partially or fully hydrolyzed products can link together in a condensation

reaction as

Oll,.y =M - OH + HO = M = (OR),_, —
(OH)uoy =M =0 =M~ (OR),_y + 1,0 (1.3)

or

OHy.y - M—-OR + HO-M - (OR)yoy —

(OM)u-y =M =0~ M - (OR),_, + ROY (1.4)

The condensation usually liberates H20 or ROH as condensation product. This type

of reaction can continue to build larger molecules by the process of polymerization
Hence condensation followed by polymerization is some times called as polyconder
sation. This polycondensation produces huge molecules by the linkage of thousands

of small units called monomers. whicl are capable of forming at least (wo bonds. T}
! s. The

number of bonds a monomer can form is callod e Uonalite ¢ -
n form is called its fun(tlondllt_\. Consider metal

atom with four ligands MR, (OH),. of which two are unreacted R (alky) groups ang
. S oall(

two reactive (OH) groups. Such a compound can polymerize iy chain or ring wit hou
: 1thou



R R R R
I I | I

HO—M—-OH + HO—M—OH —# HO—M—-O0—M-—0OH + ”20
I I | I

R R R R
hai
1lz R R
[ |
n | HO~M—0OH - HO—|M—0O| — M —OH + (n-1)H,0
| 1 (
R R n-1 R
Ring
R
|
II‘ o7 | M—o \*I‘
R R—-M7 Ilz M—R
( ) | | LU
n+4) | HO—M—OH | — o) 2
| I : + (n+4)H20
R R —M R M—R
| o\ | 7
R ",4_0
R I
2

Figure 1.2: Formation of rings and chains by a bifunctional ligand to form oligom
ers
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Figure 1.3: Formation of fractal polymers by the branching of polyfunctional
monomers with f > 2 (computer simulation).

Figure 1.4: Schematic representation of a gel structure,
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any branching. The formation of rings and chains by a bifunctional Teand is repre

sented i figure 1.2 (520 A polyfunctional unit (n > 2) can cross ik to form three

dimensional strocture, Thus fully hydrolvsed molecule of polvinnctionality: can
[

form a complex branched fractal structure as shown i ligure 1.3 D3] The extent of

branching controls the porosity of the sol-gel derived glass. monoliths and thin filims.
] F o [ L

1.3.3 Gelation

Il a monomer can form more than two bonds there is no limit on the size of the
molecule that can form. If one such molecule reaches macroscopic dimension so that
it extent through the solution. then the substance is said to be a gel. The gel point
15 thus referred as the time at which the last bond is formed. that completes the
giant molecule. Thus the gel is a substance that contains a continuous solid skeleton
enclosing a continuous liquid phase. This way a gelis interpreted as some thing that
have a continuous solid and liquid phases coexisting in colloidal dimension (1 pm ).
so that a line segment originating in a pore and running perpendicularly through the
nearest solid surface must re-emerge in another pore in less than 1 pm distance and

vice versa. The schematic representation of a gel structure is shown in figure 1.1,

[t is found that the process of gelation starts with the fractal aggregates {hat
grow in size until they begin to impinge one another. Then these clusters link together

as described by the theory of percolation applied to gelation [54 53] el near the
. ... noe: .

gel point, bonds form at random between nearly stationary clusters linl'ing th
+ Liusters, N hem

together to form a network. The gel point corresponds to the percolation threshold

when a single cluster appears that extends through out the sol.

Gelation can occur, after the sol is cast in to a mould, which will transform {
W e < {)

a gel of the shape of the mould or after casting a thin film on a substrate. (el Wi
5 e Ly reClation

can also occur by the rapid evaporation of solvent, as in (e case of film format;
S ation,

1.3.4 Aging

Bond formation do not stop at gel point. The segment of gel network cap, still
' move

close enough to allow further condensation. Morcover. there is stil sol with iy ]
. ](]

gel

I



network and these smaller polymers themselves pet attached to the maim network.
This process in which the st ructure and properties of the gel changes s called aging.
Aging involves Turther phase transformation and condensation within solid and liquid
phases. Some gels exhibit spontancous shrinkage called svneresis, as hond formation
induces contraction of the network and expulsion of liquid from 1 he pores. Shrinkage
of the gel involves deformation ol network and transport of liguid througl, pores,

which induces stress in he gel.

1.3.5 Drying

Drying by evaporation of the gel under normal condition gives rise 1o capillary pres-
sure that causes shrinkage of the network. The resulting dried gelis called a xerogel
which usually reduces in volume by a factor of 5 to 10 of the original volume. Under
super critical conditions. the solvent can be extracted without the shrinkage of the
gel network. This geves rise to what s called an acrogel, in which the solid fraction
is as low as 1% of the total volume and remaining part consist of pores.

Most of the gels are amorphous even after drying. but many crystallizes afier
heating. The dried gel of silica is generally amorphous, but the gel of titanium dioxide
crystallizes after heat treatment. For making pore free ceramics, the dried gel has
to be heated to high enough temperatures 1o cause sintering. Onee 4 gel has beer

densified, unique microstructures and properties can be achicve which are of far

better quality than ceramics made by conventional means. The mogty advantageous

feature of sol- gel process is that by controlling the hydrolysis. condensation ang

aging processes, one can tailor the microstructure of the material and hence achiove
Ce M 2V(

different desired properties.

1.4 Solution Chemistry of Metal Alkoxi
sors

de PI‘eCUr-

Iransition metal alkoxides M(OR),, especially that of the (e transition metal (5.7, )

o a 1.1
are widely used as moleculay precursors for making glasses and ceramies Metal alk
‘ . S dl a QX -
ides are in general very reactive due to highly elect ronegative

OR Broups that stabili,.

12



the metal atom(M) in its highest oxidation state and render M very susceptible to
nucleophilic attack [3(;'.57]. The lower (‘l('('fI'(Jllt‘gélli\'il_\' of transition metals cause
them to be more <'lc'<‘lr'c)philir and thus less stable towards h_\‘dm]_\'sis, condensation
and other nucleophilic reactions. Transition metals often exhibit several stable coor-
dinations and when co- ordinatively unsaturated. they are able to expand their ¢o.
ordination through nucleophilic association mechanism. For C.g.. transition metal

alkoxides dissolved in non polar solvent often form oligomers via alkoxy bridging,

OR
2M - OR — M M (1.5)
OR

In polar solvents such as alcohol, either alkoxy bridging or alcohol association cap
occur. The greater reactivity of transition meta alkoxides (TMA) requires that they
be processed with stricter control of moisture and conditions of hydrolysis in order
to prepare homogeneous gel rather than precipitates. The rapid reaction kinetic of
TMA reactions make it difficult to study their reaction mechanisms very difficult. Ip
this regard Berghund and co-workers developed the rapid mixing apparatus to study

chemical and structural changes occurring at very short time [58].

1.4.1 Mechanism of hydrolysis and Condensation

For co-ordinatively saturated metals in the absence of catalyst, hydrolysis and con-

densation both occurs by nucleophilic substitution (SN) mechanism involving ny.

cleophilic addition (SA) followed by proton transfer from the attacking molecyle o

H
%
H'—(') +M—0OR — O: = M-0OR — HO—-Mm *—.0/
Ve
\
H () H (b) (©) H

— M—OH + ROH

hydrolvsis

13



/s
M~-0 + M—OR — M~O:\~' M-OR -— M--O-M « O\
I ~—
H (a) H (b) () H (1.7)

— M--0--M + ROH

alcoxolation
H
’
M—O +M—-0OH — M—0O: “M—OH — M—0-M « .0
I \ \ (1.8)
H (a) H (b) (c) H
— M—0-M + H,0.
oxolation
When N-Z > 0, condensation occurs by olation,
r H ' ||4
’
M—OH + M «~ O\ — M—-0-M + ROH (1.9)
J R
H H
7 |
M—OH+M <=0 — M-0-M + H,0.
N
\ H (1.10)

The thermodynamics of all these reactions are governed by the strength of the enter-
ing nucleophilic, electrophilicity of the metal atom and partjal charge and stability
of the leaving group. These reactions are favoured when 6(0) < 0, 6(M) > 0 and
6(H20) or §(ROH) > 0 [56]. Calculation of charge distribution withip transition state
of a titanate dimer pertaining to either oxolation or alkoxolation, [Tig(OEt)e(OH)g]
indicates that protonation of QOEt produces a more positively charged leaving group
(6(EtOH) = +0.02) than protonation of OH(6(HOH)) = ~0.25 [56].

tion should be the favoured condensation reaction between

ordinatively saturated titanate precursors.

Another factor which affects the reaction kinetics is the extent o

foligomerizalion
(molecular complexity) of metal alkoxide. The molecular comple

X1ty depends o,
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Table 1.1: Positive partial charge §(M) for metals in various alkoxides.

ﬂ Alkoxide  6(M) [ Alkoxide (M)
Zr(OEt), +0.65 || VO(OEt); +0.46
Ti(OEt), +0.63 | W(OEt)s +0.43
Nb(OEt)s +0.53 || Si(OEt), +0.32
Ta(OEt)s +0.49

the nature of metal atom. Within a particular group it increases with atomic size
of the metal (see table 2.1). Molecular complexity also depends on the alkoxide
ligand, for e.g., Ti(OEt),4 exhibits an oligomeric structure, where as Ti(OPr)4 remains
monomeric. Structure of several titanium alkoxide oligomers are shown in figure 1.5.
It is observed that alkoxy bridges are more stable towards hydrolysis than associated
solvent molecule and in some cases terminal OR ligands. Thercfore, starting from a
particular alkoxide, the kinetics and resulting structure can be controlled by choice
of solvent [56]. Thus alkoxy-bridging allows controlled hydrolysis of alkoxide whereas
alcohol association results in rapid hydrolysis and formation of highly condensed

product.

1.4.2 Role of Catalyst

Acid or base catalyst can both influence the hydrolysis and condensation rates and
structure of condensed product. Acid serves to protonate negatively charged alkoxy

groups, enhancing reaction kinetics by producing good leaving groups

H
/7
- + o, o
M OR + H,0 M .0\ + H,0, (1.11)
R

and climinates the requirement of proton transfer within the transitjon state. Hydrol-
ysis goes to completion when sufficient water is added. Acid catalyzed condensation
results in more extended less branched polymers.

Alkaline conditions produce strong nucleophilic by the deprotonation of },

. . ydroxo lig-
and. Condensation kinetics are systematically enhanced under basjc conditions. Th
. The
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[TI(OEUd] 3 @=Ti Oe=Owypen

[Ti(OMe),],

O-Ti  @=Oupen 7 e \Mehy

[Ti(OEt),],

@-Ti Oe=Oxyen [Ti(OEt)4]J

Figure 1.5: Structure of different titanium alkoxide oligomers
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base catalyzed hydrolysis and condensation leads to more compact highly branched

svstems.

1.4.3 Chemical Modification

(hemical modification of transition metal alkoxides with alcohols. acids, bases or
chelating agents are commonly employed to retard the hydrolysis and condensation
reaction rates in order to control the condensation pathway of evolving polymers
[56,59].

In most cases the modification occurs by an SN reaction between a nucleophilic

reagent (XOH) and metal alkoxide to produce a new molecular precursor (60].

XOH + M(OR), — M(OR),—x — (OX), + xROH (1.12)

<

The hydrolysis and condensation of modified precursor depends on the stability of the
modifying ligands. Generally less electroncgative ligands are removed during hydroly-
sis, where as more clectronegative ligands will be removed slowly during condensation
[56). In substituted precursors, stable modifying ligands cause the effective function-
ality towards condensation to be reduced, resulting in less condensed products and

promoting gelation.

Alcohol exchange reaction readily occurs with metal alkoxide precursors as

M(OR), + xR'OH — M(OR),_,(OR’) + ROH (1.13)

This makes alcohol exchange to be a common method of alkoxide synthesis [61].

Ti(OPr)4 is monomeric and the Ti atom exhibits a coordination number, N=4.
The addition of glacial acetic acid causes an exothermic reaction and X-ray ab-
sorption near edge spectroscopy (XANES) experiments indicate that N increases
to 6 [62]. During hydrolysis, '"H and '3C NMR and IR spectroscopy indicate that
OPr groups are preferentially hydrolyzed [63], where as the bridging acetate ligands
remain bonded to titanium during condensation process. Since they are not hydrol-
ysed, the bridging acetate ligands effectively alter the condensation pathway,

there
by promoting the formation of linear polymers composed of cdge shared octahedra
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An equimolar mixture of acetyl acetone (acac) and Ti(OPr)4 results in an exothermic
reaction and a clear yellow solution is obtained, showing a complexation by the
bonding of acac to titanium. Addition of acac increases the coordination number of
titanium from 4 to 5. There is no Ti-Ti correlation. A 1:1 molar ratio of Ti(OPr)4

and acac results in the following complex.

H H H
H
Cl\‘l //C\CP}CH

| [
(o)

N\ /
TI(OPr'), + acac = Pr' - 0 -1~ o - py!4 PrioH (1.15)
| . :
oPr!

A 2:1 molar ratio of Ti(OPr) and acac results in an octahedrally coordinated dichelated

precursor. H H H
HCQ //C\ yCH
Cc Cc
| i
0\ ./O
THOPrY) 4 + 2acac = Pr'o-Ti-0 - Pri+ 2pfloy,
7 N\
o) 0
f |
/c\ 4c\
HCH C HCH
H H H (1.16)
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The addition of water 1o Ti(OPr)qacac precursor causes OPr higands to be preferen

tiallv hydrolvzed [64].

1.5 Sol-Gel Processing Applied to Thin Film Tech-
nology

One of the most technologically important aspect of sol-gel processing is that prior to
galation. the sol is ideal for preparing thin films by spinning or dipping. Compared

to other conventional methods such as evaporation. sputtering or C'VD. the sol-

gel process for thin filin fabrication requires very less cquipment and it is very cost
cffective. The most important advantage of sol-gel technology in thin film fabrication
Is invariably its ability to control precisely the microstructure of {he deposited film

1.c.. pore volume, pore size, surface area. and grain size.
The structure of inorganic precursor influences the structure of the deposited

film. The structure of the inorganic precursor can affect the relative rate of hvdrolvsis

and condensation and the structure of gel. The film microstructure depends upon

the size and extend of branching of the solution species prior to the film deposition

Control on these parameters helps to tailor the film porosity. During deposition

(spinning or dipping) the sol undergoes vigorous evaporation and condensation, The

solution concentration increases to 20 to 30 times the initial concentration and e

viscosity increases drastically. The gelation in this case is said to be occurred w

the condensing network is sufficiently stiff to withstand the flow

hen

due to gravity or

fly off due to centrifugal force while dipping or spinning. Further. evaporation may
% ’ C

collapse the film or generate porosity with in the film.

Although the physical and chemical factors that govern the polymerization and

;"( IE” 1011 are « S55¢ Il[;](l]]& Salll¢ [‘()[ “lll!‘! as th(l[ ()f )llli\ g‘(l'~ 5C V¢ I‘al i‘t( 1()[‘ ) (l] 5t i“gll]"\l
5 Y SH
] Cl1 ' 29 h ol 'S

Evaporation tries
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to compact the structure and condensation 1ries to stiffen the structure, therehy
créating resistance 1o compaction.  In bulk svstem gelation and drving stapes are
normally separated. (2) In the case of thin lilms. aggregation. pelation and drying
occurs in seconds 1o minutes during dipping or spinning.  The short duration of
deposition and drying stages causes the film to experience considerably less aging

(cross- linking) than bulk gels. This results in more compact dried structure.

1.6 Effect of Branching and Condensation Rate on
Film Structure

During deposition and drying different polymeric species or particles rapidly concen-
trate on the surface of the substrate. The effective packing of these species on the
surface of the substrate and hence the volume fraction of (e solid phase depends on
the extend of branching or aggregation of the solution species and the condensat on
rate.

In weakly branched system (lower condensation), due to limited condensation

during film formation. it allows the precursor to inter-penetrate i response 1o the

decreasing solvent concentration promoting dense packing and Jow pore volume,
In highly branched system, i.c. aged sols. the deposited filims normally have higher

porosity. Aging leads to more cross linking in the network leading to a sgifr structure

which inhibits the collapse of the polymer network and thepe by resulting in porous

structure.

The porosity of the sol-gel films again depends on the relative rateg of conder-

sation and evaporation. Slower rate of condensation, coupled with faster evaporatio
S LE C 1

leads to compact structures. The condensation rage can be controlle by adjusti
d by adjusting

the pH of the sol, while the évaporation rate can be controlled |y adjusting (he partial
) JUust a

pressure of the solvent in the coating ambient.

The control of botl precursor structure and deposition conditions results iy
precise tailoring of the filn, microstructure and properties such as porosiyy pore size
surface area. grain size and refractive index. These tatlored Properties have lw("n‘
exploited in numerous applications of sol-gel derived hin films, ceramies and glasses
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1.7 Application of Sol-gel Processed Thin filis

Various applications of sol-gel process derive from the varions products obtained
directly from gel state (monoliths. films. fibers. monosized powders for ceramic pro-
cessing) combined with compositional and microstructural control and low processing
temperatures. The reproducibility and purity makes sol-gel process. most important
in materials processing. Low processing temperature which results from microstrue-
tural control expands the glass forming region by avoiding crvstallization or phase
separation. making new materials available to technologist in exploring new frontiers

in material science.

Thin films and coatings represents the earliest commercial application of sol-
gel technology [65]. The early applications of sol-gel films were in optical coatings as
reviewed by Schroeder [54]. Since then many applications have appeared in electronic.

protective. membrane and sensor applications.

Optical coatings alter the reflectance. transmission. or absorption of the sub-
strate. TiO,/Pd coated architectural glass is the best example of the current state
of art [66]. TiO, controls the reflectivity and Pd content controls the absorption.
In this manner buildings appcar outwardly uniformly reflective, while light trans-
mission is controlled in accordance with sun exposure to minimize summer cooling
costs. Another most important optical oxide coating is the Si0,-TiQ, binary system
of alternate layers of Si0, and TiO,, whose refractive index can very from 2.2 to 1.4
By controlling the porosity of the film one can reduce the refractive index of SiQ,
thin films down to 1.2 [67). The absorption of these films can be modified by incor-
porating transition metals to produce coloured coalings on various substrates [68,69].
In addition to reflective coatings, oxide coatings on glass and silicon substrates have
been used extensively as anti reflective coatings (AR) in solar cel] fabrications
improve efficiency. They are also been used as laser damage resistant coatings for
laser optics [70).

Different electronic thin filins fabricated using sol-gel technology includes high
temperature super conductors [71,72], tin oxide and vanadium pentoxide [73.74] as

transparent conducting thin films, ferroelectric thin films of barium and lead
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tanates. PZ'T [7T5-78] ete. Sol-pel process pives precisely controlled stoichiomet py

combined with well crystallized crackfree microstructures and hiel, PUrity,

Protective film coatings are another major ficld of application of sol eel pro
cess [79-82]. Protective coatings impart corrosion and abrasion resistance, promot e
adhesion. inerease strength or provide passivation or planarization.
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Chapter 2

Ferroelectric Materials and Theijr
Applications - A Review

2.1 Ferroelectricity and related materials

Ferroclectric state of material is characterized by the existence of a spontancous
polarization, which can be reversed by the application of an external electric field.
The ferroelectric materials possess a non linear relation between the polarization
and applied electric field giving rise to a hysteretic behaviour[1]. In simple terms a
ferroclectric material can be switched between two stable states of polarization with

same magnitude but opposite direction.

A typical ferroelectric hysteresis loop between applied field and electric polar-

ization is shown in the figure 2.1. +P, and —P. represent the remanent polarizatior

and P; the saturation polarization. L. is the coercive field, the opposite electric

field required to bring the polarization to zero. Ferroelectric materials are generally

characterized by a transition temperature at which the material changes from a non

centrosymmetric polar state of lower symmetry to higher order nop polar symmetric

state[2,3]. A permanent polarization in the low lemperature phase of the ferroelectric

represents a modification of lattice compared to the more symmetric high tempera-

ture form of the material. Cochran[4] and Anderson[5] in 1959 introduced the concept
that the ferroelectricity result from the instability of one of the normal lattice vibra-

tional modes. The characteristic frequency of the so called soft mode, referring 1o (he

unstable lattice vibration, decreases on decreasing the temperature 1o the transitio
1€ sition
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Figure 2.1: Typical ferroelectric hysteresis loo
ization.

p of Applied electric field versus polar-

Figure 2.2: The perovskite crystal structure of BaTiOQ, .
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temperature, T, - and restoring force tending 1o restore the displaced atoms 1o their
normal position approaches zero. The soft mode then freezes and the atons become
permanently displaced. resulting in the ferroelectric state.

The origin of ferroelectricity lies in the interaction between e local polarization
and macroscopic electric field I, of the diclectric. The dipole moment induced in the

material due to the local field can be written as
p = ol (2.1)

Considering all the polarizable entity are of same type and have a number density

N'. then the total polarization is given as
P = Np = Na I (2.2)

The local electric field experienced by the dipole by the application of an external
ficld I will be represented as
[)
£, = + 7{‘ (2.3)

Where ¢, is the permitivity of free space. Solving 1q.2.2 and Fq.2.3 leads to the

result

Na
T 1= (1/3¢,)]Nex

The orientational polarization typically increases as 1/7" as the temperature decreases

L (2.1)

leading eventually to an enormous value of polarization at a particular temperature,
implying spontaneous polarization. Here the local field produced by the dipole has
a sufficiently strong effect on the neighboring dipoles that ajj the dipoles prefer to
orient in the same direction, even in the absence of ap external field. This crit;-
cal temperature is the Curie temperature or the transition temperature, T

c of the
ferroelectric and the dielectric susceptibility takes the form

(‘v
T-T. (2.5)

X = ¢ — 1 =

where (7 is a constant called Curie constant.
Ierroclectrics are utique among the family of materials as they possess individuall
. DDA ’ atly

and collectively, a large number of physical properties such as piezoclect rie Py
‘ ) A l'()‘

clectric and clectro-optic effect. These properties are especially useful sinee they
. h ) ‘.." aI(\
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Table 2.1: Different types of ferroclectric crystals

Type Material LK) [Py esu/em?

KDD KII,P0, 123 16.000

TGS Triglycine sulphate | 322 8.400
Perovskite BaTiO, 393 78.000

highly sensitive to external stimuli, and hence. useful for device applications in bulk

and thin film form.

Discovered by Valesck in 1920 in Rochelle salt. ferroclectricity underwent sig-
nificant development with the discovery of new materials such as single crvstal and
ceramic barium titanate [6]. In 1954, the ferroelectric lead zirconate titanate ceramic
compositions were developed [6] and a fow years later complex compositions called

relaxor ferroelectric with enormously high diclectric constant were found [7].

Table 2.1 shows some different types of ferroelectric materials and their transi-

tion temperatures and saturation polarization £, .

2.2 Structural aspects of the ferroelectric phase
transition

Ferroelectric phase transition can either be displacive or order-disorder type. If the

ferroelectric phase is realized by minute displacement of atoms or molecyles in the

paraelectric phase, then such transition is said to be displacjve. In order-disorder

SrTiOsz , PbTiO3 and PZT are of displacive type having a crystal structure identjca]

kite. Above Curie
temperature their unit cell is cubic with the ions arranged as in figure 2.9

with mineral perovskite (CdTi03) and is so referred to as a perovs

Below

Curie temperature the structure is slightly distorted to tetragonal form with a dipole

moment along the c-axis.

In the case of barium titanate [8] the Curie temperature i 120°C" . Other trans-

formations occur at temperatures close to 0°C' and -80°C’ ; below 0°C the unijy cell is
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Figure 2.3: Projection of spontaneaous polarization BaTiO; onto one edge of the
unit cell as a function of temperature.

Figure 2.4: Approximate ionjec displacements in the cubijc tetragonal distortiop in

BaTiO;; .
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. . . MyrfV e g
orthorhombic with polar axis parallel to the face diagonal and below -80"C it is rhom
bohedral with polar axis along the body diagonal. The transformation are Hlustrated

in figure 2.3,

The displacement of jons in the crystal structure of Ba'li0, accompanying
the cubic-tetragonal phase transition can give insight as 10 how (he spontancous
polarization might be coupled from unit cell to unit cell. X-ray diffraction studies
[9] have established that in the tetragonal forin, taking the four central oxygen ions
in the cubic phase as origin the other ions are shifted slightly as shown in figure 2.1,
[t is evident that, if the central Ti** jons is closer to one of the 0?7 jon marked as
A it will be energetically favourable for the Ti%™* jon on the opposite side of A to be
located more distantly from that O?" jons, thus inducing a similar displacement of
all Ti** ions in a particular column in same direction. Coupling between neighboring

columns occur in BaTiOg so that all 02~ jons are displaced in the same direction.

In tetragonal BaTiO, the energy of Ti't ions in terms of jts position along c-
axis can be represented by a double potential well as in figure 2.5. Ap applied field in
opposite direction to the polarization may enable. Ti** ions to passover the encrgy
barrier between two states and so reverse the direction of polarity at that point.
This effects in the reduction of energy barrier for neighbouring ions and the entire
region affected by the field will eventually switch to the new direction. An immedijate
consequence of spontaneous polarization in a body is the appearance of ap apparent
surface charge density and an accompanying depolarizing field Ep as shown iy figure
2.6(a). The energy associated with the polarization in depolarizing field is minimizeq

by twinning, a process in which the crystal is divided into may oppositely polarized

region as shown in figure 2.6(b). These regions are called domains and the whole

configuration shown comprises 180° domains. Thus the surface wil] develop in to 5

mosaic of areas carrying apparent charges of opposite sign, resulting in a reduction in

Ep and in energy. This multidomain state can be transformed into a single domaiy,

by applying an electric field parallel to one of the polar direction, The domain wit},

their dipole moment in the direction of the field grow at the expense of those aligned

oppositely until only a single domain remains.

The presence of mechanical stress in the crystal results in the development of
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Figure 2.5: Variation of potential energy of Ti* jon along the c-axis.
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Figure 2.6: (a) Surface charge associated with spontaneous polarization (b) Forma-
tion of 180° domains to minimize electrostatic energy.
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N domains configured so as 1o minimize the strain. These tvpe ol domain usually
present in ceramics where g transition from paraclectric 1o [erroclectrie phase will
lead 1o a large mechanical stress leading to the development of 9g¢ domains, A
polverystalline coramie that has not heen subjected (o an clectric field behaves as
a non polar material ever through the crvstal comprising it are polar. One of the
valuable feature of (he ferroclectric behaviour is that ferroclectric ceramies can be
transformed in (o polar material by applying a static ficld. This process is called
poling.

The random direction of the crystallographic axes of (he crystallites of a coramie
limit the extend to whicl the spontancous polarization can e developed. It has
been calculated that the fraction of spontaneous polarization of (}e single crysial
polarization value that can be attainable in a ceramic are 0.83. (.9] and 0.87 for
perovskite with tetragonal, orthorhombic or rhombohedral structure respectively, I,
tetragonal BaTiOy ceramic the saturation polarization is abouyt half the single crystal
value. The valye attainable is limited by the inhibition of 9g° swil(’hing by internal

strain although 180¢ switching can be almost complete,

2.3 Symmetry and ferroelectric phase transition

In general FE phase transition can be classified as continuous ayp discontinyoys

phase transitions. In case of continuous phase transition, the SPontaneous polariza.

tion varies continuously with temperature and tends to zero at the transition tem-

the spontaneous polarization at the transition temperature, Normally the continyoys

phase transition are of the second order while the discontinuoys ones are of the fips

order. In the case of a continuous phase transition the Symmetry groups of Ffo phase

18 2 sub group of one in the paraelectric phase. For discontinyoys phase transition

no such simple relations hold between the Symmetry of the twe phases
A FE crystal can be considered as a slight modificatiop of a certaiy non 'L idey)
4 ¢

crystal which is referred as prototype. Accordingly, (]e Prototype wil] 1 higher

in the crystallographic Symmetry than the R crystal. Thus knowmg the SYMimetry,

36




of a prototype ervstal and a given direction of spontancous polarization. the possible

svinmetry group of the ferroclectric phase can be determined [9].

2.3.1 Landau theory of the phase transition in ferroelectrics

On thermodynamical consideration. (he behaviour of a ferroelect rie cryvstal can be
obtained from the expansion of energy as a function of the polarization 7. The
Landau free energy in one dimension can be expressed as :

| : | 1 .
FIPT) = Sal* 4 2art 4 o 4 (2.6)
/ )

The co-efficient a . 3 . 4 are in general function of temperature. The expression do
not contain the odd powers of P because the free cnergy of the crystal will not change
by the polarization reversal (P to —P) This phenomenological formula can be applied
for all the temperature range through paralectric and ferroelectrie state.
Then the equilibrium polarization in an clectric field £ satisfies.
ar

55 = = ol 4+ 3% 4 1 PP (:

8%
-1

To obtain the FE state, the co-efficient of the terms in 12 must be negative, in which

the polarization state is stable, while in a paraclectric state it must be +ve

passing
through zero at some temperature (Curie- Weiss temperature):
Q _ ('I‘ _ II‘O)
(€0.C") (2.8)

where (7 is taken as a positive constant and 7, is equal to or lower than the actual

-, Al . r . -
transition temperature T, (Curie temperature). The variation of « with temperature

is explained microscopically by thermal expansion and othe

lattice interactions.

r eflects of anharmonic

2.3.2 Second order Phase transition

When /7 is positive, 7 18 often neglected hecause nothing special is added by (his

term. Using [q.(7) polarization for zero field is obtained by ('onsi(]('ring cither . = ()
8
or I, ¢ = (71, - )¢, ¢
-1,

- 3P =0
oo T

(2.9)
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For I - I, . the unique solution 2, = 0is obtained. For 1 < T, the minimum of

the Landan free cenergy is obtained as

Poo= (1. = T)/(3. C) (2.10)

The phase transition occurs at T. =7, and polarization goes contimously to zero
at this temperature. this is called the second order phase transition.
Relative permittivity ¢, is calculated as:

| Co

—_— = —_— = . »?2 )
PIEY (o + 331 ) (2.11)

.
Then.

Cr

CHT -T,) (1" > 7,)
{(7/[2 T, —T) (T, < T) (2.12)
Figure 2.7 shows the variation of P and ¢, with temperature for second order phase
transition. It i1s notable that the permittivity becomes infinite at the transition
temperature. ‘Trigylcine sulphate is an example of FE crystal possessing second order

phase transition.

2.3.3 First order phase transition

When 3 is negative in cquation 2.6. and v is taken positive, the transition becomes

first order. The equilibrium condition for E =  is obtained by conside

'ring cither
(T - T,

P, =0 > 3 5
or 6o(,[+ﬁp+'yl)_0

Then,

T - T,
(=6 + \/62 e )]/(2‘7) (2.13)

The transition temperature T. is obtained from the condition that the free ¢

nergies
of the paraelectric and FF phases are equal: i.c., FF = 0, or:
(7" - T, 1 ]
) e 2 _ 4 -
Gy + 2[P< + 37Ps O (2]1)
Therefore.
3
Te =T, 3, O .
( + ](( /%) (2.15)
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which indicates that the curje temperature T, s higher than curie Wiess temperature
by factor (%(,)’2(‘, /). and the discrete Jump of the P appear at I Also. the
permittivity exhibits a finite maximum at I, for a first order phase transition. The
classical example for the first order phase transition in FE is BaTiOy . Figure 2.8

represent the variation of 12, and ¢ with temperature for a first order phase transition.

2.4 Ferroelectric Thin Films for High Tech Appli-
cations

The present day quest towards miniaturization and integration of discrete clectronic
components had led to the development of thin film materials for a wide variety
of applications. Among these, ferroclectric thin film are gaining more Importance
because of their versatile qualitics for important application such as non-volatile
radiation hard random access memories, high K capacitors, actuators. SAW (surface
acoustic wave) devices, ac TFEL (thin film clectroluminescent displays). and electro-
optic devices [10-17].

Some of the most important ferroelectric thin film materials, theiy application
and underlying phenomena useful iy developing new devices are given in table (2.3).
Many of the above mentioned devices based on FE thin film are under de

veloping

stage. These devices, which are of most recent interest and have beer, developed 1o

a prototype state are summarized below.

2.4.1 Ferroelectric non-volatile memories

but found less adequate due to (1) requirement of high Operating voltage, (2) Fatiguo

and (3) a memory set problem. With the advent of integrated silicor technology ap

development of FE thip films, it has been overcome most, of (e problems whiel, ar
s o

there with bulk materials. This was accomplished by fabricating the FE memeory

clement as a thin film af cach memory site (2x2 fm ) and S“P“Fiml)osing it
: - n

top of the Si CMOS circuitry.  With the development. of planar MOg transisto
. sistor

technology for the switching transistors utilizing the P2 material at ea, mem
» ()l..\-
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Perovskites
(Titanates)

SrTiQ,

PbTiO,

Ph(Zr.Ti)0,

(Pb.La)(Zr,Ti)0,

(Niobates)
Pb(ng/s,sz/s)Oa

LiNbQ,
LiTaQ,

KNbO,

BaTiO, . (Ba.Sr)Ti0, ,

Diclectrje
Pyroclect ric,

PTCR

Pyroclectric.
Piezoelectric

Dielectric¢
Pyroclect rie

Piezoelectric.
Electroopti(‘

Pyroclectric
Electrooptic

Dielectric
Electrooptic

Piezoelectric
Electrooptic

Electroopti c

K(Ta.Nb)Og Pyroelectric Pyrodetector
Electrooptic Waveguide

11

Table 2.2: Some ferroclect e materials. thejr applications ayq basic pPhenomeny utg-
lized.

Capacitor, Sensor
Phase shifier
I’yrodctcctor, Thermistop

Pyrodetecior
Acoustjc transducer

Nonvolatjle memory
Pyrodetector
SAW substrateg

Pyrodetector
Waveguide, optical mermory
display, SHQ

Ca.pa.citor, Memory
Waveguide

Pyrodetector, Waveguide
optical modulator, SAW, SHG

Waveguide, frequency doubler
holographjc storage
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sites are realized. The operating voltages were reduced from several 100\ 1o AN
by reducing the thickness of the FE film from 0.1 mim for polished bulk wafers 1o
0.1-1 g for thin films. The fatigue was reduced in the thin film compared to the
bulk by virtue of a reduction in the prezoclectrically induced switching strain/stress

resulting from the smaller size of the memory clement.

An illustration of the FE random access memory (FERAM) cell cross section
and a schematic diagram of the electrical circuit are given in figure 2.9. As seen
from the schematic, the film serves as a memory switching capacitor in series with
a transistor where source is connected to the bit line, the gate to the word line and
the drain to the pulsed 5 V common. The polarization of the FE filin switches to
the opposite polarity when the transistor in turned on by the appropriate voltage
on the gate. In order to interrogate the memory, it is pulsed and monitored for a
given current/time wave form envelop. which is indicative of its polarization. Since
the polarization state is directly readout (DRO). that state must be read back in to

the cell again in order to preserve the original memory state.

An alternate memory scheme, whereby the FE film is placed in the gate area
of the transistor is under development and has shown promising results. They are
called FEMFET (FE memory field effect transistor). Its advantage is that it does not
destructively readout the memory when it is interrogated. Hence they are referred

to as non destructive type readout (NDRO) device [18].

In another memory device, a conventional DRAM, the capacitor consists of a
diffuse phase, non memory FE film which replaced the present day Si0, capacitor
with the exception that the FE films possess much higher dielectric constant and thus
occupies much less area than SiO, (19]. This technology may be used in the future
for multi megabit DRAM memories. The realization towards the above device is in

progress.

All of the above devices have definite advantage for being both used a FI
material and a thin film. These advantages include (1) no power required for memory

(2) memory is permanent (3) fast switching at less than 10 ns (4) low operating

voltage (5 V), (5) processing is compatible with silicon technology. (6) high dielectrie

constant from 200 to 2000 (7) high value of remanent polarization. 20-30 4 /em? | for
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case ol memory stage detection, (8) good dielect rie breakdown strengtly 30 OO N/
() wide temperatnre range of operation from -35 (o +125°C and (10) radiation hap
characteristic. Some disadvantases of {]ese devices are (1) temperature sensitjve

properties, (2) switching fatigue limited 1o 10° read/write evele efc.

2.4.2 Integrated optic total internal reflection switch (TIR)

Thin film of PLZT and lithium niobate ape excellent candidates for integrated optic
cireuits [16.17]. Figure 2.10 Hlustrates the typical configuration of 4 PLZT thin film
TIR switch [20]. Optical wave guiding is confined to {he stepped channel (500A high)
which is ion milled in to the PLZT film. Laser light Imput at port No.l proceeds to
port No.3 when no voltage s applied to the surface electrode but is switched (o port
No.1 witl) voltage applied. Speed of operation of thin device is i GHz with optical

loss of 6dB/cm at wavelength of 1.06 microns.

2.4.3  Pyroelectric Infrared detector (IR optical FET)

The large value of pyroelectric coefficient for PbTi0Q, and PZT materials makes then
very useful in IR imaging and detecting applications. The basic structyre of a [R-

OPFET (Infra Red-Optical Field Effect 'I’ransist.or) s similar (o that of a metal

ferroelectric semiconductor FET structure having an IR absorbing gate electrode.

This works on the principle that the IR absorbing gate electrode, which is sensitive
to the infrared light, undergoes a polarization change induced by PYroclectric effect

and thus modifies the drajy current. The structure of ap IR-OPFET j4 Hlustrated iy,
figure 2.11 [21]

2.4.4 Erasable/ReWritable Optical Disc

) rrrm . . 5 5 .
PLZT thin films have shown their potential for application ag optical informatjoy,

storage media, such as an erasable/rewritable optical disc. The large ff)ngiludinal

r*h‘('t,ro—opt‘.ic effect and high photosensitivity makes them very usefyl i, df‘\-’(*]oping

this device, Dye to the smaller grain size of these film. a storage bit gj,e of the ordey
ol I ym may be feasible with this material. In this deviee Optical informatioy, storag
v e (&
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is achieved by applying a biasing field 1o induce a metastable ferroelect e phase. in
antiferroclectric material like PLZT. The thin film is then exposed to write heam to
store digital data in the desired areas. he Hluminated regions undergoes a transition
from PE to AFE plase, while the dark areas remain in the FIS phase even after the
removal of biasing field. Binary information is therefore stored in the metastable IF1°
and stable AFE phase, and this stored information is nonvolatile . In other words
the optical information is stored on as sequence of bits. whose phase is either AF]L
(digital 1) or FE (digital 0). To selectively erase optical information. the polarity of
the de voltage is reversed and the AFE bit 1o be erased are exposed to the write laser
light. Thus new data can be recorded in the same areas. Figure 2.12 represents the

schematic diagram of an craseble/rewritable optical disc.

2.5 Desired features of ferroelectric thin films for
electronic applications

The most important characteristic of a ferroclectric material for their efficient use
in device fabrication is its spontanecous polarization behaviour and the ability of
polarization reversal leading to bistability. There are many other parameters. whicl

are to be considered while selecting them for technological applications.

2.5.1 Dielectric breakdown

The electric field at which the dielectric breaks down Ep, is an Important parameter

in the characterization of ferroelectric DRAM capacitors. The operating field across

the capacitor must be designed to be less than the breakdown field if the capacitor

is to be operated reliably. Limited data regarding this parameter indicates that ip

sputtered BaTiOs thin films the breakdown field decreases as the crystallinity of the
film increases [22]. In polycrystalline films. the breakdown field is much smaller than

that in the amorphous film. This seem to indicate that the breakdown field will

decrease as the film thicknesses decreases hecause there are fewer grain boundaries
« h

and thus there are grater crystallinity (unless the filim is amorphous).

On the other hand, some studies on ceramic samples indicate {ha thermal
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mechanism contribute (o the diclectric breakdown. and that thinner samples exhibits
larger breakdown fields because there is loss imternal heating to contribute to break.
down [23.24]. Thin 100-600 1nm KNO; film have also exhibited a breakdown field

that increases with decreasing film thickness [25).

2.5.2 Leakage Current

One of the most important parameter to bhe considered during the material selection
for DRAM capacitor cell is the leakage current of the diclectric material. If the leakage
in the thin film is large, the stored charge will be lost from the storage capacitor over
a period of time. This means the content of the memory cell will vanish with time
and the cell has to be refreshed periodically to avoid this. From the available data for
sputtered BaTiO3 thin films, it is observed that the leakage current decreases as the
crystallinity of the film decreases [22]. In amorphous BaTiOy thin films, the leakage
current is atleast two orders of magnitudes less than in polycrystalline films. This
15 hold true for other ferroelectric materials also. Low leakage current thus prefers
amorphous films but at the same time due to smaller value of dielectric constant of

amorphous films, the charge storage density will be considerably reduced.

2.6 Reliability of Time Dependent Physical Prop-
erties

Similar to any other capacitor dielectric, there are many physical properties of a

ferroelectric material that change with time like dielectric constant, remanent and

saturation polarizations, coercive field, shape of hysteresis loop,

field, loss tangent and leakage current,.

dielectric breakdown
These time dependent mechanism that cap
affect the physical properties of ferroelectric materials are aging, fatigue

dependent dielectric breakdown.

and time

2.6.1 Aging

In an aged ferroelectric. the remanent polarization [26-28], coercive field [26-30]. and

loss tangent [31-33] are usually reduced. In some materials the saturation polarizat ion
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ix found to remain constant in time 28], The aging generally ocenrs in the ferroclect ric
phase [34] of the material. There are two dominant theories regarding the aging
phenomena. They are based on (1) domain relaxation and (2) the development of
space charge field. Both mechanism can clamp the domain of an aged sample so
that the domain donot move and grow as they doin fresh samples [33]. This reduce
their ability to contribute to the macroscopic polarization. T'he reorientation and
clampings of the domain walls are due to lattice strain at {he domain walls and
grain boundaries [35]. Over time these strains are relieved through reorientation of
domains [12.20,36-39]. The materials with larger internal strain age faster than those
with smaller internal strains. As these samples are aged internal strain was found to
be reduced [35]. Materials with smaller grains age very slowly because there is less

room with in a grain to accommodate domain splitting and reorientation [10,41].

Second aging mechanism occurs due to the movement and pinning of charges
at either the domain walls [42.43], grain boundaries or dielectric electrode interfaces.
This mechanism has been found to have a larger effect in samples with smaller grain
size [44,45). In ferroelectric phase with zero external bias, this charge. which could
be due to dopants, other impurities or vacancies aligns itself with the remanent
polarization and creates an internal clectric field in the direction opposite to the

electric field associated with P, .

When an external field is applied to reverse the polarization, the space charge

field opposes the applied field. This effectively increase the magnitude of {he applied

field E, required to induce polarization reversal. Once the polarization is reversed
and the applied field is removed, the space charge field causes the part of remenant

polarization to switch back to its original direction. This effect is called retentjon

failure and this may effect in the reduction of P, . Another effect of space charge

is that it can prevent the domain from growing, which is required for polarization

reversal thereby reducing the maximum polarization

If the material is i : ' 0. ne : -
he material is in paraelectric phase, aging due to reorientation of dormaing

should not be an issue, but if the material is under a constant de biag as in DRAMs

then free charges drift to (e grain boundaries and setup an jnte
field.

rnal space charge



2.6.2 Fatigue

Fatigue occurs when the polarization in continuously reversed. The material response
to fatiguce is similar to the aging response. The remenant and maximum polarization
may decreases and coercive field may increase (31.46.47] or decrease [17.48]. the hys-
teresis loop loses its squareness [18.49] and microcracks often appears in the material
[46.48,50]. If the polarization is never reversed. fatigue never occurs or is reduced to

an insignificant level.

The mechanism behind fatigue is not well understood as that of aging and are
not appreciably treated in the literature. Internal strain may be a fundamental cause
for the change in the electrical properties. During polarization reversal there is an
even grater strain within a sample because of the continuous structural change. Some
of the strain is relieved through orientation and twinning of domains, and large strain
may be relicved by spontaneous microcracking [48]. These microcracks can cause
a permanent change in electrical parameters and might well produce catastrophic
failure of the dielectric. As the grain size decreases or as the cell distortion decreases

due to compositional variations, the microcracking has been found to reduce [51-53)].

2.6.3 Time dependent Dielectric breakdown

Under a sufficient electrical stress, the dielectric material will breakdown over a time
period. This property is the characteristic of intrinsic material, the procedyres and

quality of processing and the nature of electrode material [54-56]. Only very few

information are available in this regard on ferroelectric materials.

2.7 Advances in processing of Ferroelectric Thin
Films

Ferroelectric thin film synthesis is becoming an important field of activity due o jtg

wide range of applications. The availability of new synthesis techniques [2] such as

sol-gel , laser deposition, and metal organic chemical vapour deposition techniques

(MOCVD) are stimulating new research and the knowledge obtained in {}e past years
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Table 2.3: History of FE thin film f

portant features

abrication techniques, their comparison and im-

[

50

Technique(Period) | Cost | Wet/Dry Rate TPRC Problems
nm/min | Substrate | Anneal
ARE (1990—) | High Dry — e - _
Laser (1985—) | High Dry 5-100 RT-700 [ 500-700 | Debris
Uniformity
MOD (1982—) | Low Wet 300/C RT 500-800 | High T,
Sol-Gel (1982—) | Low Wet 100/C RT 500-800 | Multiple
coating
MOCVD (1980—) | High Dry 5-100 400-800 600 High T,
Magnetron (1975—) | High Dry 5-30 RT-700 | 500-700 Target
sputtering surface
lon beam (1975—) | High Dry 2-10 RT-700 500-700 Uniformity
sputtering
RF-sputtering (1972—) | High Dry 0.5-5 RT-700 500-700 Negative jons
Thermal (1956'—r) High Dry 10-100 [ RT-700 500-700 | Rate contro)
evaporation
Electron beam (1965:—)) High Dry 10-100 | RT-700 500-700 | Rate contro)
evaporation
‘_'—‘—‘——‘_‘——-—___'——_.
__—-—b_\\‘\__




on the growth conditions suggest promising future.

The first synthesis of micron thick films were realized by flash evaporation of
Ba'TiOy in 1955 [57]. Since then numerous materials and techniques have bheen devel-
oped [2.3]. Film deposition techniques which are numerous influence the composition
and the microstructures of the film. The thin film deposition techniques can be
genarally divided into dry process and wet process. Dry process include evaporation.
sputtering. Laser techniques and CVD. They usually require hot substrates. They
are relatively slow and expensive but allows grater ease of epitaxial film growth and
are used widely. On the other hand wet process include metal organic decomposi-
tion (MOD), sol-gel etc. use unheated substrates. They are fast and Inexpensive
since they allow the preparation of 100-300 nm thick film per coating with good
stoichiometry [58]. The history of ferroelectric thin films and comparison of most
important features of technique of preparation are summarized in table 3 [59]. Some
of the common deposition techniques used for making ferroelectric thin films are

sputtering, laser ablation, MOCVD and hydrothermal process.

Ceramic materials can be evaporated by irradiating them with high power laser
beam to make ceramic thin films. The evaporation may be done in ambient pressure
or controlled partial pressure of oxygen [60]. The incident energy is localized within
the optical absorption region and there is high probability that all species with in a
small volume are evaporated simultaneously. A laser beam of wavelength usually in
the near uv region is generally used for irradiation [60]. The laser beam is focused
through a uv grade planoconvex lens on to the target at an angle 45° to the normal.
The beam energy density of efluance can be varied by changing the laser spot size
on the target by altering the distance between the focusing lens and the target. The
evaporated target species are then deposited on to a substrate which is preheated or
can be post annealed after deposition. By suitably selecting a substarte and main-
taining a proper substrate temperature, epitaxial thin films of a veriety of ferroelectric
thin films can be grown by laser ablation. The most important advantage of laser
ablation is that it allows good epitaxial growth and the process is compatiable with

the existing semiconductor technology.

Growth of different ferrolelectric thin films with good epitaxy has been reported
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to be achieved by sputtering techniques such as rf and magnetron sputtering [61.63].
Sputtering of ferroclectric thin film is genarally done in oxyvegen/argon atmosphere,
A sinterd target material of appropriate composition is used as the cathode ol the
sputtering system. in which a low discharge is established in an inert gas such as argon
under reduced pressure by the application of high voltage. The substrate on which
the film is to be deposited is placed on the anodeof the system. The stochiometry
and the composition of the deposited films depends on the composition sputtering

gas mixture and substrate temperature [61].

Metal Organic Chemical Vapour Deposition (MOCVD) is another major tech-
nique used in the deposition of high quality ferrolelectric thin films[64,65]). In this
technique different volatile metallorganic compounds are sublimed separatly, mixed
and allowed to decompose on the surface of a suitably preheated substrate. The suc-
cess of MOCVD process depends on the volatility and the stability of the precursor
material. Hydrocarbons based on #-diketonates are the most common precursor used
in this techniques for oxide materials. The difficulty in contolling the stoichiometry

is the major disadvantage of this technique.

Compared to the above discussed techniques, sol-gel process has may advan-
tages. Sol-gel process is relatively less costlier and does not require complex instru-
mentation. Sol-gel process provides better homogeniety and stiochiometry. Sol-gel
process allows the fabrication of large area coalings at low temperatures. Sol-gel
can be easly tailored to achive desired final products with different properties. The

major disadvantage of the sol-gel process in thin film preparation is the difficulty in

achiving epitaxy in the grown films.
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Chapter 3

Experimental Techniques and
Characterization

- Thin dielectric films of BaTiQ4 and SrTiO3 are prepared by sol-gel process and are
characterized for their efficient use in a variety of new applications in microclec-
tronics and integrated optics. T'wo diferrent combinations of starting materials are
used in preparing BaTiO; thin films to understand {he effect of starting materi-
als on the structural and microstructural properties of these films. BaTiO; and
SrTiO3 thin films are characterized by X-ray diffraction(XRD), Scanning electrop
microscopy (SEM), Auger electron spectroscopy (AES) and optical transmission and
absorption spectroscopy. FTIR spectroscopy has been used to analyze the structural
changes occurring in the precursor films as they are cured at different temperatures.
The electrical, dielectric and ferroelectric properties of these thin films are studied ip
MIS and MIM configurations.

3.1 Preparation of Multicomponent Oxide Thin

Films of BaTiO; and SrTiO, by Sol-gel Pro.-
cess

process, a variety of combination of starting materials can be yse( In the produyct;
: ction

of two component systems, one can use (1) a mixture of meta] alkoxides (2) ope metal
* - meta

alkoxide and other metal salt, However, the mixture of two alkoxides is inconyen;
o : Cent,
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Figure 3.1: Flow chart showing the diffe

rent stages in the fabrication of BaTj
SrTiOj3 thin films by sol-gel process. "Os and
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for preparing multicomponemt oxides thin films. This is due to the fact that (he
metal alkoxides vary in hydrolyzing ability. as well as solubility in common solvent
depending on the kind of metal atom and the alkoxy group(s) presents in it The
use of metal alkoxide together with suitable metal salt generally give acceptable
results. The quality of the film can be improved by using some chelating agents like
acetylacetone. dibenzo acetyl acetone ete. Figure 3.1 represent the flow chart for

making BaTiO4 and SrTiO4 thin films by sol-gel process used in this study.

3.1.1 Preparation of BaTiO; sol from Ti(OPr)4 and barium
2-ethyl hexanoate (EH precursor)

Sol for making BaTiO3 thin films were prepared by using titanium 1sopropoxide and
barium 2-cthyl hexanoate as precursors, referred to as EH precursor. Barium 2-cthyl
hexanoate was synthesized by reacting 0.1 mol of Ba(OH),.8H,0 (31.54 grams) and
0.2 mol of ethyl hexanoic acid (CzH,5COOH) in 200 ml of methanol. The reaction

takes place as following:
Ba(OH), + 2C;H,;COOH —, Ba(C7H15COO)2 + 2H,0 (3.1)

The clear solution obtained by the above reaction was filtered to remove unreacted
particulates. Methanol was distilled off from the solution and residue wasg dried i
' Was n
an oven at 110°C for 24 hrs. to give barium 2-ethyl hexanoate as a white w
axy

substance soluble in methanol. This has been used as the barium
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3.1.2 Preparation of BaTiOj; sol from Ti(OC;H-), and bar-
ium hydroxide (ME precursor)

31.5 gms of barium hydroxide (GR. Loba. Chemie. India) was dehydrated by keeping
it in an oven at 250°C for 24 hrs in vacuum and dissolved in 20 ml 2-methoxyethnol
(GPR, BDH, India) by refluxing the mixture at 110°C for 1 hour. The solution
is then cooled down and titanium isopropoxide was added dropwise to get a clear
brown solution. It was reflexed at 80°C for 2 hrs. and then filtered using glass fiber
filters. The filtered sol was then spin coated on to substrate at 3000 rpm for making

BaTiO3 thin films.

3.1.3 Preparation of SrTiOj sol from strontium 2-ethyl hex-
anoate and Ti(OC;H;),

Strontium 2-ethyl hexanoate was prepared by dissolving 0.1 mol of dehydrated Sr(OH),.811,0

in 0.2 mol of ethyl hexanoic acid. The reaction takes place according to the reaction,

SI‘(OH)Q + 2C;H;sCOOH — SI‘(C7H15COO)2 + 2H,0 (3‘))

<~

Ethanol is used as a solvent for the above reaction. After the reaction was complete,
the solution was distilled to remove ethanol and the residue was dried at 110°C for
24 hrs in vacuum oven. Strontium ethyl hexanoate obtained in this way was a white
crystalline powder. 3.74 grams of (0.01 mol) of strontium ethyl hexanoate was then
dissolved in 25 ml ethanol and 1 ml acetyl acetone. 0.2 m] of water was added for
hydrolysis. To this solution 2.95 ml of Ti(OC3H7)4 was added under constant stirring,
The final solution was then reflexed at 80°C for 1 hour to make the reaction complete.

The solution is then filtered and spin coated on different substrates at 3000 rpm

3.2 Sample Preparation

Samples for different studies were made by spin coating corresponding sols on appro-
priate substrates. Thin films of desired thickness were made by multiple coatings of

the precursor solution.
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3.2.1 Sample preparation for structural and optical charac-
terization

Samples for studving XRD, SEM and UV-visible optical spectroscopy are made on
fused silica and single crystal silicon substrates. For F'TIR studies samples were made
on high purity, KBr single crystals. The compositional analysis on BaTiOy thin
films were done on samples made on platinum strips. The precursor solution for
BaTiO3 and SrTiOy are spin coated on to these substrates at 3000 rpm and kept at
ambient atmosphere for about 10 minutes for hydrolysis of the alkoxide. The filins
were then fired at about 400°C to remove organics from the film. For making thicker
films this coating-firing cycles were repeated number of times. The thickness of a

single coating generally obtained was from 0.15 to 0.3um .

3.2.2 Preparation of MIM and MIS structures

For making MIM structures, the substrates used for depositing films were platinum
strips, platinized silicon wafers and stainless steel plates. Films of thickness varying
from 0.5 to 2.5um were deposited on to these substrates by multiple coating and
firing of the precursor solution. After obtaining a film of desired thickness it was
then annealed at temperature 600°C to 800°C to make them crystalline. The films
were generally annealed at the above temperature range for 15 minutes. Gold or silver
dots of 1 mm diameter were then vacuum evaporated on to these films at 150°C using
a mask to make the top electrode. The substrate serves as the bottom electrode and

the silver or gold dots as the top electrode of the MIM structure.

P-type silicon wafers having a resistivity of about 10 ohm-cm were used to
deposit insulating thin films for making MIS structures. To make VLSI grade MIS
structure, the cleaning of silicon wafer is very important. The silicon wafers were
etched in 10% hydrofluoric acid prior to film deposition for the removal of Si0, from
the surface. The etched silicon wafers were then held above isopropanol vapour and
then dried in nitrogen gas jet. The sol gel precursor solution was then spin coated
on to silicon wafers at 3000 rpm. After deposition the samples were held in humid

and dust free atmosphere for 10 minutes for hydrolysis. The films were then fired at

61



100°C to remove organics. Multiple coatings were done to get desired thickness of the
film. The thickness of the films can vary from 100Ato 2000Aby adjusting the amount
of solvent used for making the sol. After obtaning a film of desired thickness, it was
then annealed at higher temperatures to get desired phase. For making crystalline
SrTi0y . the films were anncaled above 650°C and amorphous BaTiOy thin filimns were

made by annealing the films around 400°C .

The selection of gate electrode is very important for making a device grade
MIS structure. The important parameters which must be considered for a proper
choice of a material for gate electrode are (1) The difference in work function of
the silicon substrate and gate electrode material, (2) adherence of gate material to
the silicon and the dielectric thin film,and (3) the processing temperature should be
compatibile with silicon technology. In the present study aluminum is used as the gate
electrode material in fabricating MIS structure, for its low work function ensure ohmic
contact with silicon and its good adherence with silicon and oxide dielectric materials.
Circular aluminum gate of diameter I mm and thickness 1uym were deposited on the
dielectric by vacuum evaporation using proper masks. Evaporation was carried out

in high vacuum unit by thermal heating from tungsten filament.

Ohmic back contacts to p-type silicon was formed by depositing 1um thick
aluminum film on the back of the wafer by thermal evaporation, followed by low
temperature annealing (150°C ) for a short duration ( 5 min). Aluminum was used
to make back contact due to the fact that, Al can makes p-type silicon even stronger
p-type and thus reduce the barrier height for holes to surmount. This reduces the
resitance for current flow in both directions. Again to make the ohmic contact proper,
silicon wafers with rough back side were used. Some times the wafer has to be abraded

using emery cloth to create surface damage or roughness. In addition, the damaged
b

region, electrically equivalent to a diffused degenerated layer, helps in achieving good

ohmic contact.
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3.3 Thickness Measurements

The thickness of the sol-gel derived thin films were first determined with the help of
a Surfometer SIF 200 and the result were then compared with the thickness caleu-
lated from the optical transmission spectra. lor measuring the thickness of the films
using the Surfometer, first a single coating of the precursor solution was made on
a glass substrate and anncaled at 400°C . The surface of the film was then covered
with a small rectangular strip of Cello tape and the exposed region was dissolved in
concentrated hydrochloric acid. The film was then washed and anncaled at 500°C
The thickness of the multiple coated films were determined multiplying the thickness
value obtained for a single coating by the total number of coatings made. The value
of the thickness of the film after making a number of coatings was also mesured with
the Surfometer to compare with the previous result. The thickness values measured

from different methods mentioned were in good proximity with cach other.

3.4 Characterization of Sol-gel Derived BaTiO; and
SrTiO; Thin Films

For the efficient use of dielectric thin films for a various of applications, it has to be
properly characterized for the reproducibility and optimization of process parame-
ters. Different experimental methods are currently used for the characterization of
thin films for electronic, optical, mechanical and sensor applications. Structural and
microstructural characterization of thin films were done using Scanning electron mi-
croscopy, X-ray diffraction spectroscopy, FTIR spectroscopy,

UV visible transmission
spectroscopy and Auger electron spectroscopy.

3.4.1 Scanning Electron Microscopy (SEM)

Scanning electron microscopy has been used to study the microstructure and surface
morphology of the films used in the present study. Due to the insulating behaviour
of the BaTiO5 and SrTiO; thin films, the surface of the filins were coated with a thin

layer of gold of about 100Athickness. The coating has been done by R.F sputtering
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3.4.2 X-ray Diffraction Analysis
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500 D X-rav diffractometer and Phillips PW 1810 X-ray (liffra'('mnu'l-vr using, l\,..
X- ray |‘;1(]i;;1i()1| of wave length 1.51A. In Phillips PW 1810 X-ray (.ll"l'«'l(‘l()nl(;l(“l..
the (iiffrex('ti()rn pattern were recorded with an X-Y recorder from hlghv-r () \t(: lf(;
to lower @ values. From the position of the diffraction p(.raks Itl .th(' Sp:‘(ll‘;l). Xu” ('
values were caleulated using the Bragg's relation nA = 2(1311.1 0. .Smn.u‘ns 500 ) ;m‘.\.
diffractometer used was interfaced with computer which directly gives the d values
corrsponding to the diffraction peaks. - —

Figure 3.4 represents the X-ray diffraction pattern of BaTiOy 't ln(linrlf‘l'llzn)(‘(,;[);).s)nm‘
on singlecrystal silicon wefer (100) using barium 2-ethyl hcxanoat.c an fl(‘l ; .".]4 a.,
starting materials. The filims were annealed at 700°C f.or 15 mmutci.FM |(;X \id_ u'(,s
corresponding to XRD peaks were in good agreecment with that of..A.b ( nfcncc.u;
Standard for Testing and Materials) values (data card no. 5-626) for Lctrdgon.a
barium titanate powder diffraction data. There is no unaccounted pcal-<s observed in
the crystallized films spectra showing that no unwanted crystallographic phases Sl.lCh
as Bab, Ba,CO3 and Ba;TigO20 were formed. Even though the peaks corresponc.img
to (001) and (100) were not resolved to show the tetrag(')nal nature of the crystallites,
the combination of (002) and (200) peaks were sufficientlyy broadened to s?ggest
that the crystallites may have a tetragonal structure. Further, the observation of
ferroelectricity in the films used in this study also confirms the tetragonal structure.
The d values calulated from the XRD spectra were a=b=3.995A and c=4.05A. X-
ray diffraction spectra of sol-gel derived SrTiO5 thin films deposited on fused silica
substartes and annealed at 700°C for 15 min. at ambient atmospheric conditions is
shown in figure 3.5. The diffractogram shows well defined peaks indicating a good
deal of crystallinity. The d values of diffraction and the peak intensities agree very
well with those given in the ASTM data cards (#5-643) for SrTiO; | suggesting that

the films were polycrystalline and microcrystals were of cubijc structure having lattice
constant, a=b=c=3.901&..
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3.4.3 Auger electron spectroscopic studies on BaTiOjy thin
films

The compositional analysis of the film and the interface were performed using Auger
clectron spectroscopy (AES). in conjunction with ion sputtering.  AES is one of
the most effective tools for the compositional analysis of thin films. surfaces and
interfaces. The energy of Auger electrons is characteristic of the atom emitting it
and hence the electron flux can be measured for chemical analysis. For the analysis
of the buried interfaces, the upper layers are sputtered away using 3 kV argon ions.
The experiments were performed in an ultrahigh vacuum system (Varian Associates
VT-112) at a base pressure of 10710 mbar. A single pass cylindrical mirror analyzer
(CMA) Varian model 981-2707 (Energy resolution 0.18% and energy measurement
accuracy better than 0.5 eV) with an integral coaxial 0-10 kV clectron gun whose

incident beam was at an angle 30° to the sample normal was used to obtain AES

spectra.

Auger clectron spectroscopic studies were carried out on 200 nm thick BaTiO, thin
films deposited on platinum substrates at 700°C . The surface of the film was cleaned
by sputtering off a very thin layer of the film by argon ion bombardment. The spectra
were then recorded after every 2 minutes of etching until the characteristic peaks due

to the platinum substrate were prominent.

Figure 3.6(a) shows the Auger electron spectra of the sample recorded after
9 minutes of etching. The calculation of percentage composition showed that the
thin films made by sol-gel were having good stoichiometry. The figure 3.6(b) shows
the spectra of the sample recorded after 20 minutes etching. The figure shows a
reduction in intensity of the peaks due to Barium, titanium and oxygen along with
the emergence of characteristic peak due to platinum. Figure 3.6(c) indicates the
spectra recorded after 25 minutes of etching. There is hardly any peak corresponding
to the constituents of the film seen in the spectra, but it shows a ve

ry prominent

peak due to platinum along with an enhanced peak due to carbon. It is clear from

the profile that carbon was present in the platinum substrate as ap impurity

To stand ¢ it '
understand ahout the compositional homogeneity in the film. the arbitrary
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peak heights of different constituents were plotted as a function of etching time as
shown i figure 3.7, The depth profile showed a good degree of homogeneity in
the film and a reasonably sharp film substrate interface. the width of the interface
roughly calculated was about 8 nm. The nature of the interface generally affects the

clectrical and dielectrical properties of these thin films.

3.5 Optical Characterization: UV-Visible specroscopy

The UV-visible spectroscopy studies were carried out using Shimadzu, Model 160

A spectrophotometer.  For UV-visible studies films were deposited on fused silica

substrates and were cured at temperatures ranging from 300 to 900°C . The substrates
were coated with the precursor solution 5 to 6 times to get a thickness of around
1ym after curing at 300°C' . Without proper curing of the previously deposited layer.
further coating was difficult and this was giving rise to poor quality films. Therefore
the measurements were not performed below 300°C . Films of initial thickness of
the order of 0.1 to 0.4um were not used for UV-visible study due to the absence

of interference maxima and minima in their transmission spectra taken after curing

them at higher temperatures.
UV-visible optical transmission spectroscopic studies were done on BaTi0; and

SrTiO3 thin films to evaluate the band gap, refractive index, and thickness of these

films, which in turn give knowledge abou
Ims changes from amorphous to crystalline phase

t the crystallinity, densification and com-

paction in these thin films. As the fi
the optical bandgap decreases and refractive index increases. A change in thickness

for samples annealed at differen
the degree of compaction during the required phase formation.

t temperatures were used to evaluate qualitatively

3.5.1 Determination of Refractive Index and Thickness from
Optical Transmission Spectra

Optical transmission spectra of BaTiO5 and SrTiO3 thin films deposited on fused
silica substrates of thickness 1 mm were used for the calculation of refractive index.

thickness and band gap of these films. The measurement of transmission T of light
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through a parallel faced dielectric in the region of transparency can be used to de-
ternine the refractive index and thickness ol weakly absorbing thin films. Hall and
Fergusion 2] and Miloslaviskii[3] developed a method using successive approxima-
tions and interpolations to calculate these parameters. J.C.Manifacier et al [1] has
developed a simplified method for the calculation of these parameters using the max-
ima and minima in the interference pattern in the optical transmission spectra of thin
films. Figure 3.8 represents structure of a dielectric thin film of complex refractive
index 5 = (n — ¢k) and thickness { on a substrate of refractive index n,. The
quantity n, represent the refractive index of air Consider a unit amplitude for the

incident light in case of normal incidence. the amplitude of transmitted light is given
as: _
tityexp(—2mint/A)
A= ,
1 4+ ryrpexp(—4mint/A)
where 1y, {,, ry. 7y are the transition and reflection co-efficient at the front and back

(3.3)

surfaces of the film. The transmission of the filin is given by
re B 2

In the case of weakly absorbing films k* < (n —n,) and k? < (n —ny), the

transmission is given as

16n,n,%a

)

Ci? + Chla? + 20, Jacos(4mnt [ )) (3.5)
where Cy = (n+n,)(n1 +n),Cy = (n+n,)(n, + n) and
a = exp(—4rki/) = exp(— K1) (3.6)

K is the absorption co-efficient of the film.

Outside the region of fundamental absorption (hv > E,) or free carrier absor
. . . . ’ i [)-
tion (higher wave lengths), the dispersion in n and & will be less and the condit;
. . o , ion
for interference maxima and minima in (he transmission spectra is given as
Imnt/X = mr (3.7)
3.7
where m is the order nup i
: iber of the fringes ing this condif;
N | ges. Using this condition, the valye of
ransmission at maxima and minima are given as
T — s 2 v v y
Ima;r - l()n(,nln ()/(( 1+ (,2()')2 (3 8)
Tmzz = 106n,n, 2 ! ¥ 2
no = oaun‘a/(Cy — (')a)
: (3.9)
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Figure 3.9 represents the transnmssion spectra of BaTiO4 thin film made by sol-gel
process. The dotted lines in the figure shows the envelop curve covering the interfer-
ence maxima and minima. This has been used to calculate the optical constants of
the film using the method adopted by Manifacier et al [4]. The films were deposited
on fused silica substrates and anncaled at 700°C for 15 minutes. Considering 7).,
and T, as a continuous functions of A through n(A) and a()), which forms the
envelopes of the Thar and Ty, in transmission spectrum as shown in figure 3.9, the

ratio of 75, and T,y from the above equations 3.8 and 3.9 can be written as.

("Vl[l - (r]'ma:r/Tmm)l/2

B ‘2“ + (T;nar/’ min)l/2] (JIO)
Then from equation 3.8,
- 1/2
n o= [N + (N> — nn,?%)\}12 (3.11)
where ) )
n, + ny Tma.z‘ - Tm,-
- —_——— 9 n .
N g T TemTp T (3.12)

Thus by determining the value of Tpo; and T}y, for a particular wavelength from the

envelope curve and the refractive index of the film n can be explicitly determined
The thickness ¢t of the film can be calculated from two adjacent maxima or
minima using equation (7) as

, M),
2(n(M)A = n(A3)))) (3.13)

where M is the number of oscillations between two selected maximaor minima. M =1

for two adjacent maxima or minima and A,, J,, n(A1) and n();) are the correspondin
g

wavelengths and indices of refraction.

3.6 Determination of Optical Band Gap

The optical b
optical band gap of the flmsg can be roughly calculated from the wavelength

corresponding to optical absorption edge using the relation:

1.242
A(microns) (3.14)

1',_,, =
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Figure 3.10 shows the optical transmission and absorption spectra of Sr'TiQ- thin
film (lv[l)isit;‘;i.on fused silica substrate and annealed at 700°C . 'l‘ht‘. “lITIS were highly
transparent and having interference colours on them. The refractive jf]d(-*x and‘ ‘l.hv
1.hi(‘km*=;s' of the the films were calculated from the envelope curve of _‘1,,fm. zuj(f J
renerated from the peaks and valleys of the interference maxima and minima. ‘l he re-
é: e index and thickness calculated by the above method were 1.94 and 0.6m re-
[-rdf -tltli\:;[y ’I’h(’ thickness calculated in this way was with in the experimental error
:P(i'(}‘l’at 'oh.tained using a thickness profiler. The optical band gap E¢ was (lct,orminet.'i
]‘)O’ -extrapolating the linear portion of the plot relating (hva)? and hv to (hva)?

} al to zero. Iigure 3.11 shows the plot between (hva)? and hv for SrTi0O4 thin
;‘i(ll:lddeposited on fused silica. The value optical band .gap determined from t}lc'plot
according to the above method was 3.36 eV.This value is comparable to that of single

crystal value of 3.37-3.41 eV [6].

3.7  Fourier Transform Infrared (FTIR) Spectroscopy

The FTIR spectroscopy is a powerful modern techniques for evaluation of materi-

als in which spectrum is first produced by an interferrogram, which is processed

and computed in real time through a dedicated computer to provide high resolutjon

information. Fourier transform infrared spectrophotometer, Model- Nicolet 510 P

was used in the FTIR studies to ¢

BaTiOs and SrTiOg precursor f

ilms with heat treatment.

valuate the structural and chemical changes iy,

It provides information
about the nature of the l)onding i the

examined species. FTIR studies on sol-gel
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Figure 3.10: Optical transmission and absorption spectra of SrTiO3 thin film on fused
silica substrate made by sol-gel process.
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precursor films provides information about the nature of complexation of the starting
materials. hydrolysis during deposition. condensation reactions occurring during heat
treatment. pyrolysis of organics, polymerization of the condensed products and the
crystalline phase formation. FTIR technique has been used in the present investiga-
tion qualitatively to understand the different reaction mechanisms taking place during

the final filin formation from corresponding precursor solutions with heat treatment.,

Atmospheric moisture and carbon dioxide can cause problem in infrared spectra.
Water absorbs around 4000 to 3500cm ™" and 2000 to 1300cm™" , while carbon dioxide
absorbs at 2350 and 688cm™' . These absorbance often mask weak features that are of
interest for a particular investigation. Purging with dry air or nitrogen and anncaling
trecatments were performed prior to loading the films for FTIR spectra investigation.
FTIR spectroscopic studies were carried out to investigate the nature of chemical
bonding of the precursor solution and the change in chemical structure during heat

trcatment. The results of the FTIR studies were discussed in chapter 4 in detail.

3.8 [Electrical and Dielectric Measurements

Electrical measurements were done on samples having MIM and MIS structures, using
HP 4192 A Impedance Analyzer in the range of 5 Hz to 13 MHz,. The a.c. signal has
an amplitude of 5 mV to 1.1 V. The samples were kept inside 2 measurement cel].
having a provision for evacuation as well as circulation of dry oxygen or nitrogen.‘

Pressure contacts were made on the electrodes and are connected to the impedance

analyzer.

3.8.1 Frequency dependence of dielectric pProperties

filled with a dielectric material can be investigated for their behaviour in alte

_ ' . rnating
fields by introducing a complex relative permittivity ¢ = ¢ 4 ;»

. where ¢ and

¢ are the real and Imaginary parts of {he complex relatjve permittivity, The current

7
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Hroneh such capacitor is made up ol two components. one ;~;;p;u-il|w and lossless
orgh ‘ . .. 1ed held.
and the other a lossy component in phase with the applied | o
When a diclectrie is placed inan electrie field. different tvpes of I.’(’I‘:T'/“l l:u(i
en o ipolar polarization a
‘curs. They are electronic polarization. ionic polarization. dipolan P(_)I(”_Vr‘rti') .
“((l“.;'h'u'g(" polarization. These clectrical entities generally. Iml\-’(‘ ‘:'” m(f ( l(( ctric
Space che instantancously with the application of ele
‘nee the polarization do not occur instantancously | o vied b o
:'Nlnl” li)lnll(v Ito this reason. the polarization phenomena is alwayvs d((o.ml)drnl( d |‘>,\(-im
) (,.di.’.gi sation. lonic and electronic polarization occurs '(‘n very Ing‘h r(‘qllljn)oh;t.
( lg.)_} \lal)ow- the frequency range of ac signal used in this stu.d}'. ‘l rom. , l<'l.
Whl(' | Tmf MIM and MIS device fabrications. space charge POlama;“O“» ‘.i'l"‘)’l(“ l""‘
;)f ‘;':t\:o: and electrode barrier polarization are important. The fgure 312 shows
ariz

4 RS Indt, Ildl.

3.8.2 Temperature dependence of dielectric properties

y | ic materials are characterized by the presence of spontancous p()]ariz.ntion
l'o;roc :::sition temperature above which the spontancous polarization .vamshcjs.
'a[‘rlllor:fore. it 1s important to study the behaviour of a ferroel(:citri.(' material at dif-
ferent temperatures with the application of an eclectric field. This is done by slowly
}:aetr;ng the samples from room temperature to a temperature above the transition

1 1 i a,l’]d IOSS faCLOI Oor a ]ang(“ Of rr(’(]]lcncl(\:-

at different steady temperatures.

3.8.3 Frequency dependent C-V characteristics

C-V measurements of the samples were done for ap a

pplied bias in the range of +920
to 20 volts, using HP4192A Impedance

Analyzer. The measurements were done for
diflerent frequencies of ac signal Super imposed on the (.. bias.

In C-v measurements, {he direction of voltage sweep and sweep rate and {he

mportant. Ap ideal C-V plot for 4 P-type MOS devices i

gate. positive charges are

gate material selection are

shown in figure 3,13, When 4 negative bias is applied to t)e

attracted from the semiconductor ay they accumulate at the semiconduct or oxide
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interface. Under these conditions. the high frequency small signal capacitance is sim-
ply the parallel plate capacitance and is equal 1o ¢, A/d. This is called accumulation.
A reduction in negative gate bias will diminish the accumulated charges. As the bias
changes from —ve to +ve. the charges are repelled from the interface and the region
will be depleted of majority carriers. This is called depletion. As the positive bias
on the gate again increases. the depletion region width increases and as a result the
capacitance decreases. At this point when the depletion region is devoid of mobile
charge carriers. the region will be in a non equilibrium state. Semiconductor then
tries to re-establish the equilibrium by generating electron hole pairs, and the clec-
tron accumulates near the semiconductor oxide interface. This creates an inversion.
The inversion region charges prevent further depletion and the capacitance remain
constant. If sufficient time is not given for the generation of electron hole pair, inver-
sion can not occur and depletion contincous to a state called deep depletion. These

different stages arc indicated in figure 3.14 [7].

If the C-V plot is swept from accumulation o inversion, then the upper bond
for the sweep rate must be found to ensure that inversion occurs. The effect of sweep
rate on the C-V characteresticis is shown in figure 3.15. A slow sweep rate may not
be practical in production environment, where suitable selection of sweep rate may
be necessary. When a very slow sweep rate is selected time is wasted ip plotting
wafers with fast generation time. To overcome these difficulties, the C.v plot wag

swept from inversion to accumulation after a stable inversion condition is established

Since the plot begin with an MIS device already in equilibrium, there are no sweep

rate effects and plOt speed limitations. Another methOd of a.chieving th]s s done b
\7

Sweeping the C-V characteristic cyclically from accumulation to inversiop and back t
ck to

relationship between the Mmeasured capacitance (7

to Insulator layer js given as:

Wh(?l’ » R i-‘ h ) i ) 51 1

Oy
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structure s shown in figure 3.16.

3.8.4 I-V and I-T measurements

The leakage current behaviour of MIM and MIS structures are imf)ortant fo'r ulsllng
| l‘( ) ;n devices like DRAM’s and other non volatile memory devices. A Keith cy
;;;)n(.urmm source was used to provide a programmable voltage at thf- guard'olutpm
t; serve as the voltage bias source. The current was measured usmg‘ j\l\(:l‘tl:l()
dicoammeter model# 485. These outputs were then connected to the Il;l;l',j%b ).us
:" ‘data acquisition. The programming for data acquisition was performed in basic.
'](‘)}:p program includes facilities for direct viewing graphical presentation and storage
of data for subsequent analysis. The ramp rates were varied as f)cr .rvqmremcnt; by

- mming the bias source. The mechanism of current conduction in these devices
:,:—ir:tudied from the I-V characteristics at various temperatures.. The I-T dalja are
collected by monitoring the variation of current at fixed voltage bias as a function of

temperature.

3.9 Ferroelectric Measurements

3.9.1 Polarization reversa] mechanism

The total dielectric displacemen D, the
has been altered by the presence

applied field f;, (8] or the ofe

extent to which the external electric field

of the dielectric IS eXpressed

by either the external
ctric field in the die

lectric (loca] electrie field) 1., [9].
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R ’ lec . . e SC WO 18
tivity of the dic ) . . nce between these
mithvii hich opposes the applied field. The differen
10 7 M) o
ferroelectric, whic

called the local field and represented as:

U

Coly

3.20
EI = EA - Ei = E‘A - (I)l + I)d) ( )

a atio . i e. 1 1s de )olarization
I i Py controls the hVSt()I‘CSlS propertles. \Vh(‘,l‘ ] !

ari n d b )

he pOI rizati

factor.

‘he different stages of spontaneous polarization can be .classiﬁod.in to onv. or

. in phenomena as shown in figure 17 [10]. It starts with domain nucleation
e doma-m " [ polarization for virgin ferroelectric. When the size of the
e ini“?] Stlgecoomez larger than the critical size, the domain begins to grow.
domain nucleus be

. i” erna.] ﬁe]d Wi“
: .IICI eases, the merged doma,l]'lS gI‘OW . ]I()Weve s t h
applled ﬁeld 1 I e t

w ' i lete polarization may not be
‘ lied field and because of this, comp
also increase with app

lied field is decreased, the polarized domains may return to
achieved. When the app

! . ' ite direction
s the external field begins to Increase in the oppos; :
the original state. As

th ite domains will nucleate or grow with a continuous shri
€ Opposite

existing domains.

3.9.2 P-E hysteresis

The P-E hysteresis loop displayed o, an oscilloscope

15 used ag the basic evidence
for the presence of ferroelectric state in a mate

rial. This is done by
of Sawyer and Tower [11]

circuit shown in figure 3.18. A.C.
Hz was applied i the circuit.

with the aid

signal of frequency 6
The samples use were, Ba'Ti()

3 thin filmsg grown o
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platinized silicon wafers with top gold clectrode. to form a parallel plate capacitor or
- iance (. A\ capacitor of large capacitance O, provided
MIM structure having a capacitance (. A capacitor of large capacit; o

as a reference capacitor. Then the oscilloscope deflection are expressed as:
: : . . -
Vo=V o+ Bl Vo= GQ (3.21)

where Voand @ are the voltage and charge, respectively on the sample.

A simple Sawyer-Tower circuit is not adequate for displaying the hysteresis
loop due to lossy samples. Figure 3.19(a) and (b) shows the hysteresis loop due to
non conducting and conducting sample respectively. Genarally, samples with higher
conductivity produce hysteresis loops with rounded ends, which in turn distorts the
actual hysteresis due to spontancous polarization. To overcome this, a modified
Sawyer-Tower circiut has been used [12]. A compensating arm containing a parallel
combination of adjustable resistance R, and capacitance C, in the order of sample
resistance and capacitance is constructed. The input is applied simultancously to the
sample and the compensation arm and then to the inputs of a differential amplifier.
the vale of R, and C. are then adjusted to nullify the effect of sample resistance and
capacitance. The block diagram of the modified hysteresis loop is shown in figure
3.20. The measurements were done in a cell, protected from atmospheric hUmidiLy by
flowing dry air through the cell. However when the samples were exposed to at

mo-

sphere, the P-E loop displayed were lossy nature due to the Increase in conductivity

due to the absorption of moisture.

The remanent polarization in calculated from the hysteresis loop using the

relation

P, = Lo i
A

(3.22)

where A is the area of the sample and V, the voltage along Y-axis correspondj

.. ng to
Temanent polarization.

3.9.3 C-v butterfly loop

Ferroclectricity wag again confirmed by pe

rforming C-V measure
structure. Dye

ments on ap MIM
to the non-linear dielectric behav

our of ferroelecl,ric Mmaterials, t]e
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strates.

d strontium titanate arc belonging to the family of ‘Perovf:f}“.‘j
Barium titanate and s ice matching (lattice mismatch less than 5 percent). This
crystals with very good lat::n films of BaTiO3 on single crystal SrTi0, substrates.
malkes it feasible L.O o tical properties [13] of the BaTiO3 makes it attractjve fof‘ a
The desirable nonlmﬁiaf OZ tical storage device applications. The unique propertics
variety of electro-optic .an lol:ed research in the development of high quality epitaxial
of this material have stm.lu a matching substrates, mostly by physical vapour deposi-
BactiOs thin films on Va;;m:sthere is hardly any literature available on the fabrication
tion techniquef (14,15]. Bu TiO3 on any kind of substrate by wet chemical process
of epitaxial thin films of B.a 103 tion (MOD). Figure 3,91 repre
like sol-gel and metal organic decompositio

sent the X-ray

f BaTiO;3 thin films deposited SrTiO, substrate at 600 °C ang

) . o

diffraction pattertnd in the film. For comparison the X-ray diffraction Pattern of 3
indicated 1 ) .

900 °C asllll:ldlC;aTiO;g thin film made on fused silica substrate at g

polycrystalline

" ade on SrTiO; at 600 °C shows enhanced Peaks corres

. m

given. Thezog; eflection from the BaTiO; thin films. A reduction In th
r

(l(:O) and I(l. peak, (110), is also observed in the Spectra. As the f;

polycrystalline !

ponding to
¢ strongest
Ims were annealed
N pattern has beep
aTiO; thin film at

Planes of BaTiO, thip
These results suggest that epitaxial thin films of BaTiO; thin §

900 °C , all the cross peaks corresponding to the powder diffractio
°C, all the .
reduced in intensity to an insignificant leve].

900 °C shows the reflections mainly from (100) and (200) Ims.

Ims can be grown o
StTiOj; substrates by sol-gel process. Figure 3.22 shows t}

graph of BaTiOy thin film made on single
600 °C’ . The surface of {}1e

1€ scanning clectron micro-
crystal SrTiQ, substrate and annealed 4t

film reveals good uniformity and crystallinity.
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Chapter 4

Structural and Microstructural
Evolution in BaTiO3; and
SrTiO3 Precursor Thin Films

Bulk ceramic materials and thin films exhibit large variations in their physical, optical
and electronic properties depending on their structure, microstructure and stoichiom-
etry. In sol-gel processed thin films these variations occur mainly due to the use of
impure chemicals, irreproducible processing conditions and Improper starting mate-
rials. In fact the strong dependence of processing parameters or properties of the
sol-gel derived materials can be used advantageously to tailor the material properties

of films to suit various technological requirements. Varioys physical properties lik
D A » | ()S 1 »e

changes in band gap, refractive index and thickness of the film during process;
‘essing can

be correlated with structural and microstructural chap

dlscussed here.
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4.1 Studies on Sol-gel derived Barium Titanate
: udies
Thin Film
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ies using x-ray diffraction spe
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physical and microstructural properties of the film.

4.1.1 FTIR Studies

Figures 4.1(a) to (f) shows FTIR spectrum of BaTiQ, precursor

(EH precursor)
spin coated on KBr single crystal substrates. Curve

(a) shows the spectrum of tjq,-

nium isopropoxide chelated using 1 mole of acetyl acetone, The

bands at 1550 and
1590¢m !

are due 1o acetyl acetone (acac) bonded o titanium,

Xanoate thin film deposite

The bands al 1400- 1600¢p,~!

ung vibrations ol carboyy

Curve (1) shows the
d at 30°C" afger dissolv
due 1o symme
late group. Cypye (b)
I"H Precursor) cured ag 300(

spectrum of barium 2-ethyl he

ing it
In methanol. region are

tric and asyn)-
metric stretc]

shows (] spectrum of
BaTiOy precursor (

-t shows that most of the bands
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ing at 1400cm™" after annealing the film at 400°C p y
new band appearing

b . . 2 2 W i 1] iﬁ )I‘().“;(‘“[ ]“
a f Ba-O-Ti bond. It seems that titanium dioxide hic I
e - - 3 .
the formation o . So 1SOPro yoxide reacts
the hydrolysis and polycondensation of titanium 1SOproj
ilm {r e hyd SIS |
the film from the A . y ” o
v e df the decomposition of barium 2-ethyl hexanoate al annea g
1 ¢ rom  de
with BaO release

e % B A l)](‘ f'()[. t}l(‘
s Ba-O- Ti bond which is responsi
; s between 300-400C forms
temperatures be

¢ 1 B e . ! { [)(,Ctl‘ul Of 11(.‘ ﬁl]l] a I!!l(‘c’ll(’( al

600°C shows reduction in the 1420cm~" band as wel] as the
1

appearance of a new

i 530cm ™" which is due to the formation of BaTiOQ, crystallites [17318]_
band at 530c

P 4.2 shows the FTIR spectrum of filinsg coated on KBy single crystal
Figure 4.2 =

bstrates in the range of 4800-400cm ! using ME precursor. Curves (a)-(1)
substrates

Ims annealed at 30, 150, 250, 350.
shows the FTIR spectrum of the f;
coating the solution containing barium hydroxide dissolved ip 9.

shows
absorption spectra of BaTiO3 precursor fi

950 and

650°C respectively. The curve (g) Im made by the

methoxy ethang,
The curve (g) contains strong absorption bands at 3400cm !

(OH stretching), 2800-
3000cm ™! (C-H stretching)

+ 1640, 1400, 1310 and 1080cm;~!

. The absorption bans
dissolved ip alcohols are diflicult

of barium hydr()Xid(‘ to aggign b(’CﬂUS(‘ Of t‘h(\
reported for this syste
dissolved i 2

compleyx
nature of the

solution chemistry m [13]. However (he

mixture of
methoxy ethanol an tit

barium hydroxide

anium ISOpropoxide do not
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e . ] Cthe BaTiOy film
band at 1310cm T o o |
| I lution. Further. the absorption b o |
! o e | ' 390cm !, 1s bane
ethoxide present i ' er
| ) (" rve(a)) shows a broad band cent é N .
5 5 ‘ O {cur "¢ h § - i —
e i ‘e bands with the stronge:
" he fil t 1507C" resolved in to three bands w ) | |
" o | 1 ilm at 550°C" an may
upon curing the | r e .
[ ains stronger even after curing N |
1420cm™=" . This band remains fition is seen for the BaTiO filim
b O-Ti bond. A band at the same position is s
» Ba-O-T1 bond. |
be due to Ba

Ay » f - il i S 1 ol (S5 C ‘1 )( ((JI]“I']]I. [} S ft
I Im 4 1(

T precursor films urves
le features of the FTIR spectrum of the ME precursor films (e
Other notable featu

: stretehing band with Hmerease
: -eas ight of OH stre tching bane
QOGS ry]y d(’(jl(!dhlllg he 12
: ) are the progressivel;
(a) to(f)) are

A v - 1.]](‘ .1})_.(\“(_(, ()f 1}1(‘ (‘_“
‘U (& EL“(] t-]l(_‘ d("(‘l'(‘?l.‘]” ]I]t.('“.‘wlt} (ln(l abhs
1 ¢ aling 1.(,‘”]])(3['6‘. I S
1 dIll](.dIlIlE 9,

stre YAl W S¢ alnea i ) l € S

~ ~ ! - l 1 rl( (l (lt
1 ()Igdl] S =y I 1T I's II 3 3

. 'm™ 10 800cm =" and the presence
. ; : Lo 800em =" a5¢ I
650°C shows a broad absorption in the region 4800cm ¢
350°C showse

‘ =2 )
i ¢ at 530cm™" . The 530cm peak can be
of an absorption peak at 5:

BaTiQ, .

assigned tq crystalline

4.1.2 X-ray diffraction studies

3(a)-(c) show the XRD spectra of barium titanaqe thin filmsg coated o
Figure 4.3(a)-(c ’
.l'g (100) substrate from EH pPrecursor and anneae al 450, 600 and 800°( re-
S1licon
spectively. The spectrum of the sample annealed at 450°¢

shows no clear peaks

g a broad peak wit},
¢ spectrum of ¢}

belonging to BaTiO3 or any of its co
d

Mmponents and g show
= 3.10/?\be]onging to some unknown phase. T

at 600°C shows clear BaTiO, peak
dicating thay BaTiQ

sample annealed
sonly and dq

€S not show any
3 has crystallized ip single

additiona] peaks iy
phase. The Spectrum g 800°C:

d rystallinity, T
Il as sphitting (eg.(211 ] 12)

enhancement iy, pe

(hk])

shows
ak heightsg showing INcrease

peaks having higher
values shoy hroadening as we

gesting tetragon a structure

and (220, 202)) Sug-
having lattice Parameters, o = |, ;;_‘()‘()5‘,-\;1”(] C=4.054
Further, the obsm'vation of ferroele('h'icil.‘»’

I these fil (6] confipng the
structure,

tet ragony|

97



(100) (001)

(104)(#10)
(144) ]

(200}(002)

(241) (112)

240)
(220)(202)

(
g

INTENSITY (ARB.UNITS)

—~
o
e

(a)

20 30 40 50 _'E'E"‘;o
ANGLE (20)

Figure 4.3: XRD spectra of BaTiOa Precu)
‘'sor

silicon (100) and annealed (EH) thin fi
led at (a) 450¢C (l)) | 1
R ()00 o(_‘ and (

ns coated oy sin

) 800°C

gle crysta)



(104} (440}

200)(002)

(‘;?uoonoon
(
(240)
g

—
(2]
—

(241) (142)

(441)

(220)(202)

INTENSITY (ARB. UNITS)

(b)

(a)

1
20 30 a0 T —2t— |

60 70
ANGLE (20)

Figure 4.4. XRD spectra of BaTiQ

silicon (100), and 3 Precursor (ME) thip films

annealed at (a) 3500C ( coated oy

o _ single cyygt
b) 450 C | () 600°C ang (d) ggoigbsm

99



Figure 1.4(a)-(d) shows the NRD spectra of BaTiO, li‘lln.‘s; ("“I“T-“)'(":.‘:Ii\‘f(':(l)\'.” "I\‘:Il(“'
r(_(‘m..’.:ila“(l annealed at temperatures 350, 150, 600 and _N:U‘( “ul-:,l’\. “-hi(:ll may
:')l 'll.lll(‘al(‘(l at 350°C" shows only one peak with \'?lll."' O_i ( ._.|..('] -11. 150C shows
| ml | 1o some unknown phase. The spectrum of the filim dllll(: <‘] 1« s dona
e et some ik ibove and another peak with value of d =. 2.81 .‘ '~ ™
the same phase as .( * 1o BaTiOy (110). Other evidences like optical dI)S()ll)tl(‘)I)
Wh(‘th,c‘r e Peii.k ; .d,“u:],: film ha.s: not crystallized in to BaTiQ, phasc at ‘1500.(
and FTIR suggest s 0°C and 800°C show only BaTiOq phase. Peaks belonging
The film annealed at‘()O . also developed in the spectra. The peaks belonging 10
to higher (hk(lz)ogjh;z; “(,((:)Z)()) ;;. well as (112) and (211) do not show any splitting
(hkl) values (¢ =/

D 1 i 1 . ha.S(‘. l l]( ldtt‘i((‘
(0] broa, Cl]lng ) e . ’. | )

- ” fl['m.s thld det. Slm] d

>chnique fr barium and
; ilms made by sol-gel technique from

9] for BaTiO; films ma 3

by Iray and Payne [

titanium methoxy ethoxide precursors also.

4.1.3 Optical Studies

Tt tical properties of barium titanate thin films made by sol-ge] process using [
1e optica

2CUrs m el'

interference maxima and minima employing Manifacier et al
Inter

method of calculation
of optical constants for weakly absorbing films [19].

Figure 4.5(a) and (b)

ling temperatyre. Both filmg show

Mperature up to 650°C . Films grown

than those made from ME precursor
and nearly

(10%). Above 450°C

linearly decreases v

ith increase in annealing temperatyre
Above this tempe

up to 700

asein anpe

rature the fijm, thickness increases with further Incre aling
temperatyre.
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. . . ilerent

The shrinkage of thin films fabricated by sol-gel process can |.n due to (il o

e . R ormation OCEeSS, A
‘hemical and physical changes taking place during the h||‘n l.mm«l- | ll e
che l:ll()d o l-(_”,’.i()nal forces exerted by the solid-liquid ml(-r]a;(- ; uring, .. o
are (a) s : . emoval of orpanics ;
:\"1|)()r'1ti()ll which occurs around room temperature, (l)l) unm\ld o :I‘g‘mi” )
aporation. ture oceurs during the pyrolysis ames
b collapse of the pore structure occurs « o Vpe
g f‘)00f400°(‘ , (¢) bond formation between metal atoms through ox) ig( lf
lll"‘ ralllf: :)0 ;ho condensation of hydroxyls. which occurs at all temperatures below
atom ¢

. s . 1@ acered s .o .. “()V(‘”](‘“l.'
5. i 2 2 C sL C I V 3] SS1S
.'”)t(?rlng t,(}n]p(,l'allll‘(,., ( S

at elevated temperatures, etc.

- ¢ ‘ o ( ost f t‘}] - ‘Ol Il m ‘}]( f]l[]l-';
o

. ” N ‘ N : . “l l ,ll
Iready evaporated and therefore the shrinkage due to surface tension:
14
would have already

. . I .

~ 2800-3000cm=" (figure .4 2)
ssive reduction in the infrared absorption bands at 2800-3000cm (figure -1.2)
success '

V 1 . i - 'stem dO not pro-
V S n a”-alkox1d > SO] gC] Sy
) o al of organics 1n a e t

d hrinkage[20] (it effects an increase in porosity) the large organic content of the
uce s

ic salt-alkoxide precursor seem to produce porosity as wel] as shrinkage in (},e
organi -

film. This is evident from the larger shrinkage in the EH precursor filmg compared
ilm.

Ims. The pore structure of the EH Precursor films gee
to collapse as the pyrolysis

to that of ME precursor f

ms
proceeds effecting in the shrinkage of the film.

The general continuous shrinkage experienced ip

films Prepared by sol-gel pro.
cess may be due to the condensatiop reaction,

itanate crystals remove

film effe
the |

excess free
cling in compaction

IR spectrum, by the

volume from the

structura] change
aPpearance of a hand a4 530cm-!

|

of the structure. Thege S are seeq i,
» Which ig 4 tributed (4
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estimated from the optical transmission spectra. From e transmission spectra, 1.

band gap was calenlated by considering a direct transition between the valane e B
[ ¢ (¢ o’ < .

and conduction band [6]. Figure 1.7(a) and (b shows the variation of the 1, of 1]

films with anncaling temperature, k=, of the film grown using both precursops show
[od Al i B . . .

value 3.95 eV below annealing temperatures of 500°( . The band gap of the iy, pre

[ ¢ AR KXY A

pared from EH precursor decrease sharply from 3.95 e\" 10 3.5 N when the anne

aling
. . = g _-.:- YAl rgy o
lemperature was increased from 500°( to H550°C . Th

corresponding transmission,

spectra of the film is reproduced in figure 1.8, where the change iy optical al)sm'pl o1
edge is clearly visible. In ME films the change in optical absorption edge is obseryve

" only.  Above 600°C* (he E, for botl
films remain at 3.5 e¢V.The sudden decrease in the

: S50 (N0C
between annealing temperature of 550-600

optical absorption o

changes in the structure of {he Alm. XRD studies and FTIR studiey
a structural transformatjon of BaTiO.

s thin films aroun( an anne
of 600°C . Similar change

dge denot ey
also Suggest syl

aling temperagype
in optical band gap were observed by Davig and Gower
during the structural transformation of BaTiO3 thin filing deposited
laser ablation [1].

USING excinep

4.1.4 Scanning electron microscopy

C respectjve] ’
: Y and figyq
(d) shows that deposited using ME Precursor apq annealed a¢ 4500(5§ ¢ 4.9(c) and
Spectively. While Eq Precursor fijg annealed a4 450°C ;s feat and 8oge re-
from ME Precurso raty

| Y Cracke,
e T atch of the filmy with luse silicy sul
' ounts for (e observe( reduction n refractjye indey . 0]
Mcerease 1y (hi Ty 1 . |
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Figure 4.9: Scanning electron micrograph of BaTiOjs precursor thin films
silica substrate. (a) & (b)

respectively and (¢) & (d)
respectively.

on fuseq
made using EH precursor and annealed at 450°C g, 800°C

made using ME precursor and annealed at 450°C § 800°C :
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Table 1.1: comparison of the properties of Ba'l'iOy thin films deposited using bar-
m 2-ethyl hexanoate (1511 precursor) and barium hydroxide dissolved in 2-methoxy

ethanol (M precursor) as two different barium sources

Property Curing temperature | EH precursor ML precursor
Structure > 600°C tetragonal cubic
a=b=3995A|a=>b=c=1005A
¢ = 4.05A
Organic < 400°C high low
content > 400°C very low very low
Shrinkage 300-500°C 35% 10%
500-700°C ~ 12% ~ 12%
Above 700°C shows increase | shows Increase
in thickness in thickness
Refractive | At 600°C 2.00 2.08
index
Surface > 700°C porous dense
morphology

and 4.6). The films fabricated from ME precursor and annealed at 800°C" shows f;
. . . § s fine
mosaic structure without pores,while the films deposited from EH precu }
*cursor shows

some what porous structure. The porosity of the EH precursor filmg may be ¢
ay be due to

the larger organic content of barium 2-ethyl hexanoate Precursor com .
of barium hydroxide dissolved in 2-methoxy ethanol Pared to that

Were summerized in table 4.1.
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] tructural evolution in
tural and Micros
e Ss¥ilg thin films made by sol-gel process
r 3

. in as titanium
: r'1103 thin film was
ed in the preparation of SrTiQO;y rostrct
m e svsterm use . ' . i microstruct
The precursor sys ». The structural anc
. N 2 ’ ()Xﬁ”()a,t( . oo
[ : n Zethyl : he above
. ade and strontiur in films made from the a
1Isopropoxide a ) ecursor thin films n
2150). recurso
| during heat treatment of SrTiOy p that of the BaTiOs films
, cs oo KT as :
chang ted to have the similar behaviour | i
(T , sxpected t 2 seted in the evolu
"Ursors were exj K \ » expected
precar sors. However some changes are exj
similar precursors.
made from sim

DS > bl < b t; UCLUI‘(..
I

4.2.1 FTIR studies

of SrTiO3 precursor films have been recorded after l‘l.l(‘ films
the PTIR spectram atures of 30, 150, 250, 350, 450, 550 and 650°C" . Since the
have been cured at temper d from acetyl acctone complexed titanium isopropoxide.
coating solution was [)rep;rcand water, partial hydrolysis of alkoxide and possible
strontium .ethyl he:a::; taken place. The complex nature of the FTIR spectra of
f}r:ssrrTe?gta'OSzSp::::S this fact. In order to resolve this spectra, diffe

rent components

ion were i tely. Figure 4.10(a) shows the FTIR
lution were examined separa F
of the precursor so

bands at 1590
This bonding increases the ¢

-14 (chapter 1).

he absorption bond of 620cm™" is due to titanjum isopropoxide and
The absorp .

d 1530cm~! are due to ac ac groups bonded to Tj.
an

dination of Ti from 4 to 5 as indicated in equation 1
ordil

Figure 4.10(b) shows the FTIR spectrum of str

ontium ethy] hexanoatc, which
shows strong absorption bands in the 1300-1600cm~!

! showing the Pyrolysis and
hexanoate into strontium carbonate.
Figure 4.11(a)-(g)
30. 150. 250, 3
3400cm !

shows the FTIR
a0, 450, 550 and 650°
in figure 4.11(a)

Spectrum of §rTi(), Precursor fj

C respectively. The absorptior, band seey, aroun
which i progressively docr(zasing n int,onsit,y (see figyype
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1.11(b)) is due to hvdroxyl group attached with the SOy precursor film which arise
due 1o the hyvdrolvsis of titaninm isopropoxide. The decrease inats intensity can be
attributed to the condensation reaction. The exact nature of these hydroxyls (vicinal,
germinal or isolated) cannot be judged as they are not resolved in the spectra. The
absorption bands at 2800-3000cm™" is duc to OI1 stretching. Here also, the bands
show decrease in intensity after curing at eclevated temperatures. These bands are
absent in spectra of films cured above 450°C showing removal of organics.

' with that of pure

A comparison of the band in the region of 1400- 1600cm™
strontium ethyl hexanoate and titanium isopropoxide show that most of these bands
are duc to organics belonging to the constituents. The bands and 1590cm™~! and
1530cm™" which are due to formation of titanium isopropoxide-acac complex is nearly
masked by the strong carboxylate bands. The intensity of these bands also decreases
and vanishes above a curing temperature of450°C showing removal of organics. The
bands at 2335-2350cm™! are due to CO, absorbed on the films which have evolved
from the pyrolysis of organic contents of the films. As pyrolysis of the films contineous

! . This new band may be due to

it is seen that a new band is appearing at 1015cm™
the formation of some new bonds in the precursor. A comparison of the spectra of
strontium ethyl hexanoate cured at 400°C (figure 4.10(c)) shows that this band is not
due to strontium compounds like SrO or SrCO3. Thin film of titanium 1sopropoxide-
acac complex hydrolyzed and cured at 400°C also do not show this peak. This new
band may be due to a reaction between strontium oxide and titanium oxide, (at
400°C most of the other organic molecules pyrolyzes, and the position of the bands

rules out strontium carbonate) possibly the formation of Sr-O-Ti bond.

The low frequency region of the spectrum shows a mixture of bands due to
carboxylate group and alkoxides. The formation of a pew band around 450cm

~! for
samples cured above 500°C is dye o crystallization of strontjum titanate.

4.2.2 Optical Properties: (UV-Visible)

Optical properties of StTiOy thin films we

spectra recorde

re studied from the optical transmission

d in the wavelength range of 200 to 1100 nm.

. The films used n
this study were deposite

d on I mm thick fused silica substrates. Calculation of {}e
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nH0° (!

refractive index and thickness of the films were done by the method developed by
Manifacier et al [19].

Figure 1.12 shows the variation of thickness of Sr'TiOy thin films with annealing
temperature. The films show sharp shrinkage in the range 300°C to 450°C (about
35%). This shrinkage may be due to the attractive force provided by the bond
formation during condensation reaction. The increase in pore volume fraction created
by the removal of organics may weaken the gel structure, resulting in the collapse
of gel network leading to the shrinkage of the film. Above 450°C the reduction in

thickness is low and it is attributed to the structural relaxation.

The variation of refractive index with annealing is represented in figure 4.13. Ay
300°C the films have a refractive index of 1.69. It increases with curing temperature

and attains constant value 1.93 around 600°C , this indicates the the maximum

densification of the films.

Figure 4.14 shows the wavelength dispersion curve of SrTiO; thin film. The
dispersion curve is fairly flat above 600 nm and rises rapidly towards shorter wave.
length region, showing the typical shape of dispersion curve near an electronic in-
terband transition [21]. It has been shown by DiDomenico and Wample [22] that

refractive index of a material near an electronic interband transition is related to the

wavwlength A as

) 3 SoAZ
1 —(X\/X)? (4.2)

where ), is the average oscillator position and S, is an average oscillator strength

This means that the quantity (1/n?) — 1 should be proportional to 1/)2, Figure 4.15
plotted between the above quantities shows a straight line behaviour indicating the

validity of DiDomenico model in the observations made here.

Figure 4.16(a) and (b) shows the transmission spectra of SrTiO; thin fil
nealed 400°

m an-
C and 550°C respectively. The film annealed at 400°C was amorphous

havi
1aving band gap of aboyt 3.8 eV. The band gap for the film annealed at 550°

C was
bout 3. ich ; .
about 3.4 eV, which is peay the single crystal value reported [23]. The change i

\ 1 band
ap from 3. : "
gap from 3.8 to 3.4 eV suggest the occurence of crystallinity in the film anneale

- d at
. I'ms fact wag Supported by XRD and TIR studjes.
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4.2.3 X-ray diffraction studies

Figure 1.17(a)-(d) show the X-ray diffraction spectra of Sr'l‘i(—);; lh.in films (_1_(1)‘(')5‘“(‘(1
on silicon (100) substrates and anncaled at temperatures 400. 500. 600. and 700°C re-
spectively. The spectrum of sample annealed at 400°C" was found to be 'dlll()l‘l)ll.()ll:\.
At 500°C the filim start crystallizing, as indicated by the emergence i)f ('he‘u'a(‘t,('rls.l.l(
peaks of SrTi0; . XRD spectra of samples annealed at 600°C and 700°C' shows in-
crease in peak heightsindicating improved crystallinity. The ('alculalm.l va.lu(is of the
lattice parameters indicate that SrTiOj thin films were crystallized in cubic form.
Lattice parameters calculated from the d values of the pcaki in the spectrum are
a=b=c=3.90A. which was in good agreement with the ASTM values (data card
# 5-634).

The XRD spectra shows the onset of crystallization around a temperature of
500°C . It is interesting to note that the change in optical absorption edge in the UV-

visible spectra and the appearence of a new band at 450cm=! in the IFTIR spectra

also appear in the sample around 500°C .
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Chapter 5

Electrical and Dielectric Properties
of BaTiOg3 Thin Films Grown by
Sol-Gel Process

Transparent smooth and crackfree BaTiOj thin films were deposited on stainless steel,
fused silica, platinum plates and platinized silicon wafers (100) using sol gel process.
Barium 2-ethyl hexanoate and titanium isopropoxide were used as precursors. The

films were annealed at 750°C for 15 minutes to get polycrystalline films. The electrical

propertics of the films prepared on stainless steel substrates showed electrode barrier

eflect whereas those prepared on platinum substrates were susceptible o ambienf
' ' en
atmospheric humidity. However, films grown on platinum substra

. , tes and Mmeasured
under dry conditions were showing very good electrical

films of BaTiO3 were used in MIS configuration and their C-V anq -V
s= n -
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2.1 = Dielectric and electrical properties

of poly-
crystalline BaTi0, thin filins

9.1.1  Dielectric properties of B

aT10; thin films on stamless
steel substrates

Thin filins of BaTiO, made on stainless steel substrates showed dielect relaxation
at a frequency of about | kHz. Figure 5.1 gives the curve showing e Variation of 1.
dielect ric constant ¢ and dielectric loss ¢” as a funect 1on of r]'(‘(]lll‘ll('}'. of & Lpeon thick
BaTiO, film deposited op stainless steel substrate. As the l'l'c-qn(-nr_\' 1S IMCreased
¢’ continuously decreased whereas ¢ shows peak around | kHz. Further " N—
¢Xtraordinarily large dispersion with frequency (¢! decreased nearly 30% of
nitial valye when the

s
frequency s increased from 100 Hz 1o ) MHz). The nset of
5 SCU o
figure 5.1 shows the variation of with film thickness for different frequencies, i
w, s
found 1o increase linearly with incre

ase n ilin thickiegs This resuly 15

el '\‘Jih al AN
of an electrode barrier capacit,

-

ance. In the case of an electrode barrie Capiacilaiice
. & * e I at ¥ i be ex iressed as
- the measured capacitance Cineas of an MIM struct uie cait be exjpresse

(9.1)

here A is the area of the film, d the thickness, ¢/ the dielectric constant and ¢, the
| where A 1s Z o ’
|

| ittivity of the vacuum. From this equation the measured dielectric constant
permittivi

i s
Cricas can be written a

d
A (5.2)

. This means that ip presence of a syr-

! ! ~
emeas = ¢ + C,

(S}

- where ¢! is taken as (Cmeas X (d/¢, A)

with
Jbis : s, which is i ree ' . i
| Increase in sample thickness, which is in agreement with the present, observation.

The valye of barrier capacitance calculated from the

face barrier capacitance the measured dielectric constant will increage linearly
ce barrier ¢ X

slope of the graph showing
€reas against the sample thickness d at 10 Hz was 1.1 nF,
meas

The formation of an electrode barrier in BaTiOy thin fily on stainless steel

can be explained as due to {he diffusion of transition me

tal elements like e and Nj
- present in the stainless stee] iy, to the surface layer of the {hip film, making i p-type
having a large resistivity [1]. This large resistance wil| act as a series resistay e witl)
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' ine an electrode barrier.
the sample. there by forming an electrode bai

9.1.2 Effect of humidity on the dielectric behaviour of BaTiO; thin

films on platinum substrates

i [ Ti04 thin films grown on platinum substrates were
The electrical properties of BaTiOy .
1 2 : A IO
i i ‘ed by the humidity of the ambient atmosphere. gures
found to be highly influenced by ) | " " A
' ‘ i lectric loss " with tem-
b [ 5.3 show the variation of dielectric constant ¢ and dielectric
2.2 and 5.3 sho 7 A | |
' T atinum
for diff i frequencies for a 2.5pum thick BaTiOj3 film grown on platinun
rrature for ren quencies
perature for dille o | L
] The relative humidity of the atmosphere was 35%. At room temper:
substrate. 1¢ relative '
1 5S gl ee : strate. As
: ed to that of the film on stainless steel substrate. A
¢ and " were large compare |
is increased, ¢ as well as ¢ increased and reached a maximum at
the temperature is increased,
. increase i T ‘ asurec
bout 40°C' and then decreased with further increase in temperature for all me asured
about ¢ n dec . ’
ae " . > e “lt, ire.¢’ as
f ies. However when the sample was cooled down from high temperatui
I'(?(]U(’]l(f o1 - | | " |
a differ ath from the heating up curves. The room
well as ¢ was found to follow a different pa g
value of ¢ and ¢” after the heating cooling cycle was much lower B
temperature v : ! B
’ P VeT regaine 21T nal value
that at the beginning of the cycle. ¢ and ¢” however regained thei original va

when the sample was kept in ambient air for two hours.

To study the effect of humidity on the dielectric measurements, samples were
kept in a dry box in flowing dry air. Figure 5.4 and 5.5 shows the variation of
dielectric constant and dielectric loss as a function of the time for which the dry air
has been flown through the dry box holding the sample. The measurement, showed
a sudden decrease in the value of ¢’ and ¢” at {he instant when the alr start flowing
through the sample holder. After 5 minutes of flow dry air, the valyes of ¢ and ¢ W

found to decrease and stabilize to a lower value at room temperature than {ha .

humid air.

It has been reported by Mountvala [2] that the

electrical Properties of BaTi0Q, cay,
be affected by moisture and this Property has been related 14 the microstructyre of the
material and {hat samples having smaller grain size were more affected by moisture
than that of larger graip size. Filmg prepared by sol gel process have fine Microst ruc-
ture and may have large POTosily as well ag uncondensed hydroyy] Broups on e
surface whicl) may make {}

1e film more susceptible to humidigy.
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‘7”““‘““\\\';"\1- must be related 1o the bound carrers trapped i the sarnple.

5.1.4 Mechanism of conduction in sol-gel BaTiOy thin film

on platinum substrates

The frequency dependent ac conductivity of diclectric thin films are usually influenced
by three process, (a) Schottky barrier at metal-dielectric interface, (b) Maxwell-
Wagner (MW) type dispersion due to inhomogeneities existing in the material giving
rise to a spatial variation in conductivity [7] and (¢) hopping type conduction between
localized states. The presence of any electrode barrier has not been observed in our
films as evidenced by the low dispersion of ¢ . Further, it has been suggested (6]
that a final check of electrode can be made by observing the sharp drop of sample
capacitance in conductivity regime of the sample where the ac conductivity has a
superlinear dependence (o, o w %) on frequency and a saturation of conductivity at
higher frequencies. In our sample, a superlinear dependence of ac conductivity with
frequency starts at about 5x 10" Hz. But the absence of corresponding drop in the
sample capacitance as well as the absence of saturation of the conductivity regime

suggests there are no appreciable electrode resistance in our samples.

Interfacial polarization due to Maxwell-Wagner(MW) type dispersion is ex-
pected in materials where two different phases (amorphous and crystalline ip the
present case) coexist. The crystalline phase in BaTiO3 have a large dielectric con-
stant (and hence has large capacitance) whereas that of amorphous phase is very
small and hence has negligible capacitance. Therefore, the system comprising of
crystalline and amorphous regions can be visualized as a large number of crytallites
having large capacitances and small resistances interconnected by amorphous regions
having large resistances. If C and R are the respective capacitance and resistance of
a crystallite and Ra the resistance of the amorphous region which connects the crys-
tallite to the electrode, and we neglect the small capacitance of amorphous regions
then the parallel capacitance Cp and conductance Gp of the crystallites-amorphous
matrix assembly can be writ{ep 6] as

Cp = C : (5.4)
S == (] + ]?4/11)()2 + w'ﬂ]gfl('l ¢
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(l' = .l_‘l + I{‘/I{() + \-‘-'zlf,tll)(,'(yz
' Tt (1 + Ra/lic)? + SHEC? (5.5)

In our films. electron microscopy shows that the dimensions of many crystallites are
large cnough to be directly connected with the electrodes on both sides. A schematic
diagram showing the cross section of the film and its equivalent electrical network
is shown in figures 5.11(a) and 5.11(b). In our conductivity studies (figure 5.10) we
have observed that the ac as well as dc conductivity of the films show a change in the
117-120°C" temperature region corresponding to the crystallographic tetragonal-to-
cubic transition. Therefore it is reasonable to believe that it is the crystalline phase
which is sensitive to ac as well as d¢ conductivity changes in the measured tempera-
ture ranges and having a larger conductivity than the amorphous regions. If this is

larger resistance than the crystallites and hence

true, the amorphous region will have
well as those smaller crystallites wh

ion will contribute very little to the capacitance and

ich are connected to the

the amorphous region as

electrode through amorphous reg
m. The capacitance as well as the conductivity of

1

the electrical conductivity of the fi

the film will depend mainly on larger cry
if amorphous reg

stallites which are directly connected to the

ions are having lower resistance than

clectrodes. On the other hand,
e conductivity of the fil
ce of the film will show a dispersion with frequency.

the crystalline regions, th m will be controlled by the amor-
phous regions and the capacitan
The low dispersion of dielectric const

connected with the electrodes on both sides
he resonant frequency
he interfacial polariza
electrical conductivity o
ce of conductivity at low frequency and an

ant with frequency of the crystallites directly
(since the frequency range under investi-
of BaTiO3 ) will be superimposed by a

gation is far away from t
tion from the crystal amorphous

much larger dispersion due to t
f the film also will show

interface. The frequerlcy-dep<"3ndent

a polarization effect, ie. linear dependen

w? dependence at high frequencies followe
inear dependence of c

) and o, at higher frequencies.

d by a saturation of conductivity.

onductivity on frequency

In our sample we have a nearly |

089 44 room temperature
in the w
les in the present study may not be

at :
low frequencies (0., o W 2 -
12 regime and the absence of

But the absence of a dielectric dispersion
jvity of the samp

he MW type.

frequency dependent conduct

due to interfacial polarization of ¢
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In manyv insulating materials. frequency dependent ac conductivity has been

observed due to thermally activated hopping of charge carriers with energies very

near to Fermi level. The total conductivity of such material can be described by the

experimental formula

o(w) = 04 + Ou (5.6)

In BaTiQy films it is scen that g 1s a few order of magnitude smaller than o, in

the measured temperature ranges so that the measured Omeas (w ) can be taken as
o, itself. The frequency dependent part of conductivity o, has been observed to

obey the relation
o, = Aws (57)
0.8 < s < I at room temperature for

where A is a constant and s Is a number
— 2 for higher frequencies. The low frequency

frequencies between 102 to 10° Hz and s

value of s decreased with increase in temperature and was explained due to hopping

ere as the high frequency value of s

between uncorrelated pairs of hopping centers wh
d due to hopping of charge carriers

was independent of temperature and was attribute

between equivalent hopping centers.
estigation qualitatively agrees with the hopping

The result of the present inv
lue of s obtained (i.e., 1.2) is much lower than

model. However, the high frequency v&
2 which is expected by the hopping mode

calculated from Pollak’s expression [8]-

_ ggesz[N(Ef)]za%[ln( %)]4 (5.8)

. The density of states near the Fermi level

Ow

where a is the hopping distance and Vph

and electrical properties of amor-

5.2  Dielectric .
thin films in MIS configuration

phous BaTiOs3
ctric constant has been extensively

thin films of high diele

Ferroelectric and dielectric
| for DRAM (Dynamic Random Access Memory) appli-

investigated as a gate materia
charge storage density. These materials possess

cations with an effort to increase the
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, strength and low leakage current. However. for such appli-

high diclectric breakdowt
resis are not required. In

cations. ferroelectric . ST
- Merroelectric properties sucli as polarization hyste

. thin films are very useful.
« and high diclectric breakdown strength

this regard amorphons Ba'liO Amorphous thin films of
BaTiO4 have low leakage current densitic
than crystalline BaTiOy thin films [9). Morcover amorphous thin films are
.« only at low temperatures [l(].ll]. Amorphous

casy 1o

fabricate :
abricate and need to be processe
lectric constant in the range 15 to 20 and this

BaTiOy thin films generally have a die

requirements for the fabrication of high density memory devices.

value meets with the

5.2.1 C-V Characteristics of amorphous BaTiOj; thin films

on p-type silicon

ise insulating thin films and semicon-

MIS ¢ . . .
S capacitance is extensively used to character

surement on an MIS device can give information about

ductor surface. The C-V mea

¢. ion transport {hrough insulators and silicon impurity

interfac .
iterface states. oxide charg

profile [12].
(10 mV) capacitance as a func-

w the small signal

+10 volts.
The figures show
ons of accumulation, depletion and

| Figure 5.12(a) and (b) sho
tion of bias voltage in the range —10 to

signal was respectively 100 Hz and 10 kHz.
ations of the regi
bserved during
jvity 1062 -cm).
m and hence th
{ the insulator is ca

The frequency of the applied ac
good C-V character-

iSl,iC . . . . .
behaviour, with clear indic
negative bias since the film has

Inver;
ersion. The accumulation was O
At accumulation the total

b ) .
een deposited on p-type silicon (resist
e structure resembles an

the insulating fil
lculated from the

capaci .
Pacitance is only due to

M
IM structure. Thus the dielectric constant ©

fOrmula,
et A (5.9)

Cmar = d

nstant of amorphous BaTiOs thin film of

ue of dielectric €0
As the bias on the gate

The maximum val
{ accumulation.

gative to positive, th
uctor interface to form a depletion

thi
ickness 140 nm was calculated as 16.12 2
1e majority carri-

cased from ne

cle
ctrode (top Al electrode) is incr
micond

(‘\[‘S -
(holes) are depleted from the insulator S€

o series capacitance with the insulator results

he flat band capacitance Cpp of the film

reg) L .
8lon. This depletion region acting as
pacitance. T
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~was calculated from the relation [13]

. ot A
Crs = o/ (5.10
([ + rl, .d - )

where ¢. is the diclectrie cons : .
were ¢, is the dielectric constant of the insulator and ¢ is the dielectric constant
s = . . SLd

of the semiconductor. A is the area of the capacitor and d is the thickness. Ly the

extrinsic Debye length is calculated using the relation

IC.'['(,; 1/2

where N is the donor concentration of the p-types semiconductor, k the Boltzman's
constant, q the electronic charge and T the absolute temperature. The value of L,

calculated for P-type silicon of resistivity 10 £ -cm was about 90 nm. Using this
value the flat band capacitance obtained for a 1400 nm amorphous BaTiOj; thin film
Hz was about 410 pF and corresponding flat band voltage

al a signal frequency of 100
e voltage shift indicates the presence of positive traps

was —0.5 volt. This negativ

state in the insulator.
rements at different frequencies suggested a dispersion in the

The C-V measu
r these films. The frequency dependence of capacitance

capacitance with frequency fo

and dielectric loss are indicated in figure 5.13(a) and (b). The figure indicates that

pacitance in the frequency range 500 Hz to

there is no appreciable dispersion in ca
s very small variation in this frequency

1 MHz. The dielectric loss factor also show
he C-V curve plotted at 10 kHz when

range. The existence of hysteresis behaviour in t
mulation to inversion an
he film from the electrode. The hysteresis voltage width

Its. The density ofstates recharged during the bias

dc bias is swept from accu d back to accumulation indicate
charge carrier injection in to t
(AV) measured was about 0.3 vo

cycle in the C-V measurement, Nit calculated using the relation,

C;AV

pacitance. Similar values were

was about, 1.8x 10'! /cm?, where C; is the .nsulator ca
nventional insulators.

reported for MOS devices with co
n insulating film is related to the flat

The total oxide trap charge density in a

band voltage Vi and the work function diflerence
141
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rial and the semiconductor by the following relation,
(21 = (q)m - ‘/,,"H)('l ('.)]3)

which was calculated as 3.5 10" /em? . When the negative bias on the gate clectrode
changes to positive value. the majority carriers (holes in the case of p-type semicon-
ductor) are depleted away from the semiconductor-insulator interface, thereby caus-
ing a seriecs capacitance to the insulating film. This causes a reduction in the effective
capacitance. This depletion of majority carriers disturb the equilibrium concentration
of charge carriers in the semiconductor. The maximum width of this depletion region
W,, is thus determined by the dopant concentration in the semiconductor. Hence the

value of the capacitance minimum Cnin is related to the maximum depletion width

as
€otr A

Cmm = d + ‘(’:‘Wm

[4

(5.14)

Irom the semiconductor data the value of W,, calculated was about 600 nm. Using

this value of W,,, the value of C,.in calculated for a film of thickness 140 nm was

about 110 pF. The value of Cri
on, the depletion capacitance Cy acting in series with the dielec-

. measured from the C-V characteristics was 105 pF.

During inversi
| capacitance and hence the following relation holds

tric effects in reduction of tota

true. 1 ] _1—
Cmin - Cmar Cd (015)

Using the value of Cmin and C,..z in the above relation, the value of the depletion

capacitance is obtained as 112 pF. The value of Cq calculated t,heoret,ically from the

relation eo€s A
(5.16)

Cs = —5—

d

measured values of these quantitjeg

was 129 pF. The proximity in calculated and
¢ behaviour of the amorphous BaTiO3 thin films, which

indicate the good dielectri

can be successfully utilized for the fabrication of charge storage devices.

5.2.2 I-V characteristics

The details of the 1-V measurements were given in the experimental section. The

samples used were MIS capacitors with amorphous BaTiO3 thin films ag dielectyic
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on pivpe silicon wafers. A de bias of 20 V has been applied to the sample in

forward bias (positive potential to the eate electrode) and reverse bias (negative
potential to the gate electrode). Figure 5.14 shows the [-V characteristics of the
above sample configuration for insulating films of thickness 140 nm and 280 nm. The
leakage current in the samples are in i he order of nanoamperes indicating their good
insulating behaviour. The current in the forward bias is dependent on the sample

thickness as seen from the figure 5.14.
in the reverse bias is about 2 order of magnitude less than that in the forward bias.

At the same time, for both films the current

I'he 1-V' characteristics shown in the figure 5.15 have similar behavior to that of

conventional MOS structure [14].
| insulating thin films are intrinsically related to

The conduction mechanism i1
< in the material. The negative shift in the flat

the density of charged defect state
aracteristics suggests the presence of positively

band voltage in the measured C-V ch
such material having a high density of

charged trap states in the insulator. lor
ion mechanism of Poole-Frenkel type is suggested

positively charged traps. a conduct
chanism in these thin films, a curve has been

[1’)]- To understand conduction me
5. The slope of the curve measured

plotted between V'/2 and In(I/V) in figure 5.1

from the above graph was aboul 1.24.

he Poole-Frenkel type of conduction mechanism in ma-

The relation governing

terials with intrinsic defects is given a8
_ Jqbmeokr)
:gg’g/\/,qj:—] 5.7

J = Eexp| T

This relation can be modified as,
—q | 4V + constant (5.18)

—e——

tog(1/V) = T\ Feoeed
and d the thick

e relation by substituting the value of the

6. This value is in good agreement

wh , ness of the film. The value of di-
ere ¢, is the dielectric constant
electric constant calculated using the abov

16 was aboul 19.9
ated from the G-V measurements for an

Measured slope from the figure
With the value of dielectric constant calcul

: ‘ e
applied signal of 100 Hz.Generally for the above calcu

st of dielectric constant measured
Stant has to be used. We assume here

a 1 o
ta fl@quency of 100 Hz can be consic

lation the static dielectric con-

that the value

Jered same as static dielectric constant.
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I'he results obtained in the C-\ and -V measurements support the fact that

amnorp P B . N . . .
phous BaTiO thin films are potential candidates as insulators in developing
meyj N Cabact o byorner : -

nory capacitors having high charge storage density and low leakage current den-

sity,

5.3 Ferroelectric Properties of BaTiO; Films

f ferroelectric materials is the response of the po-

One of the best known features o
E, which is often referred to as simply the

larizati : -
arization P with external electric field
erial can be confirmed by observations

hysteresis.  Ferroelectric behaviour in a mat
Another method is to observe the

this hysteresis in P-E response on an oscilloscope.
bias, often referred to as

non-linear behaviour in dielectric response under voltage
butterfly loop.

5.3.1 P-E Hysteresis loop measurements

Sawyer-Tower circuit, for BaTiOg3 sarmr

done using the well known
ows the PE hysteresis loop of

F‘igureS.lG sh

P-E me:
E measurements were
] .. .1
Ples made on platinized silicon wafers.
without any compensa-

2.5um thick BaTiOs thin films under humid free conditions,
tion. The remanent polarization P measured t0 SpC/cm"-' and coercive field E. was

35 kV/cm. The saturation ends of the hys
happens because, thin films generally exhibit hi
losses. This demands, the compensation for resid
of the sample. This is done by introducing compens

modified hysteresis loop tracer illustrated in experimental s
sated hysteresis loop for BaTiO; thin films mea-

Kk diagram of the hysteresis loop tracer with
erved that with compen-

ps. A reduction in

teresis loops are not well pointed. This
gh electric conductance and dielectric
ual capacitance and conductance
ation network as given in the

ection [16].

Figure 5.17 shows the compen
*ured under dry conditions. the bloc |
al section. It is obs

n the compensated loo

sated samples.

co . . . :
Mpensation is given in the experiment

Sat
ation the edges become more sharper tha
in the compen

p.E hysteresis loop
main began to grow, re

€oercive field has been observed
is shown in figured.18.

lectric field on

ferroelectri(' do

The effect of applied e mitting in
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the applied field increases,
1 AL
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Figure 5.21: (-V characteristics of @
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Chapter 6

ectrical Properties
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for electronic applications.
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other charge stor®
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6.3 ;
MIS structure based on grTiO; thin films on

p-type silicon

i 5 A . . i &y v o
¢ constant and storage densities ol ferroelectric thin (ilms are highl
D« v
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6.3.1 C-V characteristics of SrTiOs thin films 11 MIS con-
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