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Abstract

Abstract

High quality potassium sodium strontium bartum niobate powders and films with
composition of K,,Nay,Sr, ;Bay,,Nb,0, (KNSBN) were prepared by sol-gel
technique using methoxyethanol as the solvent. In the film fabrication, dip coating

method was used and single crystal (100)Si wafers were employed as substrates.

The efféct of different annealing temperature on the degree of crystallization of
KNSBN was characterized by differential thermal analysis (DTA), thermogravity
analysis (TGA), X-ray diffraction (XRD) and Raman spectroscopy. As a result,
powders started to crystallize at temperatures as low as 600 °C and fully converted into
tetragonal tungsten bronze (TTB) phase at temperatures higher than 1000 °C. On the
other hand, films can be crystallized at a lower temperature of 500 °C and its
orthorhombic tetragonal phase transition temperature occurred at 600 °C. These

temperatures are lower than those of sol-gel derived strontium barium niobate (SBN).

The effects of sol concentration and thickness on the surface morphology of the
films were measured by atomic force microscope (AFM). Small and spherical grains
of uniform size distribution with no apparent grain agglomeration were observed at
low sol concentration or for thin films. Increasing sol concentration or film thickness
would enhance surface roughness. At the same time, the grain became bigger with a
larger size distribution. As the sol concentration used is higher than 0.18 M, micro-

cracks were observed on the film surfaces.
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Abstract

Optical properties of single layer KNSBN films were studied by ellipsometric
measurements. The single layer films consisted of two different sub-layers. The upper
layer of the films, composed of KNSBN and void, had a smaller refractive index and
extinction coefficient than that of the lower layer which composed of KNSBN only.
This indicated that the bottom layer had a higher degree of crystallinity. Besides, the
refractive indices and extinction coefficients of the films were increased with the sol
concentration increased. However, all the values obtained in our films were smaller

than that of KNSBN single crystal. That means the density of the films were still less

than that of single crystal.
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Chapter 1 Introduction

Chapter 1

Introduction

1.1 Background

Ferroelectric materials have prominent dielectric, ferroelectric, piezoelectric and
pyroelectric properties. They have been explored to manufacture various kinds of
devices such as ferroelectric memories cells [1.1], piezoelectric or electro-acoustic
sensors [1.2], pyroelectric detectors [1.3] and optical waveguide devices [1.4]. The
application of these properties in a new generation of devices has driven the intensive
studies on the synthesis, characterization and determination of processing-property

relationships of ferroelectric materials.

Of various ferroelectric materials studied, potassium sodium strontium barium
niobate (KNSBN) received a great deal of attention owing to its high pyroelectric
figures of merit (FMg,) and high threshold energy for optical damage. The FMg, of
(K sNag 5o 1(Stp.6Bap )osND,O4 is 810" Cm/), which is about two to five times
farger than La doped PbZr,,TiO,, one of the most commonly used pyroelectric
materials [1.5, 1.6]. The threshold energy for laser damage of KNSBN crystals 15618
MW/cm® [1.6] which is almost 3 times larger than quartz. On the other hand,
KNSBN has a very good electro-optics coefficient. For example, the effective linear
electro-optics coefficient of Ky ,Nay;Sr, sBag pNb,O, is 59 x 10" m/V which is three
folds larger than that of LiNbO, [1.6, 1.7], one of the most commonly used electro-
optic materials. Therefore fabrication and characterization of KNSBN polycrystals
are of great interest. Despite these important properties of the KNSBN ceramics,

very few experimental work of preparing KNSBN powders or films has been
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Chapter | Introduction

reported [1.8]. In this thesis we will demonstrate that both KNSBN powders and

films of good structural quality can be fabricated by the sol-gel method.

Sol-gel technique is perhaps the most versatile, inexpensive and convenient
method for preparing ferroelectric ceramics. Advantages of the sol-gel technique for
powders and thin film processes include excellent homogeneity, ease of chemical
composition control, high purity, low processing temperature, film uniformity over
large area and versatile shaping. Furthermore, sol-gel process is a suitable method for

fabricate high-quality films of a few microns thick which are difficult to prepare by

physical deposition methods.

1.2 Qutlines of the thesis

This thesis is divided into six chapters. In chapter 1, a brief introduction
describing the previous work on this field is presented. The structural and some
physical properties of KNSBN are given in Chapter 2. In addition, the details of the
sol-gel processing will also be reviewed. The qualities of the samples have been
examined and investigated by different characterization techniques (differential
thermal analysis and thermogravity analysis, X-ray Diffraction, Raman spectroscopy,
atomic force microscope and spectroscopic ellipsometry). The principles of these
measurements are presented individually in five different sections of Chapter 2
respectively, After that, the preparation procedures as well as the experimental
procedures of all the characterization measurements stated above are reviewed in
Chapter 3. The results and discussion of these structural and optical characterization
studies are presented in chapter 4 and 5 respectively. The last part of this thesis is the

conclusion of this project. Some suggestions for further study are also recommended.

Lzai Brian



References 1

References 1

[1.1]

[1.2]

[1.3]

(1.4]

[1.5]

[1.6]

[1.7)

[1.8]

Orlando Auciello, James F. Scott and Ramesh, “The Physics of Ferroelectric
Memories”. Physics Today, 51:7, Amencan Institute of Physics, New York,
pp-22-27 (1998).

S. Trolier-McKinstry and R.E. Newnham, “Sensors, Actuators and Smart
Materials”, Materials Research Bulletin, 28:4, Pergamon Press, New York,
pp.27-33 (1993).

F. Jin, G.W. Auner and R. Nail, “Giant effective pyroelectric coefficients
from graded ferroelectric devices”. Applied Physics Letters, 73, pp.2838-
2840 (1998).

David K. Fork, Florence Armani-Leplingard and John J. Kingston,
“Application of Electroceramic Thin Films to Optical Waveguide Devices”.
Materials Research Bulletin, 31:7, Pergamon Press, New York, pp.53-58
(1996).

Yuhuan Xu, “Perovskite-type ferroelectric: part II”. Ferroelectric Materials
and Their Applications, Elsevier Science Publishers B.V., Asterdam; New
York : North-Holland, p.174 and 192(1991).

Yuhuan Xu, “Ferroelectric tungsten-bronze-type niobate crystals”.
Ferroelectric Materials and Their Applications, Elsevier Science Publishers
B.V., Asterdam; New York : North-Holland, p.267(1991).

Yuhuan Xu, “Methods for measuring the physical properties of ferroelectric
materials”. Ferroelectric Materials and Their Applications, Elsevier Science
Publishers B.V., Asterdam; New York : North-Holland, p.83(1991).

Yuhuan Xu, Ching Jih Chen, Ren Xu and John D. Mackenzie, “Ferroelectric
Thin Films on Silicon and Fused Silica Substrates by Sol-Gel Process”. E.R.
Myers and A.L. Kingon, Feroelectric Thin Films Symposium, San Francisco,
16-20" April. pp.13-18 (1990).

Lai Brian 3



Chapter 2

Theory

2.1 Characteristic of Potassium Sodium Strontium Barium
Niobate

Potassium sodiﬁni strontium barium niobate (KNSBN) is a well-known
ferroelectric material having large electro-optic, pyroelectric ‘and pizoelectric
coefficients [2.1]. Before studying this material, we would first try to
understand its structural as well as other physical properties. In this section, we
will discuss the structure of KNSBN, the origin of its ferroelectricity, the phase

transition and some characteristics of this material.

2.1.1 Structure of Potassium Sodium Strontium Barium
Niobate

Potassium sodium strontium barium niobate (K,Na,,),(Sr.Ba, },,,Nb,O;,
which belongs to the class of oxygen octahedral ferroelectrics, has the
crystallographic structure similar to that of the tetragonal tungsten bronze-type
K WO, and Na, WO, (x< 1) |2.2]. This tetragonal unit cell shown in Figure 2.1
composes of BO, octahedra linking together through their corners in such a manner
that three different kinds of void are formed and run through the whole structure
parallel to the c-axis. The lattice parameters of the unit cell are a =b=12.5 Aand ¢
= 3.95 A which satisfy the equation a =10 c. The site occupancy formula of this

material can be written as (A1),(A2),(C),(B1),(B2);0,, and it provides three kinds of

" Lai Brian



site for the cations occupied. In the case of complete occupied KINSBN structure,

Sr** and Ba®* ions can at most occupy five of the six A sites (two Al sites and four
A2 sites) when the original unfilled A site(s) is(are) occupied by the Na™ and K™ ions
[2.3]. Since Ba* and K* ions have larger atomic radius than Sr*" and Na® ions
respectively, Ba’ and K" ions prefer the larger pentagonal A2 sites while Na* ions
prefer smaller tetragonal Al sites. Nb™™ ions occupy the ten B sites (eight B1 sites
and two B2 sites) and the four C sites are left as empty due to the requirement of
electroneutrality and crystallographic constrains [2.4, 2.5].

For completely occupied KNSBN structure that invotve Nb,O;” (Nb,04,'").
the constrain of stoichiometric ratio of KNSB : Nb is very important. Since there are
only 6 occupied sites for all K, Na*, Sr** and Ba* ions to occupy when there are 10
occupy sites for the Nb* ions, the stoichiometric ratio of KNSB : Nb must be 6 : 10
or 1.2 : 2 for completely occupied structure. This suggest that, for completely
occupied KNSBN, when the values of x and y in the formula (K,Na,_),(Sr.Ba, ), ,.
JNb,O; are less than 1, the stoichiometric ratio of KN : SB must be z : 1.2-z (z range
from 0 to 1.2) and not the others [2.6]. It also implies that break down of this

constrains given non-fulfill or excess doped TTB KNSBN structure.

X

Oxypen octabhedron

Figure 2.1 Schematic diagram showing a projection of the
tungsten-bronze-type structure on the (001) plane. The
orthorhombic cell and the tetragonal cell are shown by solid
lines and dotted lines, respectively [2.4].

* Lai Brian



Another important point about KNSBN structure is that it has an intermediate

structure between SBN and BNN with modified potassium ions [2.5]. It is easy to

understand this by consider the occupy situation of SBN, BNN and KNSBN as

follow :

For SBN, let take Sr,,Ba,,Nb,O (Sr;Ba,Nb,;O,,) as an example. The occupied

situation of Al and A2 sites is

Al: St (S /nothing) only one site will be occupied
A2: Ba® Ba¥ Sr¥ (S /nothing) (total occupy sites : 5/6)

For BNN, let take Ba,,Na, ,Nb,O, (Ba,Na,Nb,,O;} as an example. The occupied
situation of Al and A2 sites is
Al: Na' Na'

A2: Ba™ Ba® Ba¥ Ba” (total occupy sites : 6/6)

Then for KNSBN, let take K,,Na,,Sr, Ba,;,Nb,0; (KNaSr, ,Ba, Nb,,0,) as an
example. The occupy situation of Al and A2 sites is
Al:  Na® S

A2:  Ba* S K' (Ba¥/ScH) (total occupy sites : 6/6)

Therefore it is easy to see that one or two Ba®’ ion(s) in A2 sites and one Na” ion in
the Al sites of BNN appear in the Al and A2 sites of KNSBN. Also, some ions
occupied in the Al and A2 sites of SBN appear in that of KNSBN. The Sr*" ion(s)
occupied in both Al and A2 sites and the Ba®' ions occupied in A2 sites of SBN
seem to fill up the vacant. Besides, the present of the K ions occupied in the A2 sites
of KNSBN modified its properties |2.6]. This structural property let us to expect that

KNSBN contain partial properties of SBN and BNN.

‘Lai Brian



2.1.2 The origin of ferroelectricity

The ferroelectric crystal of KNSBN classified as the polar class 4mm with the
space symmetry group P4bm. When the crystal is put in the temperature below the
Curie temperature (T.), the material change its phase from paraelectric to
ferroelectric. In this ferroelectric phase, all the metallic ions displaced along the
tetragonal polar axis. These atomic displacements in these metallic ions relative to
the centrosymmetric; oxygen planes induce spontaneous polarization. This is the
origin of ferroelectric character in tungsten-bronze KNSBN. Compare with SBN,
KNSBN shows more signified ferroelectric behavior. Since only strontium ions,
barium ions and niobium ions in SBN materials take place of atomic displacement
but the present of potassium ions and sodium ions in KNSBN materials also involved
in the displacement action. Figure 2.2 show the diagram that illustrates the origin of

the macroscopic polarization in KNSBN [2.7].

9350 am

Inus:%onomﬂ Sr4 0.0013 nm c=0.5

Nb(1)t 00106 mm Nb2) § 0.0048 ume =0

Figure 2.2 The nature of the cation displacements along +c,
relative to the mean oxygen planes, which explains the
macroscopic polarization [2.7].
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2.1.3 Phase transition

When the materials are heated above a certain temperature range, the crystals
become paraelectric and show no ferroelectric behavior. This temperature usually
referred to as the Cufie range. The Curie temperature of KNSBN is higher than other
ferroelectric materials such as LiNbO,, BaTiO,, and SBN. For BaTiO;, the Curie
temperature is 393K while it is 312K for Sr,,;Ba,,;Nb,0, [2.8, 2.9]. Nevertheless,
the Curier temperatﬁre of KNSBN is 475K [2.1]. This suggests that KNSBN would
maintain its ferroelectric properties at a higher temperature.

Besides, the broadening (smearing) of the phase transition of a complete
occupied KNSBN may be narrower than that of SBN. Since altogether only five of
six interstitial Al and A2 sites are filled by strontium and barium ions in SBN, the
structure has a high degree of disorder due to these incompletely filled sites. As a
result, the unit cells become dissimilar and the parameters specifying the ferroelectric
properties of each crystal cell are different. This fluctuation smears the phase
transition. However, all the A1 and A2 sites of complete occupied KNSBN are fully
engaged by K', Na*, Sr** and Ba™ ions, therefore the disorder effect due to unfilled
sites is not existed. Hence the effect of phase transition broadening becomes non-
significant in KNSBN. Nevertheless, there should be still some disorder effect due to

randomly fill of K*, Na*, Sr** and Ba" ions.
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2.1.4 Other properties of KNSBN

Nowadays, KNSBN crystals have been used as electro-optic and pyroelectric
detector materials. The advantages to select this material are that it contains high
electro-optic, piezoelectric and pyroelectric coefficients and relative small dielectric
coefficient. Table 1 shows the electro-opics, pyroelectric and piezoelectric
coefficients of (Ko_sNa0_5)0_4(Sr0_6B%_4)0_3Nb206, Pby gLy 07 (71562110 3000603 and

LiNbO, for comparison [2.1, 2.10, 2.11, 2.12, 2.13].

Refractive
index
(1)
Eftfective linear
electro-optic | 59x10"m/v | 433x10%m/V | 20X 10 m/V
coefficient

(ro)

Pyroelectric
coefficient [27Xx10°C/em’K | 6x10°C/em’K | 83X 107 C/em’K

(o)

Piezoelectric
coefficient 70X 10" C/N | 710X 102 C/N 6 X 10" C/N

(ds3)

Dielectric
constant

()
Figure of merit

(0 /1Vx)

2.31 2.5-3.0

220 2590 30

1.9%10”° C/em’K | 1.18 X 10”°C/em’K| 1.54 X 10°C/em’K

Table 1 Pyroelectric, piezoelectric and electro-optic properties
of KNSBN, PLZT and LiNbO, single crystals.
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Another advantage of KNSBN is that, when the KNSBN crystals are doped

with ions, semi-conducting ferroelectric (or photoferroelectric ) KNSBN will be
formed. These crystals have excellent controllable photo-conductive and photo-
refractive effects. These crystals show sensitive photo-refractive properties and
possess a great potential for applications in holographic memories, image storage
devices and optical phase-conjugation devices [2.10].

Besides, the threshold energy for the laser damage of KNSBN crystals is
quite high (618 MW/cm?) . This makes KNSBN crystals attractive for high-power

laser modulator applications [2.14].
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Chapter 2 Preparation Method

2.2 Preparation Method

In the last section, we have discussed about some general characteristics of KNSBN.
However, the actual properties of the material would strongly depend also on the
final product from which is restricted by the fabrication method. In this section, we
will compare the different forms of ferroelectric samples and different synthesis
methods. Then we will explain how and why sol-gel method is selected to fabricate

powders and films in our studies,

2.2.1 Introduction

Ferroelectric materials are usually synthesized in three different forms,
namely, single crystal, powders and films. The advantages, disadvantages and
general applications of these three different forms of ferroelectric materials are
summarized in Table 2.

In general, single crystal have the best structural properties and hence the
ferroelectric, piezoelectric and pyroelectric properties. [t is because the lattice of
single crystal is the most regular one, so most physical properties can be enhanced
without any internal suppresston. Nevertheless, single crystals normally have large
size and are expensive to fabricate.

On the other hand, powder is easy to fabricate, low cost, and can be
pressed into bulk form. The advantages of powders are good stress resistance,
allowance of complex shape fabrication and some properties will be enhanced if the
powders are in nano-melter particle size. These property-enhancements are due to the
quantum effect of zero dimension. Nano-size powders can be used to synthesis (-3

composite matrix for pyroelectric detector and nonlinear optics applications.
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For the demand of the world market, devices with minimized size, large

geometrical flexibility, low cost but with the same functional output as single crystal

are essential. To meet these requirements, high quality films seem to be one of the

solutions. There are two kinds of film: thin film and thick film. Thin films are usually

used as low voltage devices whereas thick films are normally applied in high voltage

one.

Single Crystals

1.

properties

Good structuraljl.

Low cost

1. Low cost

Any physical device |y

Advantages Good electrical Can be fabricated |2. minimized size
properties in bulk form of
complex shape
Good magnetic 3. Have Quantum Large geometrical
properties effects of nano- flexibility
powders
large size
Disadvantages ) Less application Weak singal given out
high cost to when compare with
fabricate single crystal
1. pyroelectric detector|l.  thin films---low
Applications voltage devices

nonlinear optics
applications

2. thick films---high

voltage devices

Table 2 Comparison of the advantages, disadvantages and
applications of typical ceramics single crystals, powders and

films.
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Normally, there are many methods for preparing ceramics samples and they
can be classified into two main streams of physical or chemical ways. Physical
methods include evaporation and sputtering. Chemical methods are subdivided into
three groups, namely, gas-phase reactions, liquid precursor and mixed oxide route.
For gas-phase reactions, it includes chemical vapor deposition (CVD), metallorganic
chemical vapor deposition (MOCVD), directed metal oxidation and reaction bonding.
For liquid precursor methods, the two main processes are sol-gel processing and
polymer pyrolysis. For mixed oxide route methods, melt casting is one of this kind of

method [2.15]. Figure 2.3 shown the classification of preparation methods.

ceramics preparation methods

Physical chemical
methods methods
evaporation sputtering
|

phase liquid mixed

tion precursor oxide

sol-gel polymer melt

process pyrolysis casting
CVD MOCVD retal reaction
0 ';“e o bonding

Figure 2.3 The classification of sample preparation methods
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The most widely used deposition technique for synthesis ferroelectric thin
films is physical vapor deposition processes. However, it is, in general, very difficult
to controll the crystal structure, microstructure and uniformity of the films [2.15].

On the other hand, CVD or MOCVD techniques can overcome the problem
of controlling the crystal structure. Nonetheless, it cannot control the stoichiometry
of the complex compositions of typical ferroelectric materials [2.15].

Furthermore, the methods stated above can be used to fabricate films only.
For powder preparations, one of the most convenient methods is ;nix-oxide route.
However, this method needs high temperature, hence it will lead to large energy
consumption and high cost [2.15].

Since both films and powders are needed in our studies, technique that can
be used to synthesis both good quality films and nano-size powders is required.
Among various preparation techniques, sol-gel processing seems to be the best way.
Firstly, sol-gel method can be used to synthesis both powders and films. Secondly,
the processing has the advantages of good homogeneity, easy composition control
and low annealing temperature. It also allows to fabricating large area and crack-free
thin films [2.16]. Finally, the equipment used for the sol-gel preparation is
inexpensive, so it can overcome the problems associated with physical vapor

deposttion process and mix-oxide route.
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2.2.2 Sol-gel technique

Sol-gel process is a wet-chemical method to fabricate metal oxide based

ferroelectric materials. It involves two important stages of sol and gel that can be

subdivided into four or five steps depend on whether the final product is film or

powder [2.15]. Figure 2.4 indicates the different stages of sol-gel processing.

=

50l

|

i
|
.

gel
ocl 5
crystallization.

I

" Raw Materials

U

Homogeneous
precursor solution
(usually metal alkoxides)

for

| for
powders preparation u film preparation

deposition of thin
layer
on the substrate

]

N =~

Hydrolysis and polycondensation
(react with incoming alcohol or water)

1l

-

Drying

S

annealing process

Figure 2.4 Block diagram

indicates the steps of sol-gel process.
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2.2.2.1 Preparation of a homogeneous precursor solution

There are two methods to prepare precursor solutions. One is to use
inorganic precursor and the other metal alkoxide. Since it is easier to control the rate
of hydrolysis and condensation in the case of metal alkoxides, this route is adopted in
our studies. However, synthesis of metal alkoxide depends on the electronegativity of
the metals. For highly electropositive elements with valences up to three, such as Na,
K, Sr and Ba used in our study, they react directly with the alcohol, accompanied by
liberating of hydrogen to form metal alkoxides. In particle, pure m;:tal and metallic
elements like Na or K are not to be selected as the raw materials because of the
safety reason. Metal hydroxides are often used instead and water is liberated after the
reaction.

e.g. Sr + 2HOC,H,0CH, — Sr(OC,H,OCH,), + H,

Ba + 2HOC,H,OCH, — Ba(OC,H,OCH;), + H,

KOH + HOC,H,0CH, — KOC,H,0CH; + H,0
On the other hand, for highly electronegative elements, the reaction usually involves
their covalent halides with appropriate alcohol.
e.g. NbCl, + SHOC,H,OCH, — Nb(OC,H,0CH,); + SHCl

For synthesis multi-component oxides, individual metal alkoxide are first

prepared separately. Then these alkoxides are mixed together with a common solvent,

usually the parent alcohol. After reflux, a homogeneous solution is formed [2.17].
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2.2.2.2 Deposition on the substrate

For this film fabrication, the prepared precursor solution are required to
coat onto the substrates. This can be achieved by spin-coating or dip-coating
techniques. Spin-coating method is more corﬁplicated and requires a spinner machine.
Dip-coating method, on the other hand, is much simpler and needs no additional
equipment. Thoughout our work, we have used dip-coating to prepare all our film
samples [2.18].

Dip-coating process can be divided into five stages: immierston, start-up,
deposition, drainage, and evaporation as shown in Figure 2.5. For volatile solvents
like alcohol, steps of start-up, deposition, drainage and evaporation normally process
at the same time. When the substrate is immersed into the solution, some of the
liquid paste onto the substrate. While the dipped film started to move up from the
liquid surface, the liquid near the substrate boundary split into two kinds of motion.
The inner layer moves upward with the substrate, while the outer layer returned to
the bath. At this stage, there are totally six forces competed each other and these six

forces govern the thickness of the films. Figure 2.6 shown the liquid patterns in the

deposition region [2.19].
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Rl *3
IMMERSION STARTUP DEPOSITION & DRAINAGE
{(a) (b) (<)

4
B
:
2 i

EVAPORATION
C))

Figure 2.5 Stages of the dip-coating process.
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LIQUID
BATH
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Figure 2.6 Detail of the liquid flow patterns in the deposition
region. U is the withdraw speed, S is the stagnation point, & is
the boundary layer and h is the thickness of the fluid film.
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When studying films, important parameter is the thickness of the film (h).
For dip coating, the thichness is controlled by the force of (1) viscous drag upward
on the liquid by the moving substrate, (2) force of gravity, (3) resultant force of
surface tension in the concavely curved meniscus, (4) inertial force of the boundary
layer liquid arriving at the deposition region, (5) surface tension gradient, and (6) the
disjoining or conjoining pressure [2.19]. However, when the liquid viscosity ( 77 ) and
substrate speed (U) are high enough, the major forces governing the film thickness
are just the viscous drag and force of gravity. For coated liquid state at equilibrium,

the viscous drag (oc 1 U/h) and the gravity force ( o gh) balance each other, that is:
U
¢1(7 ) =pgh 2.1)

rearranging this equation, the thickness of the film can be estimated as:
1
h=cy(AY)2 22)
Pg

where the proportionality constant, c,, is about 0.8 for Newtonian liquids [2.19].

Some modification should be made before using equation (2.2) to estimate
film thickness. The modification involve not too high substrate speed as well as
liquid viscosity, shrinkage of the film due to evaporation and partial sintering and not
pure Newtonian liquid of sol-gel solution. So, after modification, equation (2.2)

becomes

h=0.944( L= Pery (1Y) (1Y
pf_pa- Y pfg

)* (23)

where ¥, is the liquid-vapor surface tension, 0 is the full density of final solid

film, p is the density of the solution and 2 is the density of the solvent [2.18].

From equation (2.3), we can see that the thickness of the final film is

L | 1

proportional to (UU) , that is the viscosity of the solution (the concentration of the
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solution) and the withdrawing speed of the substrate.

2.2.2.3 Mechanisms of hydrolysis and condensation

For both powders and films, the next processes are hydrolysis and
condensation. The basic idea of both reactions can be easy described as follow [2.20].
When the metal alkoxide contacts with water, multi-steps reaction occurred. As a
result, metal hydroxide or metal oxide together with alcohol or water will be given
out.

In the absent of catalyst, both hydrolysis and condensation are taken place
by means of nucleophilic substitution (S,). This is the reaction that the oxygen of the
in-coming water or metal hydroxide attach to the metal alkoxide --- nucleophilic
addition (Ay). After then, the follow reactions depend on whether it is a hydrolysis
process or condensation process. If it is the hydrolysis process, the proton of the
attacking molecule transfers to the metal alkoxide or hydroxo-ligand within the
transition state. At last, the protonated species are removed as either alcohol
(alcoxolation) or water (oxolation). If it is a condensation process, the product of the
nucleophilic addition (A,) will react with the start agent, the metal hydroxide, and
the product of M,OH formed. This kind of reaction called olation. The mechanisms

of hydrolysis, alcoxolation, oxolation and olation are shown in Figure 2.7,
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H H
\ /
H—0 + M—0OR — 0: - M—OR — HO—M < O
| / \
H H H
— M--0H + ROH
hydrolysis
M R
\ /
M—0O + M-OR — 0. - M—OR - M—0—M < O
I / \
H H H

— M—0—M + ROH

alcoxolation

M H
\ /
M—0Q + M—OH — 0:— M—OH - M—0—M < O
| / \

H H H

- M—0—M +H,0

oxolation

When N-z >0, condensation can occur by olation:

H H
/ |
M—0 + M—O0-M =0 — M—0O—M +ROH
I \
H R
olation

Figure 2.7 Defination of hydrolysis, alcoxolation, oxolation
and olation.
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The kinetics of the proton transfer mechanism is determined by the extent
of coordination undersaturation of the metal, N-z, and the transfer ability of the
proton. Larger values of (N-z) and greater acidities of the proton would reduce the
associated activation barriers and thus enhance the kinetics. On the other hand, the
thermodynamics of olation depend on the strength of the entering nucleophile and

the electrophilicity of the metal. The kinetics of olation are systematically fast partly

because (N-z) >{.

2.2.2.4 Annealing

The last step of sample preparation is annealing. It is the process that
crystallizes the samples from amorphous gel. During the annealing process,
structural evolution occurred. The evolution can be classified into three stages. First,
when the annealing temperature reaches to a particular value, the gel has loss its
weight and shrunk a little. This weight loss is due to the evaporation of the physical
absorbed water and it leads to an endothermic reaction. The slight shrinkage of the

gel is the result of increasing surface energy when weight loss occurred. As a result,

the strain of the sample change to

o - U=v)Sp.Ay 2.4)
E

where S is the surface area of the gel; 0, is the sketetal density; A}/ is the change in

specific surface energy; D is the Poisson’s ratio and C is the Young modulus of the

sketeton [2.21].
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When the annealing temperature continues to increase, the concurrent

weight loss and shrinkage occurred at another region. This weight loss is mainly
- attributed by the removal of organic solvent. Also, at this stage, continued desorption
and dehydroxylation occurred and this increase the surface energy, ¥, by about two
times of that of origin value. As the temperature continues to increase up to T,, the

sample melt and the shrinkage as well as weight loss occurred.

2.2.3 Comparison between thin films and powders

Although both powders and films are fabricated through the same process,
it has slight difference. For films, the steps of dip-coating, hydrolysis and
condensation, and drying are usually take place at the same time when the film 1$ just
withdrawn from the liquid surface. For powders, hydrolysis and condensation can
only occur efficiency when a lot of water is added to the precursor solution. The
reason for this difference is that, for the films, only little solution is attached on the
substrate, so the water vapour in air is enough for activate the kinetics action of
nucleophilic addition. However, for powders fabrication, the amount of precursor

solution required is large. Therefore, plenty of water is needed for the mechanism to

start.
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2.3 Differential Thermal Analysis (DTA) & Thermogravity
Analysis (TGA)

In previous sections we have introduced the structural pfoperties and fabrication
method of KNSBN. In this and the following sections, we will present some
experimental techniques that were used in our study to characterise the KNSBN
powders and films. First, we will introduce the differential thermal analysis (DTA)
and thermogravity analysis (TGA) techniques. These methods are useful for
measuring the thermal properties of the samples. Next, we will describe the theory of
x-ray diffraction and Raman spectroscopy which are essential for measuring the
structural characteristic of the samples. Then, the principle of atomic force
microscope (AFM) and how it can yield information on the surface roughness and
grain size will be discussed in section 2.6. Finally, the principle of variable angle
spectroscopic ellipsometry (VASE) will be given in section 2.7. This VASE

technique allows us to measure the optical properties of the thin films.

2.3.1 Principle of Differential Thermal Analysis (DTA)

Differential thermal analysis (DTA) is a technique that can detect the phase
transition of the measured sample. The structure of a classical DTA is illustrated in
Figure 2.8 [2.22]. The sample and a reference material are put in the center of the
furnace that are at the ends of the thermocouple. The reference material selected
must be thermally inert. That means the material exhibits no phase change over the
temperature range of the experiment. When the temperature of the furnace is
increased using the temperature controller, both the temperatures of the sample and
reference material increases. The temperature difference of these two objects is

measured through the computer. As the sample temperature reach a particular value
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such that the sample has a phase change, for example, evaporate of solvent,
crystallization or melting, thermal energy will be either absorbed or emitted. The
temperature increment of the sample cannot be maintained at steadily rate. Therefore,
the temperature difference between the sample and the reference material will have
sudden change. Form the anomalies in DTA curve, we can obtain the crystallization

or melting temperature. Figure 2.9 show the DTA curve of typical ceramic materials.

Quartz Housing

Purge Gas Out
Heating Block

|
T / Furnace

Reference
Thermocouple
Sample /

<: Temperature

Controller
>
Furnace Coil »| Computer
—__
Plotter

Figure 2.8  Schematic diagram of classical DTA apparatus.
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Evaporation of solvent

Exo. 4&~—— AT ———p-Fndo.

Temperature »>

Figure 2.9 Schematic illustration of AT as a function of
temperature.

2.3.2 Principle of Thermogravity Analysis (TGA)

Thermogravity Analysis (TGA) is another kind of thermal analysis that
measures the mass change of a sample with increasing temperature. Some events,
such as, melting, crystallization and glass transition, do not have mass change. On
the other hand, desorption, vaporization, oxidation and decomposition have mass
change [2.23]. The reason of this weight loss is very simple. When the sample is
heated up to a particular temperature, the solvent and the water inside the sample
have enough energy to evaporate. When the temperature further increased, the
elements inside the material also have enough energy to decompose and will be
gotten away from the sample. Different solvent and element require different energy
for evaporation or deposition, therefore, more than one weight loss will be occurred.

TG curve represents the mass change as the function of temperature.
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Normally, the vertical axis of the graph refers to the percentage change of the mass
while the horizontal axis set as temperature. Figure 2.10 show a typical TG curve
with one-stage reaction process. From the figure, we can see that the reaction is
characterized by two turning points which correspond to two temperatures: T, and T;
which are the procedural decomposition temperature and the final temperature

respectively. These two temperatures tell us at which temperature the reaction start

(T,) and complete (T)).

100

ass Change %
&

h
(=

T, T,

Temperature ("C)

Figure 2.10 Schematic single stage TG curve.

Lai Brian 27



Chapter 2 DTA & TGA

2.3.3 Comparison of DTA and TGA

Although both DTA and TGA give us the information on the phase
transition of the measured object, TGA has two drawbacks. TGA cannot detect the
phase transition of crystallization and mcltiﬁg of thé sample which is very important
for structural analysis of the sample. In addition, the mass change characteristics of a
material are strongly dependent on the experimental conditions such as the physical
quantities of the sarﬂplé, the shape and the nature of the sample holder and the
pressure of the atmosphere in the sample chamber. Despite these disadvantages, TGA
given a good choice for comparison of other thermal experiment result. As this
reason, many TA instrument manufactures offer simultaneous TG-DTA apparatus so

that the experimental conditions for TGA and DTA are identical. In this case, the

given data can be directly compared [2.23].
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2.4 X-Ray Diffractometry

- X-rays diffractometry (XRD) is usually used in studying the structural properties of
material. In this section, we will talk about the background and the principle of x-ray,

and how it can be applied to determinate the crystal structure as well as the

crystalline grain size.

2.4.1 Background

X-ray was first found by Wilhelm Conrad Rontgen in 1895 when he found
his photographic plates, which were kept carefully in his laboratory, became fogged.
Then he put the photographic plates to a high voltage gas-discharge tube. He found
that this tube emitted a radiation that could penetrate anything and then he called it
X-ray because he cannot determinate this radiation was a stream of particles or a
train of waves [2.24].

Until 1912, Max von Laue suggested an idea to explain this phenomena. He
proposed that when a collimated X-ray beam was fallen on a crystal that are made up
of regular pattern of atoms. These atoms would set as the diffraction centers and the
diffraction beam would result as constructive interference in particular directions.
However, the mathematical interpretation to support this explanation was still
complicated, while the knowledge of atomic arrangement was still not fully

understand at that moment [2.25].
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In 1914, Sir William Bragg and Sir Lawrence Bragg started to study the
atomic structure of crystal by X-ray diffraction. They found that there were some
planes which contributed by the atoms could reflect the X-ray beam like that of
mirror. This discovery built up the concept of atomic plane and lead to a well-
developed theory of X-ray diffraction. They proposed that the X-ray which have high
energy and with wavelength in order of atomic spacing could scattering in ali
directions by the electrons inside a crystal when the beam was impinged on this
crystal. Since this scattered beam signal was strong, we can easy (o detect [2.25].

Nowadays, we know that X-ray is one kind of electromagnetic wave that
can be produced by acceierating the electrons of a heated filament using a potential
difference and strike a metal target. In general, x-ray can be used to determinate the

structure of material or used in medicine application for body checking.

2.4.2 Bragg Law
1 I

incident , diffraction

beam heam

Figure 2.11 Geometry of X-ray diffraction.
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From Figure 2.11, we can see that the optical path of beam 2-2’ is longer

than that of beam |-1".This path different, § , can be written as [2.26]:

6 =80 + QT = PQcos ¢, + PQcos ¢, 2.5)
where ¢| represents ZPQS and ¢2 represents < PQT. After simplify equation
(2.5),

- +
o =2PQ cos(u] cos(u] (2.6)
2 2
Since,

PO=d:. ¢ =¢, and ¢ +¢, =180°-20 2.7)
therefore, the optical path different can be written as

O =2dsin@ (2.8)
Since § is independent of ¢1 and ¢2, this equation can be applied to all reflected rays
scattered from two adjacent planes. As a result, interference of the diffracted rays is
occurred. The constructive interference only occurs when the path difference § is

equal to an integral number of wavelengths. That is :

nA =2dsin@ (2.9)

where n is the order of the Bragg reflection and A is the wavelength of X-ray. If we

consider only the first order reflection, equation (2.9) can be rewritten as
. A
A=2dsin@ or 74 =siné (2.10)

Since sin @ cannot exceed unity, the condition for diffraction at any observable angle
20is
A<L2d (2.11)
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2.4.3 Miller indices

The interplaner spacing d stated in the above section can be related to 3
numbers calléd the Miller indices. These parameters are usually used to represent the
direction of the crystal plane. For example, consider the case of a crystal with cubic
structure [2.27],

_ a
TR

where (h,k,1) is the Miller indices of the crystal. Besides cubic stfucture, there are

d (2.22)

totally six more kinds of crystal lattice cells.

Typically, X-ray diffraction can occur for the unit cells having atoms only
stated at the cell corners (with particular Miller indices). However, when some doped
ions or impurities state at the face or interior unit cell position, these ions or
impurities then act as extra scattering centers. As a result, the origin constructive
interference at particular direction will become destructive. Hence, some peaks
originally indicated in the X-ray spectra become absence. That is just one important

application of X-ray diffraction measurement which can lead us to understand the

structure of the crystal [2.28].

2.4.4 Application of X-ray diffraction

The main application of X-ray diffraction is material identification.
Equipment called X-ray diffractometer just provides this kind of function. Typical
material investigations include measurement of crystallographic orientation of single

crystal, chemical composition identification, residual determination and crystal size

visualization.
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a) Determination of the crystal structure

Since the Miller indices of many kinds of structure are well-known, to
compare the peak positions of the experimental X-ray spectra with the standard
reference and indexing it to see whether the peaks are well-defined is a possible work.

Hence, the orientation of the measured sample can be obtained [2.29].

b) Grain size measurement

Normally, for X-ray diffraction, only the signal at the exact Bragg’s angle is
strong enough for detection. The signal near the Bragg’s angle is weak because of the
cancellation of the reflective beam that diffracted from other crystal planes. However,
for decreasing of the particle size, the number of atomic plane decreases and not all
the reflected rays cancelled each other. As a result, some reflective rays superpose on
the strong signal. Hence, peak boarding occur. This effect is called the particle size -
effect of peak boarding [2.30].

The grain size of the crystal can be calculated as follow. According to the
Scherrer formula [2.30], the particle diameter or the grain size (t) of the peak can be

written as

cA

e 2.13
Bcos@ @13

t

where A is the wavelength of X-ray, © is the Bragg angle, c is the shape factor that
usually take a value of 0.9 and B is the full width half maximum intensity (FWHM)
measured in radian. However, this equation only satisfies for the case of high-angle

reflections from a narrow x-ray source. Warren, therefore, redefined B as

\IBMZ - BS2 , where B,, is the breadth of the observed diffraction line at FWHM

and By is the instrumental broadening or breadth of a peak from a specimen that
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exhibits no broadening beyond inherent instrument peak width. Both of the

broadening is assumed to have a Gaussian shape. After the modification, the

equation of (2.13) becomes:

(o 0.9 214

\}Bmz — BS2 cos0

¢) Measuring the effects of constraints on the crystal structure

Besides, XRD can also detect the effect of stress on the crystal. For instance,
if the lattice constant of the substrate is smaller than the coated material, the cell of
the sample might be forced to shrink and its lattice parameters would be altered. This
change of the lattice pattern can be observed through the XRD spectrum for the

enhancement of some peak intensities or for the shift of the peak positions [2.31].
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2.5 Raman Spectroscopy

Beside X-ray diffraction, Raman spectroscopy is another technique that can be used
to identify the structure of the measured samples. To understand the principle of
Raman scattering, it must understand the historical background of light scattering
first. Therefore, in this section, we talk about the historical background before the
discussion of Raman scattering theory. Since Raman scattering can be divided into
spontaneous and resonant scattering, we will initial discuss about ‘the spontaneous
scattering by mean of macroscopic view (electromagnetic approach) and microscopic
view (quantum mechanic approach). Then we will simply introduce the resonant
light scattering, the conservation laws of Raman scattering and application of how
Raman scatterihg as sample identification tool will be presented. At last, we will

compare the differences among XRD and Raman scattering

2.5.1 Historical background

Elastic light scattering was first investigated by Tyndall in 1868 [2.32]. He
observed that white light was partly polarized when it was _scattered by very fine
particles, at 90° from the incident light. Lord Rayleigh followed his earlier work and
treated the scattering of light by spherical particles. After making some assumptions,

Rayleigh’s law was built up in 1399 [2.33],

2ny 2 _ 2
B = 12NV K78 (1) cos ¢) (2.15)
29r? Lk +2x,

where 1 is the intensity of the unpolarized incident light, N is the number of the

scattering particles of volume v, r is the distance to the point of observation, ¢ is
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the angle through which the light with wavelength A is scattered, x is the relative
permittivity of scattering light and & , is the relative permittivity of the media. This
law shows that the scattered light intensity is depended on A ™.

In 1922, Brillouin did some calculation on the spectrum of the light scattered
by density waves in liquid, and first theoretically developed the subject of inelastic
light scattering. After one year, Smekal extended this fundamental work to two
quantized energy level system. As a result, the concept of elementary excitations
would produce shift in the frequency of the scattered photon was predicated [2.34].

Inelastic light scattering was first observed experimentally by Raman in 1928.
He observed that the light scattered by liquid benzene contains sharp sidebands in
pairs symmetrically disposed around the incident frequency with shifts identical to
the frequencies of some of the infrared vibrational lines. At the same year, Landsberg
and Mandelstam observed similar phenomenon in quartz. These results concluded
that inelastic scattering of light come from molecular and crystal vibrations and this

phenomenon is known as Smekal-Raman effect or Raman scattering [2.34].

2.5.2 Basic theory of Spontaneous Raman Scattering

When the sample is irradiated by intense light, an incident photon of energy
hw | interacts with elementary excitations within the system and raises the energy of
the system to an intermediate state of different energy. The system then relaxes to a
lower stationary state with the emission of a photon. The energy of the final state
may be less or greater than the energy of the initial state. The process is called Stokes

, also called the

or anti-Stokes scattering respectively. The frequency shift |, —wy

Raman shift, is characteristic of the excitations that occur in the sample since A wg

refer to the excited energy of the molecule within the system |2.35]. Figure 2.12

shown different scattering when the photon incident and interacts with the sample.
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excited state

y Yy ground state

Stokes Anti-stoke Rayleigh

Figure 2.12 Raman and Rayleigh scattering. For Stokes
scattering, energy of the final state is less than the energy of the
initial state when anti-Stokes scattering, the energy of the final
state is greater than that of initial state. For Rayleigh scattering,
the energy of initial and final states is the same.

In general, Stokes and anti-Stokes scattering yield equivalent information,
and since Stokes scattering intensities are normally stronger, Stokes spectra are often
sufficient and preferred. However, anti-Stokes information is important when the
temperature associated with particular mode of vibration phonon is need to be
determined. Since the ratio of the frequency width of anti-Stoke peak (d®@ ,isiokes) 1O

that of Stoke (d@g,.,) With particular frequency () can relate to the number of

mode of vibration (n} by,

dmanti—SlukeS = l'l((l)) (216)
detukcs l'l((D) +1

Here, according to the Bose-Einstein factor, we have

ni{m) = ——-]-ww— (2.17)

where k, is the Boltzmann’s constant and T is the temperature associated to

particular mode of vibration phonon. Therefore the temperature of particular mode of
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vibration phoﬁon can be found [2.36].

One difference between Raman scattering and Brillouin scattering is that
Raman shift of normal material is in the range of 5 cm™ to 4000 cm™ while Brillouin
shift is usually less than 5 cm™. This implies that Brillouin scattering can be used to
measure the energy change of acoustic phonon near the center of Brillouin zone
where Raman scattering can probe the energy change of optical mode instead. Figure

2.13 shown the dispersion relation of optical branch and acoustic branch [2.37].

energy measured by Brillouin scattering
l Y

Wical mode

Acoustic mode

1
o >
Center of //' Wave vector (k)
Brillouin zone T First Brillouin zone
(measured by =
Brillouin 2a
scattering)

Figure 2.13 Dispersion relationship of vibration mode of
phonon showing the different between Raman and Brillouin

scattering.
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2.5.3 Macroscopic Theory (electromagnetic view)

Raman scattering can be explained according to classical theory [2.38].
Strong light source with electric field strength (E) and angular frequency (@) can be
written as :

E=E, cos(ot) (2.18)
where E is the vibrational amplitude of the light source. iIf a diatomic molecule is
irradiated by this light, and for linear optic, an electric dipole moment P is induced,

P=0E=aE cos(wt) (2.19)
Here, a is the polarizability. Generally, ¢ can be expanded in a Taylor series as a

function of the nuclear displacement q :

2
a=a, +| 2] qedi[ T2 g2 4. (2.20)
dq . 2 8q2 .

The cross section of Raman effect is usually defined as [2.39]:
2
I, = NM(B—O‘] I,dzdQ (2.21)
2moge’n, \ 9q

where I_ is the intensity scattered at the Stokes frequency, s, in the length interval
dz and within solid angle d{2, N is the number density of scatterers, I, is the incident
intensity at the source frequency, @y is the material vibration radial frequencies, m is
the reduced mass of vibration, 7 is the refractive indexes of the material and d ¢ /dq
is the normal mode derivative of the polarizability tensor. Therefore, for Raman
effect, it is only necessary to consider the first derivative term of equation (2.20). It is
a term correspond to one phonon spontaneous Raman effect when the higher
derivative terms are correspond to more phonons spontaneous Raman effect. Also,
treating the molecular vibration as simple harmonic motion, we have

q=q, cos(o)Rt + ¢) (2.22)

Then combining equations (2.19), (2.20) and (2.22), the induced dipole moment can
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be written as :

P =[a0 + (g_a] q, cos(a)Rt + ¢)JEL cos(mLt)
9/,

N
=a,E, cos(mLt)+ %[—gﬁ—] q.E, cos[((oL - mR)t + ¢]+ (2.23)

%(Z_QJ q,E, cos[(‘DL +0)R)‘+¢]
d/,

The first term of (2.23) represents an oscillating dipole that radiated energy exactly
the incident frequency (Rayleigh), while the second and the third terms represent the

radiated energy of beat frequency (@ -wy) and (@ twyg), i€ Stokes and anti-

Stokes Raman shift respectively. Hence [_a“_) must not be zero for the vibration
0

dq

that is Raman active; or the Raman effect depends on a change of induced dipole

moment [2.35].

2.5.7 Microscopic Theory (quantum mechanic view)

To further understand the mechanism of light scattering, quantum-mechanical
approach will be required. The Hamiltonian of the coupled radiation field and
scattering medium, which refers to the energy of the scattering part, can be written as
[2.40]:

H=H +H;+H,;+H,+H, +H, (2.24)

where H,, H; and H, are the Hamiltonian of the electrons, the ions and photons
respectively. H, H,, and H; represent the electron-ion, electron-photon and ion-
photon interaction respectively. It is customary to treat part of this equation exactly
and the rest by perturbation theory. Under the adiabatic approximation, H, + H; + H,,

is renormalized into H.'. Then H,’ + H, + H,_, + H,, can be solved to obtain the
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exciton-polariton states. The photons, the photon-electron and the photon-ion
interactions arising from the adiabatic approximation are then treated by perturbation
theory. Generally, consideration of all parts of Hamiltonian is required, however, the
main effect for Raman shift is due to the electron-photon interaction. Thus, to
consider the electron-photon interaction and try to find out the kinetic energy of the
electron that differ from which no photon interact with, the quantive result of Raman
scattering can be obtained. For the electron-photon interactions, based on the
expression for the energy inside the scattering medium (electromagnetic field energy),

the electric-field operator E(r) and the vector potential operator A(r) are defined

[2.40]:
_ !
oy _& 2 ikr | _+ —ikr
E(r)-%_zveom(k)- (a,e™ +ate ™k, 2.25)
_ )
R 1 2 ikr o+ —ike
A(r)-%_-——zvsom(k)— (ake +age kk (2.26)

where a*, and a, are the operators of photon creation and annihilation respectively
and the &, is polarization vectors of the electric field. Then using equation (2.26), the
kinetic energy of the electron, that is contributed by the momentum of electron itself

and the vector potential of the external photon, can be found as follow :
1 2
52y +Awy)]
1 S | 2 1 1
==3Tpj+ S ZA(r))+ - Xp;A() + X A(r)p, (2.27)
P 2 2 2
1 " .
=_Ep§ +Her +Her
2
where J runs over all electrons. Therefore the electron-photon Hamiltonian has two
terms, H_” (quadratic term) and H,,> (linear term) in the electromagnetic field. These

two terms describe the effect of Raman shift. The expression for H,” and H,’ in

terms of a,+ and a, are easily obtained from equations (2.25) and (2.26)
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VAL L 228
T 2Ve, 08202
0 g Py o, + 1
. 1 Lok Loy +oku)e
Her=§_y | o : (2.29)
(2Ve,)"? mS'A ajs e™S* &g e (p, _EkL)

where €, and &, are the unit vector along the direction of incident light and scattered
light respectively. Thus k, -k, in equation (2.28) represent the wavevector q. For
scattering of light by‘ cr.ystal, the value of q is small when compare with the Brillouin
zone boundary wavevector. This implies that frequency change after scattering is
very small and hence the initial and final band states after one scattering process (one
electronic transition) are the same. So, it is an intra-band transition. This constrain is
not present in the equation (2.29) and this suggest that scattering leads to different
band states transition is allowed. This kind of transition is called inter-band transition
and its plays a more important role than the quadratic part for contribute phonon

scattering. Figure 2.14 shown this two kind of transitions.

(a) (b)

Figure 2.14 Raman scattering cause electronic transition. (a)
intra-band transition and (b) interband transition.
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2.5.5 Resonant light scattering

When an electron vibrates inside an atom, a harmonic oscillator formed.
When the electric field of the incident light interacts with this electron, the electron is
forced to vibrate and its natural frequency is changed from @, tow, [2.41]. Since,
for force vibration, the maximum amplitude of the oscillator is proportional to the
factor of [(w -@2) * +w T "?, whereT'is the oscillator damping constant, the
maximum electric field -or the polarization is proportion to that factor. That means,
when @ =@, (resonant), the polarization becomes maximum. Also, because the
polarization contributes the Raman effect in term of the second and third terms of
equation (2.23), that is the first derivative term of polarization, and this first
derivative term can relate to the cross section of Raman effect i.e. equation (2.21).
Hence at resonant, the differential cross section of Raman effect will be very large.
Although it is not so simple that only harmonic oscillation can explain the case in a
solid (actually anharmonic term is required for modulation), this simplified concept
is easy to be understood. There are two kind of resonant. When the incident radiation
energy equal to an electronic transition, it is called incoming resonance. When the
scattering radiation energy equal to an electronic transition, outgoing resonance

occurred.

2.5.6 Conservation laws
The kinematics of Raman scattering processes are governed by conservation

law of energy and momentum [2.4.2]:

ho, =ho, +hog (conservation of energy) (2.30)

kg = k; +kg (conservation of momentum) (2.31)

where the subscript of s stand for scattering , subscript of L stand for incident light
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and that of R is represent for phonon absorbed. Figure 2.15 show the vector diagram

of conservation of momentum in Stoke scattering.

Figure 2.15 Vector diagram for the conservation of
momentum in Stokes scattering.

The Raman excitation of typical visible light is in the range of 10< @ <3000cm’,
that imply the vibration frequency is in the range of 3X 10"< @/2 7 £5X 10" Hz.
Thus the maximum value of k,=2 7 n/ X is 1.3X 10" m". For q ~ 2k;sin¢ (from the
approximation of cosine rule about figure 2.15), the range of wave-vector q can be
written as 0=<q=<2.6 X 10’'m”". Therefore, for momentum conservation of phonons, q
can be approximated to zero since it is two to three order of magnitudes smaller than

the typical Brillouin zone edge (~ 10" m™). Raman scattering is often described as a

probe of zone center phonons [2.43].

2.5.7 Selection Rules
The polarization induced by the incident field E; in the absence of any
excitations of the scattering medium is
P=¢xE, (2.32)

where y is the first-order susceptibility and it contributes the elastic scattering. When

the excitations of the scattering or the inelastic scattering is involved, the equation
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will be replaced by an equation of the form :

P=c,(xE. +xx EL) (2.33)

here ) ’is the second-order susceptibility that contributes the inelastic scattering.

The symmetry properties of the scattering cross section are determined by the
symmetry properties of the second-order susceptibility for the excitation concerned.
For detail discussion, group theory is required. However, Thompson scattering can
give a simplified concept and will be shown as follow [2.44].

The radiation energy emitted (the scattering light energy along the direction

&) per unit time by an electric dipole moment M vibrating at the frequency @ is

dw, a
s . @ ]es oM (2.34)
dQ  (4n)ie ¢’

The dipole moment induced by an incident electric field E,= & E, is

M=dasé E, (2.35)
By substitute (2.35) to (2.34) and dividing the radiation energy per unit time by the
energy incident per unit area and unit time W, =¢£, ¢ E,?, we get the differential

scattering cross section

do o " - oa
- o fes waeg,

=2 ? 2.36
dQQ  (dne)°c (2.36)

That means for some orientations, the differential scattering cross section become
zero. That ts happened when the dot product is equal to zero. This effect is due to the

symmetric of the material that correspond to the term . Therefore this rule is

called the selection rule that the directions of incident and scattering light must be

selected for non-zero, differential scattering cross section.
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2.5.8 Sample identification by using Raman scattering

According to section 2.5.2, we know that when a laser interact with the sample,
Raman scattering light of different intensities with different frequencies emitted out.
The reason that it has energy changes is due to the absorption or re-emission of
energy of the dipole moments stayed inside the lattice. These dipole moments are
come from the interactions between the atoms of the material, that is the bonding
linkage between the.atbms. When these atoms absorbed or released energy, their
relative atomic displacements or vibration motion change. As a result, the
polarization or the bond strength of the material varies. The degree of polarization
changes depends on the structure of the sample itself, which is the kind of atomic
bonding. Since the degree of Raman shift is the information that incident the change
of the polarization of the sample before and after interaction, Raman spectrum can

lead us to understand the structural properties of the measured sample.

2.5.9 The interrelation between XRD spectrum and
Raman spectrum

Although both XRD spectrum and Raman spectrum can used to identify the
structural properties, they have few differences. For XRD, the source used to interact
the sample is x-ray beam while it is, usually, laser in the case of Raman scattering.
Another difference is that XRD spectrum show the diffraction result of x-ray beam
after interacted with the sample while Raman spectrum indicates the results of
change in polarization. Of course, the results of both measurements depend on the
inter-structure of the interacted medium---the sample. Finally, Raman spectrum,
beside identify the structural properties, is also useful in studying the energy

spectrum of the sample.
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2.6 Atomic Force Microscope

- In addition to the crystallinity, the surface morphology of the film is also very
important in structural characterization. In this section, we will introduce the
principle of atomic force microscope (AFM) and how it can provide the information

on the surface roughness and grain size of the films.

2.6.1 The principle of Atomic Force Microscope

| The principle of the AFM is based on the inter-atomic force between the
apex of a tip and atoms in a sample [2.45]. When the tip is scanned over the surface
of the sample, the microscope will sense the inter-atomic force between the tip and
the sample. The interaction is whether repulsive or attractive depends on which
operation mode is used. When the repulsive mode is selected, the tip actually touches
the sample, much like the stylus of a record player touches the surface of a record.
However, the tip of the AFM is much sharper and the tracking force is much smaller:
about one-millionth as great as for a record player. For these small forces, the tip can
trace over individual atoms without damaging the surface of the sample. When AFM
is operated in attractive mode, the feedback system of the microscope prevents the
tip from touching and damaging the sample. However, the lateral resolution of the
final image will be decreased. Therefore, most images obtained in this method are of

micrometer-scale objects.
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Figure 2.16 Schematic view of the force sensor for an AFM.
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2.6.2 AFM working process

Figure 2.16 shown the schematic diagram of an AFM sensor. The tip of this
AFM can be made of a small fractured diamond fragment attached to a spring in the
form of a cantilever [2.45]. The small repulsive tracking forces between the tip and
the sample, usually in the range of 10° to 10” N, are recorded by measuring minute
deflections of the cantilever. A typical spring constant for a cantilever would be
about 1 N/m. This means a defiection as small as 1 nm can be sensed when the
tracking force as low as 107 N is applied between the tip and the sample. However,

measuring this small deflection is impossible. Since the large mass of the cantilever
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makes its vibrational frequency so low that it is strongly affected by vibrations in the
laboratory. Nevertheless, the cantilever made by some material such as aluminum
foil can decrease the sensitive of external vibrations because they have high resonant
frequencies. Since higher the resonant frequency, the less sensitive the cantilever is
-to external vibrations, and the more stable it is for the atomic force microscope. The

vibration of one end of the cantilever relative to the other in response to an external

vibration of magnitude A and vibration frequency v is approximately A(% ),
r

where v_ is the resonant vibration frequency of the cantilever.

The deflection of the spring in the force sensor can be measured with
electron tunneling, an interferometer, or by the deflection of a laser beam reflected
off a mirror mounted on the back of the spring. All that is required is an electrical

signal that varies rapidly with the deflection.
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2.7 Ellipsometry Measurement

Among different optical characterization methods, the technique we choose in our
studies is ellipsometry which will measure the refractive index (n), extinction
coefficient (k) and the film thickness (d). Based on the n and k obtained, the complex

dielectric constant (&, ) can be estimated. This section will be divided into two parts:

(1) the background of ellipsometry and (2) the theory of ellipsometry measurement.

2.7.1 Historical Background

In 50°s, with the development of computational calculation and the
requirement of the semiconductor as well as complex circuit technique, ellipsometry
started to develop. Afterwards, this technique expanded and was applied to the field
of physics, chemistry, material science, micro-electric technique, thin film technique,
surface and interface technique as well as biology. In 70’s, ellipsometry had further
developments. Some scientists started to improve the measuring rate and developed
the spectroscopic ellipsometry (multi-wavelength measurement) instead of the
monochromatic light ellipsometry. On the other hand, the image of focusing also
changed. Inittally the measured samples must be of single layer and homogenous
with simple composition. However, at 70’s, the ellipsometer could be used to
measure the optical properties of multi-layers, non-homogenous and complex
composite thin films. In 90’s, the ellipsometry technique has rapid development for

measuring different kinds of samples [2.46].
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2.7.2 Thebry of ellipsometry

Ellipsometry measures the variation of the reflected elliptical polarized
light after a polarised light reflected from the sample surface [2.46]. The formula of
reflection (Fresnel law), refraction (Snell léw) and interference of the elliptical light
hit on the interface between the media set as the basis concept of this measurement.
The advantage of this measurement is that it can measure the refraction index (n) and
the extinction coefﬁdeﬁt (k) simultaneously, so that the Kramers-Kronig relation (K-

K relation) is not required. Figure 2.17 shown the basic set-up of the ellipsometry.

Rotatable Rotating
Polarizer analyzer

Collimated PMT
unpolarized
light

source

1/4
quarter
wave
plate

Sample
Figure 2.17 Optical path of ellipsometry

For ellipsometer, the unpolarized monochromatic light is produced by a
light source. After passing through the rotatable polarizer, the unpolarized light
becomes linear polarized. The direction of the polarization is determined by the angte
of the ‘polarizer. Therefore, rotating the polarizer can various the polarization
direction of the light beam. Then linear polarized light will pass through the 1/4

quarter wave plate so that it becomes ellipticaily polarized. This phenomenon can be

Lai Brian 51



Chapter 2 Ellipsometry Measurement

explained as the double refraction of the linear polarized light inside the 1/4 quarter
wave plate. As a result, two polarized light beam with phase difference of 90° are
produced and the superposition of this two waves form the elliptical polarization of
light. Since the degree of elliptical of the light depends on the direction of the linear
polarization of light, rotation of the polarizer will change the shape of the elliptical
polarized light beam. When the elliptical beam has been reflected from the sample,
the directional angle and the shape of the ellipse varies. For normal case, rotation of
the angle of the polarizer will result in changing the reflected light from elliptical
polarization (before reflect from the sample) to linear polarization (after reflection) at
a particular orientation. Therefore, rotation of the analyzer to a particular direction
can prevent any light entering the detector.

For the change of the polarizatio_n of light after reflection, we can use the
Fresnel laws, Snell laws and interference formula for analysis. Let us consider the
simplest case that the sample has one layer of thin film on a semi-infinite substrate.

Figure 2.18 show the reflection and refraction of this one layer sample.

air ny
Coated layer ¢d n,
substrate n,

Figure 2.18 Reflection and Refraction of one layer film.

From Figure 2.18, the Fresnel reflection coefficients of the air-film interface

are
] _ T, 080, — T, €0SQ, (2.37)

" R, cosp, +7, cosQ,
. n, cosgp, —n, cosQ, (2.38)

n, cos@, + N, cosQ,
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while the Fresnel reflection coefficients of the film-substrate interface are

_ H;cos¢p, — N, cosQ; (2.39)

Fpp =2 =
P R;cosQ, +1, cos,

_ N, co8¢, — 0, cosQ; (2.40)

Iy =< s
N, COSQ, + Ny COSQ,

Here 1,1, and fi;are the refractive indexes of air, film and substrate respectively.
The angle @, is the incident angle while ¢, and @, are the refraction angles as both
of them are real numbers (the detail will be discussed later). The footnotes of p and s
here stand for the polarization components perpendicular to the incident plane and

along the incident plane respectively. Notice that r,, r,, 1, and r,; normally are

p
complex numbers. Since, according to the refraction laws, the relation betweeng,,
¢, and @, can be written as

n,;sing, =n,sin@, =n;sing; (2.41)
Here, n, and sing,are real numbers for the media while 1, and i; usually are
complex numbers as well as sing, and sing;. Hence ¢, and ¢, are complex and
cannot be seen as simple refraction angles. From Figure 2.18, we can see that the
total reflection light beam 1s the result of the superposition of all light beam reflected

from different layers. Therefore, after considering the interference effect of the light,

the total reflection coefficients can be calculated as

-2i8
R =St (2.42)
P 1+ rlprzpc_m5
-2i5
+r,,
R, = Lﬂ‘” (2.43)
1+r,r,e
where
8=E§~d n, cos g, (2.44)

Hence, A is the wavelength of the light travelling in air and d is the film thickness.

Since ellipsometry is the method using the wave property of light, both amplitude
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and phase difference of the light before and after reflection is necessary for

consideration. Define the parameter of yand A as

R
tanye® =2 2.45
b4 R (2.45)

s
such that tany stands for the ratio of relative decay polarization amplitude and A is

the phase difference of the polarized light before and after reflection. Bothy and A

are measured as angie. -

In the experiment, the wavelength of the incident light ( A) as well as the
incident angle (¢,) are known, if we know n, (usually equal to 1 for air) andn;
(refractive index of the substrate), then bothy and A can be set as the function of the
film thickness (d) and the refractive index of the film (1, ), that is

ey i) 5 A=A(dR,) (2.46)
Thus, by measuring the value of yand A, we can find out the film thickness and

refractive index of the measured film.

From Figure 2.17, when the polarizer and analyzer are rotated to an

orientation that no signal is detected by the detector, at that time let P and A are the

angle of the polarizer and analyzer respectively, the relationship between A and ,

and P and A are

= A (2.47)
A=270°-2P, when0<P<[35°

=630°-2P, whenP >135° (2.48)

where A is the angle between 0° to 90° as P is the angie between 0° to 180°.

Therefore after recording the values of A and P, we can know the values of yand A
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and hence the value of T, and d can be known. Let us consider some special cases.

- (1) transparent film
In this case, 1, only contains the real part. Therefore there are only 2 unknown
parameters of m, and d. In principle, since we have measured the values of

y and A, we can solve the equation stated above to find out n, and d.

(2) Substrate only

In this case, d = 0 and therefore the equations of (2.42) and (2.43) can be simplify
to

H. coS@, —H €oS
R, =— L ! @, (2.49)
n,cos@, +H, CosQ,

H, cos@, — 1, coSQ,

R = — 2.50)
7 cOs@, + 1, cosQ,
Let T3 equal to n-ik, then n and k can be solved as
tarf § 2 —sirf 2ysint A
n =k’ +sif ¢ |1+ ari g (cod 2y —si 2‘{’8' ) 2.51)
(1+sin2ycosh)
K sin’ @, tan’ @, sin4y sin A 2,52

. 1
2n(1 + sin 2y cos A)
here #,is equal to 1. Although n and k of the substrate can be easy found out at

the same time, the oxide layer coated on the substrate can affect the measuring

result. Thus, to get rid the oxide layer is a very important step before

measurement.

(3) absorption film layer

In this case, all the values of n, k and d are unknown. However, we only have two

h
L
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equations (2.46), therefore, in principle, the three unknown parameters cannot be
solved simultaneously. By using different incident angle, a new set of equations

(2.46) will be resulted, then the three unknown parameters can be solved.

To measureyand A under different wavelength of incident light,
ellipsometry spectrum can be obtained. There are two kinds of measuring techniques,
namely, extinction method and intensity method. For extinction method, it is similar
to that described in Figure 2.17. However it has one disadvantage. When this method
is selected to use, the 1/4 quarter wave plate must be change continuously if a large
range of spectrum is to be measured. Since the 1/4 quarter wave plate normally

sensitive for a particular wavelength only.

For intensity method, the optical alignment is different from that of Figure
1.17. The 1/4 quarter wave plate is taken away and the angle of the polarizer is fixed
at a particular position, usually at +45°. When the analyzer is being rotated, the
intensity of the reflected beam (I) changes with the position of the analyzer angle

(8). The relationship between I and @ is:
I=1[1+cos2ycos2(6- )] 2.53)

where I, is the average light intensity, y is the parameter depended on the shape of
the elliptical polarized light and ¢ is the angle tiling of the major axis. By using
this method, the light before incident onto the sample is linear polarized while
changed to elliptical polarized after reflection. For different angle of analyzer,
different intensity of reflection beam can be detected. Hence the I- & curve can be
formed. As a result, ¥ and a can be obtained. However, instead of plotting out
the I- @ curve, a simple technique can be used. The idea of this method is to find out

the maximum and minimum intensities with the related angles of analyzer. Since,
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according to the equation (2.53), the detected light is set as maximum when

6 =a (2.54)

thatis [ =1,+1,cos2y (2.55)
and the detected light set as minimum when

8 =a+90° (2.56)

thatis 1 =1, -1 cos2y (2.57)

Also, by (2.55) and (2.57), we can find out the value of y by

I -1I_
cos2y = —"™ Lo

—m_ min (2.58)
I +1

therefore, ¥ and a can be found out. By using the relation between ( y,a ) and

(l|}, A) , we get

tanA =+ t‘fn 2x (2.59)
sin2ao
cos 2y =—cos2ycosa (2-60)

Beside the refractive index and thickness, another important parameter of

the film is its dielectric constant. From the definitions of reflectivity coefficient r{ @),

n(w) and k( w), (n,k) is related to the complex dielectric (8, Sc)as following [2.47|:

n?-k?==%
£
0 (2.61)
and 2nk = fe
80

By obtaining n and k, the dielectric constant of the film can be found out.
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Chapter 3

Experimental Aspects

The object of this chapter is to describe the experimental procedures of the fabrication
process and characterization of KNSBN powders and films in detail. The content
includes (1) preparation of KNSBN sol, powders and films, (2) experimental
procedure for DTA and TGA measurement of KNSBN powders, (3) XRD spectra
measurement, (4) Raman spectroscopic measurement, (5) AFM study and optical

characterization.

3.1 PREPARATION OF KNSBN CERAMICS

3.1.1 Fabrication of KNSBN sol

As strontium metal, barium metal and sodium ethoxide can directly react with
the 2-methoxyethanol spontaneously, they were selected as the starting agents to
prepare KNSBN solution. The first step was to prepare the metal alkoxides. The
solvent, 2-methoxyethanal, which also acted as the sol stabilizer, was distiliated for
about 1 hour before reacted with the starting agents. The process of distillation could
get rid all the water molecules from the alcohol. Using 2-methoxyethanol as the
solvent, the alkoxides and the KNSBN sol formed were less susceptible to hydrolysis.
After distillation, strontium metal, barium metal and sodium ethoxide were dissolved
and refluxed individually in the pure 2-methoxyethanal for about 2 hours. As a result,
strontium  methoxyethanoxide, barium  methoxyethanoxide and  sodium

methoxyethanoxide were formed respectively. Then, niobium(V) chloride and
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potassium hydroxide were used to prepare the other two alkoxides. The calculated
amount of potassium hydroxide was dissolved in 2-methoxyethanol before niobium(V)
chloride was added. The potassium hydroxide here had two functions. It was used to
get rid the chloride ions by forming potassium chloride precipitate in the solution. On
the other hand, the residual KOH was used to form the potassium alkoxide. Of course,
the niobium ions inside the solution would react with the alcohol to form niobium
alkoxide. The precipitate (KC1) was then separated from the final solution of niobium
and potassium alkoxides by filtration. Since part of KCI formed would re-dissolve in
the solution at room temperature and the chloride ions then might compete with 2-
methoxyethoxy group to attach to the niobium atom, precipitate separation has to be
done at reflux temperature. After the successful preparation of the individual metal
alkoxide solution, they were mixed together according to the stoichiometric ratio of
K:Na:Sr:Ba:Nb=0.2:02:048:032:2. The final KNSBN sol was clear
yellowish brown in colour without any suspension of particles. The whole experiment
was done in the atmosphere of dry argon to prevent pre-hydrolysis of solution with the
water molecules in air. The mixed solution was then divided into six parts and each

was refluxed to concentrate the solutions to different concentration of 0.03M, 0.06M,

0.09M, 0.12M, 0.15M and 0.18M.

3.1.2 Preparation of KNSBN powders from sol

To synthesis KNSBN powders, part of the KNSBN sol with 0.03M was
selected for hydrolysis. Small volume of water together with 2-methoxyethanol was
added to the sol. Then the solution was stirred to activate the reaction. After compiete
hydrolysis, the unwanted water molecules and alcohol were removed by drying the gel
in oven at 100 °C for 60 hours. Pieces of yellowish brown loosely packed solid were

obtained. The solid was ground into fine powders by using mortal and pestle. Then the
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ground powders were put into a high temperature furnace for annealing at different

temperatures ranging from 500 °C to 1200 °C for 2 hours. The heating rate of the

furnace was set at 10 “C/min.

3.1.3 Preparation of KNSBN films from sol

To fabricate KNSBN films, dip-coating technique was used. Initially, area of
1 X2 cm?® (100)Si wafers, which were used as the substrate of the films, were cleaned
and etched. Then the upper edge of the wafer was pasted to a rod that was attached to a
XYZ motorized translator. After then, the Si wafers were dipped into different
homogeneous solutions with different sol concentration. The withdrawn rate was
controlled by the motorized translator. The as-deposited amorphous films were then
dried in air for about half an hour and were annealed at different temperature from 400
°C to 800°C for 2 hours with a heating rate of | “C/min. The slow heating rate was
chosen to make sure that the samples were not damaged by the internal stress built up
inside the films due to the rapid heating process. To fabricate multi-layers films, the
procedure of dip-and-dry was repeated after each of the annealing. In our study, three
series of the films were fabricated, namely, (1) different annealing temperature (400 °C,
500°C, 600°C, 700°C and 800°C): 3 dip-coated layers with sol concentration of 0.21M,
withdraw rate of 0.3 cm/sec and annealing time of 2 hours; (2) different coated layers
(1-layer, 2-layer, 5-layer and 10-layer) with single annealing cycle: films with sol
concentration of 0.03M, withdraw rate of 0.3 cm/sec and annealing temperature of 700
°C for 2 hours; and (3) different sol concentration: 1-layer films with sol concentration
of 0.03M, 0.06M, 0.09M, 0.12M, 0.15M, and 0.18M, withdraw rate of 0.3 cm/sec and
annealed at 700 °C for 2 hours. Figure 3.1 shows the schematic diagram of fabrication

of KNSBN powders and films.
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Figure 3.1 The flow chart of synthesis route of KNSBN powders
and films.
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3.2 THERMAL ANALYSIS OF KNSBN POWDERS

In order to study the crystallization behaviors, amorphous KNSBN powders
were used. The weight change in the annealing process was studied by
thermogravimetry (TG, Rheometric Scientific, Model: TG 1000+) while the energy
change of the powders as the temperature varied was analyzed by differential thermal

analysis (DTA, Perkin-Elmer). Both measurements were kept at a heating rate of

10°C/min.

3.3 X-RAY DIFFRACTION MEASUREMENT

All experimental data of XRD spectra were obtained from a x-ray
diffractometer (Philip Model PW3710). The tube anode is Cu and the wavelength of
emitted X-ray are 1.54060 A and 1.54439 A with intensity ratio of 0.5. The power of
the diffractometer is 140 kW. The divergence slit used was 0.25° and the receiving slit
was 0.1mm. Monochromator was employed to filter out the unwanted signal arisen
from other x-ray wavelengths. For the scan mode of & -2 &, all the powders and films
were scanned continuously from 26 = 20" to 60° with the step size of 0.02 and
integral time of 1 second.

For powder measurement, the powders were held on a home-made sample
holder. The holder was made by attaching several pieces of smaller slide glass together |
on a cleaned glass slide so that a hole is formed in the middle of the clean glass slide.
Therefore, the powders can be held firmly during the measurement.

For film measurement, a Si wafer was pasted to one end of a glass slide and
the fitm was attached on the other side of the slide so that both the Si wafer and the
sample attached were at the same level. The glass slide with the Si wafer and the film

was mounted on the sample mount which was fixed to the diffractometry.
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3.4 RAMAN SPECTRA MEASUREMENT

Figure 3.2 is a schematic representation of the set-up for our Raman
measurements. Raman spectra for both powders and films were excited by a CW argon
gas laser (Coherent Innovz; 70) with laser line of 514.5 nm. The argon gas laser was
selected because the advantages of well polarization, well collimated, high power
output with short wavelength and excellent power stability. The power of the laser
after passing the interference filter was set at 200mW and 300mW for powders and
thin film measurement respectively, so that laser annealing of the samples could be
avoided. All measurements were done at room temperature.

The laser light was first reflected by two plane mirrors to alter it to a
convenient direction. This configuration could also used to make sure that the incident
beam would be at right angle to that of scattering beam. Furthermore, an interference
filter (Oriel Model no. 52680) with bandwidth of 10nm was employed to filter the
unwanted laser plasma lines. After passing through the filter, the laser beam was
focused by a convex lens of focal length equal to 175 mm. This lens could increase the
power density of the light irradiated onto the sample. As the intensity of the scattered
light is proportion to the intensity of the exciting light, increasing the power density of
incident light would obtain a strong signal for detection. The measured sample was
held on the sample holder and was positioned at about 45° with the incident light. It
prevented the reflected beam, the Rayleigh line, entered into the collimating lens and
the monochromator. Since the intensity of the Rayleigh scattering light is much
stronger than that of the Raman scattering light, the latter would be overwhelmed by
the former when both scattering light were collected at the same time. A camera lens
(Canon FD85mm 1:1.8) was used for collimating the scattered light which was
detected and analyzed by the double grating monochromator (Spex 1403). A short

focal length camera lens was selected as the collimator because shorter focal length
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leads to a larger solid angle subtended by the collimator. Hence more scattered light
would be collected. Finally, a collecting lens (f = 150mm) was used to focus the
- parallel scattered beam onto the entrance slit of the double spectrometer. The focal
length of the collecting lens was determined by f-number of the first mirror inside the
spectrometer. The relationship between the focal length and diameter of these two

optical instruments can be presented as :

d
4 _dm (3.1)

f |

c

where d, and £, are the diameter and focal length of the collecting lens respectively. d,
is the diameter of the first mirror inside the spectrometer and | is the distance between
the entrance slit and the first mirror.

The scattered light with mixed wavelengths was dispersed by a double
grating spectrometer. The final light spectrum was detected by a cooled
photomultiplier tube (PMT, Hamamatus R943-2). A photomultiplier cooler
(Hamamatus C4877) was used to cool down the PMT so that the thermal noise could
be minimized.

For powders, they were pressed and held into a small crucible which was
pasted onto the sample mount. For films, the films were pasted directly onto the
sample mount. After focusing, the scanning process could be started. The voltage of
the PMT used was 2000 V. The signal controlled by a personal computer. The spectral
range to be scanned, the scanning rate, scanning steps, and the accumulation time were

selected prior to each scan. The slit width of the monochrometer were selected so that

the resolution of the spectra was 1 cm’™.
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Figure 3.2 Experimental setup of Raman spectroscopy.
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3.5 SURFACE MORPHOLOGY MEASURMENTS

The surface morphology of the samples were measured by atomic force
microscope METRIS-2000. The schematic diagram of AFM with this module was
shown in Figure 3.3. The scan area are 25 um X 25 pm, 10 um X 10 um, 5 um X S pm
and 2 pm X 2 pm respectively. A silicon nitride probe was attached to the probe mount
by adhesive. The silicon nitride probe was selected because contact attractive mode
was chosen for measurement. Then the probe mount was inserted into the probe mount
holder and the probe was aligned in the position under the light sport produced by a
very low power laser beam. Therefore, the probe could be viewed with an optical
microscope through the top aperture. An attenuation filter was placed at the top
aperture to remove over 90 percent of laser reflection light that could cause any danger.
After then, the measured samples were attached to the sample mount by adhesive and
inserted into the sample mount holder. On the other hand, the calibration sample of
regular grating of 62.5 lines/min was inserted into the sample mount, in a suitable
position, for calibration of the PZT scanner. The sample then was brought in close
proximity with the probe and the sample area which was interested was posited under
the tip of the probe. The ambient light was shielded on the head to block any stray light
from the working environment. The detector was aligned with the reflected laser beam
from the probe. The configure parameters of the software and the electronic controller
were set for contact attractive mode operation and the images was acquired by the PZT

scanner together with the feedback system.
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Figure 3.3 Schematic diagram of the atomic force microscope
METRIS-2000.

3.6 OPTICAL PROPERTIES MEASURMENT

The optical properties of the sol-gel derived films of different concentration
were measured through spectroscopic phase modulated ellipsometer (UVISEL
HR460). The samples were put at the stage and the stage was adjusted to a level that
the amplitude of the DC signal (S,) was at maximum. The incident angle of 70° and
incident light of energy range of 1.6eV to 5.0 eV were chosen for our measurement.
The refractive index, the extinctive coefficient and hence the complex dielectric

function of the samples were obtained.
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Chapter 4

Structural Characterisation

4.1 Use of improved solvent

Previously, ethanol was used as the solvent for the preparation of metal alkoxide,
which created difficulties in the preparation process. The formation -of the ethoxides
from metal and ethanol took a long time to complete. Besides, these ethoxide sol
required careful handling because of their readiness to hydrolysis during expose to air.
Chamber filled with dry argon or nitrogen was needed in order to prevent pre-
hydrolysis of the ethoxides. In addition, a chelating agent was added to stabilize the

solution and to get rid of any precipitate formed.

In this work, we have shown that methoxyethanol is a superior solvent in
preparing the alkoxide sols. The methoxyethoxy-group has more partial negative
charges than that of ethoxy group. This makes methoxyethanol a better nucleophilic
solvent than ethanol. As a consequence, this results in a much easier alkoxides
formation. In addition, no chelating agent is needed to stabilize the solution.
Furthermore, owing to the steric hindrance of the more bulky ligands in the case of
methoxvethanol, the rate of hydrolysis and condensation are much more under control
than that in the case of ethanol. This property allows both the metal methoxyethoxides

to be more stable in air and much easier to handle than those do ethoxides.
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4.2 Temperature etfects

4.2.1 Powders

To study the crystallization behaviors of sol-gel KNSBN, the precursor sols
were dried at 100 °C to obtain the dried gels for DTA and TG measurement. Figure 3.1
shows the DTA and TGA curves of K, ,Na, ,Sr, ,sBa, ,Nb,Os powders with the heating
rate of 10 °C/min. Four anomalies are found at 100 °C, 320 °C, 450 °C and 604 °C on
the DTA curve while only two anomalies at 100 °C and 320 °C aré observed in the
TGA curve. Amorphous powders prepared from precursor solutions still contain a
certain amount of water and solvent that are either from precursor or as the by-product
of the alcoholysis as well as condensation reactions. As the temperature increased to
about 70 °C, which is close to the boiling point of water (100 °C) and 2-
methoxyethanol (125 °C), both water and 2-methoxyethanol start to evaporate. As a
result, energy is absorbed with a large weight reduction. Hence, an endothermic peak in
the DTA curve and a large drop in TGA curve are obtained. As the temperature further
increased to ~300 °C, the remained solvent and organic ligand undergoes combustion.
In this case, heat is released as well as the weight of the sample is reduced due to the
removal of the organic groups. This accounts for the exothermic peak and another large
weight drop found in the DTA and TGA curves respectively. This combustion process

is completed at ~ 380 °C.

As the temperature further increased to > 400 °C, an anomaly at 450 °C is
observed. Since no weight foss is observed at this temperature, this exothermic peak
could not be due to evaporation or combustion. Furthermore from XRD data, we also
know that the sample was not crystallized until ~600 °C (Figure 4.2). So this peak 1S hot

arisen from crystallization of KNSBN. Furthermore, similar peak in the sol-gel derived
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SBN was not observed [4.2]. The main difference between the KNSBN and SBN
system is that vacant A sites exist in SBN but not in KNSBN structure. We suggest that
~ this anomaly may be due to a phase transition of the very fine crystallite of the sample.
These fine crystallites cannot be detected by XRD because the nuclei size is too small
although the number of nuclei can be very large. Finally, an exothermic peak is
observed at about 604 °C in the DTA curve. Similarly to the third anomaly, no weight
drop is found at this temperature range. Compare to the DTA/TGA data of SBN
powders [4.2], we believe that this peak is due to the crystallization of the KNSBN

powders. Compare to SBN powder, this crystallization temperature is lower by ~30 °C.

100

e o
9} =

k.
>

Heat flow (mW)
[ ¥/}
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0 100 200 300 400 500 600 700
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Figure 4.1 DTA (in DSC mode) and TGA curves of
K, ,Na,,Sr; 4Ba, 3, Nb, O, powders.
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Figure 4.2 shows the XRD spectra of the sol-gel derived KNSBN powders

with different annealing temperatures. When the annealing temperature is low, (T,=

© 500 °C) only a broad profile, with full width half maximum (FWHM) =3.8" , appears
at 26 = 27.6° indicating that the sample is still in an amorphous phase. As the
temperature increased to 600 °C, the sample starts to crystallize with the observation of
some diffraction peaks which represent the different orientations of the TTB phase
KNSBN crystalline planes [4.1, 4.3]. This crystallization temperature seems to be
consisted with the data from DTA result. However, two additional small peaks, at
diffraction angle 26 =28.5" and 29.1° , are also observed in the spectra. These two

| unwanted peaks are originated from the orthothombic BN and SN phase [4.2]. This
indicates that at low annealing temperature, KNSBN powders consist of both TTB
phase KNSBN powder and orthorhombic phase BN and SN powder, i.e. a mixed phase
structure. These peaks become weaker as the annealing temperature increased to 1000
°C. At 1200 °C, the two orthorhombic peaks disappear, indicating that the powder is
completely converted into the TTB phase KNSBN structure. Table 3 summarizes the

feature of XRD spectra at different annealing temperature.

‘Temperature | .~ Observation o Explanation

(C)

500 Broad profile with peak position Amorphous phase
of26=276" & FWHM=3.8°

600 Characteristic KNSBN peaks asiMixed phases of orthorhombic
well as peaks at 2@ =28.5° and 2|phase SN and BN phases as well
6=29.1" appeared as TTB phase KNSBN structure

800 The orthorhombic peaks still|Mixed phases of orthorhombic

present phase SN and BN phases as well
as TTB phase KNSBN structure

1000 The orthorhombic peaks turns|Orthorhombic phase SN and BN
weak transfer to TTB phase KNSBN

1200 The orthorhombic peaks disappear[Complete TTB phase KNSBN
structure

Table 3 Summary of the features of XRD spectra of KNSBN powders.
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Figure 4.2 XRD spectra of KNSBN powders annealing at
different temperatures. @ is the orthorhombic BN phase and |}
is the orthorhombic SN phase.
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Figure 4.3 shows the Raman spectra of KNSBN powders annealed at
different temperatures. When the annealing temperature is 500 °C, a very broad peak at
~640 cm™ (FWHM = 165.3 cm™ ) is observed. This indicates that the samples are still
amorphous in nature. This is consistent with the DTA as well as XRD data. As the
temperature increased to 600 ‘C, crystallization starts with the observation of two
weak and broad A,(TO) phonons at about 266 cm™ and 650 cm™. According to the
spectrum given by Amzallag et. al. [4.4], these two peaks represent the deformation
vibration of the niobium oxides framework. In addition to these two broad peaks,
small peaks at 185 cm™, 429 cm™', 580 cm™ and 688 cm™ are also observed. These
peaks are assigned as the phonon peaks of orthorhombic SN/BN peaks [4.2]. Similar
to XRD data, these results confirm that the powders are in a mixed phase structure. At
higher annealing temperature (800 °C), the two peaks at 266 cm™ as well as 650 cm’!
are enhanced while the orthorhombic SN/BN phonon peaks get weaker, Furthermore,
an additional peak at 730 cm™ is observed. This peak represents the edge shared
octahedral NbO; stretching mode of the species [4.5]. At 1000 °C, the Raman peak at
650 cm™ shifts its position o about 646 cm™'. This shifting of the peak indicates that |
the orthorhombic SN phase of the sample (phonon mode at 650 cm™') turns weak and
the TTB phase KNSBN structure (with phonon mode at 646 cm™) dominated [4.2, 4.6,
4.7]. As the annealing temperature increased to 1200 C, Raman spectrum similar to
KNSBN single crystal is obtained [4.7]. Similar to XRD spectra, this indicates that
crystallization process of TTB phase KNSBN completed with the annealing
temperature higher than 1000 °C. Table 4 summarizes the changes of Raman spectra as

a function of temperature.
Therefore, from both the Raman and XRD data, we suggest that at annealing

temperature as low as 600 C, KNSBN starts to crystallize with a mixed phase

structure and fully convert into TTB phase with temperature larger than 1000 °C.
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Figure 4.3 Room temperature Raman spectra of KNSBN
powders annealing at different temperatures. @ is the plasma

line of the laser. The factor on the left of each spectrum X6 etc.,

means that the spectrum has been enlarged by six times
compared to other spectra.
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500 A very broad peak observed Amorphous phase

600 Broad phonons at 266 cm™ and|Both TTB phase KNSBN and
650 cm™ orthorhombic phase BN & SN start
to crystallize

800 KNSBN peaks get stronger Mixed phase of orthorhombic
SN/BN and TTB phase KNSBN

SN/BN peaks get weaker structure

1000 Shift of the peak from 650 cm|SN and BN phase turns to TTB
to 646.2 cm’ phase KNSBN structure

1200 Strong KNSBN peaks remain  [Complete formation of TTB phase
KNSBN structure

Table 4 Summary of the features of Raman spectra of KNSBN
powders.

4.2.2 Films

Figure 4.4 is the XRD patterns of the sol-gel KNSBN films deposited on
(100)Si, with different annealing temperatures. The sol concentration used is 0.21M
with 0.3 cm/sec drawing rate. The number of dip coated layers is three. For each dip-
coated layer, it was air dried for about 20 minutes. The total thickness of the films is
estimated to be ~300 nm using ellipsometry. At low annealing temperature (=550 °C),
only a broad profile appears at 28 = 27.6° (FWHM =7° ). Similar to the KNSBN
powders, this broad profile is due to the presence of amorphous KNSBN structure
[4.8]). When the temperature is raised to 600 “C, sharp characteristic KNSBN peaks are
observed, indicating that the samples start to crystallize. As the temperature increases
to =700 °C, the peaks become narrower which indicates that the amorphous phase
completely transfer rto the TTB phase KNSBN structure. Table 5 shows the change of

the FWHM of the XRD diffraction peaks as a function of temperature. The FWHM get
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narrower with increasing temperature i.e. the crystallinity improved with annealing
temperature. Nevertheless, the annealing temperature, beside affecting the degree of

crystallization, also affects the interface of the substrate and film.
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Figure 4.4 XRD spectra of 0.21M, 3 layers dip-coating KNSBN
films annealing at different temperatures.
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(001, 130)
(121) 0.40° 0.37° 0.34°
(140) 0.86° 0.35° 0.34°
131) 0.51° 0.39° 0.39°

Table 5 FWHM of XRD diffraction peaks as a function of
temperature.

The Raman spectra of these films are shown in Figure 3.5. At low annealing
temperature, only a strong and sharp peak corresponding to the phonon peak of single
crystal Si substrate is observed at 523 cm™. When the temperature is raised to 500 C,
three additional broad peaks with Raman shift at 267 cm™, 671 cm™ and 821 cm™ and a
broad background are observed. These peaks indicate the presence of orthorhombic
SN structure [4.6]. The board feature underneath of these Raman bands is a result of
the structure of the amorphous niobium oxides [4.5]. As the temperature increased to
550 °C, the peak of 671 cm™ shifts to lower wave-number side and becomes sharper in
shape. The shifting of the peak can be expressed as the transformation of orthorhombic
SN phase (671 cm™) to TTB phase KNSBN phase (640 cm™) [4.6, 4.7]. More
significant shift in the phonon peak can be observed when the temperature raise to 600
°C. At this temperature, the peak of 821 cm™ (orthorhombic SN phase) disappears and
both the peaks at 267 cm™ and 671 ¢cm” become sharper and more pronounce. The
peak position of the 671 cm’' phonon mode shifts to 640 cm™. Different from powders,
no 731 cm™ peak is observed in our film. As the temperature increase above 700 °C, no
significant change is observed indicating that the crystallization process becomes

completed. Table 6 summarizes the change of features as a function of temperature.
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Figure 4.5 Room temperature Raman spectra for 3-layer dip-
coated KNSBN films with sol concentration equals to 0.21M.
Different annealing temperatures are indicated at the right of
the figure. @ is the plasma line of the laser.
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400 - No peak Amorphous phase
500 (1) 267 Start to crystailize
(2)y 671 (1) corresponding to TTB KNSBN
phase, (2) and (3) corresponding
(3) 821 SN phase.
550 T Start to transfer SN phase to TTB
267, 664 and 821 KNSBN structure
600 267, 640 Orthorhombic SN phase disappear
=700 267, 640 Complete crystallization, pure TTB
phase KNSBN

Table 6 The variation of peak position of the Raman bands at
different annealing temperatures.

From the Raman data, we conclude that the KNSBN films start to crystallize
at an annealing temperature as low as 550 °C and complete the phase transformation at

temperatures = 600 ‘C. In comparison, these temperatures are fower than these of

SBN by 50 °C which is about the same as obtained in DTA data.

Compare with powders, the orthorhombic-tetragonal phase transition
temperature (film : =550 'C , powder : 2 1000 °C) and the crystallization temperature
for the films (film :=500 °C, powder : 2600 C) are lower. The reason for this
phenomenon is due to the substrate effect. For the films, (100)Si is cubic structure of
which the lattice constants have the relation of a=b=c. So, KNSBN, witha tetragonal
structure and lattice constants of a =b#c, are more favorable to grow on the (100)Si
substrate than the orthorhombic SN or BN structure which are distorted tetragonal

structure. Hence the orthorhombic-tetragonal phase transition temperature of the film
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is lower than that of powders. Similar, this substrate forms an initial lattice (nucleation
site) for the coated sol to crystallize. Therefore the energy required for forming
- crystallized grains is less than that of powders i.e. the thermal energy need to complete

the crystallization process is less for the films.

For both Raman and XRD spectra, we observed that higher annealing
temperature results in” higher degree of crystallization. However, higher annealing
temperature will also enhance larger interfacial interaction betweep substrate and
films. For Si, with temperature higher than 800 °C, Si will start to diffuse into the
KNSBN films. From Raman as well as XRD data, we reveal that for annealing
temperature =700 °C, the films already have a good crystallinity. Therefore, in the

remaining experiments, we will fix our annealing temperature to be 700 C.

The change of the surface morphology of these films with different
annealing temperature was observed by optical microscope. Figure 4.6 shows the
400X optical microscope images of the KNSBN films with different annealing
temperature. In general, no crack is observed in all of the films, When the annealing
temperature is 400 °C, dense and uniform micro-regions of size 50 ¢ m’ are observed.
As the temperature increase, these micro-regions become larger. The increasing of the
micro-region size with annealing temperature can be explained as more energy
provided for the growth of grain as the annealing temperature increased. This grain
growth process will result in increasing of the surface roughness. This hypothesis is

confirmed with those for the PZT film.
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* <P represented 100 ¢ m for both vertical and horizontal axis

Figure 4.6 Surface morphology of 3 layers KNSBN films
annealed at different temperature. The sol concentration is .21
M and the magnification of the optical image is 400X.
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4.3 Thickness effect

KNSBN films of 1-layer, 2-layer, S-layer and 10-layer with single annealing
cycle were measured through XRD (Figure 4.7) and AFM (Figure 4.8 (a} and (b)). The
sol concentration is 0.03M, withdraw rate is 0.3 cm/sec and the annealing temperature
is 700 °C for 2 hours. Base on the ellipsometer data (chapter 5}, the average thickness

of each single dip-coated layer is estimated to be ~30 nm. In this case, the thickness of

the 10-layer film is therefore ~300 nm.

(131)

(121)

Intensity (a.u.)
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Figure 4.7 XRD spectrum of 10-layer KNSBN film with single
annealing cycle. The sol concentration of dip coating is 0.03M,
withdraw rate is .3 cm/sec and the annealing temperature is 700
°C for 2 hours.
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From Figure 4.7, the orthorhombic SN or BN phases are not observed. This
implies that, for 10-layer KNSBN film, completely crystallized TTB structure can be
obtained in single annealing cycle. However, the thickness of the 5-layer, 2-layer and
1-layer films are too thin, their corresponding XRD spectra are too weak to be detected.
As well crystallized TTB phase KNSBN can be obtained in 10-layer film, we believe
that the TTB phase KNSBN should be also obtained in 5-layer, 2-layer and I-layer
films.

Figure 4.8(a) and (b) shows the AFM images of these films for scanning area
of 10z mX 10 m and 5 mXS5 g m respectively. The surface of the films are, in
general, dense and crack free. Surface profiles reveal root-mean square roughness
value of 15 and 50 nm for 1-layer and 10 layer film (5 X 5 ;2 m® scan are) respectively.
Thicker films show an irregular grain growth with severe grain agglomeration. As
film thickness decreases, the film surfaces show an improved top layer quality with
more uniformly distribution grain size of ~100 nm. The shape of the grain is more
spherical with no sign of grain agglomeration. Figure 4.9(a) and (b) shows the
relationship between the number of layers (thickness) and the root mean square

roughness (R,) of the films. The root mean square roughness, R, are calculated from

the formula

1N 2
R, :JEZ(Zi ~Zog) (4.1)
]
where Z. is the height of the scanned surface at particular point;

7., 1s the average height of this surface; and

N is the total number of points that were scanned.

Figure 4.10 shows the relationship between number of layers (i.c. thickness)

and the grain size. The grain size is measured from the cross-section proiiles ol the
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Figure 4.8(b) AFM images of KNSBN films with different
number of layers of single annealing cycle. The sol concentration

used is 0.03 M and the scan area is S pm x 5 pm.
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AFM images. From Figures 4.9 and 4.10, we know that as the thickness of the film
increases, the surface roughness and the grain size increase. Between subsequence
layer, the films were only dried in air, hence a lot of sol as well as precursor remained.
In the final annealing process, the thicker layer had a larger amount of sol to be
evaporated or undergone combustion with the release of H,O and CO, vapour. As a
result, more porous will be resulted and this would lead to a rougher surface. On the
other hand, the increase of the grain size can be explained as the decrease of the
constraint along the vertical dimension. This results in more space for grain growing.
The increase of the thickness (number of layers) implies increase of the volume for
growth of the grain. Hence, as the thickness of the film increases, the grain size
increases. Besides, the more spherical shape of the grain as the thickness increased
can be expressed as the absent of the grain agglomeration and coarsening which can
be occurred in the case of irregular grain growth of the thinner films [4.9]. This
causes the microstructure of the thinner films to become more homogeneous with
smaller surface roughness.

Compare to layer-by-layer growth process [4.10] in which each
subsequence layer has its only annealing cycle, the films obtained by this multi-layer
growth process seem to have a poorer structural properties. The layer-by-layer
growth process resulted in a progressively improved crystalline structure from
bottom to top. An increased grain size, lower surface roughness and decreased
porosity could be obtained. On the other hand, with this multi-layer growth process,
the grain size seems enlarged and the surface roughness is increased. This
amplification in surface roughness will hinder the ftlm for device applications. This
result suggests that the layer-by-layer growth process will be better than the multi-

layer growth process.
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Figure 4.9(a) The relation between number of layers and surface
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Figure 4.9(b) The relation between number of layers and
surface roughness. The scan area is 5 um x 5 um.
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4.4 Concentration effect

Figure 4.11 is the XRD spectra of single layer KNSBN films with sol
concentration of 0.18 M. The films had a drawing rate fixed at 0.3 cm/sec and were
annealing at 700 ‘C for 2 hours. However, with the small thickness of the films, the
XRD patterns of lower sol concentration are too weak to be observed. Similar to the

thickness effect, we believe that TTB type KNSBN should be obtained in all of the

films,
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Figure 4.11 XRD spectrum of single layer KNSBN films with sol
concentration = 0.18 M for dip coating. The annealing
temperature is 700 C for 2 hours.
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Figure 4.12 shows the AFM images of these KNSBN films using different scan
areas of 25 ¢mX25um, 10umX10gm, 5umXSgmand 2 ymX2 gm. Similar
to previous section (p.88), we measured the surface roughness as well as the grain size
of the KNSBN as a function of sol concentration. Figure 4.13 are the graphs showing
the relationship between sol concentration and the surface roughness (R,) for large

scanning areas. The relation between sol concentration and grain size is plotted in

Figure 4.14.

From Figure 4.12(a), we can see that when the sol concentration (77) is larger
than 0.18M, i.e. 1 =0.18M, micro-cracks are observed in the sol-gel films. The
reason account for this phenomenon is possible due to the fact that (1) with high
concentration, the thickness of sol coated on the substrate will be increased. In the
drying and annealing process, the volume change will be much larger resulted in a
large internal stress built within the film; (2) the grain size seems to be increase with
sol concentration. The increase of grain size may be due to agglomeration or
coarsening of small grain. This coarsening of small grain may result in microcracks.
Comparing the AFM images with different scan areas, we observed that as the sol
concentration increases, the grain size, in general, increases (Figure 4.14). At the same
time, the grains become more irregular with wider size distribution. For smaller sol
concentration, the grains are smaller, more spherical with a more uniform size
distribution. No sign of grain agglomeration is observed. Hence, films with smaller sol
concentration have a smoother surface with a lesser surface roughness. From Figure
4.13, we notice that the surface roughness increase with sol concentration. The steep

rise of surface roughness for film with sol concentration 0.18 M is due to the

microcracks.
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Figure 4.12(a) AFM images of KNSBN single layer films with
different sol concentration of (i) 0.03 M (ii) 0.06 M (iii) 0.09 M
(iv) 0.12 M (v) 0.15 M and (vi} 0.18M. The scan area is 25 um x

25 pum.
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Figure 4.12(b) AFM images of KNSBN single layer films with
different sol concentration of (i) 0.03 M (ii) 0.06 M (iii) 0.09 M
(iv) 0.12 M (v) 0.15 M and (vi) 0.18 M . The scan area is 10 pm x
10 pm. '
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Figure 4.12(c) AFM images of KNSBN single layer films with
different sol concentration of (i) 0.03 M (ii) 0.06 M (ii1) 0.09 M
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Figure 4.12(d) AFM images of KNSBN single layer films with
different sol concentration of (i) 0.03 M (ii) 0.06 M (iii) 0.09 M
(iv) 0.12 M (v) 0.15 M and (vi) 0.18 M. The scan area is 2 um x 2
pm. '
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Chapter 5

Optical Characterisation

5.1 The optical properties of sol-gel derived KNSBN films

In order to study the effects of sol concentration on the optical properties of our
Sol-gel KNSBN films, variable angle spectroscopic ellipsometry was employed. The
object of ellipsometric measurement is to measure the ratio of the complex Fresnel
reflection coefficient, o, where

r

p=-L=tany ' (5.1)

The quantity r, (r,) is the Fresnel reflection coefficient for light polarized parallel
(perpendicular) to the plane of incidence, and y and A are the traditional
ellipsometric angles.

In our experiment, spectroscopic phase modulated method was used. In this
method, the incident arm consisted of a light source and a polarizer. After reflection on
the sample, the emerging beam went through an modulator, an analyzer and a
monochromator before detection. The respective orientation of the polarizer,
modulator and analyzer, referred to the plane of incidence, here are respectively
denoted P, M and A. The photoelastic modulator consisted of a fused silica block
sandwiched between piezoelectric quartz-crystals oscillating at the frequency of ~50
kHz. This generated a periodic phase shift 8(t) between orthogonal amplitude

components of the transmitted beam. The detected intensity, in this case, would take

the general form IS.I R
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I(t)=1[I, +I;sind(t) + I, cos(t)] (5.2)
where
[, =1-cos2ycos2A + cos 2(P ~ M) cos 2M(cos 2A — cos 2y) + (5.3)
sin2A cosA cos2(P - M) sin2y sin2M '
I =sin2(P — M) sin2A sin2y sinA (5.4)
I. =sin2(P - M)[sin 2M (cos 2y — cos 2A) 5.5)

+sin2A cos2M sin2y cosA]

and I being a constant. For a suitable choice of angle A, M and P, a simple
determination of the ellipsometeric angles from I, I, and I, could be obtained.

" In our experiment, we set

P-M=+45%;M=0%nd A = +45° (5.6)
IO = 1
I, = sin 2y sinA 5.7)

I, = sin 2y cos A

Therefore, by obtaining the I, and I, we could calculate y and A .

Figure 5.2(a) to (f) show the I5 and I, dispersion curves for single-layer KNSBN
films with different sol concentration. Spectroscopic ellipsometry (SE) measurements
were performed at a 70°  angle of incidence over the spectral range from 2 to 4.5 eV
(620 nm to 275 nm) with 50 meV spectral resolution. General speaking, the samples
present an inhomogenity in the perpendicular axis to the substrate. The best fits of
ellipsometry data are obtained by linear graded sample structure using double
amorphous model. Based on this model, we assume that the film consists of two layer
.. upper and bottom KNSBN layer. Shown in figure 5.1 is the fitting model used in

the SE spectral analysis.
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Figure 5.1 The fitting model of KNSBN film used in the SE
spectral analysis.

For amorphous model, the following dispersion relations are used

A(Eg - E)?
E:-BE+C
2 2 2 (5.8)
A(-B’E + 2E,BE - 2E,E + 2CE + E,"B + BC - 4E,C)

a(E) = n(w) +
V4C - B2(E? - BE + C)

K(E) =

The five-fitted parameters are the gap E,, the refractive index at infinity n{e°) and
positive constants A, B and C. We have fitted the optical constants according to the
five-parameter model. Figure 5.3 and Figure 5.4 show the dispersive curves derived

from the model stimulation of n and k for KNSBN films of different sol concentration

respectively.
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Figure 5.2 The spectra of the ellipsometric parameters I_and I, as
function of photon energy, obtained from SE experiments for
KNSBN films with sol concentration of (a) 0.03M, (b) 0.06 M, (¢)
0.09M, (d) 0.12 M, (e) 0.15 M and (f) 0.18 M.
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Figure 5.3 The refractive index (n) of the KNSBN films, with sol
concentration of 0.03 M, 0.06 M, 0.09M, 0.12 M, 0.15 M and

0.18 M obtained by the two layer amorphous model.
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Figure 5.4 The extinction coefficient (k) of the KNSBN films,
with sol concentration of 0.03 M, 0.06 M, 0.09M, 0.12 M, 0.15 M
and 0.18 M obtained by the two layer amorphous model.
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From Figure 5.2, the spectra of I, and I, show oscillations which are related
to the film thickness. General speaking, the higher sol concentration, the thicker of the
film obtained and hence more cycles will be observed in the spectrum. Initially, single
layer amorphous model was applied in fitting the data. However, the fitting is not good.
Therefore, we modified the single layer model into a double layers model. In this
double amorphous model, we assume that the films consist of two layers - a bottom
KNSBN layer and a surface layer composed of KNSBN as well as voids. In this model,
it was assumed that the inhomogeneity was mainly caused by surface roughness and
porosity resulting from the sample preparation. According to the Bruggeman effective
medium approximation, a large void fraction leads to a lower refractive index for the
upper layer. The rvoid fraction f, effective thickness of surface layer d, and bottom
layer d,, and the other five parameters obtained by amorphous model and EMA
models are shown in table 1.

After achieving the fitted parameters, both n and k were stimulated from equation
5.8. Figure 5.3 and 5.4 shows the n and k dispersion spectra for the bottom KNSBN
layers of different sol concentrations. In general, the refractive indices of the KNSBN
films increase with energy and peak at about 4.5 eV. For example, the refractive index
of 0.06 M sample rises from 1.46 (at 2.0 eV) to 1.75 (at 4.4 eV), and then decreases to
1.56 when the photon energy is 5.5 eV. As the sol concentration increases, the spectra
shift upward while the maximum shifts to high photon energy. For instance, when the
sol concentrétion is risen to 0.18 M, the peak occurs at 4.8 eV. The escalation of n with
higher concentration may be a result of denser films. In addition to the refractive index,
the extinction coefficient k was also determined. Figure 5.4 plots the extinction
coefficient of different sol concentrations versus photon energy. As the sol
concentration increased, the absorption edge moved to higher energy indicating that
the transparent ranges of the KNSBN films with higher sol concentration is wider than

those with lower one.
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From our fitting, we see that both the ratio of thickness of surface layer/bottom
layer and the void percentage increase with thé sol concentration. These results
indicate that the roughness of the films increases when the sol concentration increased.
| Similar results can be obtained when atomic forcé microscopic was used for analysis
of the films’ roughness (Figure 4.13). We clearly observed that the root mean square
surface roughness R, increased with the sol concentration which is consistence with
our ellipsometric analysis.

Figure 5.5 plots the relation between the fitted films’ thickness and sol
concentration. The fitted results were compared with those meas;lred by surface
profiler. Obviously, the thickness of the film, as expected, increases with the sol
concentration. The two sets of data are comparable to each other. However, the

discrepancy seems to be increased as the film thickness increased.
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Figure 5.5 The relation between sol concentration and the fitted
thickness of the films.
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Conclusions

6.1 Conclusions

In this project, we have identified a sol-gel route using new recipe in preparing
KNSBN sol. The use of methoxyethanol eliminates some major difficulties in the
fabrication of the sol-gel KNSBN films using ethanol as solvent. Previously, ethanol
was used as the solvent for preparation of metal alkoxides. For example, the
formation of the strontium ethoxides from strontium metal and ethanol took a long
time to complete. Besides,_these e-thoxides sol required careful handling because of
their readiness to hydrolysis during exposure to air and a chelating agent was needed
to stablize the sols. In this work, we have shown that methoxyethanol is a superior
solvent in minimizing these problems. As a result, high quality KNSBN powders as
well as films were fabricated using methoxyethanol as solvent. High degree of

crystallinity in tetragonal phase was obtained in both powders and films,

KNSBN powders starts to crystallize at 600 “C and is fully converted into
TTB phase structure with temperatures higher than 1000 °C. On the other hand,
KNSBN films can be crystallized at a lower temperature of ~500 “C. while its
orthorhombic-tetragonal phase transition temperature (annealing temperature
required for fully convert into TTB phase) occurs at 2600 “C. In comparison, these

temperatures are lower than those of SBN by 50 C.
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In addition to the temperature, the effect of the number of dip-coated layer,
which is related to the film thickness, is also studied. In these studies, we found that
the surface roughness as well as the grain size increases with the film thickness. This
roughness is a result of the multi-dipping process. In order to minimize the roughness,

layer-by-layer growth method is preferred.

Besides the temperature and film thickness effect, we also measured the effects
of sol concentration on the surface morphology of sol-gel derived KNSBN films. In
these stuaies, we found that both the surface roughness and the grai-n quality of these
films depend on the sol concentration. As the sol concentration increases, the surface
roughness increases. When the sol concentration is low enough, small and uniform
spherical grains are formed with no apparent grain agglomeration. However, when
the sol concentration used is higher than 0.18M, micro-cracks are observed on the
surface of the films. So, films with smaller sol concentration have a smoother surface
with a lesser surface roughness. This indicates that in order to fabricate high quality

film with smooth surface, low sol concentration should be used.

Beside the surface morphology, the effects on the optical properties as a
function of sol concentration were also studied using variable angle spectroscopic
ellipsometry. From single layer KNSBN films with different sol concentration, a
remarkable result is gained from their thickness-inhomogeneity relation. In general,
the single layer film consisted two sub-layers: the upper layer which composed of
KNSBN and void, and a bottom layer which composed of KNSBN only. The upper
layer had a smaller refractive index and extinction coefficient than that the of the
bottom layer indicating that the bottom layer has a larger degree of crystallinity. This
may be due to the substrate effect. Also, we notice that as the sol concentration

increased, the refractive indices as well as the extinction coefficients of KINSBN
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films increased. However, the values of all our films are smaller than that of the

single crystal KNSBN. That means the density of our films is less than that of single

crystal.

6.2 Suggested Further Work

Although several processing parameters have been studied in order to
optimize the fabrication process of KNSBN, there are still a lot of different
processing parameters to be studied. For example, (i) the heating rate of the
annealing process which affect the grain size of the samples, (ii) choice of substrate
because different substrate will lead to different degree of lattice matching, (iii)
composition which affects the physical properties of the KNSBN and (iv) acidicity of

the prepared sol which affect the hydrolysis as well as condensation rate.

Another direction of studying on these KNSBN films is to measure their
electrical and ferroelectric properties (like Currie temperatur;e, spontaneous
polarization, etc.). These data are essential for device applications (e.g. electro-
optical devices). Also, some optical spectra such as FTIR spectra can also be
determined. They can be used to compare with the Raman spectra for studying the
symmetric and anti-symmetric structural property o.f KNSBN. Measuring their non-
linear optical properties is also necessary before their application in optical devices.
Besides, transmission electron microscopy will be a useful tool to monitor the

interfacing structure of the films.
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