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CHAPTER 1

INTRODUCTION

1.1 Motivation

Sensors and transducers are popular electronic devices used in many indus-
trial and research. It can convert between mechanical force and electrical signal.
There are many types of these devices such as piezoresistivity, piezoelectricity,
variable capacitance, optical and resonant techniques. Strain gauge is a mechan-
ical sensor which consists of thin film and with metal electrodes for measuring a
change in its electrical properties while applying the force. It is used to convert
between applied strain and electrical signal. Piezoelectric materials can convert a
voltage to a force because of non centro-symmetric property of these materials [11].
Piezoelectric sensor and actuator can produce an electric charge when subjected
to an applied strain and deformed by applying an electric field [2]. Ferroelectric
materials can perform piezoelectricity when the temperature is below Curie point

depending on the type of material [3].

In the past, lead zirconate titanate (Pb,Zr;_,TiOs: PZT) which is one type
of piezoelectric material became popular for fabrication of sensors and actuators
because of its high piezoelectric constant which is enabled to create a large charge
while applying force on the material. It is used to fabricate device such as mi-
crocantilever which is used to measure force between atom due to high value of
charge coefficient [4]. The charge coefficient is the ratio between applying force
and generated charge from PZT device. PZT is d33 material due to the same direc-

tion of applying force and polarization in material. For ceramic form of PZT, ds3



is about 300-600 pC/N range [5]. However, PZT contains lead which is environ-
mentally unfriendly. Recently, some researchers developed various types of strain
gauge from different types of material such as indium sesquitelluride (InyTes) [6],
tantalum nitride (T'aN) [7], titanium dioxide (TiO,) [8] and amorphous carbon
(a — C) [9]. Therefore, in this thesis I chose to synthesize non-lead based piezo-
electric materials for the fabrication of a strain gauge. In this research, barium
titanate (BaTiO3 : BTO) and barium strontium titanate (Ba,Sr;_,TiO3: BSTO)
films which were non-lead materials are deposited on thin flexible transparent
substrates such as borosilicate glass with about 0.16 millimeter thickness using
a sol-gel spinning method. After that, our thin-films were characterized some
properties such as crystal structure and stoichiometry using X-ray diffraction and
wavelength dispersive X-ray spectrometer, respectively. There are many methods
in fabrication of strain gauge such as sputtering technique, and thermal spray [10].
In our case, Au/Cr sputtering technique is used to fabricate the strain gauge. Be-
cause of our strain gauge is developed for measuring of micro level force, the beam
deflection theory is used to study the stress and the strain at different locations on
the cantilever at which the film is on the top of borosilicate glass substrate [12].
Normally, strain is sensed by resistive strain gauge receiving analog signal in this
thesis, the fabricated strain gauge will act as capacitive sensor due to the benefit
of high dielectric constant of BTO and BSTO. Capacitive measurements are based
on frequency measurements which give less noise and extremely accurate. In appli-
cations of sensor and transducer, several properties of ferroelectric materials such
as the dielectric constant, the piezoelectric constant, and the charge coefficient
must be considered. Capacitive sensor is quite expensive so this thesis aims to
combine the easy fabrication and the low cost in the construction of strain gauges.
We desire to fabricate a strain sensor consisting of BTO or BSTO films at which
the strain is sensed by measuring the variations in the film capacitance resonant
using a capacitance-dependent oscillator and measuring the resonant frequency as
the observable. The working principle is that the strain induced will vary the di-

electric properties of the film and thus, change the capacitance. The strain gauge



could then be used to determine the resonant frequency of the oscillator and then

use it as strain to frequency converter.

In the past, many researchers have studied mostly electrical properties of
BTO and BSTO films in both individual coplanar capacitor form and parallel
capacitor form [14, 19]. According to the literature review, the stress and strain
sensing of the coplanar capacitor arranged in an array form on borosilicate glass

was diced to a rectangular shape was never studied before.

1.2 Aims of thesis

1) To reproducibly prepare and characterize barium titanate and barium

strontium titanate thin films.

2) To fabricate a strain gauge and measure the strain sensing of the prepared

film.

1.3 Overview of thesis

This thesis organized as follows:

Chapter II: This chapter introduces the detail about sol gel method, beam
deflection theory and dielectric properties of BTO and BSTO films.

Chapter III: This chapter describes the detail about the characterization
techniques used in this thesis such as X-ray diffractometry and wavelength disper-

sive X-ray Spectroscopy (WDX).

Chapter IV: Describes about experiments carried out this thesis namely
film preparation, strain gauge fabrication, measuring of capacitance of coplanar

capacitors and measuring of strain sensing.



Chapter V: Contains the results and discussion Storing with X-Ray diffrac-
tion patterns, capacitance measurments BaTiO3 and BaSrTiO3 thin films, curves

of stress versus frequency and strain versus frequency.

Chapter VI: This chapter contains the conclusions of this thesis concerning
the synthesis of BaTiOz and BaSrTiO3 thin film and the stress+strain applica-

tions.



CHAPTER II

THEORETICAL BACKGROUND

This chapter introduces the barium titanate and barium strontium titanate
materials, and their dielectric properties, the sol-gel technique, beam deflection
theory . We derive some equations in beam deflection theory such as the the
deflection equation of beam cantilever, the equation of stress of beam cantilever
and the equation of strain for the beam cantilever. We then apply the simulation
of bending beam with the real experiments as presented in section 2.3.7. The di-
electric constant, the dielectric loss and the conversion of capacitance to dielectric

constant will be described in detail in section 2.4

2.1 Barium titanate (BaTiO;) and Barium stron-

tium titanate (BaSrTiO3) properties

Barium titanate (BTO) and barium strontium titanate (BSTO) are high di-
electric constant materials with perovskite structures as shown in Fig. 2.1. Both
types of materials have valuable properties such as piezoelectricity, ferroelectric-
ity, and high tunable dielectric properties. Piezoelectricity is the ability of some
materials to generate an electric potential in response to an applied mechanical
stress and it was discovered by Curie in 1880. BTO and BSTO are in the 21"
type of crystal among the 32 types found in nature which have piezoelectricity
[13]. This phenomena arises from the ds3 non-centro symmetry of their structure,
causing the polarization to occurr in the same direction as the applied force [13].

Satreerat Hodak and Charles T.Rogers have found that STO thin films prepared



o - Ba** : Barium
Sr2¢ : Strontium

C\ - O0* : Oxygen

O - Ti* : Barium

Figure 2.1: Perovskite cubic structure of BTO or BSTO

by pulse laser deposition showed a dielectric constant close to 300 at room tem-
perature, which typically reaches a maximum between 1000 and 10,000 depending
on the growth rate in the 30-100 K range and then decreases steadily [14]. These
STO thin films showed a dielectric loss in the range of 1072-107% [14]. At room
temperature, STO thin films are paraelectric and do not show a phase transition
to ferroelectric down to 4 K. Note that the transition temperature or Curie point
is the temperature at which ferroelectric state changes to paraelectric state. On
the other hand, the ferroelectricity occurs when the temperature is below Curie
point. Run Xu et al. have found that the dielectric constant at room temperature
of BTO thin films prepared by a sol-gel method reached 360-330 in the 0.1-1000
kHz frequency range. Experiments showed that an increase of the dielectric con-
stant and its tunability at room temperature can be achieved through film growth
of Ba,Sr;_,TiO3 compound [15, 16] and [17] and by the use of SrTiO3/BaTiO;
multilayered thin films [18]. The optimum dielectric tunability occurs at a differ-
ent temperature range (4-100 K for SrTiO3 [19, 20] and 250-400 K for BaTiO;
21, 22]). BTO shows ferroelectricity at room temperature and paraelectricity at
temperatures higher than 120°C' [23]. By comparison, the Curie temperature of
BTO and STO are 393 K [24] and 105 K [24], respectively which are considered



to be high and low transition temperatures respectively. BTO and STO is a forms
solid solutions of Barium strontium titanate, Lahiry found that the Curie tem-
perature of Ba,Sr;_,TiO3 is between —180°C-—125°C" whereas x is varied from

0.1-1.0 [23].

Ferroelectricity and paraelectricity in BSTO depend on the transition tem-
perature which can be lowered by changing Ba/Sr content. The transition tem-
perature of BSTO can be decreased by increasing amount of strontium [23, 25].
Mostly the transition temperature decreases nearly linearly with the Sr content.
However, for the films the rate of variations of the transition temperature could
slightly vary depending on the growth technique. For example, used rate of transi-
tion temperature change for BSTO thin films prepared by pulsed laser deposition
was found to be —4.59°C/mol% of Sr, while a sol-gel method yield a rate of
zz°C /mol% of Sr [25] . In section 5.4, I will show the results of dielectric con-
stant of BTO, and Ba,S;_,TiO3 thin films prepared by a sol-gel spin coating
technique for value of x = 0.35, 0.8, and 0.69.

2.2 Sol gel method

Sol-gel, is a well known wet chemical deposition method. It is one of the
simples techniques in preparation of thin films. A sol is a stable suspension of
colloidal particles within a liquid. A gel is a porous 3-dimensionally interconnected
solid network that expands throughout a liquid medium. If most of the liquid is
removed, then brittle solid obtained is called a xerogel or an aerogel, depending

on the drying method.

The preparation of homogeneous solution or precursor can be done in room
temperature but every step should be done in a clean room to avoid any con-
taminations. From Fig. 2.2, the first step in sol-gel reaction is the formation of
an inorganic polymer by hydrolysis and condensation reactions. The solution of

precursor is hydrolyzed to a sol, a dispersion of colloidal particles in liquid. A gel
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Figure 2.2: Sol-gel process and the final morphology of product

is an inorganic network enclosing a continuous liquid phase. These processes are
called sol-gel transition. Aerogels are produced from upon removal of the liquid
resulting in the pores of the solid. A xerogel occurs when the gel is dried under
ambient conditions. Heat treatment is used to shape the material into any desired
such as films, fiber, and monosized powders and subsequently to convert it into a
ceramic material. The sol-gel method can be combined with dip coating, pyrolysis,
spin coating, vacuum techniques etc. The spinning process is used here described
by a speed diagram in Chapter 4. The spin coating machine can be used as a pro-
grammable device via LCD panel controller. The diagram of spinning program
we used for the spin coating machine is shown in experimental detail part (See
in Chapter 4). Spin coating technique uses the centrifuged force for spreading of
the precursor cover the substrate. The thickness of the film depends on the speed
and time for spinning. There are two ways of dropping precursor. The first way
is to drop precursor while the substrate on the holder is spinning. This is used
for high viscosity precursor solutions. The second way is to drop precursor on
the substrate before it spins. This is used for low viscosity sols. Higher spinning

speeds and low solution viscosity will result in thinner films especially when using



long time to spin. The comparison between two variables, spinning speed and

spinning time, and film thickness is shown in Fig. 2.3

Film Thickness
Film Thickness

Spin speed Spin time
(@) (b)

Figure 2.3: (a) The relation between film thickness and spinning speed (b) The

relation between film thickness and spinning time

2.3 Beam deflection theory

Studying strain sensing property of thin film is done by determination of
stress and strain in thin film at any position on the cantilever by observation of
capacitance changes on thin film. In this thesis, we deposited barium titanate
(BTO) and barium strontium titanate (BSTO) thin film on flexible borosilicate
glass substrate to construct strain gauge. The strain gauges are fixed at one end
on a fixture. A force is applied to the strain gauge by a piezoelectric actuator.
The detail of strain sensing experiment will be explained in experimental section.
Stress and strain at any position on the cantilever can be evaluated using beam
deflection theory by knowing the value of the applied force at the free end of the
cantilever. The applied force can not be measured directly but we can measure
the bending range or deflection distance of the strain gauge instead. This section
describes the basic mechanical properties of the material and some useful equations

for this strain sensing experiment.
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2.3.1 Definition of the simple stress and the simple strain

The stress (o) of the material is defined as

F
o= (2.1)

where F'is t he perpendicular force on cross sectional area (N), A is Cross section

area (m?)

Figure 2.4: Perpendicular force with cross section area

The strain (¢) of the material is

€= — (2.2)

where Al is the length by which the material has been extended, [ the original

length of the material before extending (m)

[ Al

Figure 2.5: The changing length of the material

The Young’s modulus (F) of the material is

F
L F L

=3r =7 (2.3)
L

g
E=Z 1 AL
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In order to find a relation between stress and strain of the cantilever we

make the following assumptions;

1.The section of the cantilever under consideration is always a plane al-

though the cantilever is bended.

2. The cantilever is made of a homogeneous material which follows Hooke’s

law. The extension (Al) of the material is proportional to the applied force.

3.The modulus of elastic compression is equal to modulus of elastic for

tension.
4. The cantilever must have smooth cross section area.

5.The plane of the force must consist of principal axis of cross section area

of cantilever and perpendicular with longitudinal axis of cantilever.

o Elastic region Plastic region

€
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Figure 2.6: The stress and strain diagram of elastic material

We can determine the elastic properties of any material from stress strain
diagram. Figure 2.6 shows a typical stress and strain diagram for an elastic ma-

terial. Any point in the graph shows the state of the material at a certain force.

From O to A, the stress and strain are proportional, in this region it

obeys Hookes law. Point A is the proportional limit.
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From A to B, the stress and strain are not proportional to each other.
If stress is removed, the material still returns in to its original shape and length.

Point B is the elastic limit or yield point.
From O to B, the material is classified as inelastic.

From B to C, if the material is stressed further, the strain increases
rapidly , but when the stress is removed at some point beyond B (not over C) the
material does not come back to its original shape of length then the material is

said to have a permanent ofset.

From B to D, the material is said to undergo plastic deformation ”plastic
region” If the stress is beyond point D, fracture takes place, at point D is called

the fracture point.

The cantilever or beam in our experiment is made of BTO or BSTO films
grown on borosilicate glass which is considered to be fragile material. Our exper-
iment will take place in proportional region (force smaller than that for point A)
on stress strain diagram in Fig. 2.6. The Young’s modulus of borosilicate glass is
6.3 x 10'° Pascal, which mean it is a fragile material. The stress strain diagram
for fragile material is shown in Fig. 2.7. The linear region of stress-strain graph
is very short, and this material can be extended only 0.2 percent of its original

length.

The shape of the bending deformation cantilever is shown in Fig. 2.8. For
small bending of the cantilever, the neutral surface for neutral line goes through
the center of gravity of the cross section. This is true for pure bending without

stretching or compressing at the same time.

From Fig. 2.8, after the cantilever is bent, a small section of the cantilever
with original length [ extending to each side % so the total changing is Al. The
radius of bending cantilever is p and the range from neutral axis to the upper edge
of the cantilever is r. The small angle of bending section of cantilever is df. The

strain of the cantilever can be written as;
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Yield point

Proportional limit

~0.2% &

Figure 2.7: The stress and strain diagram of fragile material

Y

Original beam shape (L)
L+AL

/

Neutral axis

Figure 2.8: The bending cantilever

Al 2rdf r
= = - 2.4
l 2pdf  p (24)

where r is the length from neutral axis at the point of interest, and p is the radius
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Neutral axis

Figure 2.9: The small section of the cantilever

of bending part of the cantilever measured from the center point of circle to the

neutral axis.

2.3.2 Hooke’s law

Hooke’s law is a linear relationship between the extension of material due
to a force applied along its axis proportional to the stretching length which is

given by

FaAl (2.5)

From Figure 2.9, the extensional part of the box depends on the perpen-
dicular for but independent with the original length. This ratio can be define

as
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Foz% (2.6)

The perpendicular force must be proportional to the cross-sectional area
A of the block in Fig. 2.4. We will write Hook’s law for rectangular block in the

form (from equation 2.3).

Al
From equation (2.1) and (2.2) and Hooke’s law for a rectangular block
(equation 2.7), the Hook’s law equation for the small section of the cantilever, we
can calculate the relation between the radius bending of the cantilever (p) and the

range from neutral axis to the point of interest (r);

o (2.8)

2.3.3 The bending moment

In order to find the stress and strain of the cantilever,we have to know the
bending moment of the cantilever by observing the pure bending of the material
applied with our cantilever. From our work, we have a simple bending beam
cantilever in Fig. 2.8. If we consider the small section of bent cantilever (Fig.
2.9) and the cross-section in Fig. 2.10, we can see that the material below the
neutral axis or neutral surface has a compressional strain which is proportional to

its distance from the neutral surface as shown below.

Al y
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From the simple stress (equation (2.1)), the simple strain (equation (2.2)),
the Young’s modulus of the material (equation (2.3)) and equation (2.9), we find

that y is proportional to the distance from the neutral surface (r)

AF Yy
a1 (2.10)

The small section of cantilever(Fig. 2.9) shows the forces acting in the
material of the cantilever. The forces acting across cross section above and below
neutral surface are in the opposite direction on x axis. These forces are cause
the torque about the neutral line and we can calculate the bending moment from
these. From Fig. 2.9, forces in x axis direction make the total bending moment
around x axis and y axis disappear (> M, = 0, M, = 0) because of bending
of the cantilever in the z axis. The total bending moment of cantilever can be

calculated by integrating the force (dF, = 0,dA).

M, = / ydF, = / yo,dA (2.11)

cross cross
sec tion sec tion

where M, is the bending moment around the z axis in x axis direction arising
from the force F, o, is the stress in x axis direction, dA is the element of cross

sectional area of cantilever.

From the third term of equation (2.11) and (2.8), replacing r with y, the

blending moment is changed to

M, = E/gfdA (2.12)
P

From equation (2.12) and Fig. 2.10, we can see that the integral y*dA is
the moment of inertia about x axis thorough the center of mass of the cantilever.

This integral are changed in to I as shown below

I= / y?dA (2.13)

cross
sec tion
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Neutral plane

Neutral axis

\AF ~dF =c dA= o dzdy

Figure 2.10: The force on the smallest cross sectional area of the cantilever

where [ is the moment of inertia of the cross sectional area around the neutral

axis or x axis, y = the range from horizontal (x axis).

From the diagram of borosilicate cantilever (Fig. 2.11), we will put the
limit of integration in y axis and and z axis so the moment of inertia of cross

section is changed in to

0o 7 2
I= / / Rdzdy — (2.14)
L 12
0

From equation(2.8) and (2.7) the relation between the curve of the can-

tilever and bending moment is changed to

1 M

Equation (2.5),(2.10) and (2.11) are used to calculate the stress in the form

moment of inertia, bending moment and the range from neutral axis.

o=— (2.16)
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In my thesis, we will study the bent cantilever with a concentrate force P

acting at position a from the clamping point, as sketched in Fig. 2.11.

Y

Al
Z/

Figure 2.11: The sketch of the cantilever from the experiment

From Fig. 2.13, we see that the bending moment is a function of z because
it is equal to the torque about the neutral axis of any cross section. we neglect
the weight of the cantilever because the weight is very small and not in the same

direction with force P. Then the bending moment at x is

M(z)=—P(a—x) (2.17)

where M (x) is the bending moment at x position, L is the original length of the
cantilever from the clamping point, = is any position on the cantilever, a is the

length between applying force point and clamping point.

2.3.4 The deflection of the cantilever

From Fig. 2.12, if # is very small, tanf ~ 0 = g—g

do dy
1 df
S = (2.19)
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Elastic curve
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Figure 2.12: The elastic curve

Y

|

Neutral axis

Figure 2.13: Cross section of the cantilever
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ds =~ dx (2.20)
1 d%y

From equation (2.9) and (2.19)

d2y_ M

— = — 2.22
dx2 FEI ( )

The deflection equation of the cantilever can be rewritten by substituting

equation (2.17) and (2.13) in equation (2.22) as shown below.

&y  —P(a—x)

da? B
dy 12
/% = " Tidw /P(a —x)dx (2.24)
_ //P(—)dd (2.95)
V=TT a— x)drdx :

From Fig. 2.12, the curvature and deflection of the cantilever are equal to

zero, the boundary conditions are

dy
— =0 2.26
dx|,_, ( )
and
y(0) =0 (2.27)

where these conditions are applied to equation (2.24), the deflection of the can-

tilever is

2Px?

= —%(ax — ) (2.28)
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The force from the cantilever is
Eh3wy

p=——_%
222 (ax — x)

(2.29)

where F is the Young’s modulus of borosilicate glass, h is the thickness of the
cantilever, w is the width of the cantilever, y is the deflection range of the can-

tilever.

2.3.5 The stress of the cantilever

To calculate the stress of the cantilever we substitute the force P (equation

(2.29)) in to the bending moment (equation (2.17)), the bending moment becomes

Eh3wy
2x%(ax — x)

M(z) = (a —x) (2.30)

We put this new form of bending moment in equation (2.16). Then the

strain equation of the cantilever is

12rP(a — x)
o=——"
h3w

(2.31)

where 7 is the constant range from neutral axis of cantilever.

2.3.6 The strain of the cantilever

We substitute the stress with equation (2.31) and substitute in to Young’s

modulus (equation 2.3).

o T
=—=- 2.32
LT, (2.32)
Then, the strain of our cantilever is
6
=Y _(a—2) (2.33)
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2.3.7 The simulation of beam deflection

The simulation of the cantilever beam is done by using Microsoft excel
2007. This simulation was programmed by Mr. Pakorn Yimpa [26]. The beam
deflection analysis can be done by plugging our experimental parameters of the
actual strain gauge(see Fig. 4.8). The parameters used this program are shown
in Fig. 2.14. The detail of each parameter in Fig. 2.14 is shown in Table 2.1. To
use this simulation program, we use the some parameters from the table in to this
program such as a,h,w,P,dz,I,E and b (See details in Appendix A). After putting
all real parameters, then the program asks the user to increase position in x axis
by dx and starts to plot 3 type automatically at the same time. This program

simulates 4 equations and plots 3 types of graphs as follows.

1. For the deflection and the position graphs, equation (2.28) was used this
graph.

2. For stress and position graph, equation (2.31) was used graph.
3. For strain and position graph, e quation (2.33) was used graph.

We various forces which are inferred from the deflection distance indicated
by the micrometer. We measured the deflection distance near the end of the
cantilever. The point of the interest cantilever is fixed at a distance b from the
clamping point. In the real experiment, we probed the capacitor located at this

point.
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Figure 2.14: The diagram of the cantilever consisting of an interdigitated capacitor

Table 2.1: The parameters for simulation program for the interdigitated capacitor

at x = 0.7 cm

Input parameter Value Unit
Range from clamping point to applying force position (a) 1 cm
Thickness of cantilever (h) 0.016 cm
Width of cantilever (w) 0.4 cm
Initial value of applying force (P) 0.00890 N
Step of increasing range on cantilever (dx) 0.05 cm

Moment of inertial cross section around neutral axis (I)  1.36533 x 107'*  m?

Young’s modulus of borosilicate glass (E) 6.3 x 10 Pascal

The interesting interdigited capacitor position (b or x) 0.5 or 0.7 cm
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We used the equation of the beam deflection (Equation 2.28), stress and
strain of the cantilever (Equation (2.31) and (2.33)) at any position on the can-
tilever by variation of x by dx. The simulation was done at 2 positions x = 0.7
cm and x = 0.5 cm. The simulated results of the beam deflection at x = 0.7 cm

are shown in Fig. (2.15), (2.16), (2.17).

The deflection of beam cantilever is increased a function of force and the
maximum deflection of the beam occurs at the end of cantilever as shown in Fig.
2.15. The maximum deflection of cantilever is 1.9 x 10~% m. at the force of 0.0490

N.
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Figure 2.15: The simulation of beam deflection of the borosilicate cantilever

The stress of the beam cantilever increased with of the applied force and
the maximum stress of the beam is performed at the clamping point of cantilever
as shown in Fig. 2.16. The maximum stress of the cantilever is 2.88 x 107 Pascal

at the force 0.0490 N.

The strain of the beam cantilever increased with the applied force and the
maximum stress of the beam is performed at the clamping point of cantilever as
shown in Fig. 2.17. The maximum stress of cantilever is 2.51 x 10~* at the force

0.0490 N.
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Figure 2.17: The strain of the borosilicated cantilever from simulation
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2.4 Dielectric properties

2.4.1 Dielectric constant

Since in my thesis I deal with barium titanate and barium strontium ti-
tanate which are dielectric materials, I will introduce the polarization the dielectric
constant and the dielectric loss in this section. A dielectric material is classified
as an insulator which can be affected by an electric field (ﬁ) In any insulator,
the positive and negative charges are coupled together to become dipoles (See Fig.
2.18). After we apply an electric field to the dielectric material, an electric dipole

moment is induced in the molecules of the material.

Electric field
Spe S @
> <>
? dQ —- A -
ectric dipole

»

Figure 2.18: Electric dipoles in electric field

? = Z%‘?i (2-34)

where ¢; is the charge associated with the ith particle and 7, is the displacement

vector of the particle with respect to the origin. The number of the dipole moment
per unit volume is called polarization (?) which proportional to the field followed
by

P = oy E (2.35)

where . is the electric susceptibility of the medium which depends on the mi-
croscopic structure of the any substance and g is permittivity of free space. The

permittivity of the material (¢) is defined by

e=co(l+ xe) (2.36)
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where gy = 8.85 x1072 C2/N - m?. We rearrange equation (2.36) and define a

new variable so

er =14 xe= 5 (2.37)
0

This new constant ¢, is called relative permittivity or dielectric constant
of the material. Thus, we can conclude that dielectric material can be polarized.
This magnitude of this is here identified by the dielectric constant which depends

on the type of material.

2.4.2 Dielectric loss

The dielectric constant of the material can be defined in the term of com-

plex dielectric constant (¢*)

e =¢ + " (2.38)

where ¢ is the real part of the dielectric constant of material, ¢ is the imaginary
part which is considered to be the energy loss in dielectric material. This energy

can be converted to heat energy. The loss factor or loss tangent is related to

6J/
tand = 7 (2.39)
where ¢ equal to zero in ideal capacitor or no losses in its dielectric. Dielectric
loss is one property we characterized for our BTO and BSTO coplanar capacitors

(See section 4.2). The capacitance measurements and the dielectric response of

films are described in section 4.3 and 5.4, respectively.

2.4.3 Conversion from capacitance to dielectric constant

In practice, we can not measure the dielectric constant directly but we

obtained by conversion from the capacitance of the film measured with an LCR
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meter. The detail of the capacitance measurements is shown in section 4.3. This

conversion can be done by using this expression [27].

C—K(1+¢,)
K (1 — e(&i%’;))

€f =€+ (2.40)

where & is the dielectric constant of the film, £, is the dielectric constant of
borosilicate glass = 4.6 [28], K is a constant depending on the size of interdigitated
finger in pF (See equation 2.42), L is the interdigitated finger length in unit m,
h is the thickness of the film in micron, G and W are the size of gold finger (See
Fig. 2.19), C is the measuring capacitance per unit finger length per length of
electrode in pF, which is given by

Figure 2.19: Interdigitated pattern for dielectric constant conversion

Chn

C=1IN

(2.41)

where (), is measured capacitance in unit pF from the experiment, L is the
interdigitated finger length in unit m, N is the number of golden finger of the

electrode, The constant K can be calculated by

G
G+W

G
G+ W

K =6.5( )%+ 1.8( ) +2.37 (2.42)
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where Equations (2.40)-(2.42) were derived by Farnell et al. [29] using an analyt-
ical model for interdigital electrode configuration in Fig. 2.19. The value of G
, W, L are obtained from the interdigitated pattern(See Fig. 4.8) The parame-
ter G = 100 um, W = 100 pm, then K = 4.535 pF. The number of fingers (N)
is 14, the interdigital finger length is G = 1500 pum. The thickness of the films
(h) are obtained from field emission scanning electron microscopy (FSEM). The
cross section of FSEM picture of barium titanate thin film (BTO#1) and barium
strontium titanate thin film (BSTO#3) is shown in the Fig. 2.20 the thickness of
this thin film is 712 nm. The film growth conditions including the film numbers

can bee seen in Table 4.1 and 4.2.

The cross section of barium strontium titanate thin films is taken from
Bag 35910651103 (See table 4.1 and 4.2 in subsection 4.1.2). The thickness of
Bag 3551065 TiO3 thin film is found to be 553 nm. From Fig. 2.20 and Fig. 2.21,
BTO thin film is thicker than BSTO. The grain size of BTO film is smaller than
Bag 3551065 Ti03.
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Figure 2.20: The image of a cross section of BaTiOg3 thin film taken from FSEM

Figure 2.21: The image of a cross section of Bag 35519451103 thin film taken from

FSEM



CHAPTER III

CHARACTERIZATION TECHNIQUES

The main characterization techniques used in this thesis for examination
of the properties of barium titanate and barium strontium titanate thin films are
summarized in this chapter. The crystallinity and the crystal structure of the films
are examined with X-ray diffractrometer. The composition and stoichiometry of

the films are examined by wavelength dispersive X-ray spectrometer.

3.1 X-ray diffractrometry

3.1.1 The X-ray source

X-rays were first discovered by Wilhelm Conrad Réntgen (German Physi-
cist) in 1895. He found that these rays were invisible, traveled in straight lines and
affected photographic film as the visible light. Moreover, they were much more
penetrating than the light and could pass through human body, wood, thick piece
of material, and other opaque objects. In 1912, the phenomenon X-ray diffraction
by crystals was discovered which is the new method for investigation the structure
of matter. X-rays diffraction phenomena can directly reveal details of internal

structure in material of the order 107 m in size.

X-rays are electromagnetic radiation of exactly the same nature as visible
light but shorter wavelength. The unit of measurement in the X-ray region is the
angstrom (A) The wavelength of the X-ray region is in approximately 0.5-120
;1 range. X-rays used in diffraction are in the range of 0.5-2.5 A which is called
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the short wavelength X-rays. Generally, there are 2 types of X-rays: continuous

X-rays and characteristic X-rays.

The continuous X-rays are produced when electrons were decelerated quickly
after obtaining enough kinetic energy and collide with others atoms. X-rays are
produced in an X-ray tube with an electron source. The high voltage is used to
accelerate electron to hit the anode with very high velocity and then X-rays both
continuous X-rays and characteristic are emitted. The kinetic energy of electron
(KE) is given by

KE =eV = %mv2 (3.1)

where m is the mass of the electron (9.1 x 107! kg) and v is the velocity of the
electron. The X-rays coming from the target consist of different wavelength. The
variation of intensity depends on the voltage across the tube. The relation between

intensity and wavelength of X-ray is shown in Fig. 3.1.

6
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Figure 3.1: X-ray spectrum of molybdenum as a function of applied voltage
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The zero intensity at the shortest wavelength is called short wave length
limit (Aswyr). Increasing the voltage makes the Agy - shorter. The continuous
X-rays are represented by the broad curves at which sometimes they are called
Bremsstrahlung. Some of electrons are suddenly stopped and release energy when
electrons transfer all of electric potential energy into photon energy assuming no

losing energy then the equation becomes

eV = hlVpax (3.2)
v — e (3.3)
ASwL
hc
A =__ A4
i = 2 (3.9

where v is the frequency of X-ray, e is the charge of an electron, V is the applied
voltage, h is the planck constant and c is the light velocity(3 x 10® m/s). From
Fig. 3.1, the total energy emitted per second proportional to the area under the
curve, the atom number 7 of target and the tube current i, so the total X-ray
intensity is given by

Loows = AiZV™ (3.5)

where A is a proportional constant and m is a constant with a value of about
2. We can conclude from equation 3.5 that the intensity of the continuous X-ray
spectrum depends on the type of material of target. We use characteristic X-ray
in X-ray diffractrometry technique. This type of X-ray occurs when the voltage
on X-ray tube is raised over a normal critical value, the characteristic X-ray of the
target appears as narrow peak of intensity (See Fig. 3.1) at which the wavelength
depends on the type of target. This phenomena is called characteristic lines. Let’s

consider on the sketch of electronic transitions in an atom in Fig. 3.2.

The characteristic X-ray is occur when one of electron with enough kinetic
energy hits the target and knock an electron out of inner-shell, then one of the
outer electron fall in the inner-shell immediately and emit the energy in the form
of a well definite X-ray wavelength. The transition of electrons from L-shell to

K-shell produced K, X-ray and from the M-shell to K-shell produces Kz X-ray.
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Figure 3.2: (a) The schematic of electronic transitions in an atom (b) Excitation

and emission process indicated by arrows

The emissions of these two type of characteristic X-rays appear as two sharp peaks

in Fig. 3.1.

This X-ray type have several sets referred as K,L,M for any element. From
Fig. 3.2(b), K4 and K,y are released by the falling of electron from L;;; and
Lj; to K shell, respectively. K,; and K,» have wavelengths close to another (See
Table 3.1 and 3.2) but K,; wavelength is shorter. The intensity of K|, is higher
than Kps (See Fig. 3.1). The common targets used in research work are Cu and
Mo targets. Table 3.1 and 3.2 show the X-ray wavelength of Mo K,; and Cu K,
respectively. In this thesis, we use an X-ray diffractrometer with Cu K,; X-ray

wavelength which is equal to 1.540562 A (See section 3.1.3).
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Table 3.1: The characteristic wavelength generated by Mo [11]

Type Wavelength
Ko 0.70926 A
Koo 0.71354 A
Kg  0.63225 A

Table 3.2: The characteristic wavelength generated by Cu [11]

Type Wavelength
K, 1.540562 A
K.,  1.544390 A
Kg  1.392218 A

3.1.2 Bragg’s law

From the previous subsection, we know that X-rays have two wavelength
regions: short wavelength region (0.5-2.5 A)and long wavelength region (2.6-120
A). Let’s consider the sketch of crystal planes consisting of periodic structure
from arrangement of atoms or molecules that form a crystal lattice. In any crystal
structure, we know that it consists of numerous planes of atoms lying in many
different directions. We represent an atomic plane by connecting points by a line
as shown in Fig. 3.3. The distance between each atomic plane is called d-spacing.
The wavelength of short wavelength X-rays are compatible to the atomic spacing
in solid materials. 1 will derive Bragg’s law and use it to determine the lattice

constant of the resulting films.

When a bundle of X-ray beam strikes on a crystal plane of material, every
atom within a plane acts as a scattering center and emit a secondary wave. The
secondary wave performs as a reflected wave. If the path difference between ray 1’

and ray 2’ from consecutive planes multiple integer number of X-ray wavelength
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Path difference = 2dsin0

Figure 3.3: Diffraction of X-ray by a crystal

(AX = n)), constructive interference will occur. In the other hand, if the phase
difference is not equal to a multiple of X-ray wavelength (AX # n\), destructive

interference will occur. From Fig. 3.3, we find that

|AC| = dsin6 (3.6)
The path difference between ray 1’ and ray 2’ is
|ACB| = 2d sinf (3.7)

The constructive condition is supported when the path difference equals to a whole

multiple number n of the wavelength so we obtain:

|ACB| = n\ (3-8)
From equation (3.7) and (3.8), we can write the Bragg’s law in the from:

2dsin ) = n\ (3.9)

where n is reflection order (n=1,2,3,...) If we know the wavelength A\, we can
calculate the crystalline structure and the plane distance d which used to calculate

the lattice constant of our thin films.
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3.1.3 The X-ray diffractrometer

After the the characteristic X-ray from an X-ray tube is scattered from atoms
on any lattice planes, the scattering X-ray is detected by an detector equipped
with the X-ray diffractrometer machine. The X-ray detector can generate an
electrical signal proportion with diffracted X-ray intensity from the sample. The
detector is VANTEC-1 detector (Super speed detector) and the model of X-ray
diffractrometer is Bruker AXS Model D8 discovery. The target of the X-ray tube is
Cu with voltage of 40 kV and current of 40 mA. The wavelength of characteristic
X-ray from this X-ray tube is 1.5406 A. The angle of the movement detector
between 20-80 degree with 0.02 degree/step of increment. The scan speed is 0.5

sec/step.

Detector
X-ray tube

| L}

Figure 3.4: The X-ray diffractrometer

This diffractrometer system in our work is controlled by the computer system
with XRD commander program which can show the diffraction pattern of our films
in real time system collection of the raw data is in the form of 26 and intensity

which can be saved in the .xls file of microsoft excel program.
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3.2 Wavelength dispersive X-ray spectroscopy

A wavelength dispersive spectrometry (WDS) is the electron probe spec-
troscopy technique which uses the characteristic X-rays generated by individual
elements of the sample. These X-rays are then selected using analytical crystal
with specific lattice spacing. This technique is developed to measure precisely
X-ray intensities for determination of the chemical composition accurately. WDS
technique is the complementary of energy dispersive spectroscopy (EDS) but WDS
spectrometry have higher significant spectral resolution. Many scanning electron
microscope (SEM)and Electron probe analyzer (EPMA) have EDS or WDS sys-

tem mounted with them. The schematic diagram of WDS schematic is shown in

Power supply

Electron beam

Proportional counter

Out
Amplifier

Computer [
and CRT Display

Recorder or CRT display

Figure 3.5: Schematic representation of a wavelength dispersive spectrometer and

associated electronics

Fig. 3.5 which consists of many part inside WDS system such as crystal, pro-
portional counter, preamplifier, amplifier, rate meter, scaler and computer with
CRT monitor. In order to understand WDS characterization technique, we have

to focus on WDS focal system, working of analytical crystal and detector on the
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focusing circle within the WDS spectrometer.

From Fig. 3.5, a beam of electrons is accelerated in an evacuated electron
collum of EPMA or SEM with 15-20 kV potential difference to generate charac-
teristic X-rays from an elements on our sample. A tiny fraction of all X-rays is
emitted at the proper take off angle W from sample and encounter the analytic
crystal. Since characteristic X-rays from each element has a different wavelength,
changing the slope of the crystal in the spectrometer to the specific angle ¢ in
order to adjust to wavelength characteristic of another element. Only some part
of X-rays that satisfy Bragg’s law, 2dsinf = n\ as mentioned in equation 3.9 enter
the crystal. Different analytical crystals, with 2d where d is lattice spacing vary-
ing from 2.0 to 2.5 A, are used to diffract various ranges of wavelength that may

correspond to the primary emission lines of various elements.

The sample crystal and detector must lie on the focusing circle and remain
on it for all wavelengths. Because the sample and take off angle are fixed, the
analytical crystal and detector must move together on focusing circle as shown in
Fig. 3.6. A single wavelength X-rays is passed to into a gas-filled proportional
counting tube detector, which has a thin wire of tungsten with 1-2 kV poten-
tial. The X-rays are absorbed by gas molecules in the detector tube and then a

photoelectron is ejected by each atom absorbing an X-ray.

Within our sample, the X-ray intensities of each interesting element enter
the detector. The electrical signals from detector are amplified but these signals
are fully with noise. Consequently, the noise pulse must be rejected by the special
electronic circuit. Only pulses with a certain range of energies are allowed to
enter the scaler electronics for counting. The count rates are compared to those of
standards value of the interesting element. This comparison process is performed
within a computer program that take the raw counting rates of each element
to compared with standard and displays the results as a function of the weight

percent of the oxide or elements.
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Figure 3.6: (a) Fully focusing wavelength-dispersive spectrometer (b) Movement

of the focusing circle to change the diffraction angle of WDS



CHAPTER IV

EXPERIMENTAL METHODS

This chapter describes how to prepare barium titanate and barium strontium
titanate films at the different growth conditions by a sol-gel spin technique. Then
I will describe how we fabricated the individual coplanar capacitors and the strain
gauge by depositing gold electrode using a DC sputtering machine and by dicing
the films using dicing saw. The individual coplanar capacitors are brought to
measure capacitance via LF impedance analyzer (LCR meter) as a function of
frequency. The strain gauge is used as a strain to frequency converter through

oscillator circuit.

4.1 Film preparation on cleaned substrates

Barium titanate and barium strontium titanate thin films are studied in
this thesis. This sections shows the detail about application of sol-gel spin coating

technique for synthesis both types of thin films.

4.1.1 Preparation of barium titanate (BTO) precursor

The main chemicals for of barium titanate precursor are barium acetate
(Ba(CH3COO0)s,), acetic acid (CH3COOH), titanium butaoxide (Ti(CH3CH3CHO)y)
and methanol. Barium acetate was first dissolved in acetic acid by magnetic stir-

ring on the hot plate. Titanium butaoxide was mixed in methanol and then barium
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acetate solution was quickly added. The whole mixture was stirred at room tem-
perature until the homogeneous solution with yellow color was obtained then the
precursor was kept in an electronic dry cabinet until it precipitated for two days.

All steps in BTO precursor preparation is shown in Fig. 4.3.

4.1.2 Preparation of barium strontium titanate (BSTO)

precursor

In order to prepare barium strontium titanate precursor, an appropriate
amount of strontium acetate ((CH3CO3),Sr) was used in addition to barium ac-
etate (Ba(CH3COO),), acetic acid (CH3COOH), titanium butoxide (Ti(CH3CH3CHO),)
and methanol. First, various portions of barium acetate and strontium acetate
were mixed together in acetic acid by magnetic stirring on the hot plate. Titanium
butaoxide and methanol were mixed together and then barium-strontium acetate
solution is quickly added in titanium butoxide mixture. The whole mixture was
stirred at room temperature until it changes in to homogeneous solution. The
precursor was then kept in an electronic dry cabinet and let it precipitated for two
days. Note that this procedure is needed to be done to obtain only clear solution
for film deposition. All steps in BSTO precursor preparation are shown in Fig.

4.3.

The stoichiometry of Ba,Sr;_,TiO3 is done by changing the weight ratio
of barium acetate and strontium acetate contents. In film preparation process,
the films were prepared with 4 conditions followed by the ratio between barium
acetate and strontium acetate. The amount of barium acetate and strontium
acetate used to prepare barium-strontium precursor can be seen in Table 4.2. The

corresponding atomic ratios in the films are shown in Table 4.1 and 4.2.

In every thin film preparation technique, the substrate must be very cleaned
to avoid any contamination that might occurred during the film process. In this

thesis work, flexible glass substrate was chosen to be the substrates used in the
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Table 4.1: Type of BTO and BSTO thin films with different growth conditions

Type of film Annealing temperature Layers Annealed for another Total

and time 2 hr after annealing
for each layer all layers finished time
BTO#1 1 hr, 650°C 6L V 8 hr
BTO#2 1 hr, 650°C 6L - 6 hr
BSTO#3 1 hr, 650°C 6L - 6 hr
BSTO#4 1 hr, 650°C 6L - 6 hr
*BSTO#5 1.5 hr, 650°C 7L - 10.5 hr

Table 4.2: Type of BTO and BSTO thin films with different stoichiometry

Type of film Barium acetate(g) Strontium acetate(g) Stoichiometry

BTO#1 2.6 0 BaTiO;

BSTO#2 2.167 0.433 BagsS10.2Ti05
BSTO#3 0.433 2.167 Bag.355T0.65 Ti05
BSTO##4 1.95 0.65 Bag.0ST0.31 TiO5
*BSTO#5 0.433 2.167 Bag.35570.65 Ti05

*The film on deformed substrate (See in Fig. 5.1)

strain gauge application. First, borosilicate glass substrates were put vertically in
a teflon holder and cleaned in acetone by the aid of ultrasonic bath for 8 minutes.
Second, all substrates in the holder were transfered to containing in methanol
followed by DI water, and ultrasonic for 16 mins for each step. After that, each
borosilicate glass substrate was dried by nitrogen gas (Ny) and was ready to use

for depositing film on it.
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4.1.3 Film deposition

The cleaned borosilicate glass substrate was place on vacuum chuck. The
spin coater machine (Spin coater model p6700 series) was used to control for the
spinning speed. The BTO or BSTO precursor about 90 ul was dropped on a
cleaned borosilicate glass using a pipet to obtain the exact amount of solution
every time. The substrate was placed on the vacuum chuck. From Fig. 4.1, the
spinning speed is increased slowly until the speed was about 800 rpm (revolutions
per minute) and helding for 10 seconds then the spinning speed is suddenly up
to 3000 rpm and helding for 30 seconds. The spinning chuck is suddenly stopped
due to the finishing of the spinning program.

A

(%]
Speed (rpm) §

800 frorererermrannns :

N
7

_— : E
10 30 Time (second)

Figure 4.1: The speed diagram of spin coating process

After finishing spinning process, I carried the substrate on the edge using
a pair tweezers to preheat at 120°C' about 15 min. The preheat treatment is
important for removal of organic residues and the generation of water from the
condensation reaction. Then, the film is annealed in a programable furnace (Car-
bolite elf 1/4) at a high temperature for 1 hr. Since the substrates are thin (0.16
mm), a low heating rate (10°C'/min) was used for avoiding of the bending prob-
lem the substrates. I also varied the annealing temperature and the annealing

time. First, I tried with the annealing temperature of 650°C' for 1.5 hr. It turned
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out that this growth condition, the substrate was bent (See in section 5.1) For

preventing the cracking the films, the temperature of the furnace must be cooled

down slowly. The heating diagram of annealing process is shown in Fig. 4.2.

Temperature

650" C

Room temperature

Time

Figure 4.2: The temperature diagram of annealing process
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Figure 4.3: The process of BTO and BSTO film preparation
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4.2 Device fabrication

In DC sputtering process, the interdigited nickel mask is put on the top
of thin film before sputtering metal targets. Several small magnets were used to
attach the nickel mask with our thin film closely (See Fig. 4.4 (b)). Chromium (Cr)
target was first sputtered on thin films and followed by gold (Au). Both magnets
and the mask with the film sample between put in the sputtering machine (See

Fig. 4.4 (a)). The figure of the interdigitated mask is shown in Fig. 4.4 (b).

Since the film with gold electrode came out as an arrays of capacitors, dicing
saw was used to dice to individual coplanar capacitors and individual arrays of
capacitors. The dicing process was done using a diamond blade equipped with
dicing saw machine (Model Vectus) as seen in Fig. 4.6(a) and 4.6(b). The gab
width of the coplanar capacitor is 100 um. The finger length is about 27.8 mm at
which the finger length is 1700 um, and the overall size of 3x4 mm (Fig. 4.8(b)).
For the cantilever, it consists of 4 capacitors if they were laid out perfectly with
overall size of 20.1x4 mm. The cantilever will be called a capacitive strain gauge
if there is a change in capacitive as a function of strain of the films. In order
to connect the strain gauge to the oscillator circuit, wire bonding technique is
introduced to attach the copper line to the studied capacitor. The wire bonding

machine is shown in Fig. 4.7.
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Figure 4.4: (a) The home made DC sputtering machine

Array of magnets (a)

|

(b)

Interdigitated mask

Figure 4.5: (a) Placing BTO or BSTO thin films on array of magnets (b) Attaching

the interdigitated chrome mask with the magnet
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Figure 4.6: (a) The dicing saw machine (b) Inside the dicing saw machine (c) The

diamond saw
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Figure 4.7: The wire bonding machine (Model 4522)

4.3 Capacitance measurement

After obtaining individual coplanar capacitors, first I had to check whether
each one is shorted or not using a multimeter and chose only the one that works.
In order to measure the capacitance of a capacitor, it was mounted in the ring
resonator as shown in Fig. 4.11. The ring resonator was made by Mark Dal-
berth [20] and Satreerat Hodak [30]. Silver paint was used to connect between
electrodes of interdigitated capacitor and copper line pattern of ring resonator box.
LF impedance analyzer or LCR meter (HP 4192) was used to measure capacitance
(C) and dissipation factor (D) representing the loss (See Fig. 4.11). This LCR
meter can measure electrical parameters as a function of frequency in the range
of 5-13 MHz. Labview version 8.5 (See Fig. 4.12) was used as a visual instrument
to run program via the front panel to the interfaced apparatus and the measured
values were displayed in the front panel. The labview program of capacitance was
written by Mr. Surakarn Thitinan [31]. In this program, the initial frequency and

the final frequency including the frequency interval can be selected, and the unit
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Figure 4.8: (a) The pattern of interdigitated mask (b) Coplanar capacitor (c)

Interdigitated mask (d) An array of interdigitated capacitor in cantilever form

E [ E [S(= =]

Figure 4.9: The strain gauge

has to be in kilohertz. Before clicking at the run button, the ”set” button was
needed to be pressed to reset the new input frequency values, From Fig. 4.12, the
graph of the capacitance versus frequency is in the left panel and corresponding

dissipation factor is in the right panel. The result of the measurement can be
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obtained in .txt file.

Figure 4.10: The LCR meter

%Coaxial cable Coaxial cable

&

Figure 4.11: The ring resonator box
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Figure 4.12: Labview program Version 8.5

4.4 Resonant frequency of an oscillator circuit

as a function of stress and strain

As shown in Fig. 4.13, a parallelogram clamp of the fixture and a mechani-
cally amplified piezoelectric actuator were used for supporting the cantilever under
applying at the free end, and for the application of the stress and the strain in the
film, respectively. The fixture is made of aluminum and is lifted up by attaching
to four acrylic based with screws at the four corners of the fixture. The acrylic
bases were machined using the lathe provided by the Department of Physics, Chu-
lalongkorn University. As shown in Fig. 4.13 and 4.14 (b), the clamping point
was used to hold the cantilever by turning at screw knob. The free end of the
cantilever beam was near an adjustable contact line that applied a force with the

piezoelectric ceramic as an actuator.

The gold electrodes of the capacitor were connected via gold wire bonding
before mounting it at the clamping point in the fixture. Then, two ends of golden

wires were connected to the oscillator circuit by soldering iron technique at A
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Figure 4.13: The strain gauge fixture

position in the circuit diagram (See detail of oscillator circuit Appendix A). The
output signals from oscillator circuit were transfered via SMA connectors with
coaxial cables. The corresponding resonant frequency as a function of deflection
distance was measured by HUA Chang universal counter (U2000A). The deflection
distance at one point of the cantilever was measured by Mittotoyo dial micrometer.
We tried to put the micrometer near the free end as much as possible. As I
mentioned before, the piezoelectric ceramic acting as an actuator was used to
apply the force to the end of the film on glass cantilever. We controlled the
deflection distance of the cantilever by adjusting the voltage. The adjusted voltage
was in the range 0-12 V but was amplified ten times to DC bias voltage in the
0-120 V range before applying to the piezoelectric ceramic. The expansion of
the piezoelectric ceramic in the fixture generated the force on the free end of
the clamped strain gauge. The simulation between deflection and force at any
positions on the strain gauge is shown in Fig. 2.15 (See section 2.3.7) which are
related to the deflection from each force level on the strain gauge measured by a

dial micrometer. The simulation of stress on the strain gauge at any positions are
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shown in Fig. 2.16 and the deflection at two interesting positions (x=0.5 cm and

x=0.7 cm) of capacitor on the strain gauge.

The simulation of stain on the strain gauge at any positions are Fig. 2.17.
The stress and strain can be calculated from the deflection using equation 2.31 and
2.33. The fixture and acrylic base are setup on non-vibration base covered with
acrylic box for preventing the air flow during the experiment. The experimental

setup are shown in Fig. 4.14(a) and Fig. 4.14(b).
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Figure 4.14: (a) The overall experimental setup (b) The fixture with piezo actuator

and dial micrometer



CHAPTER V

RESULTS AND DISCUSSION

In this chapter, the result and discussion concerning the crystal structure,
the chemical compositions, the dielectric responses, the stress and the strain sens-
ing of the films are shown. First, in section 5.1, I will show the results of the
effect of the annealing temperature and annealing time and the crystal structure
observed in X-ray diffraction (XRD) patterns of the studied films and the defor-
mation of the borosilicate glass substrate. In section 5.2, the stoichiometry of both
types of films (BaTiO3:BTO and Ba,Sr;_,TiO3) were obtained from wavelength
dispersive X-ray spectrometry technique. In section 5.4, the dielectric constant
and the corresponding dielectric loss as a function of frequency of the BTO and
BSTO films are presented and compared. Finally, in section 5.5 the stress and
strain sensing results of the BTO film capacitor connected to the oscillating circuit

are shown.

5.1 The effect of annealing temperature and an-
nealing time on the crystal structure and the

deformation of the borosilicate substrate

In many film growth techniques, pulsed laser deposition (PLD), chemical
vapor depostion (CVD) and Sol-gel etc., various growth parameter such as an-
nealing temperature and annealing time are concerned. In this thesis work, a

sol-gel technique was used to prepare BTO and BSTO films. In this technique,
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one of the important film growth parameters affecting on the film crystallinity are
the annealing temperature and annealing time. In the work of Thidarat Supasai
et al. [32], since they chose the ITO glass substrate for supporting BTO/STO
multilayer films, the annealing temperature was limited to 650°C' due to the pos-
sible melting of the substrate that could happen at higher tempertures. Ornicha
Kongwut et al. [33] used quartz as a substrate which has higher melting point
(about 1600°C") for BTO film preparation at 800°C. Thidarat Supasai and Or-
nicha Kongwut are graduate students in our group. Their results showed that the
BTO film on quartz substrate had better crystallinity indicated by the sharper
peaks in XRD pattern. The peak intensities of BTO films on quartz substrates
were also higher than those of BTO/STO multilayer films obtained from Thidarat

Supasai et al.

At first, we have to concern the type of substrate used in this thesis before
choosing the annealing temperature and annealing time. Because we have to fabri-
cate the capacitive strain gauge from BTO or BSTO films so the thin borosilicate
glass substrates are suitable for this thesis work due to the owning of the flexibil-
ity and having higher melting temperature than those of thin cover glass slides.
Furthermore, for the cost issue borosilicate glass substrates are cheaper than thin

quartz substrates.
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Figure 5.1: The deformed borosilicate glass substrate with gold electrode pat-
terned on the BSTO film (BSTO#5) with 7 layers annealed at at 650°C' of 1.5 hr

for each layer
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Figure 5.2: XRD patterns of BSTO#3 and BSTO#5 (Bag.35510.65Ti03)
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This bending problem of the substrate affects dicing process in our experi-
ment. But the XRD pattern of this film (BSTO#?5) annealed at 650°C with total
time annealing of 10.5 hr show that the film has very good crystallinity because
diffracted peaks are sharp and the intensities are very high as shown in Fig. 5.2.
Thus, we have to reduce the annealing time for each layer from 1.5 hr to 1 hr to
avoid the bending problem and melting problem. And the melting problem can be
avoid by keeping the annealing temperature no more than 650°C'. From our film
preparation process only for BTO films, we found that no crystallinity in the film
occurs for 1 hr annealing time (See Fig. 5.3). Thus, we had to repeat annealing

process for another 2 hr after six layers are completed to ensure the crystallinity

of thin films (See Fig. 5.4).
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Figure 5.3: XRD pattern of BTO#1 (6 layers) thin film annealed for 1 hr for each

layer
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Figure 5.4: XRD pattern of BTO#1 (6 layers) thin film after increasing annealing

time for 2 hr
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5.2 The WDS result of barium strontium titanate

The compositions of our thin films were obtained using wavelength disper-
sive X-ray spectrometer (WDS) equipped with electron probe microscope. We
probed electron beams on three different spots of the BSTO films and the atomic
percentage of each element was averaged as shown in Table 5.1, 5.2 and 5.3. The
stoichiometric Bag g9Srg 311103, Bag gSrg2TiO3, and Bag 355r¢.65Ti03 films are de-
termined. The growth conditions of film preparation with different Ba and Sr

contents were shown in Table 4.1 and 4.2.



Table 5.1: WDX result of Bagﬁgsro.ngiOg thin film

Element Percent of atom
Sr 18.1036
Ba 40.2843
Ti 41.6121
Total 100.00

Table 5.2: WDX result of BaggSrgoTiO3 thin film

Element Percent of atom
Sr 16.816
Ba 59.101
Ti 24.083
Total 100.00

Table 5.3: WDX result of Bag 3551965 TiO3 thin film

Element Percent of atom
Sr 19.829
Ba 69.463
Ti 10.709

Total 100.00
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5.3 X-ray diffraction pattern

5.3.1 X-ray diffraction pattern of BaTiO3, Bag35Sr)4;TiO3
and BajgSr;,TiO;3 thin films

The X-rays diffraction (XRD) patterns of the BTO and BSTO films on
borosilicated glass substrates annealed at 650°C'" are shown in Fig. 5.5. At this
temperature, the films were formed polycrystalline. The lattice constant are cal-
culated from (101) and (200) peak positions showing that the lattice constant
of the Ba,Sr;_,TiO3 films are smaller than that of pure BaTiO3 as can be seen
from the shift to higher diffraction angles. At room temperature, STO is cubic
(a = b = ¢) with the lattice constant of 3.905A (See appendix B) and BTO is
tetragonal (a = b # ¢) with a = b = 3.994A and ¢ = 4.038A (See appendix B).
From XRD diffraction pattern and XRD database (See Appendix B), BaTiO3 and
BaggSrp2TiO3 are found to be in tetragonal phase. Bag3551065T103 has cubic

phase as SrTiO3 because of more strontium content than barium content.

The lattice constant values of BaTiO3 and BaggSrgoTiO3 are calculated
from (101) and (200) peaks positions showing that the lattice constant (a and b)
are 4.05A and 4.00A, respectively. For Bag 35510651103, the lattice constant is
calculated from (100) and (200) peak positions showing that the lattice constant
(a,b and ¢) is 3.92A. These lattice constants of BTO and BSTO decrease while
adding more strontium content. Because the atomic radius of strontium atom is
smaller than that of barium atom, by the substitution of Sr (radius size 2.15A) to

Ba (radius size 2.22A) sites causes the reduction in the lattice constant.
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Figure 5.5: XRD pattern of BaTiO3, BaggSrg2TiO3 and Bag 3551 65 TiO3
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5.4 Dielectric response of the film

5.4.1 Dielectric constant and dielectric loss versus frequency

of BaTiOj3; thin film

The resulting dielectric constant, capacitance and dielectric loss as a function
of frequency of the BTO films is shown in Fig. 5.6. This figure shows that the
capacitance of the BTO film decrease as a function of frequency in the range
100-1100 kHz. The maximum capacitance of BTO film is found to be 1.0 pF
(See Fig. 5.6(a)). The maximum dielectric constants versus frequency in Fig.
5.6(b) calculated capacitance conversion (See subsection 2.4.3) is 309 at 100 kHz
of frequency. In comparison with Xu, R. [14], the dielectric constant of BTO films
increases with increasing in the crystallinity of the film. Xu, R. [14] annealed the
BTO film at 750°C on Pt/Ti/SiO4 substrate and found that the dielectric constant
is in the range of 250-348 in the 100-1000 kHz frequency wavelength range.

5.4.2 Dielectric constant and dielectric loss versus frequency

of Bao_gsro_gTiO?, thin film

For BaggSrgoTiO3 film, the result of dielectric constant,capacitance and
dielectric loss are obtain from LCR meter in the function of frequency (See Fig.
5.7). Figure 5.7(a) shows that capacitance of the film decrease in the frequency
range 40 - 440 kHz. The maximum capacitance of BaggSrg2TiOj3 film is found to
be 1.1 pF. From Fig. 5.7(c), the maximum dielectric constant from capacitance

conversion (See subsection 2.4.3) is 418 at 40 kHz.
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5.4.3 Dielectric constant and dielectric loss versus frequency

of Ba0_65Sr0,35Ti03 thin film

For Bag 5510351103 film, the result of dielectric constant, capacitance and
dielectric loss are obtain from LCR meter in the function of frequency (See Fig.
5.8). Figure 5.8(a) shows that capacitance of the film decrease in the frequency
range 100 - 600 kHz. The maximum capacitance of Bag g5519.35TiO3 film is found to
be 1.16 pF. From Fig. 5.8(a), the maximum dielectric constant from capacitance
conversion (See subsection 2.4.3) is 482 at 100 kHz. Normally, the associated
dielectric loss decrease with the dielectric constant in which we observed in our
films as well. We found that by adding more strontium contents to the BTO film
can increase the capacitance e.g. the dielectric constant. The dielectric constant
and corresponding dielectric loss increas due to the strain effect in the film. The

Similar results have been observed by others [14, 23].
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5.5 Stress and strain sensing of barium titanate

thin film

5.5.1 Stress and strain sensing of the cantilever made of

barium titanate thin film at x = 0.7 cm.

After BTO strain gauge is clamp with the fixture (See section 4.4), we used
the vernier to measure some parameter which showed in Table 2.1 such as the range
from the clamping point to applying force position (a), the position of interesting
capacitor (b) then we start to apply the force using piezoelectric actuator attached
with dial micrometer touching with the one end of strain gauge (See Fig. 4.14).
We observe and collect some a frequency value form each step of applying force to
the device which is equal to 0.01 mm of the strain gauge deflection range. From
our experiment, the piezoelectric ceramic can be round in voltage by 11 step.
Before collecting each frequency value from an oscillator circuit, we have to wait
until the number on frequency counter is stable for 30 seconds. In order to ensure
the correction of our data we have to repeat the 11 measuring step process again
for 5 times but during each time of measurement we have to wait unit the film
is relax from stress and strain, this waiting time is called the relaxation time of
BTO film which is equal to 30 minutes. The data from our BTO stress and strain
sensing is show in the 4 graph stress versus frequency and strain versus frequency
(See Fig. 5.9, 5.10, 5.11 and 5.12) where two graphs of stress and strain is plotted
together with the deflection at 0.7 cm and the deflection at the end point.

From Fig. 5.9, the resonant frequency from interesting capacitor on the
strain gauge and stress at 0.7 cm decrease together while deflection distance at
capacitance position is increased as a function of applying force from piezoelectric
actuator. The deflection 0.7 cm of interdigitated capacitor on the BTO strain
gauge can be calculated from simulation program (See subsection 2.3.4). From
Fig. 2.15, simulation result of deflection and stress of borosilicate cantilever (See.

5.9), the deflection distance at capacitor position increase from 3.0 x 107° m to
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1.1 x 107* m. The resonant frequency from an oscillator circuit decrease in the
range between 46.06 MHz and 45.96 MHz. The stress of the strain gauge at the
capacitor position increase from 2.36 x 10° to 8.65 x 10% Pascal. From Fig. 5.10,
the resonant frequency decrease while the deflection at the end point increase.
From the simulation result (See Fig. 2.15), the minimum and maximum deflection
perform at clamping point and the end point, respectively. The deflection range
at end point is in the range between 5.18 x 107° m and 1.90 x 10~* m. The relation
between strain and resonant frequency from Fig 5.11 and 5.12 show that at 0.7
cm clamping point, strain increase as a function of frequency indicated by eleven
levels of deflection range from 3.74 x 107 to 1.37 x 10™* (See Fig. 5.11). From
5.11 and 5.12, the resonant frequency from interesting capacitance is increasing.
The deflection range at 0.7 cm and the free end position is the same with Fig. 5.9

and 5.10.



74

Deflection distance (x1 0'6) atx=0.7cm

0 20 40 60 80 100 120
T T T 0.05

46.06F A L

0.00
46.04} -

N _
g A\ 005 X
= 46.02} 4 - d
9 010 &
9 400f 1 S
z A 015 9
b 4598} “~. . =
~. -0.20
TTA— 4o a4
45.96 ]
L L -0.25

o}

3 6
Stress (MPa) at x = 0.7 cm

Figure 5.9: Variation of the resonant frequency and the change in resonant fre-
quency of the oscillator with applied deflection at the free end whereas the bottom
axis shows the corresponding stress at the location of the capacitor (at x = 0.7

cm) and the top axis show the deflection at x = 0.7 cm

Deflection distance (x1 0'6) at the end point

0 40 80 120 160 200
T T T 0.05

46.06 a

To.00
46.04| -

~ _
= 005 X
2 \A o
> 46.02f 4 w
1) 010 &
[= ©
g 46.00 | . =
o A 015 8
(<) ~
L 4598} ~. -
~. 0.20
TTA— 4
45.96 | .

1 1 1 _0_25
3 6 9
Stress (MPa) at x = 0.7 cm

Figure 5.10: Variation of the resonant frequency and the change in resonant fre-
quency of the oscillator with applied deflection at the free end whereas the bottom
axis shows the corresponding stress at the location of the capacitor (at x = 0.7

cm) and the top axis show the deflection at the end point



Deflection distance (x1 0'6) at 0.7 cm

0 20 40 60 80 100 120
T T

46.06 | A J
~N
X ae0af \ -
£ N
> 46.02} A :
o
3 \
g- 46.00 e
(] \
T 4598} ~ .

\A\A
TT—A—A
45.96 e

1

50

100

Strain (u) at x = 0.7 cm

(delta f)ifg (%)

75

Figure 5.11: Variation of the resonant frequency and the change in resonant fre-

quency of the oscillator with applied deflection at the free end whereas the bottom

axis shows the corresponding strain at the location of the capacitor (at x = 0.7

cm) and the top axis show the deflection at 0.7 cm

46.06

46.04

46.02

46.00

Frequency (MHz)

45.98

45.96

Deflection distance (x1 O'G) at the end point
160 200

0 40

80

120

T

T

1

A~

T

T

A‘\

1

A,

1

T

50

100

Strain (u) at x=0.7 cm

0.05

0.00

-0.05

(delta f)/fg (%)

Figure 5.12: Variation of the resonant frequency and the change in resonant fre-

quency of the oscillator with applied deflection at the free end whereas the bottom

axis shows the corresponding strain at the location of the capacitor (at x = 0.7

cm) and the top axis show the deflection at the end point



76

5.5.2 Stress and strain sensing sensing of the cantilever

made of barium titanate thin film at x = 0.5 cm.

In order to change the interesting capacitance position, we unscrew the
knop (See Fig. 4.14) and move the interesting capacitance to 0.5 cm position
carefully because the gold wire fragile. After that, we repeat all the process
as subsection 5.5.1. We increase the time between each point of the resonant
frequency measurement up to 1 minute for ensure the stability of the frequency

value.

From stress and strain simulation result at 0.5 cm, (See Fig. 2.16 and 2.17)
0.5 cm of capacitance position increase while the resonant frequency and deflection
at 0.5 cm and the end point position decrease. The resonant frequency perform
between 45.532 MHz and 45.462 MHz (See Fig. 5.13, 5.14, 5.15 and 5.16). The
stress and strain value increase from 7.62x10° to 7.59x 107 Pascal and 2.23x107°
to 2.28x 1074, respectively. The deflection distance at 0.5 cm of capacitor position
increase from 3.33x107° to 3.31x10~* m while the deflection at the free end is

remain in the same range.

If we were to measure the stress and strain sensing result of the BSTO
films, we expected to see the measured resonant frequency decreased due to the
higher capacitance values of the BSTO films (See Fig. 5.7 and 5.8) according to
fresonant = ﬁ. (See detail in Appendix A) The increase in capacitance values of

BSTO films are due to the internal strain in the film [23].
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CHAPTER VI

CONCLUSIONS

In this thesis, we prepared barium titanate(BaTiO3) and barium strontium
titanate (Ba,Sr;_,TiO3) thin film with various conditions of Ba/Sr contents by
a sol-gel spin technique. Some characteristic properties of these films such as
lattice constant, stoichiometry, dielectric constant were obtained. After that, we
constructed the strain gauges with capacitor using barium strontium titanate thin

film dielectrics.

In the annealing process, two variables to be considered in the preparation
of thin films are annealing time and annealing temperature. Our films exhibited
more crystallinity if the annealing temperature and time are increased because all
atoms receieved more energy from annealing process. Although the crystallinity
is better but the bending effect of the substrate make it difficult to dice to strain
gauges or individual capacitors. Thus, we conclude that the best condition for
preparing BTO and BSTO films for construction of strain gauges is 650°C" with
1 hour of annealing time for each layer. The stoichiometric results show 3 types
of Ba,Sr;_,TiO3 (x = 0.8, x = 0.69 and x = 0.35) which have the different Ba/Sr

contents.

The XRD patterns of 3 types of the films shows us that adding Sr content
make Ba,Sr;_,TiO3 decrease lattice constants. XRD peak positions shifted to the
higher diffracted angle also make our films have better crystallinity (See Fig. 5.5).

The capacitance and dielectric loss of BaTiOs, Bag gSrg.2TiO3, Bag g9Srg.31Ti03
and Bag 3551( 651103 decrease as a function of frequency. The dielectric constants

of BSTO films are larger than BTO film. This could be due to strain induced
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in the BSTO films. The maximum dielectric constant of Ba,Sr;_,TiO3 increase
with Sr content (See Fig. 5.6 and 5.7) and our results agree with those of Bunting
Shelton and Creamer’s group [34]. They found that Ba,Sr;_,TiOs perform a

maximum dielectric constant around x = 0.75 - 0.85.

The stress and strain sensing experiment results show that the resonant
frequency from an oscillator circuit using interdigitated capacitor on BTO strain
gauge decrease while deflection of strain gauge is increased with applying force
from piezoelectric actuator (See Fig. 2.15 and 2.16). The change in the resonant
frequency in our experiment is due to change in capacitance of BTO coplanar
capacitor located at x = 0.5 cm and x = 0.7 cm on the strain gauge. The resonant
frequency decreases while the stress and strain at capacitor position is increasing
as we more X-position closer to the clamping point. The change in capacitance
or dielectric constant of BTO as a function of stress and strain is from being
piezoelectricity of this dielectric material. Due to the commercial capacitive sensor
is quite expensive so our thesis showed that our BTO strain gauge can be used as

a low cost capacitive strain gauge device.
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Appendix A

Oscillator circuit theory

Studying the electrical response of the film is one purpose of this research.
The BTO films was used to construct the strain gauge and was attached with
the oscillator circuit. In our work, the oscillator circuit is designed by Assistant
Prof Dr. Jose Hodak and the schematic of circuit is shown in Fig. A.1. In design
oscillator circuit, we use IC 74AC14 hex schmitt inverter as a main device. From
Fig. A.1, the capacitive strain gauge is put in A position. 5 Volt with 3 milliamps
power supply are used to supply this circuit at B position. The output signal
come out from P1 at C' position. The real picture of the oscillator circuit is shown

in Fig. A.2.

Fig. A.1, the oscillator circuit used to evaluate the strain. Capacitor C4
is the device under test. The oscillator is comprised by UA1 Resistor R6 and

capacitor C4. The resonant frequency of this circuit is given by

1
fresonant - R7C4

(A1)

For a capacitor in the few pico Farad range, this frequency can easily reach
some tens of megahertz using a 15 KOhm resistor for R7. The higher frequency,

the lower the strains that can be detected.
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Figure A.1: The schematic of oscillator circuit
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Figure A.2: Output signal from oscillator circuit
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Appendix B

Simulation program

The simulation program is one of important instrument in this thesis. This
simulation program was done by Mr. Pakorn Yimpa [26] using Microsoft excel
with equations of deflection, stress, strain versus x position on the borosilicated
cantilever of BTO strain gauge (See section 2.3). Using this program was done
by varying the force value until we see that the deflection at the free end from
experiment equal to the deflection distance from the simulation program. This
program also showed the variation of deflection, stress, strain as a function of the

X position on the clamping strain gauge.



Ed9-t-|= Dear Program _+Real DATA_Frontpanelver [Compatibility Made] - Microsoft Excel = @ =
Home | Inset  Pagelout  Fomuiss  Deta  Review  View a@o@ =
::E:y Times New Roman = |13 =] A" a7 | = ] = | A+ E\mam ] ! % ﬁ @ o a8 :"J‘fjm‘ ﬁy. )
" g B2 U750 84 ammcatue Bl 1o |20 Caled ot | bk it | A e
Clipboard w Font | Alignment A Number iR Styles Cells ‘ Editing
Al - | Range for from clamping point to applying force position (a)
=g A [ [ G D £ r
1 (Range for from clamping point to applying force position (a) 1|cm 0.01{m
2 a ) 0.016({cm 0.00016|m
3 0.4|cm 0.004|{m
4 0.00890(N
5 -0.001{N
6 0.05|cm 0.0005(m
7 Moment of cross section area arround neutral axis (I) 1.36533E-15(m*
8
9 Young's modulus of borosilicate glass (E) 6.30E+10|Pa
10 The interesting interdigited capacitor position (b) 0.7|cm 0.007|m |
11
12 i
i 0.00008+00 ™} x(m)
L2t -5.0000E-06 8:00 —=00t 0:006 0-008 6:01
12 -1.0000E-05
—_ -1.5000E-05
15 -2.0000E-05
= -2.5000E-05
16 -3.0000E-05
| -3.5000£-05
17 -4.0000E-05
18
19
20 I
W ¥ W] sheet1 “Sheetz “sheets /%3 el i
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Figure B.1: Front panel of the simulation program by Mr. Pakorn Yimpa
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Appendix C

XRD database

The structure of the BTO and BSTO films obtained from XRD spectra were
compared with the XRD database from The International Centre for Diffraction
Data(ICDD) which represented as follow



Pattern : 00-005-0626 Radiation = 1.540598 Quality : High

BaTiOs 2th il hl kK !
22.039 12 0 0 1

22.263 25 1 0 0

31.498| 100 1 0 1

Barium Titanium Oxide 31.647| 100 1 1 0
38.888| 46 1 1 1

44.856 12 0 0 2

45.378 37 2 0 0

50.614 6 1 0 2

50.978 8 2 0 1

51.100 7 2 1 0

55.955 15 1 1 2

56.253 35 2 1 1

65.755| 12 2 0 2

66.123| 10 2 2 0

Lattice : Tetragonal Mol. weight = 233.23 70.359 5 2 1 2
70.662 2 3 0 0

S.G.: PAmm  (99) Volume [CD] = 64.41 74.336 5 1 0 3
75.094 7 3 0 1

a= 3.99400 Dx = 6.012 75.164 9 3 1 0
78.768 3 1 1 3

79.472 5 3 1 1

83.492 7 2 2 2

c = 4.03800 86.965 1 2 0 3
87.287 1 3 0 2

zZ= 1 lVicor=8.34 88.069 1 3 2 0

91.586 7 2 1 3

92.060| 12 3 1 2

92.327| 12 3 2 1

99.494 1 0 0 4

100.984 2 4 0 0

103.869 1 1 0 4

104.502 1 2 2 3

104.991 1 3 2 2

Color: Colorless 105.362 1 4 1 0
Additionnal diffraction line(s): Plus 10 additional reflections. 108.256 3 1 1 4
Sample source or locality: Sample from National Lead Company. 108.946 1 3 0 3
Sample preparation: Annealed at 1480 C in MgO. 109.733 5 4 1 1
Analysis: Spectroscopic analysis: <0.1% Bi, Sr; <0.01% Al, Ca, Fe, Mg, Pb, 113.556 2 3 1 3
Si; <0.001% Mn, Sn. 114.362 2 3 3 1
General comments: Inverts to cubic form at 120 C. 117.506 3 2 0 4

Temperature of data collection: X-ray pattern at 26 C.
General comments: Merck Index, 8th Ed., p. 122.
Data collection flag: Ambient.

Swanson, Fuyat., Natl. Bur. Stand. (U.S.), Circ. 539, volume 3, page 45 (1954)

CAS Number: 12047-27-7

Radiation : CuKa1 Filter : Beta
Lambda : 1.54050 d-sp : Not given

SS/FOM : F30= 19(0.0490,32)
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Pattern : 00-035-0734

Radiation = 1.540598

Quality : High

SrTiOs

Strontium Titanium Oxide

Tausonite, syn

Lattice : Cubic

S.G.: Pm3m (221)

Mol. weight = 183.52

Volume [CD] = 59.55

a= 3.90500

Dx= 5118

llcor=6.22

Sample source or locality: Sample from Nat. Lead Co.

Analysis: Spectrographic analysis: <0.01% Al, Ba, Ca, Si; <0.001% Cu, Mg.
Temperature of data collection: Pattern taken at 25 C.

Additional pattern: To replace 00-005-0634 and 00-040-1500.

Data collection flag: Ambient.

Swanson, H., Fuyat., Natl. Bur. Stand. (U.S.), Circ. 539, volume 3, page 44

(1954)

Radiation : CuKa1

Lambda : 1.54050

SS/FOM : F18=47(0.0182,21)

Filter : Beta

d-sp : Diffractometer

2th i
22783 12
32.424| 100
39.985| 30
46.485| 50
52.358 3
57.796| 40
67.805| 25
72.545 1
77477 15
81.724 5
86.206 8
95.131 16

104.154 3
113.613| 10
118.589 3
123.832| 10
135.422 6
150.146 9

>
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Pattern : 00-044-0093

Radiation = 1.540598

Quality : High

Bag.77Sr0.23TiO3

Barium Strontium Titanium Oxide

Lattice : Tetragonal

S.G.: P4mm  (99)

Mol. weight = 221.79

Volume [CD] = 63.08

a= 3.97710

c = 3.98830

Dx = 5.838

Sample preparation: Prepared by using stoichiometric mixture of Ba C O3, Sr

C 03 and Ti 02, heat treated at 1200 C.
Data collection flag: Ambient.

Wang, P., Huang, Z., Werner, P., Wuji Cailiao Xuebao, volume 3, page 15

(1988)

Radiation : CuKa1
Lambda : 1.54060

SS/FOM : F15=116(0.0048,27)

Filter : Not specified
d-sp : Guinier

Internal standard : Si

2th

22.336
31.748
39.165
45.426
45.583
51.300
56.608
66.330
70.944
75.304
75.536
79.734
79.918
84.188
88.491

>

WNW=2WaNNDNNNO = 2

x

ON=22 20202000 =00

NN2WOWNN=222ON =20




Pattern : 01-089-8211

Radiation =

1.540598

Quality : Calculated

(Bao.256Sr0.744) TiO3

Barium Strontium Titanium Oxide

Lattice : Cubic Mol. weight = 196.24

S.G.: Pm-3m (221) Volume [CD] = 60.45

a= 3.92470 Dx = 5.390

Z= 1 lVicor=8.96

ICSD collection code: 088532
Cancel:
Data collection flag: Ambient.

Joseph, J., Vimala, T.M., Raju, J., Murthy, V.R.K., J. Phys. D: Appl. Phys.,
volume 32, page 1049 (1999)
Calculated from ICSD using POWD-12++

Radiation : CuKa1 Filter : Not specified

Lambda : 1.54060 d-sp : Calculated spacings

SS/FOM : F11=1000(0.0000,11)

2th
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32.230
39.747
46.225
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171
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(December 13-15 2010) Code: PM 516

2009, P. Promsena, J.H.Hodak, A. Wisitsoraat, and S. K. Hodak. Design of
low cost capacitive strain gauge. Poster presentation at Asiasense 2009 The 4% In-
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Thailand (July 29-31 2009) Code: AS-P-R018
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CAPACITANCE RESPONSES OF BARIUM TITANATE AND BARIUM STRONTIUM
TITANATE THIN FILMS PREPARED BY SOL-GEL TECHNIQUE
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Abstract

Low cost capacitors were made of dielectric materials, barium titanate (BaTiO,) and barium
strontium titanate (BaSrTiO,), depositing on flexible borosilicate glass using sol-gel technique. The gap
width of the coplanar capacitor is 100 ym , with finger length of 27.8 mm., and the overall size of 3x4
mm. The lattice constant of the Ba,Sr, TiO, films are smaller than that of pure BaTiO, due to the
substitution of Sr to Ba sites. The capacitance responses as a function of frequency were measured and
the maximum capacitance around 1 pF was found in Ba, ;Sr,,TiO, film.

Keywords: Ba(Sr)TiO&capaCitance responses, sol-gel method

Introduction

Ferroelectric materials strongly exhibit piezoelectric properties when the temperature is below
Curie point depending on each type of materials (Sharma and Sharma, 1998). Early work has extensively
focused on the piezoelectric properties of lead zirconate titanate (PbZr,Ti,  or PZT) due to its high value
of charge coefficient (Shen et al., 2002). Recently, it is desirable that lead-free materials will be replaced
lead materials for many applications such as high dielectric constant capacitors such as DRAM, sensors
and transducers (Shen et al., 2002; and Kumar and Manavalan, 2005). Barium strontium titanate (Ba Sr,
TiO, or BSTO) which is non-lead material has been extensively studied due to Curie point near room
temperature and therefore the dielectric tenability has been observed near room temperature range. It

has been reported that the Curie temperature of BaTiO, is about 400K (Chen et al., 2008). Furthermore,
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Curie temperature can be tuned by varying Ba and Sr ratios in the stoichiometric Ba Sr,  TiO, films (Lahiry
and Mansingh, 2008). Lahiry et al. have found that the Curie temperature of BSTO film decreases with
increasing strontium contents in the film (Lahiry and Mansingh, 2008). The aim of this work is to synthesis
barium titanate and barium strontium titanate and to compare the capacitance responses of both types of
materials. The characteristic film properties such as the lattice constant and composition were also

determined.

1. Experimental Details
1.1 Sample preparation

Barium titanate or barium strontium titanate films were prepared from starting materials
consisting of barium acetate [Ba(CH,CO0),], strontium acetate [Sr(CH,COO),], titanium (IV) isopropoxide
[Ti(CH,CH,CHO),]. In the first step, barium acetate was dissolved in acetic acid [CH,COOH] by magnetic
stirring on the hot plate. Ti(CH,CH,CHO), was mixed in methanol then barium acetate solution was
quickly added in Ti(CH,CH,CHO), solution. Appropriate amount of strontium acetate was added in the
first step to provide BSTO precursor. The desired solution was deposited on borosilicate glass using spin
coating method and then each layer of the films was annealed at 650 °C in the air atmosphere for one
hour. After completing six layers, the films were annealed at 650 °C for 2 hours to ensure the crystallinity
of the films. The diagram of film preparation was shown in Fig. 1.

The stoichiometry of Ba Sr, TiO, was determined from the energy-dispersive spectroscopy and
the XRD database. We constructed Au/Cr electrode on top of BTO and BSTO films by sputtering
chromium (Cr) and gold (Au) targets through the shadow mask using DC sputtering technique. The gap
width of the coplanar capacitor is 100 um, with finger length of 27.8 mm., and the overall size of 3x4
mm. The electrode pattern is shown in Fig. 2(a) and the photograph of an individual capacitor is shown in

Fig. 2(b).

1.2 Experimental Setup
Film crystallinity was analyzed by X-ray diffraction technique. The capacitance and the dielectric
loss (tan5) as a function of frequency in the range of 100-1100 kHz for each capacitor were measured

with HP4192 LF impedance analyzer.

2. Results and discussion

The X-rays diffraction (XRD) patterns of the BTO and BSTO films on borosilicated glass
substrates annealed at 650°C were shown in Fig. 3. At this temperature, the films were formed
polycrystalline. The lattice constant was calculated from (101) and (200) peak positions showing that the
lattice constant of the Ba, Sr, TiO, films are smaller than that of pure BaTiO, as can be seen from the shift

to higher diffraction angles. The values of lattice constants (a and b) BTO and BSTO films are 4.05 and
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4.00 A° . Because the atomic radius of strontium atom is smaller than that of barium atom, by the
substitution of Sr to Ba sites causes the reduction in the lattice constant. The compositions of the film was
obtained using wavelength dispersive X-ray spectrometer (WDX) equipped with electron probe
microscope. We probed electron beams on three different spots of the BSTO films and the atomic
percentage of each element was averaged as shown in Table 1. The stoichiometric Ba, ,Sr, ,TiO, film was
determined.

The resulting capacitance and dielectric loss as a function of frequency of the BTO and BSTO
films are shown in Fig. 4. Fig. 4(a) and 4(b) shows that the capacitance and loss tangent of the BTO film
with frequency in the range 100-1100 kHz. Fig. 4(c) and 4(d) shows that the capacitance and loss
tangent of the BSTO film measured in the same range of frequency. We found that by adding strontium
contents to the BTO film can increase the capacitance e.g. the dielectric constant. Normally, the
associated dielectric loss increase with the dielectric constant in which we observed in our films as well.
The maximum capacitance around 1.1 pF was found in Ba,Sr,,TiO, film as compared with 1.0 pF for
BTO film. We noted that these two films have the same thicknesses. Similar results have been observed

by others (Xu et al., 2002; and Vitanov et al., 2003).

3. Conclusions

The films were formed polycrystalline at 650 °C on borosilicate substrates. By substitution
strontium (Sr) atom to the site of barium (Ba) atom, the lattice constant was reduced due to replacing Ba
with Sr having smaller atomic radius. The dielectric constant and corresponding dielectric loss increased

due to the strain effect in the film.
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Element Mass % Norm % Atom %  Error %

3.159 13.719 16.816 7.45

Sr
Ba 17.557 75.544 59.101 0.98
Ti 2.490 10.736 24.083 3.41

Total 23.206 100.000 100.000

Table 1. The composition of Ba, ,Sr, ,TiO, film

| Glass substrate |

o

Spin 30 sec

BTS or BSTO films

Glass substrate

Preheat at 120°¢

Annealed at 650°¢c : 1 hr

@
\ 2 6 Layers of BTO films
Annealed at 650°¢ : 2 hr Glass substrate

Fig. 1. The process of film preparation
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