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The optical band and optical constants of non-crystalline WO3 thin
films doped with Ti deposited by dip coating in sol-gel
By
Manar Ibraheem Ali Shwahna
Supervisors
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Abstract
The optical constants and optical band gaps of the non-crystalline tungsten
oxide (WOj3) thin films doped with Ti deposited by dip coating method
onto glass substrates with different atomic concentrations of Ti have been
investigated by optical characterization method. The films were annealed at
160C to guarantee maximum transparency. The amorphous -crystal
structure of the as grown and annealed films were revealed by XRD. The
optical data of WO, thin film have revealed a direct allowed transition band
gap of 3.1 eV, which increases slightly up to 3.6 eV by increasing Ti
concentration due to the formation of TiO, new phase that may be
introduced within the amorphous structure. The effect of Ti concentration
on the film thickness and optical constants (refractive index, absorption
coefficient and dielectric constants) of these films has been also
investigated. The films thickness was found to increase with increasing
doping concentration from 0.373 to =~ 0.7um due to the increase in the
liquid viscosity, as expected. The room temperature refractive index, which
was calculated from the reflectance and transmittance data, allowed the
identification of the dispersion and oscillator energies lattice dielectric
constant and static dielectric constant of these films, which show that WO,
thin films doped with Ti can be used as UV sensors, where 10% Ti doping

is the best sensor.
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Chapter One

Introduction

1.1 Why WO; based thin film?

After Deb” s discovery of the electrochromism behavior of tungsten oxide
(WO3) thin films [1] , WO; has been one of the most popular transition
metal oxide because of its wide interesting electrochromic, optochromic
and gasochromic properties particularly in thin film form [2]. WO; thin
films have been prepared by various deposition processes like thermal
evaporation [3], chemical vapor deposition [4], spraying [5], laser
deposition [6], sputtering [7], sol-gel dip coating [8], spin coating technique
[9], recently hot filament metal oxide deposition (HFMOD) and hot
filament chemical vapor deposition (HFCVD) [10].

WO; has complex phase transitions which are presenting a rich
temperature and pressure dependent phase sequence, and a perovskite-like
structure based on the corner sharing of WOg octahedra. With regard to the
ideal cubic perovskite type, the symmetry of WO; is lowered resulting from
two distortions: (1) tilting of WO octahedra and (2) displacement of
tungsten from the core of its octahedron [11]. Pure WO; crystals exhibit at
least five polymorphs in the temperature range varying from absolute zero
to melting point at 1700 K, monoclinic (6 and Yy phase), triclinic,
orthorhombic, tetragonal [12], each of these structural transformations
exhibits different electrical, optical and magnetic behaviors which attracted

the attention of researchers over the past few years to explore their
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potential scientific and technological applications in the fields of display
systems and microelectronics [13]. The WO; porous films with a large
surface area enable the analytes to diffuse through where this kind of films
may be used in sensing functions [14], also amorphous WO; can be used in
optical and electrical sensors due to its  high photochromic and
electrochromic sensitivity which results from its high surface area [15].
WO; in the nano-fibers shape express high response and recovery
characteristics to NH; [16,17], also WOs in the nano shape were used to
prevent infection occurring on the surface of prostheses by an innovative
approach [18].

Doping WOj3 thin films with different compounds and ions open the door to
other new applications. For example doping WO3; with MgO increases its
photocatalyst properties which can be used in producing hydrogen from the
decomposition of H,O [19], TiO,/WO; composite materials have been
reported as fascinating ones: high active photocatalyst, photocatalysticaly
inactive materials, energy storage photocatalyst [20,21]. WO; treated by
NH; can be used to increase the efficiency of solar cells [22]. Recently,
some studies have shown a wide range of WO; thin films' different
applications include high energy density microbatteries [23,24], selective
catalysis, microelectronics, electro—catalysis, and optoelectronics [25],
sensitive and fast sensors for different gases H, [26], H,S [27], NH3 [28],
03 [29], CO [30].

It is known that WO; films can change their optical transmittance upon the

insertion or the extraction of charge . This property made them of critical



3
importance for electrochromic device technology, such as for dynamic or
““‘smart” windows that are at the forefront of emerging energy-saving
advances in building technologies [31]. As well as, for multilayer devices
like (WOs/Ag/WO3) multilayer transparent anode which founded to be the
most suitable transparent anode in the polymer light emitting diodes

(PLEDs) [32].

1.2 Previous Studies

Interest in the physical, optical and electrical properties of transition oxide
family has sharply grown during the past few years. Due to their
importance in many applications in science and technology [33], so a huge
number of studies had investigated the different structures of tungsten
oxide .

In particular there is a lack of knowledge about the structure of WO; below
room temperature. Sibuyi have studied the crystal structure of WO, at
room temperature and below, using neutron powder diffraction that he
found a mixture of y and 3-WO0;3; at 25°C, but when the sample was cooled
to room temperature, he found pure 3-WO; [34]. S. Walia et al found that
above 130 K and below 223 K a monoclinic low-temperature modification
a-WO; and at higher temperatures a triclinic B-modification occurs, but it
converts to another monoclinic y-WQO; shape stable between 290 K and
603 K, while between 603K and 973 K, WO; has orthorhombic symmetry
[33]. C. V. Ramana et. al. [35] investigated the phase transformation in
WO; thin films by annealing from 30° C to 500° C and concluded that the

phase transition that thin films occur in sequence as the temperature is
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increased : monoclinic to orthorhombic to hexagonal. Recently I. Jimenez
et. al. said that the crystal structure of WQO; thin films stay monoclinic until
the annealing temperature become 400°C, and above this temperature the
structure will change to a triclinic one [36].

The crystal structure of WO; also can be changed by doping with specific
materials. C. V. Ramana and co-workers recently revealed an amorphous
phase of WO; when doped with (10%) Ti concentration, and mixed WO;—
Ti0, (monoclinic 6-WO; and rutile TiO,) phases at higher Ti concentration
[37]. The x-ray diffraction results found the solid solution WNb,Og phase
with mixed WO3;-Nb,0Os (monoclinic €-WO5; and orthorhombic Nb,Os)
phases at lower Nb concentration (2%) and mixed WO5-Nb,Os phases at
higher Nb concentrations (6 and 10%) [38]. A modification was carried
out for WO;3; by doping MgO led to interestingly photocatalyst [39]. Doping
WO; thin films with Ti was found to increase their photocatalyst properties
and 2% Ti was found to be the best effective one, this was the result
founded by [40]. On the other hand, deposition of gold nanoparticels onto
the surface of WO; thin film enhanced the photochromisim of the film.
This result may be helpful in technical application and provide a more
detailed understanding of photochromic mechanisim [41].

Doping WO; thin films with 10 % Ti produces completely granular and
coarse without fibrous network films. Where the cycle stability, charge and
storage capacity of these films are improved by doping. However,

coloration efficiency decreases [42].
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The crystallization of WO; lowered by doping Ti with low concentration
which causes an increase in their electrochromic performance, and they
will obtain superior electrical conductivity and reaction kinetics, i.e. the
times of bleaching and coloration in WO3:Ti doped films are much less
than those of un-doped WO; [43].

Recent studies [44] were able to develop gas sensor based on WOj; thin
film doped with different amount of Platinum (Pt) or gold (Au) or

Palladium (Pd) exhibits acceptable electrochromism behavior.

1.3 Objectives of this work

1- Preparation of different WO; films doped with Ti with different doping
concentrations WO;:Ti (0 - 40 %) by dip-coating technique in sol-gel .

2- Studying the optical properties of the prepared thin films.

3- Studding the structural properties of the prepared thin films.

4- Studying the dialectic properties of the prepared thin films.

The depends of the physical properties of the thin films on the amount of Ti
doped will be investigated using :

X-ray diffraction (XRD) analysis,

UV-VIS spectroscopy,

Studying of the refractive,

Dielectric constant calculations,

Film thickness measurements,

Energy gap calculations and

Oscillator parameters calculations.
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Chapter Two

Theoretical Background

2.1 Optical Properties

To understand the optical properties of any material we must refer to
electromagnetic radiation theory. Where the interaction of the
electromagnetic waves with the material, through specialized devices like
the spectrometer, yields an important data if analyzed using different
processes, we can understand everything about optical properties of that

materials.

2.1.1 The electromagnetic radiation nature

The nature of the electromagnetic radiation was not clear and confused the
scientists for many centuries, that many scientists proved the corpuscular
nature of the light, while others advocated a wave nature. But Einstein had
proved by his famous photoelectric effect experiment that the
electromagnetic radiation has the dual nature , i.e. wave and corpuscular
nature. He also discovered the "Photon™ (also called a quanta of energy ; it
Is an elementary zero mass particle sometimes behaves like a particle other
times like a wave) [45,46].

Electromagnetic radiation is a form of energy, it is characterized by
transverse wave through the space which consists of alternating
combination of time dependent electric and magnetic field perpendicular
to each other and to the direction of propagation [47]. The electromagnetic

spectrum includes a great range of wavelengths, where each certain part of
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this spectrum represents one type of rays. Fig. (2.1) shows all ray types.
They have essentially the same phenomenon that they travel through space
and have similar interaction effects on matter [48]. But, they differ in the
wavelength which causes many differences in their properties. For example
the human eye can see the visible one but can't see the other parts, and the
radio waves are used in the broadcasting. Some materials absorb ultraviolet
waves and emit it again as a visible light this process called the
fluorescence, so ultraviolet can be used in the tracing. Gamma rays have
the most damaging effect, that it can be used to kill the cancer cells.
Microwaves are used in the microwave cooker to heat or cook the food

[49].

Yellow

Radio Infrared Visible Ultraviolet X ray Gamma ray

43x10™ 75x10™ Frequency (Hz)
| |

Wavelength (nm) 700 400

Energy

Frequency ™ -
Wavelength

Fig 2.1: The electromagnetic radiations [after 50].

The electromagnetic radiation is usually described by the relation between

three factor as shown in the equation [50] :

hc
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Where E is the energy of the electromagnetic radiation, v is its frequency
which is proportional to the inverse of its wavelength (A), h is plank's

constant and c is the speed of light.

2.1.2 Maxwell's Equations

James Maxwell expected the entity of the magnetic field, that he described
how the electric and the magnetic fields behave and described the relation
between them. In the two decades after Maxwell’s death, Oliver and Hertz
introduced four equations and called them "Maxwell’s equations". These
four equations summarized the current displacement concept by Maxwell
which complete the electromagnetic theory [51-53]. Maxwell’s equations

were written in differential form as follows [52-54] :

V.E =§ (i)
V.B =0 (ii)
0B
VXE = o N (ii)| (2.2)
VXB = o)+ Hogo; (iv)

Where E : the electric field, B: magnetic field, p is the charge density, J is
the conduction current density,e, and [, are the permittivity and the

permeability of free space respectively.

2.1.3 The Electromagnetic Wave Equations in Vacuum
In vacuum where there is no charge or current, it is easy to show that
electromagnetic waves can exist there. We set p = 0 and j = 0 in equations

(2.2(i-1v)), they become [55, 56],



V.E = (1
V.B = (i)
VXE= JB
= "%t (iii) (2.3)
VXB= a—E '
= Ho€o 70 (iv)

Taking the curl of equation (iii) and use equation (iv) as follows [55,56],

B 8(V x B)
VX(VXE)=—VX<E>=—T (24)
OE
d(Ho€E m) 0%E
VX(VXE):_T_HOSOﬁ (25)

Now let's use BAC-CAB formulaAx (BxC)=B(A-C)— (C- A)B

to find the value of V X (V X E) as follows,
Vx(VXE)=V(V-E)— (V- V)E=V (V- E) —V2E (2.6)

Finally Eqgs.(2.5) becomes,

VZE = = pyg, 62_E (2.7)
0%t

Which is called the electromagnetic wave equation for E. Not that

equations in (2.3) are symmetric in E and B except for the factor of

HLo€p and a minus sign. If we again repeat the previous steps starting with

equation (iv) then use (iii) we will end up with exactly the same wave

equation for B [55,56]
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V2B =
9B

g 2.8
YR (2.8)

= Hp€o
The speed of E and B together is called the speed of electromagnetic
waves in vacuum ( usually denoted by iii), which is equal to the value of
the square root of the inverse right hand side factor of equation (2.7) or
(2.8) [55,56],
1

v Ho€o

As g = 1.2566370614 x 107° T.Z= and
A

c = (2.9)

g, = 8.854187817...x 10712 F/m,

Soc=3x108m/s

2.1.4 The Electromagnetic radiation propagation in matter

The study of the interaction of electromagnetic radiation with matter is
called the spectroscopy, which is very useful in the study of the optical
proprieties of materials. As we said previously, electromagnetic radiation
is really just a form of energy 'photons’, that exhibit both waves and
particles and propagate as electromagnetic waves in the space . These
photons can interact with charged particles in the matter (solid, liquid, or
gas). Charged particles (electrons or ions) experience Lorentz force when
exposed to electromagnetic radiation [57].

The interaction of the electromagnetic waves with any material is

controlled by several conditions such as the physical state (solid, liquid, or
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gas), the chemical compositions and the crystal structure of that material.
When electromagnetic radiation strike a sample of any material, many
phenomena may happen (Fig. 2.2); electromagnetic radiation may reflect
from the surface, transmitted through the sample and scattered, refracted or
absorbed through it, and samples may emit the absorbed energy in a
process called fluorescent [58].

The reflection can be described by the reflectivity coefficient as follows

[59],

_ power of reflected beam 10
B power of incident beam (2.10)

Reflection law states that when the incident beam strikes the surface
(Fig.(2.3) ) at 0; angle with the normal of the surface , it must be reflected
with angle 6,, by the following condition [60] ,

0, =0, (2.11)

The normal

incident beam reflected beam

Fig 2.2 : The reflection law [60].
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The transmission is also described by coefficient of transmissivity (T) as

follows [59]

power of transmitted beam

2.12
power of incident beam ( )

Transmission Refraction Scattering Absorption
1 2 3 4

¢

Fig 2.3: All the Interactions of the electromagnetic radiation with any matter [59].

An absorption will occurs if the frequency of the incident photons is
resonant with the transition frequencies of the atoms in the material.

Atoms, molecules, electrons and ions exist only in specific quantized
energy states that any transition between them must be provided with a
specific energy (AE) equals the difference between the two states according

to [61],
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hc

The transmission of the medium is clearly related to the absorption,
because only unabsorbed waves will be transmitted. Hence, absorption
provides a clear picture of the sample's energy level distribution, which
helps to understand the electronic and vibration properties of that sample.
Indeed, due to differences between materials, each material will absorb
certain frequencies differ from any other material. The uniqueness isn't
only in the absorbed or emitted frequencies but also in the degree of
absorption or emission which is called the intensity. The spectrum ( the set
of the absorbed or transmitted frequencies with their intensities) of any
given sample is the basis for the use of spectroscopy for identification of
composition, chemicals, etc.. Quantitatively, absorption can be usually
studied by measuring the absorption coefficient (o) [62].

The interaction in which the velocity of the electromagnetic wave changes
and change its direction, when propagates through a sample without
changing its intensity, is called refraction. This interaction is described by

Snell's law of refraction [60,63],
n, sinf; = n, sinf, (2.14)

This law states that if a beam of electromagnetic radiation propagate, at
angle 0, with the normal, from a material whose refractive index is n; to
other material that has refractive index n,, then the refractive beam will

travel at 0, with respect to the normal, as shown in figure (2.4).
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The normal

incident beam

refracted beam

Fig 2.4: The refractive process [60].

Scattering occurs when the electromagnetic waves change their direction
and possibly also their frequency without changing their intensity. In this
interaction, although the total number of photons is still the same, the
photons going in the forward direction decrease because of the direction
changing of the incident beam. There are two scattering types, the first is
the elastic which happens if there is no energy exchange between the
incident photons and the material. While if the diffused photons have
different energy than those of income ones, the scattering called inelastic

[62].

2.1.5 Refractive Index (n) and the dielectric constant ()

As indicated before, when the electromagnetic waves is incident at a
surface, separates two transparent mediums, some will reflected while the
most ratio will refracted and it will suffer a change in its velocity through

the new medium. The velocity of the beam in the medium and its
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propagation depends on the refractive index. The unitless refractive index,

n, is defined as [64],

(2.15)

C
n=-
v

where ¢ and v are the velocity of the propagating wave in free space and

its velocity in the medium respectively.

From equations (2.3) we find that ¢ = in the same way we can

1
JHoEo

conclude that the velocity of the waves in the medium (v) will be,

vV=——o (2.16)

He (2.17)
n = |[— .
Ho€o

In most nonmagnetic optical media, the magnetic permeability p is very

close to Yo and hence we can write Eq. (2.17) as

n :j:%:\/s—r (2.18)

The ratio between the permittivity of a substance and that of free space is
called the relative permittivity ( the dielectric constant g,). Relation (2.18)
IS very important because it relates the dielectric of a material to its optical

properties [65]
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In materials, the electromagnetic wave experiences attenuation, during its
propagation due to various loss mechanisms such as free carrier absorption,
generation of phonons (lattice waves), photogeneration and scattering. Due
to this, the refractive index becomes a complex function of the

electromagnetic wave's frequency and it is denoted by n* as follows [58],
n*=n+ik (2.19)

Where the real part, n, is the refractive index, and the imaginary part, K, is

called extinction coefficient.

Also the dielectric permittivity becomes a complex function, and can be

written as [58],
e =g + i€ (2.20)

In which the real part , €. is called the dielectric constant and the

imaginary part, ., is the loss factor.

2.1.6 Fresnel's Equations

When the light strikes the surface of a matter, both reflected and refracted
waves are produced where they have a direction given by the 'Law of
Reflection”, equation (2.11), and Snell's law (2.14) respectively. And
because these laws don't tell information about the reflected and the
transmitted fraction of the incident wave but this information was first
provided by Fresnel in 1827. Fresnel equations are derived by assuming
that the plane wave solutions on either sides of the boundary satisfy certain

boundary conditions [66] .
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2.1.6.1 Boundary conditions
The boundary indicate what happen to the electric and magnetic field
vectors as they cross the boundary between two different mediums [3].
To introduce the boundary conditions, we must recall Maxwell's equations
(2.2), that they will give four boundary conditions. We will start with the

integral form of the first one (2.2 a) is [67.68]

e

#E- dA
_P
= s (2.21)
80 # E " d—A>
=p (2.22)

In dielectric materials there are no free charges that p = 0, and from
equation (2.18) we have to modify g, by €.€,. Hence equation (2.22)

becomes,
£.€0 # E-dA=0 (2.23)
This equation implies that if the electromagnetic wave move between two

dielectric medias, at an interface, the normal components of the electric

field on either sides of the interface are equal,
€1E n1 = &E 2 (2.24)

Which is the first boundary condition.

The integral form of the third Maxwell's equation (2.2 c) is,
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0@g
_(fE dl = ST (2.25)

This yields that the tangential component of the electric field is continuous

across the interface,
Evy =Ep (2.26)
Which is the second boundary condition.

The integral form of the second Maxwell's equation (2.2 a) is,

#ﬁ- dA=0 (2.27)

This equation implies again the normal components of the magnetic field

on either sides of the interface are equal,
Bh1 =Bna (2.28)
Which is the third boundary condition.

Finally the last Maxwell's equation (2.2d) can be written in the integral

form as,

%B'dl == l,lol
0@g

+ MOSOW (229)

Where I is the electrical current ( the flow of electrons), here 1T = 0
because we are talking about dielectrics which have no free electrons also
we must convert p, into p ( permeability of medium). Equation (2.29)

become as follow,



19

1
—ng-dl
N

[of0)
_ SOG_tE (2.30)

This equation implies again the tangential components of the magnetic

field on either sides of the interface are equal,
Bi1 =By (2.31)

This relation with (2.24), (2.26) and (2.28) are the four boundary

conditions.

2.1.6.2 Derivation of Fresnel’s equations
There are two different Fresnel's equation depending on the polarization of
the incident beam. According to these two cases we will discuss Fresnel
equations [69]:
1. The incident beam is polarized with its electric field perpendicular to the
plane of incident, the wave is said to be s-polarized (series polarized
lights) or TE (transverse electric filed) .
2. The incident beam is polarized with its electric field parallel to the plane
of incident, this wave is described as p-polarized (parallel polarized lights)
or TM (transverse magnetic field).
a. Derivation of the Fresnel's interface complex-amplitude reflection
coefficients R, for s-polarization of light

Below in figure 2.5, is an illustration for an incident light comes from a

medium with index of refraction n;, and passed through a dielectric


http://en.wikipedia.org/wiki/Polarization_(waves)
http://en.wikipedia.org/wiki/Electric_field

20
material of n,, were (0;), (6;), (6;) are the angles of incident, reflection and
refraction respectively [70].
Here in this case, we assume that the electric field vector is in somewhere
on the plane perpendicular to the incident direction plane (plane of paper).
The magnetic field that associated with E field, will always have its

components perpendicular to electric filed, as shown in figure 2.4.

G E,

B,

Fig 2.5: The series polarization of the light

The magnetic field of the incident beam can also be resolved into two

components parts, the horizontal component By, and the vertical component

B, [68,69],
By, = B cos6; (2.32)
B, = B sin6; (2.33)

Where 6; is the angel of the incident.
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Components of B field for reflected or transmitted beam are the same
except for the angle 6;, which must be 6, for reflected beam and 6, for

transmitted one.

In section 2.1.6.1, we defined four boundary conditions. Now if we apply

2.26 and 2.28, we can get that,
E;+E,. =E; (2.34)
B; cos0; — B, cos 8, = B; cos 6, (2.35)

Under assumption of p = 0, one can have [71]

n
B=—E (2.36)

Hence, equation 2.35 become as,
n,E; cos8; — nyE, cos 8, = n,E; cos 0, (2.37)

By the law of reflection (2.11) we can set that 6; = 6,,, also by using

equation (2.34), equation (2.37) become as,

n,E; cos 6; — nyE; cos 6; = n,(E; + E,.) cos 6, (2.38)
n,E; cos 8; — n,E, cos 6; = n,E; cos 0; + n,E,. cos 0; (2.39)
E;(n, cos 8; —n, cos ;) = E,(n, cosb; +n, cosb,) (2.40)

According to equation (2.10),

(ny cos 8; — n, cos 6,)

Ry = | |2 (2.41)

(ny cos 6; + n, cos 6,
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By eliminating 6, using Snell's law, and some trigonometric relations, we

can write R ,

n,; cos§; — /n2 — (n, sin 6;)2 i
R, = |— l 2 ! l (2.42)
n, cos6; +/n2 — (n, sin 6;)2

Which is Fresnel's equation for the series polarized lights case.

b. Derivation of the Fresnel's interface complex-amplitude reflection

coefficients Ry, P-polarization of light

In this polarization case the magnetic field vector and the incident plane
will be perpendicular to each other, as shown in figure (2.5). Hence, the
electric field vector of the incident light can be resolved into two parts, the

horizontal component E,, and the wvertical component E,

[68,69]:

En

= E cos6; (2.43)
Ey

= E sin©; (2.44)

Now we can apply the boundary conditions , equ's (2.24) and (2.31), on

the magnetic field to get that,
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E, E,
B -
F I‘r:']'l IE;‘r B,
i'i'l
il'i"_l
B?

Fig 2.6: The parallel polarized light.
B; + B, = B;
E; cos0; — E, cos6O, = E; cos 0;
By applying equation (2.36) on (2.45) yields that,
n
E = n_ (E; + E;)
2

Now substituting (2.47) in (2.46) results that,

E; cos0; — E, cosfO, = % (E; + E,) cos 6,
2

n,E; cos 8; — n,E, cos 6; = n,(E; + E,) cos 0,
n,E; cos 6; — n,E, cos 8; = nyE; cos 6; + n,E, cos 6,

E;(n, cos 6; — ny cos8;) = E,(n,cos6; +n, cosb,)

P - | E". |2= |(n200591—n16059t) |2
p En, (n, cos 0; + n, cos 6;

(2.45)

(2.46)

(2.47)

(2.48)

(2.49)
(2.50)

(2.51)

(2.52)

Also we can eliminate 6, for p- polarized light so that R, can be rewritten

as,
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ny . 2
n; [1-— (Tl_z sin Hi) —n, cos 0;
R, = (2.53)
p 2
nl\/l — (Z—z sin Hi) +n, cos 6;

2

Which is Fresnel's equation for the parallel polarized lights.
Finally, the total reflection as known will contain an equal amount of both

polarization. Hence, the reflectance will be,

Rs + R,
R =
2

(2.54)

c. The relation between R;and R in a special case, 0;=45°

In our experiment, there are many special cases first we sent the
electromagnetic radiation to the investigated sample in the air (n, = 1),
and we measured the reflectivity spectra at 45° angle of incident. Now as
¢ = n3 and by some trigonometric identities, Rs and R, equations become

[72],

1
cosO; — (¢ —sin 6;%)2
R, = i— ( i) (255)

1
cos0; + (¢ —sin6,;2)2

1
£cosO; — (¢ —sin9;%)2
R, = - : (2.56)

1
gcosf; + (e —sin6;2)2

Now to relate the Rs and R, , we can eliminate € between equation (2.55)

and (2.56) by assuming that ,
1
z = (¢ —sin§;%)2 (2.57)

So these equations become,
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cosO; —z
= (2.58)

5 cosB;+z

_ (z° +sin6;*) cos6; — z
P (22 +sin6;2) cos; + z

(2.59)

From equation (2.58) we can write that,

(1 —-R,)cosH,;
CEYD (2.60)

By substituting equation (2.59) into (2.60) we obtain that,

(Rg — cos 26,)

R, =R
P 7% (1 — Rgcos 26;)

(2.61)

The previous equation represents the relation between R, and R; at the
same angle of incidence ;. It is clear that it is independent of the two
media that define the interface and it is also applicable throughout the

entire electromagnetic spectrum.
At 6; = 45°, equation (2.61) reduces to,
R, = RS’ (2.62)

Thus the dielectric constant can be studied by using equations (2.54) and

(2.62) that we obtain the following equation,
R*+R,+2R=0 (2.63)

This equation will have two solutions both solutions are used in equation

(2.55), we will have two square equations again. Hence, four possible
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solutions were obtained for €. Only one solution gives an acceptable values

for € which is,

_(, . Y6 —4(Rs — D/(Rs + 1))?)
©= (4 T (R =D/ Rs + 1))? (2.64)
Where,
1 R
Ry=(-5+ \/(0.25 +2x25) (2.65)

2.2 The Energy band gap (E,)

2.2.1 Introduction to the band gap E,

According to the energy bands theory of solids when the isolated atoms
form the crystal they collect to each other and their levels of the outer-
shells electrons merge into energy bands of closely spaced energy states
where electrons are allowed to be present. There are three main kinds of
energy bands:

First: the conduction (C.B), the band which contains electrons which are
not bounded to the crystal and move freely through the crystal, these
electrons usually contribute in the electrical conductivity.

Second: the valance band (V.B) which is filled with electrons which can't

contribute in the electrical conductivity.
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Third: the energy band gap (Eg) which is a forbidden gap separates between
the previous two bands [73,74].

The classification of materials to the three physical states (conductor,
semiconductor or insulator) depends on the electrons distribution in the
allowed energy bands and the size of the band gap figure (2.6). If the
valance electrons fill one or more than (V.B) exactly and leave other (C.B)
empty with large energy gap (4-12 eV) the crystal must be an insulator,
while if the energy gap is small ( < 4eV) it must be considered as a
semiconductor, and it must be a conductor if the (V.B) is partially filled

with electrons which are already exist in the (C.B) [74].

E//;;/—T// ;7/7’ 1 cunhdauncdtinn

large

conduction Eg
band
'-'U“bdal-:;lﬂn - //////// small Eg l
R overler iy valence RN valence
valence — R
band NN SN band LY band
conductor semiconductor insulator

Fig 2.7 :The conduction and the valence bands in conductor, semiconductor and

insulator.

It is clear from figure (2.7) that in conductors the valance and he
conduction band are overlapping, this means that the conductivity of the
conductors is very large. This is because all the valance electrons can rise

to the conduction band then contribute in the electrical conductivity even at
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very low temperatures. For insulator case, the energy gap is very wide, and
for this reason valance electrons won't be able to jump to the conduction
band, so the conduction is impossible in this material. In semiconductors
the energy gap is small that even at the room temperature any valance
electron can absorb amount of energy equals the value of the energy gap,
and liberates from its band to the conduction one with a potential energy
equals to the energy gap. But if the electron acquires more than the energy
gap, then it has a potential (P.E) and a kinetic energy (K.E) as follows
[73-75],

2

E=P.E+K.E=E,+—
2mg*

(2.66)

Where E is the electron energy k is the momentum , and m,” is the
effective mass of the electron.

When electrons liberate the valance band they leave holes, where these
holes can also participate in the electrical conduction as shown in figure
(2.8). Conductivity of semiconductors can be easily increased as the

provided energy increases or if doped with special atoms [75].

conduction band conduction band

Eg 1

& 1 n
éll;::::a‘;d\ valence band

(a) (b)

Fig 2.8: (a) Electrons (solid dots) occupy the (V.B) (b) electrons leave holes in (V.B)
when they travel from to (C.B)
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2.2.2 The Absorption of the Light in the Matter
The quantitative measure of how a material absorbs the light is given by its
absorption coefficient (o) [76]. o and n together are usually used in the
optical behavior of the solid crystals characterization [77]. The absorption
coefficient (o) can be determined more accurately through using the
transmittance and reflectance spectra for films which are grown onto glass

substances [78],

T = (1 — Ryiass)(1 — Rpipm)e ™% @ (2.67)

However for transparent films. The reflection coefficient valus for films

and glass are very small (less than 5%) thus [58],
a~ —%ln(T) (2.68)

Where T :;—" , Which is the transparency spectra and d is the sample
0

thickness

Alternatively, one may get use from the fact that, T+R+A = 100%, where A
= o . d 1s the total absorbance in the films. This type of analysis consider
only the light dynamics between the air and film and doesn't consider the
back scattered beam from glass [78]

In semiconductor a known possess called "optical absorption” occurs if an
electron in the valence band absorbs energy from an incident photon, and
as a result transforms to the conduction band, there are two possible
transitions [79]:

1- Direct transitions.
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2- Indirect transitions.

The first one results if the bottom of the conduction band lies directly
above the top of the valence band. If the bottom of the conduction band
does not lie above the top of the valence band , then the second transition
may occur, figure (2.9). So, direct transition needs a direct transition of
electrons from the valence band to the conduction band, so there is no
change in the momentum of the electrons thus the energy is conserved as
shown in Figure 2.9 (a). Hence a wave vector k for electron remains
unchanged in E-K space. The optical transition is denoted by a vertical
upward narrow. But a change in the crystal momentum, is involved in an
indirect transition case. Since these must satisfy the momentum
conservation laws. The only way such a transition can take place is through
the emission or absorption of a phonon with wave vector q as [73];

K'+q =k +K

Conduction
Band

Conduction
Band

I
I
I
I
I
i
i
I
I
I
I
T

L i

o

v

R,

.

/Valence Band’

Fig 2.9 :Types of energy band gap (a) direct (b) indirect
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2.2.3 Optical Band Gap measuring Technique
The measurement of the band gap of materials is important in the
semiconductor, nanomaterial and solar industries. It can be found from the
absorption and reflection spectra by spectroscopy, from the thermal
activation energies in electrical conductivity measurement, or from
photoconductivity measurement [73].
In both direct and indirect the transition may be allowed or forbidden
according to the transition probability, which is independent of energy. The
optical absorption coefficient (a) of a solid crystal is related to the incident
photon energy near k=0, as the following equation [79],

(04
B(E — E,)P

= (2.69)

where B: is constant depending on the transition probability, E, : the band
gap and p : is an index depends on the optical absorption type and takes
many values like 2 , 3 , 1/2or 3/2 for indirect allowed, indirect forbidden
direct allowed, and direct forbidden transitions, respectively.

When a is plotted vis E, equation (2.69), it will be seen that at the
absorption edge o rises rapidly above background, thus the energy gap
can be determined by extrapolating the linear part of absorption to the
value of absorption coefficient which is assumed to represent background

[73, 80].
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2.2.4 Dispersion
As we said, refractive index is one of the most useful optical parameters of
a material, which depends on the wavelength of the electromagnetic wave
by a popular dispersion relation. Dispersion is an intrinsic property of all

dielectric materials [81].

The complex refractive index, equation (2.19), can be related to the

complex dielectric permittivity equation (2.20), as follows [58,72],
n*=n-—ki=,¢ — 1& (2.70)

This is called the dispersion equation, which means that the of the light
beam passes through a dielectric material it will be exposed to attenuation

and dispersion. Equation (2.68) gives,

n? —k? —i2nk = ¢, — i€, (2.71)
So,
n? —k? =g, and 2nk = &, (2.72)

From equation (2.71) n and k can be written in terms of &. and &,

according to,

1 , €, | & 273
A P (er) 2 (2.73)
I 1 " &, & 27

26 (er) 2 (274)




33
We can find both and K by measuring the reflectance of a material as a
function of polarization and the angle of incidence. For normal the

reflectance R can be determine as,

1—n*
1+n*

| -n)?+K?
@+ n)2+K2

R=|r|*=

(2.75)

For example, for a range of wavelengths if K is large, then the reflectance
Is almost unity, in this case the light will be reflected and any light enters
the medium will be highly attenuated.

Explaining the dependence of electronic polarization with the frequency
based on a single-oscillator model. The dielectric solid can be considered
as assembly of oscillators (each atom or molecule is an oscillator), so when
a dielectric solid exposed to the electric-field vector of the incident
electromagnetic wave of radiation it will forcefully induce the dipole
oscillations in the material, i.e, it displaces the electron shells to vibrate
from their equilibrium positions about the positive nucleus with a single
resonant frequency w,, giving rise to polarization. Thus, the motion of an
electron (or an ion) can be described as a harmonic oscillator one by the
following equation [82],

d?x dx _
m——+ mG T mwix = qE, exp(iwt) (2.76)

Where the solution of this equation will be,

qE(x,t)
[(w? — wy?) +iGw]

x(t) = — (2.77)
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Where is electron's mass, wq is the natural frequency of the oscillator G is
the damping factor and E(x, t) = E, exp(iwt) is the electric field in the x
direction.
The induced dipole moment is,

q’E(x,t)
ml[(w? — wy?) + iGw]

p =—qx(t) = Real| ] (2.78)

In a static electric field case the induced dipole moment is proportional to

the applied electric field as follows,
p = Real[a, E ] (2.79)
Where a,is the electronic polarizability.

By comparing (2.78) with (2.78) we can say that,

2
q

* = 2.80

e m[(w? — wy?) + iGw] (2.80)

Which can be written in this a,* = a, — ia, form as,

q (wo? — w?) Gw .

Q) = — : - : i| (81
m|[(we? — w?)? +iG?w?] [(we? —w?)? +iG*w?]

p(t) = Real[N(a, — id,)E,(coswt + isinwt)] (2.82)

Where N is = the number of atoms / unit volume .

p(t) = Na,Eycoswt + Na,Eysinwt (2.83)

Ng? [ (wy? — w?)Eycoswt GwE,siswt
m |[(wo? —w?)? + G?w?] [(we? — w?) + G?w?]

p(t) = (2.84)
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Where the first term of polarization is in phase with the applied eclectic
field p-polarization and the second term lags 90° with the electric field s-

polarization. Now Equation (2.77) can be written in terms of dielectric

constant that,

p(t) = Reallgy(e* — 1)Ey(coswt + isinwt)] (2.85)
So,

ey —1)=Na,” (2.86)

Substitute a,* from equation (2.80) in the above one we have,
Ng?

* =1 2.87
T mi(@? — we?) + Gw] (287)
Thus,

Ng*(w® — wo?)
=1 2.88
& * gom[(w? — wy?) + G%w?] (2.88)

) Ng?wG

é=1+ (2.89)

gomf(w? — wy?)? + G?w?]
These equations indicate that in the neighborhood of w = w,, the real part

IS zero and the imaginary one has maximum value, this means that there is

an absorption maximum and that n increases rapidly on decreasing w

through this region. With continuing decrease in w, n will pass a maximum

and then fall asymptotically as w goes further away from w, [83].

Asw — 0,¢, and hence k also approaches zero and n becomes,

Ng?

n= |1+ 5
meyw;

(2.90)
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This is the undispersed refractive index, generally referred to as the
refractive index of a material for w << w,; n 0 2 is also referred to as the
high-frequency dielectric constant. However, in general no is different from
the static or low frequency (or nonoptical) dielectric constant.
Consider a plane-polarized light beam propagates in the z direction
passing through a material. According to equations (2.15) and (2.19) the

velocity of the light wave inside the material will be,

= (2.91)
The electric field of the propagate wave can be written as a function of the
displacement, z, and time ,t, as follows [82],

E(zt) = Ejexp [iw (t - %)]

=E, exp [ia) (t — %)] exp(— wTkz) (2.92)

Where w is the angular velocity of that electromagnetic wave, and the term
exp(— wTkZ) is called the damping factor, representing the attenuation of the
amplitude of E(z,t) with z due to the absorption of the

electromagnetic energy of the light wave by the material. Thus, the light

intensity at point z can be determined by the following relation:

I(z) _E*(2)
Iy,  EZ

2wkz
) (2.93)

Look to equation (2.68), it is clear that the absorption coefficient can be

expressed in terms of wavelength as,
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B 2wk _ 4tk

a=— - (2.94)
2.3 Deposition techniques of WOs-based thin films

The investigation on film materials become the most important in the last
few years, because of its variable applications in the fields of electrics and
electronics, thermotics, optics, and others as in the previous studies that we
mentioned in Ch.1, so we can say that without the development of film
materials many great developments and inventions in many areas could not
be found, for that reason many coating techniques were developed. In this
section we will show some of these methods that have been used in WO3
films preparation.

In general one can classify all coating techniques into 5 major groups (each

group includes many different teqniques) as follows [84]:

1-physical vapor deposition (PVD).

2-Chemical vapor deposition (CVD).

3-Liquid absorption coating.

4-Thermal spray.

5-Mechanical coating.
The discussion of all these ways and their kinds and displaying their
applications requires a great time, so we here discuss the common
deposition methods of WO; thin films, such as sputtering, vacuum

evaporation, spin coating, dip coating, sol gel method.
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2.3.1 Sputtering deposition:

It is a widely used technique, because it is easy to deposit alloys, it

produces good coverage and its small radiation damage.

The basic process, look to figure (2.10), is as follows [85,86]:

1-

2-

3-

4-

A target(cathode), or source of the material desired to be depos
ited, is fired with energetic gaseous ions accelerated from a
plasma, typically lazy gas ions ,such as Argon (Ar")

Then the forceful collision of that ions,
Ar’, onto the target ejects target atoms into the space.

The ejected atoms then travel some distance until they reach t
he substrate(anode) and start to condense into a film. As mor
e and more atoms gather on the substrate, they begin to unit t
0 each other at the molecular level, forming a hard bound ato
mic layer. More layers of such atoms can be created this

is will depend on the sputtering time.

—|:I< darge
e o
-~ Ar+® Plasma

supply

.

Pump

Fig 2.10 :Sputtering processes[109].
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2.3.2 Spin coating techniques

Spin coating process is the predominant process in producing uniform thin
films of photosensitive organic materials with (10-100) micrometer
thickness [87]. It is biased on butting the deposited sol in the center of the
substrate, then spin the substrate by a high speed in order to spread the
deposited sol from the center towards the edge of the substrate [88]. Figure
(2.8) illustrates the principles of spin coating, which can be described by
four stages, deposition, spin up, spin off and evaporation which overlap
with all previous stages . By using a dropper a large excess of the solution
is placed onto the center of the surface of a substrate of disk-like shape this
IS the deposition stage, then the substrate comes into a rotation, so the
solution flows over the entire surface of the disk, this is called spin up
stage, and by increasing the rotational speed to typically 5000 rotation per
minute (rpm), in the spin off stage the excess of liquid spins and flies off to
the edge of the spinning disk due to the centrifugal force. The spinning
must continue until most of the solvent evaporates in order to produce a
thin film which is finally dried at 100-200 °C by convection oven or hot
plate [87,89].
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T

Deposition

Spin-off evaporation

Fig 2.11 :spin coating stages.

2.3.3 Vacuum Evaporation

The vacuum evaporation deposition is a simple and a cheap PVD process
which was first used, about 150 years ago, for metal or dielectric thin film
on a semiconductor device. The system of this process includes a metal
filament (evaporation source) , a sample holder located at an appropriate
distance facing the filament. Bothm the sample and the source, are located
in a glass bell jar (vacuum cell) [90,91]. Figure (2.12) shows the vacuum
evaporating system. In a vacuum environment, of 10° torr or better, inside
the cell a suitable material (the source) is placed with a heater, when the
material heated to above of its melting point, atoms or molecules start to
evaporate that they leave the source and travel inside the cell, as the
substrate's surface is a cold surface compared with material's surface so the

evaporated molecules will accumulate on the substrate [90-93].
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Fig 2.12 :VVacuum evaporation technique [90].

2.3.4 Sol-Gel Process

Interest in the sol-gel processing on inorganic ceramic and glass materials
began as early as the mid — 1800s with Ebleman and Graham's studies on
silica gels [94]. Sol differs from other solutions because the solution is a
single-phase system, while sol is a colloid , a suspension of same particles
of one small phase (~1-1000nm), that gravitational forces can be negligible
and interactions are dominated by short—range forces. Also it differs from
an aerosol which is a colloidal of particles in a gas [95]

Compared to usual thin film processes , sol-gel allows a good control of the
chemical composition of the films utilizing simple equipments at low cost,
especially, the heat treatment it needs low temperature because precursors
can be mixed at molecular level in the solution and thus a high
homogenously film can be obtained [96]. Sol gel industry would most
likely to producing many more goods both in quantity and in assortment,
than it produces today without these difficulties in non destructive drying
[97]. There are main four steps that guide the sol-gel procedure, these are
[94-98]:
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1- Hydrolysis and polycondancation: inorganic and metal-organic raw
materials are dissolved, and via condensation reactions, a colloidal
suspension (sol) are produced.

2- Gelation: the transformation of the (sol) from a network to a
continuous liquid phase (gel)

3- Aging: sol-gel solution which is produced either poured into a mold
until transfer to gel , or it applied to a substrate by another technique
such as dip coating, spin coating, spray coating, or roll coating.

4- Draying: by heating the gel layer will rid of any water and other
volatile liquids. This process is complicated because of the
fundamental changes in the structure of the gel, according to this step
ceramic or glass bulk part or a thin film on a plastic, glass, ceramic
or metal substrate will be resulted. This means that, differently dried

gels will have different structural evolution with heat treatment.

2.3.5 Dip coating

Among the available deposition methods, dip coating is mostly wide used
especially for industrial, because it is simple, low cost, high coating quality
process [99]. By dip coating process it is possible to deposit thin films onto
any irregular shaped object, that any substrate with any geometry can be
used and this feature distinguishes the dip-coating technique[100]. Many
material can be used to prepare thin films by sol-gel dip coating, But metal
oxides are the most used [99]. Dip coating process designates the
deposition of a wet liquid film by normal and vertical withdrawing a
sample from a liquid bath at a specific speed [101]. Preparing a thin film by

dip coating method involves several steps, look to figure (2.13). Starting by
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immersing the substrate into a reservoir of solution for suitable time and
constant velocity to ensure the completely and regular coverage of the
substrate. Then withdrawing the substrate from the solution that the moving
substrate pulls the liquid in a fluid mechanical boundary layer which splits
in two above the bath, the outer layer back to the bath, and the remaining
solvent is evaporating and draining by gravity, then heated under high

temperatures resulting in a well-defined dry film [99-101].

| I~
| ¢ | c =
d g
Immersion Withdrawal Evaborating Heating

Fig 2.13: Dip coating technique steps [99].

The thickness of the resultant film (d) can be calculated by the Landau-

Levich relation as follows [88],

L 0.94 ((nUO)é)

T (2.95)
Y (pg)?

Where 7 is the liquid viscosity.

U, = the speed of dipping the sample.
y.y= the liquid vapor surface tension.
p = the liquid density.

g = the acceleration of the gravitational force.
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Chapter Three

Experimental Work
3.1 Material and film preparation

3.1.1 Chemicals and Solvents

Used materials listed below are purchased from different companies:
Tungsten Hexachloride (WClg) was purchased from sigma-Aldrich in
(99.9%) purity. Titanium (1) Chloride (TiCl,) which also was purchased
from sigma-Aldrich. Commercial microscope 75mmx1 mm glass slides
were taken from department of Biology at An-Najah University. Lactic
glycoside ratio of 50:50 was purchased from sigma-Aldrich, Other
materials like ethanol (99.85%) and peroxide H,O, (4%) are self-packing

locally.
3.2 Preparation of the thin films

3.2.1 Substrate Cleaning Process
Glass substrates 75mm x 13mm have been prepared to be ready for the
deposition of the film. Producing pure, uniformly, and well adherent films
require using pre-cleaned substrates. The following effective method for
glass cleaning was employed [102-104] as in the following steps:
1) Cleaning with liquinox soap water to remove any dust or
attachments.

2) Washing the soap well by deionized water.
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3) The substrate was then dipped in dilute H,0, , then dilute H,0, was
boiled at 75°C for 30 min to dissolve any unclean attaches.

4) Washing again with deinized water .

5) The substrates were saved in a temporarily well covered beaker filled
with ethanol until the films preparation processes begin.

6) Before preparing the films, the substrates are extracted from ethanol
and dried in an oven less than 60°C. Then they are left to cool to
room temperature before preparing the films.

7) During all cleaning and preparation process, the substrates are
always handled with care from edges (without touching the surface).
Moreover, cloves are worn to prevent any dirt, cells, or even protein

stuck on our hand to fall on substrate or films.

3.2.2 Preparation the WO; Sol-gel solution doped with Ti

Titanium (Ti) atoms were assumed to compensate Tungsten (W) atoms in
the tungsten trioxide (WQO,) structure after annealing, this can be written as
in the equation form " W, Ti, O5" .

WO; was doped with different concentrations of Ti atoms that range from
(0% to 40%) molar in steps of 10%. Preparation of dipping solution was
done in accordance with literature [105-107]. Different weights of WClg
and TiCl, that correspond to different atomic concentrations are calculated
and listed in Table (3.1). Then they were mixed in a rubber closed flask
contains 10 mL ethanol and 1 mL glycerol, this ratio of glycerol is the most

suitable ratio to obtain the optimal regular thickness .
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Table. (3.1): List of intended compositions, WClg and TiCl, mass used

in sol-gel preparation.

Sample no. | Composition WCls (gm) x 10“ | TiCl, (gm) x 10
1 WO, 174.40 0.00

2 W .90 Ti 910 O3 157.04 5.23

4 W 070 Tig30 O3 122.14 15.68

5 W 060 Ti 940 O3 104.69 20.90

The concentrations of the materials in the liquid are chosen to be 0.4 molar.
This molar concentration was chosen after selection between molar
concentration ranges from 0.25 M to 0.5 M in steps of 0.05 M. The mixture
was then kept to react in 120 W ultrasonic vibrator which vibrates at
frequency of 400 kHz in a Sonicator MRC (Model, AC-120H), Fig (3.1),
for two hours. The water inside the ultrasonic vibrator was kept at constant
temperature 25°C. All reaction process was done in the fume hood due to
harmful gasses produced from the reaction.

At the beginning of the chemical reaction the color of the solution was
yellow, after 30 mints it became dark green, and at the end of process it
was dark blue. This indicates that the solution reaction undergoes a
different reaction steps before its final results, this was also observed by

[130], the reactions are summarized as follows:

{ WClg + XC,HsOH } (Yellow)——»

{ WClg(OC2H5), + xHCI } (Dark green) > (1.3)

{ WCl4(OC,Hs)x + (6 - X)C,HsOH } (Dark blue) ——»
{ W(OC;,Hs)s+ (6 - X)HCI }(Transparent)
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3.2.3 Preparation the WQO;: Ti thin films by dip coating method

The prepared sol-gel solutions were deposited on the pre-cleaned glass

slides by using dip coating method.

Dipping was done using a local designed and manufactured dip coater

which was designed at physics department by Mr. Mohammad Bahjat and

Dr. lyad Saadeddin, it is shown in figure (3.2),

The steps of dip coating process were carried out as follows (see Fig. (3.3))

within safety regulations:

1-

The prepared sol-gel was put in a 10.0 mL beaker and fixed
vertically under the motor.

The glass substrate was coated by Adhesive tape on one side while
the other still without coating. This process is done to make sure to
get one thin layer on a specific side of the film.

The cleaned substrate which was coated by Adhesive tape was
dipped in the prepared sol-gel with a speed of 0.65 mm/s. This very
slow speed in is performed to get sufficiently thin film. In addition,
the upper part of the film was not immersed to easily film holding.
The substrate left immersed in the solution for 3 min to insure good
exposure and adhesive of the solution to the glass substrate.

Drawing out the film with the same speed of dipping to ensure the
production of a uniform film.

The glass coated film was lifted 5 minutes above the beaker to drop

any extra material and to allow drying the film.
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7- Finally, grown films were immediately annealed at 160 °C, which is

the most optimal temperature to reveal the maximum transparency.

Ny “_«’

=
e, A

N
-

Fig 3.1: ultrasonic vibrator

e

Mr. Mohammad Bahjat and Dr .lyad Saadeddin.
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Fig 3.3: WOg3: Ti thin films deposition steps.
3.3 Measurements

3.3.1. X-Ray Diffraction (XRD)

The structural analysis of all the thin films were performed with a PHYWE
Series X-Ray Automatic Diffractometer with CuKa (A=1,54059A). The
diffractometer reflections were taken at room temperature and the value of

20 were swapped between 2° and 90°. The sample was fixed in the rotating
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axis of the diffractometer, then X-rays was focused on it, then the rotating
axis began to rotate, the changes in the diffracted X-ray intensities at
different angles were collected. The XRD patterns were recorded at Arab
American University, Jenin city, Palestine . The results are to be used to
determine the crystal structure of the samples by special computerized

analysis methods using Excel and X-ray programs.

3.3.2. Transmittance and reflectance

The transmittance (T) and reflectance (R) spectra of all Ti doped WO,
films were carried out at room temperature by using Evolution 300
scanning spectrophotometer in the wavelength range from 190 to 1100
nm. The spectra were recorded at Arab American University, Jenin city,
Palestine. The reflectance was recorded using VEE MAX |1 variable angle
reflectometer The substrate transmissivity (reference beam) is corrected by
introducing an uncoated cleaned glass substrate in the reference beam. The
results are employed for determining the thickness and the dielectric

dispersion relation of the samples.
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Chapter Four

Results and Discussion
In this work semiconducting electrochromic thin films of WO;
nanoparticles, doped with different atomic concentrations of Ti , have been

prepared and studied.

4.1 X-Ray diffraction (XRD):

The structural tests of all the thin films were done by XRD method. The
XRD patterns for WOj3: Ti with different Ti molar concentration (0 — 40 %
in steps of 10 % each) heated under temperature of 160°C are shown in
Figure (4.1). When the X-rays patterns of obtained films were plotted on
the same axis of that of glass substrate, no intensive patterns were
observed. The non intensive X-ray reflections indicate the amourfous
nature of structure. This result is acceptable as compared with literature

data which indicates the polycrustalinty about 350°C [108,109].
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Fig 4.1: XRD patterns of Ti doped WOg3 thin films prepared at different Ti

concentration with non doped WO3; film (10%, 20%, 30% and 40%) in comparison.

4.2 The Transmission spectra (T):

A good method for investigating the band structure and energy gap (E,) of
semiconductors and of both crystalline and amorphous non-metallic
materials is the analysis of optical transmission spectra.

The transmittance (T) spectra of all Ti doped WO; films were

accomplished and presented as a function of the wavelength in figure (4.2)
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Fig 4.2: The transparency (T) data for WO; thin films doped with different

concentrations of Ti.

All the samples show transmittance that increases with increasing incident
wavelength where the maximum point of transmission is obtained for the
undoped film. In addition, the transmission spectra for the doped films

reflect a systematic increase of transmittance with doping concentration.

4.2.1 The absorption coefficient (o)
From the transmittance spectral data, the absorption coefficient was
calculated, in order to find the band gap E,, using (2.68) relation which

discussed in chapter 2,

a =—=In[T] (4.1)

Where d: is the thickness thin film
The data are illustrated in Fig. (4.2). All WO3; samples doped with Ti

exhibited lower absorption coefficient than undoped WO; alone. The max

-1

absorption coefficient for undoped WO; has a value 8x10* cm * at
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wavelength 311nm. However, for doped samples, the absorption coefficient

decreases significantly with increasing Ti concentration and ranges from

(1x10 * to 3x10 *) cm ™ at the same wavelength.

9
7 0% Ti
=~ 6
é ; >10% Ti
- _>20%Ti
P 30%Ti
0 — o =>480% Ti
1 2 3 4
E(eV)

Fig 4.3: Variation of absorption coefficient as function of incident photon energy for

WO; films doped with different concentrations of Ti .

It is also noticeable that the absorption coefficient for undoped WO3

doesn't reach zero even at 1.0 e.V. Such behavior is an indication of the

existence of energy band tails in the films that cause inter band transitions.

The increase in the doping concentration of Ti decreased the inter band

transitions effect. The sharp decrease in the absorption confident near 1.0

e.V is the main indicator for the later result.

4.2.2 The Optical Energy band gap ( Eg)

In the sharp absorption region ( > 10° cm™), a can be represented by the

relation (2.69) ,
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_ B(E — Ep)P

« E

(4.2)

where B is a constant that depends on the transition probability.
From the previous relation (4.4) it is possible to find the energy gap for the

sample under investigation by plotting (aE)""

versus photon energy, E, at
all theoretical values of p, the figures of (0E)*?, (0E)?, (¢E)*® and (¢E)** as
function of E are illustrated in Fig. (4.8) (a), (b), (c) and (d), respectively.
As a example, we show such plots for the WO3; sample doped with 10 %
Ti. All the other samples show similar behavior. It has been observed that
the plots of (aE)*™ vs E are liner over a large domain of photon energies
indicating the direct allowed electronic transitions in the energy band gap.

The invalidity of other electronic transitions which apear in (a), (c) and (d)

are understood from the negative E-axis crossing of (aE)"? - E trends.
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Fig 4.4: Plots of («E)? as function of E for p values being 2 (a), 1/2 (b), 3 (c) and 3/2

(d) for WOj thin films doped with 10% Ti .

The optical energy band gaps for all the prepared WO; films were
measured by the extrapolation of the linear part of the curves to the energy
axis, as shown in figures (4.5) and (4.6), where the intercepts will be the
optical energy gaps. The measured band gaps for all the samples are listed

in Table(4.1).
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Fig 4.5: The plot of (aE)? as function of E for (Ti non-doped) WO thin film.

From figure (4.5) it was found that the energy gap of WO; is 3.1 ev. This
result is very near to that founded by Rao et. al. [110].
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Fig 4.6: The plot of (aE)? as function of E for WOs:Ti doped thin films at deferent

concentrations of Ti.
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Table 4.1 : The optical energy band gap values of doped WO;:Ti thin

film at different concentrations of Ti.

Concentration of Ti (%). E, (eV)
0 3.10
0.1 2.58
0.20 3.2
0.30 3.5
0.40 3.6
38 4
36 -
34 -
~ 3.2
@ 30
LIT 28 -
26 -
24 4
22
2.0 T
o 0.1 0.2 0.3 0.4 05
Ti %

Fig 4.7: The variation of the energy gap of WOj; thin films doped with different Ti

concentration and undoped.

The electronic band structure of titanium oxide clusters were studied by H.
wu and L. S. Wang [111]. The analysis of the photo electron spectroscopy
for the vibratory resolved spectra for TiO and TiO," revealed six electronic
states for TiO, five of them are excited by the multi electron transitions in
the photo detachment process. The TiO, phase have closed shells with
highest occupied molecular orbital (Homo), lowest unoccupied molecular

orbital (Lumo) difference of 2 .V . The larger (TiO,) clusters are all closed
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shells with Homo- Lumo gap similar to TiO, with increasing electron
affinities for n=2, 2.1 eV, for n=3, 2.9 eV and 3.3 eV for n=4. On the other
hand, the photo detachment studied of WO; has shown that the electronic
affinity for the WO; is 3.3 eV [112]. Since the electron affinity determines
the position of the bottom of the conduction band from the vacuum level.
The large decrease in energy gap upon insertion of Ti 10% indicates that
the dominant transitions are between Ti and O atoms, and because the
electron affinity of TO, is 2.1 eV, the conduction band difference AE = 3.3
-31=12¢eV, for 10% Ti is, 3.3 — 2.9 = 0.4, 3.3 — 3.1=0.2, when Ti
concentration is increased more (TiO,) n clusters increase in the film
leading to a wide gap. Consistently, from the valence band orbitals point of
view, the Ti atoms replace W atoms and since the electronic configuration
of TiO : 3d°4s* and for tungsten" 4f‘5d°6s?, the electronic transition in
WO, originates from O (2p*) to W (5d°) and for TiO, from O (2p*) to Ti
(3d%). The energy difference between 2p* and 5d° states is larger than 2p*
and 3d* orbitals, this explains the reason for larger energy gap of WO, than
TiO,. It is also may happen that electronic transition from W(5d°) to Ti

(3d%) become more preferable at some particular concentrations.

4.3 The Reflectacne (R)

A method for probing the dielectric constant (E), the refractive index n(E)
and the thickness of thin films of semiconductors and of both crystalline
and amorphous non-metallic materials is the analysis of optical reflectance

spectra.
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The reflectance (R) spectra of all Ti doped WO3 thin films were carried out
and plotted as a function of the wavelength as shown in figure (4.8)

respectively.

5
> 40%Ti

4
= 0% Ti
x 3 30% .Ti
= 20%Ti
Z 2
©
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T 1 /\ 10%Ti
x©

0

200 400 600 800 1000 1200
A (nm)

Fig 4.8: The reflectance (R) spectra for WO3 doped with Ti at different concentrations.

For different of deferent Ti concentrations, the reflectivity measurements
shows a weak reflectivity ranges from (0-3%) in the UV-visible range.
However, the reflectivity begins to increase ( but still in weak ranges from
(2-2.5%) in the near — infra-red region (A > 800 nm). Moreover the same
curvature was observed in reflectivity, figure (4.9), as observed in E; which

is due to the same reason we talked about previous.
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this curve is recorded at A = 1100 nm
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Fig 4.9: The variation of reflectivity of WO3; thin films doped with Ti as a function of

Ti concentration.

4.3.1 The dielectric constant (¢) :

The dielectric constant is calculated from equation (2.64),

o)

(@)

To understand the effect of doping Ti on the dielectric constant, the

variation of the dielectric constant of WOj; thin film, doped with different
concentrations of Ti was calculated and arranged at specific wavelengths,
Table (4.2). The relation between the dielectric constant and the Ti
concentration was plotted at certain wavelengths as in figure (4.6). It is
clear that the dielectric properties are increasing as Ti concentration

increases, this is due to increasing the amount of insulating TiO, as the Ti



63
concentration increases. Hence, it is normal that the dielectric constant is
increasing as the wavelength increases.
Table 4.2: Variation of the dielectric constant of WO; thin film, doped

with different concentrations of Ti at specific wavelengths.

Ti 96 [ = 300k = 4001 = 6002 = 900}%. = 10002 = 1100
(hm) |(om) |(hm)  [(nm)  [(nm)  |(nm)
000 |751 [761 [8.06 [8.99 [1041  [11.33
010 749 [757 772 |7.96 [8.49 8.98
020 [7.66 [7.87 830 [8.79 ]9.95 10.66
030 [7.80 [8.02 |8.17  |8.90 |10.15  [11.00
040 [8.24 [8.82 917  [9.29 |10.63  [11.49

12

1100 nm
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1000 nm

10

900 nm
% 600nm

“ 400 nm

300nm

200nm

0 0.1 0.2 03 04 05
(%Ti)

Fig 4.10: The relation between dielectric constant of WO3 :Ti doped thin film with the

concentration of Ti at certain wavelengths. .

It can be seen that the dielectric constant of WO; thin films increases with
Ti concentration increase, this means the increase in degree of atomic
polarizations, this happens as a result of electronic transfer between the 4d

and 5d states and up states .
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4.3.2 The thicknesses of investigated films.

The reflectance spectrums for the WO; thin films doped with different
atomic concentrations of Ti were used to determine the film thickness of
those thin films. When the light strikes a thin film both the top and bottom
surfaces of the film reflect light, so the total amount of reflected light
dependent upon the sum of these two reflections. Furthermore, due to the
wave-like nature of light, according to the phase of these two reflections
may destructively or constructively add to each other. The fringes which
will appear in the resulting interference form can be used in the film

thickness determination using the following expression [78]:

_ m
2D,/ (n? — sin28)

(4.4)

where

d = film thickness

m = number of fringes in wavenumber region used
n = refractive index

6 = angle of incidence.

. 101
D,, = wavenumber region used (5= — = cm Y
1 2

Where the absolute reflectance spectra were acquired over the range (A;=
450 — A, = 800) nm.

For example the reflectance spectrum for WO3; doped with 10% Ti has 3
fringes as shown in figure (4.11). According to equation (4.4) and in the

wavelength range (450 — 800) nm the average thickness of this film was
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calculated to be 0.574 um. The same thing was done for each prepared thin

film in order to find the thickness of all our films as shown in Table (4.3)

\
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Fig 4.11: The reflectance (R) spectra for WO3 doped with 10 % Ti .

Table 4.3 : The calculated thickness of WO; thin film doped with Ti at

different concentration of Ti

Ti concentration (%Ti) Thickness (um)
0 0.373
10 0.574
20 0.757
30 0.741
40 0.703

It is clear that the thickness WO; thin film is increasing as Ti concentration
increases to a slightly constant value, see relation (2.89). The thickness 'd'
proportional to the liquid viscosity and this factor is increasing as the

increasing as the Ti concentration increase.
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4.4 The oscillator parameters:
The dispersive refractive index data in E < E, range may be analyzed using
the single oscillator model that suggested by Wemple and DiDomenico
[113]. According to the model the relation between the refractive index n?
(E) and the photon energy E could be described as,

E qEo

Tl(E)2=1+W
0 —

(4.5)

Where Ey; and E,: the dispersion energy and the oscillator energy
respectively, the first one measures the strength of the interband optical
transitions, as was discussed in the absorption coefficient analysis, while

the second one measures the normal oscillation of the atoms.
1

is founded and plotted as a function of E* for all 6
n(E)2-1

The value of

films and was showed in figure (4.12). In order to find the oscillator
parameters, Eq and E, we can write equation (4.5) in another shape as
follow,

1 E, E?

n(E)2—1 E; E4E,

(4.6)

1
n(E)?-1

it is clear that the relation between and EZ is linear one, where the

slope of that line will represent the value of and the intersection

EgEq

with y-axis represents the value of Lo We can derive the value of Eq

Eq
from the slope and the intersection with y-axis of the straight line Fig.

(4.12) ie E4 = \/ .

, . these calculation were carried
(the slope)Xx(y— intercept)

out by using Excel program where the value of E4 was founded, for all our

films, and are showed in Table. (4.4).
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Fig 4.12: The value of @ as a function of E? of WO thin film at different Ti

concentrations.
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Table. 4.4 : The dispersion energy Eg, the oscillator energy Eg, the
lattice dielectric constant £ and the static refractive index g of WO,

thin films doped with Ti at deferent concentrations.

Ti (%) Eq (eV) Eo( eV) & L

0 51.88 7.41 8.00 8.10
10 71.19 10.80 7.59 7.89
20 36.39 5.50 7.62 9.13
30 41.38 6.04 7.85 8.91
40 22.69 3.61 7.28 10.90

The static refractive index is also evaluated from relation (4.5), i.e., if we
find ( y-axis intercept multiple by E;) this will be the value of E,, these
calculations were also done by using Excel program and are showed in
table .(4.5). The value of the static dielectric constant was founded by using
relation (4.5), where n>(E=0) =1 +i—: , and the obtained values are
showed in Table (4.5). From the static and dispersion energies we can say
in general that these films can be used as sensors for all kinds of UV, while
WO; doped with 10% Ti will be the best one because it has the highest
oscillator energy which means the highest ability of energy storage.

In addition, we can find the lattice dielectric constant (g) from the

refractive index (n) by this relation [114],
n? =g — AA? (4.7)

Where A is a constant. By plotting n? as a function of A”> we were able to
determine the lattice dielectric constant, g, by fitting a linear function
using equation (4.7), where the value of, €., will be the intercept of the
slope of that solid. The fitting of the above reported function is illustrated

in figure 4.11, for all samples under investigation.
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The values of g, of the investigated WOs: Ti doped films are calculated and
are shown in Table (4.4). The lattice dielectric constant of WO; thin film
doesn't change when doped with 10% Ti and so the crystal structure of
WO; thin film and WO; doped with 10% Ti thin films are the same and
also the same desirable electrochromic properties. However for higher
concentrations of Ti we note that g_ increases, which indicates that the
lattice parameters changes at higher Ti concentrations due to the formation
of TiO, that we expected to be formed at higher Ti concentrations.

The estimation of the dispersion parameters is of importance in the
technological aplications of materials. At high dispersion energies free
carriers couples with electrons of the outermost shell of atoms or molecules
of this material. This results in electric polarization resonance, relaxation
and energy storage and dissipation. On the other hand, the difference in the
values of lattice and static dielectric constants is ascribed to the free
carriiers contribution. The total dielectric function (e.rr = &5 + 8¢ +
d¢e,) is composed of that of free space (&,.) to the dielectric function. The
symbol 6 in the equation refers to small variation. The electronic
contribution includes the free carrieres and the entire set of valence
electrons [115]. As the dielectric constant depends on the frequency of the
incident light, the response of electrons and the lattice to the time varying
light wave depends on the frequency value [116]. In the absence of free
carriers, the permittivity approaches the static value. This explains the
reason beyond the very slight variation in (&) and the strong variation in
(7). Because our calculated dispersive parameters are not calculated in the
literature yet (to our knowledge), we were not able to compare them with

others.
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Fig 4.13: The value of n® versus A*> of WOs5Ti doped thin film at specific

concentrations.
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Conclusion

WO; thin films doped with Ti were successfully synthesized by dipping a
well cleaned glass substrate in a sol-gel. The sol — gel was prepared by
adding certain weights of WClg with TiCl, with glycerol and ethanol where
the mixing process was carried out by ultrasonic water bath at 25°C . The
films finally were heated at 160°C.

The crystal structure of the prepared films was revealed by XRD to be an
amorphous one. The optical constants and optical band gaps of the
prepared films have also been studied from the absorption coefficient
which gave a direct allowed transition band gap of 3.1eV. Due to this large
energy gap, all the samples showed an increased transparency with
increasing the incident wavelength. It is also found that the energy gap of
WO; decreased when doped with 10% Ti due to the energy levels that
introduced in that gap while it increased slightly up to 3.6 eV with
increasing Ti concentration. This is due formation of TiO, new phase that
may be formed in the amorphous structure. The same tendency was found
in the reflectance, as in the energy gap, this is further evidence that a new
phase might be formed in the amorphous structure (TiO isolator phase).
Both the thickness and the dielectric constant were calculated from the
reflectance spectra, and it was found that the thickness of films increased
with increasing doping concentration from 0.373 pm to almost a constant
value ( = 0.7um) which can be attributed to the increases in the liquid

viscosity as the doped concentration increasing.
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The dielectric constant increases with increasing the Ti doping
concentration, this is also due to the formation TiO, phase that has an
insulating nature.
From the refractive index the oscillator energies, static dielectric constant
and static refractive index of these films were identified which show that
WO; thin films doped with Ti can be used as UV sensors, where 10% Ti

doping is the best sensor.
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