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Abstract

The reflection Ellipsometry technique is employed for the determination of optical
constants of a conducting polymers of thin films using a He-Ne laser wavelength of
632.8 nm and tunable diode laser wavelength 808.4 nim, respectively. The same tech-
nique is also applied to determine the thickness of the thin film. In this experiment
two methods are employed to determine the refractive index of the sample. The

rotating analyzer ellipsometry technique and the static photometric technique. The

refractive indices obtained for the polymer sample at the rotating analyzer angle of
incidence 60° using He-Ne laser of wavelength 632.8 nm and tunable diode laser of
wavelength 808.4 nm are 1.73320 3 0.000013 and 1.73010 £ 0.000015, respectively.
Almost all the results are reproduced using, the second method called static photo-
metric technique. The average calculated results at the wavelengths of 632.8 nm and
808.4 nm are 1.7577 and 1.5862,respectively.

The results for the thickness measurement obtained using Ellipsometry technique
strongly agrees with the results obtained from the talystep measurement, the thickness
of the sample lies between 30 — 40 nm, where as the calculated results at wavelengths
of 632.8 nm and 808.4 are 37.8 £ 0.00098 nm and 37.5 & 0.00077 nm, respectively.
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Introduction

Conjugated polymers are attractive materials for use as the active semiconductor in
large area, low-cost electronic devices. Polymer Light Emitting Diodes (LEDs) are
already finding commercial applications in Displays, and the performance of Polymer-
based Photovoltaic devices is improving rapidly [2, 3]. Both of these types of devices
involve multilayered structures incorporating electrode materials and polymer layers
with thickness comparable with wavelength of optical radiation. Electrical character-
ization of the devices and above all, their optical properties of polymer plays a great
role on the functions and efficiency of devices, since the optical properties of polymers
are not yet well established, and requires further investigation. So optical character-
ization is necessary to make conjugated polymers in use in the application areas.
There were some efforts made on optical characterization [2, 3, 4]. Although there
are different methods for determination of optical constants for conjugated polymer
films, such as transmission ellipsometry, diffraction ellipsometry here we use reflection
ellipsometry in this thesis. In this thesis, we employed a Dynamic Photometric Ana-
lyzer (DPA) technique also known as the Rotating Analyzer Reflection Ellipsometer

and the Static Photometric Ellipsometer techniques.

Ellipsometry is essentially a technique for determination of optical constants of a

surface such as refractive index and thickness of thin films. Reflection ellipsometry




enables to measure the refractive index and the thicknesses of thin films. The instru-
ment relies on the fact that the reflection at the dielectric interface depends on the
polarization of the light while the transmission of the light through the transparent
layer changes the phase of the incoming wave depending on the refractive index of
the material. The change of polarization in the state of polarization which is a char-
acteristics of the reflecting surface is obtained by analyzing the reflected light. The
ratio of the axes and the orientation of the reflected ellipse with respect to the plane
parallel or perpendicular to the plane of incidence are determined [1]. An ellipsometer
can be used to measure the layer thickness of the order of one nm to layers which
are several inicrometers. Applications include the accurate thickness measurement of
thin films; the identification of materials and thin layer characteristics and extinction

coefficients etc,




Chapter 1

ELECTROMAGNETIC WAVE
EQUATION

The description of Ellipsometry as an optical technique would not be complete with
out mentioning Maxwell’s equations. Maxwell’s theory predicts that light is an elec-
tromagnetic wave represented by two mutually perpendicular wave vectors, namely
the electric field strength E and the magnetic field strength B. Both are perpendicular
to the direction of propagation. In the next section Maxwell’s eq‘.ua.tions are explained
in detail along with Fresnel’s equations, Polarization of light, Stokes parameters and

Jones vector calculus are also being reviewed.

1.1 Maxwell’s Equations

The electromagnetic nature of wave propagating in a medium can be explained using
Maxwell’s equations. It shows that an electromagnetic field can propagate through a
medium in the form of a wave. This also shows electromagnetic energy is conveyed by
the electromagnetic wave. For simple consider a source free nonconducting medium

characterized by €, u where ¢, 1 are permittivity and permeability of the medium




respectively Maxwell’s equations are given by

V.D=0 (1.1.1)
V.5 = (1.1.2)
Vxﬁ+%‘?:o (1.1.3)
V x H - % =0. (1.1.4)

The wave equations can be derived by taking the curl of Egs.(1.1.3) and (1.1.4).and

making appropriate substitutions i.e,

, 5] ~
Vx{VxE)= —&(V x B) (1.1.5)
—. 9 — a —
V(V.E) - V*E = —E([.L(v x H)). (1.1.6)
but
. aD
H=-— 1.
V x o (1.1.7)
Since V.E =0
2
—_— 273 — = — )
V°E ,uatQD (1.1.8)
again D =¢E we get
2
V’E = Hez L (1.1.9)
2 * =
V°E — [_LE-éZEE =0 (1.1.10)

similarly using equation (1.1.4)we can obtain
27 P
B—jue—B= A1
\% Hean 0 (1 )
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equations (1.1.10) and (1.1.11) can be generalized as
2

Lot
ViU - ueépU =0 (1.1.12)

where U represents EorH. In general the solution of the above equation is

U = Upeap(ik.z — iwt) (1.1.13)

since
% = —w (1.1.14)

and
3_; _ (L.1.15)

So Eq (1.1.12)can also be written as

2

v2ﬁ+°;’—6'=0 (1.1.16)
where ,ue:;% Eq(1.1.13)for the electromagnetic waves is expressed as
E = FEyeap(ik.z — iwt) (1.1.17)
and
B = Byexp(ik.z — iwt) (1.1.18)

where Ey and By are constants in time and space. Each component must satisfy
knn = ue‘ﬁ;. It can be shown that the & and B are both perpendicular to the

direction of propagation or to the I from the dot product of £ or B with the &.




1.2 Reflection and Refraction at a Plane Boundary

Consider a plane harmonic wave which is incident on a plane boundary separating
two different optical media as shown in figure 1.1. There will be reflected wave and
transmitted wave. For a plane wave propagating in the z-direction and +x polarized

LY

the waves aside from constant amplitude factors is given by

E(z,t) = Epexp(ik.z —iwt) (1.2.1)
E = ﬁéemp(ik.z — iwt) (1.2.2)
E = -‘Seﬂ:p(ilc.z — iwt) (1.2.3)

Where E.E" and E” are the incident, reflected and transmitted electric waves. Simi-

larly the incident, reflected and refracted magnetic waves are

B = Byeap(ik.z — iwt) (1.2.4)
B = géemp(ik.z — iwt) (1.2.5)
B = B'Semp(ik.z — iwt) : (1.2.6)

We would like to compute the fraction of the light wave reflected and transmitted by
a flat interface between two media with different refractive indices. Fresnel was the
first to do this calculation. It proceeds by considering conditions at the interface for
the electric and magnetic fields of the light wave. We will do for the perpendicular
polarization first. The tangential component of E at the interface is continuous.
Hence, for x-polarized light all FE fields are in the z-direction which is in the plane of

the interface(x,z),

—

E(z,y=0,28+E(x,y =02zt =E (z,y=0,z71 (1.2.7)

6




Interface

Figure 1.1: perpendicular polarization

Again the tangential component of the magnetic field is continuous, hence all

are in the xy plane, So we take the x-component
—B(z,y =0,21t)cos 0 + B"(:ﬂ,'y =0,2,t)cosl = - B (z,y=0,2,t)cosf
At the boundary z = 0 Eq. (1.2.7) and Eq. (1.2.8) become
E,+ Ey=E,
—Bycost + Bycosd = B, cosf’
But B=% and from laws of reflection
=190
N(Ey — Ey)cost = —N' Eycost

From Eql.2.9 and Eq. 1.2.10 we can get that

Hﬂ) B Ncos® — N cosé’
" Ey  Ncos@+ N cos@

Ts

7

B fields

(1.2.8)

(1.2.9)

(1.2.10)

(1.2.11)

(1.2.12)

(1.2.13)




Similarly
By 2N cos @
" Ey  Ncos8+ N cos§"

ts (1.2.14)

In the second case for the parallel polarization the beam geometry for light with its

electric field is parallel to the plane of incidence figure 1.2 below.

9
K

Interface

Figure 1.2: parallel polarization

Note that the reflected magnetic field must point in to the page to achieve Ex B
x k

For parallel polarization still the tangential component of B and E are continous.
B, — By =B (1.2.15)

and

Eqcosf + Eycosd = Ej cos’ (1.2.16)

solving for gﬁ yields
, :%:NCOSH“ — N cosf (1.2.17)
P By Necost -+ N'cosf
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Similarly

P Ey 2N cosf
P Ey  Necosf + N’ cosf

The Egs 1.2.13, 1.2.14, 1.2.17 and 1.2, 18 are called Fresnel equations for perpendicular

(1.2.18)

and parallel polarizations.

When a p-polarized wave is incident on the interface between two transparent media
the reflected wave disappears at a particular angle of incidence called Brewster’s
angle g, and the incident wave is totally refracted in to the second medium. So
the refractive index can be related to the Brewster’s angle as derived below.Equating

rp = 0 we get

N cosf = Ncosd - (1.2.19)
from snell’s law
Nsind = N'sin¢ (1.2.20)
and using the identity relation cos@”=/1 — & sin® 0 we can obtain
tan@B == —ﬁ (1221)

I
Where the ratio NW is real.

1.3 Reflection and Transmission by an Ambient-
Film-Substrate System

The case of considerable importance in ellipsometry is that in which polarized light
is reflected from, or transmitted by, a substrate covered by a single film as shown

below figure 1.3.




!

Figure 1.3: ambient-film-substrate fig

We assume that the film has parallel plane boundaries of separation (film thick-

ness ) d; and sandwiched between two semi-infinite ambient and substrate media. All
the ambient-film and substrate are isotropic and homogenous with complex refractive
indices of refraction N, N, and N» respectively. The medium 0 is transparent and
Ny is real.
A plane wave incident in medium 0 at an angle ¢y will give rise to a resultant re-
flected wave in the same medium and resultant transmitted wave at ¢, in medium 2
after suffering multiple internal reflections in the film. The Fresnel equations at the
boundary 0 — 1,1 — 0,1 — 2 are denoted by g1, to1710t19 and r1afye respectively.

The resultant reflected waves in medium 0 are given by [1, 10
To1, tortio712 €Xp —1203, tmtmrmrfz exp —i40, tmtm?'for‘?z exp —i60... (1.3.1)
while the fransmitted waves in medium 2 are
tigtiz exp —103, tigtiam10712 €xp —1303, t10t127‘f07'f2 exp —i503 (1.3.2)

where

A= m%)m cos ¢y = 27r(%)(N12 — NZsin? go)} (1.3.3)

10




so the total reflectance is
R= o1 + tmtmrm cXp —’LQﬁ + t01t10T107'122 exp -"’L4ﬁ +... (134)

It is easy to show that Eq 1.3.4 can be written as

to1tioT12 €xp —i2(0
R=r 1.3.5
oL+ 1 — rigrip exp —i273 ( )
again using the relation {g;¢0=1— rZ and r19 = —7o1 Eq. 1.3.5 can be written in the
form
_ To1 +rizexp—i2f (13 6)

1+ rgirigexp —i2f3

similatly the transmittance T is
T = tmtlg exp —’e‘,ﬁ + tOltlQTlOTlQ exp '—'33,6 +... (137)
and this is the same as

. torf12 €Xp —iﬁ (1 3 8)
1+ roirizexp -—13ﬁ e

Then the Fresnel coefficients for parallel and perpendicular polarizations are given by

Tolp + T12p €XP —1203

Rp = - 1.3.9
P + ro1pT19p €XP 120 ( )
To1s + T12s €Xp —920
g — ; 1.3.10
1 4 7157125 €xp —120 ( )
torpbiop eXp —1
Tp = pop 1.3.11
P 1 -+ To1pT12p €XP —Z3ﬁ ( )

7 T roteT1zs exp 130
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1.4 The Concept Of Polarization

Polarization is a property that is common to all types of vector waves. Electromag-
netic waves also possess this property. For all types of vector waves polarization refers
to the behavior with time of one of the field vectors appropriate to the wave observed
at a fixed point in space.

Light waves are electromagnetic in nature and require four basic field vectors for
their complete description. These are the electric field strength E, the magnetic field
strength H, the electric displacement density D and the magnetic flux density B.
Out of these four vectors, the electric field strength E is chosen to define the state of
polarization of light waves. This choice is based on the fact that when light interacts
with matter, the force exerted on the electrons by the electric field of the wave is
much greater than the force exerted on the electrons by the magnetic field of the
wave, In general once the polarization of E has been determined the polarization
of 5, H and D can be found. This is because E, ﬁ, H and D are interrelated by
Maxwell’s equations. So we can define polarization of light as the behavior of electric

vector E"(r, t) observed at a fixed point in space 7, and time, t.
1.4.1 Linear Polarization
Consider two orthogonal optical disturbances these are
E.(2,t) =1E,, cos(kz — wt) (1.4.1)

Ey(z,t) = jEy cos(kz — wt + ) (1.4.2)

where € is the relative phase difference between the wave both are travelling in the

z-direction. Since the phase is in the form of (kz — wt} , the addition of positive &

12




means that the cosine function in Eq. (1.4.2) will not attain the same value as the
cosine function in Eq. (1.4.1) until the later time (£). Accordingly F, lags E; by
g > 0. Of course, if € is negative quantity, £, leads E; by € < 0. The resultant

optical disturbance is the the vector sone of these two perpendicular waves.
E(Z: t) = Bo(z, 1} + By (2, 1) (1.4.3)

If ¢ is zero or an integer multiple of 427 the waves are said to be in phase. In this

case Eq. (1.3.3) becomes
E(2,8) = (iBog + jEoy) cos(kz — wt) (1.4.4)

The resultant wave has a fixed amplitude equal to \/£2, + EZ2 . 1.e the wave is linearly
polarized. Suppose that € is an odd integer multiple of £, the two waves are out of

phase by 180°. And the wave is
E(2,t) = (iBs — jEoy) cos(kz — wt) (1.4.5}

This wave is again linearly polarized but plane of polarization has been rotated from

that of the previous condition.

1.4.2 Circular Polarization

Another case of particular interest arises when both constituent waves have equal
amplitude, i.e, Eyz~Eo,=Fy and in addition, their relative phase difference is € =

—T4-2mm where,m = 0,414 2+ 3... Now Egs. (1.3.1) and(1.3.2} become
E.(z,t) = 1Ey cos{kz — wt) (1.4.6)

E (2t} = jE,cos(kz — wt +¢€) (1.4.7)

13




So the resultant wave is
E(z,t) = BEy[icos(kz — wt) + jsin(kz — wt)) (1.4.8)

Now the scalar amplitude Fy is constant and the direction of & is time varying and

not restricted as before on a single plane, for example at ¢t = 0
E; =iE,cos(kz,) and E, = jE,sin(kz,) (1.4.9)

At later time ¢ = kwﬂ,

B, =iEy, E,=0 (1.4.10)

. e, Eis along the x-axis. The resultant electric field vector Eis rotating clockwise
at an angular frequency of w, as seen by an observer against the wave propagation
direction (i.e, looking back at the source). Such a wave is called right circular polar-
ization,

The E makes one complete rotation as the wave advances through one wavelength.

In comparison if e=5+2mn where m = 0, £1, 42, ... Then
E = Eylicos(kz — wt) — jsin(kz — wt)] (1.4.11)

The amplitude is constant, but E now rotates counterclockwise and the wave is
left circular polarization. A linearly polarized wave can be synthesized from two
oppositely polarized circular waves of equal amplitude. In particular, if we add the

right circular wave to the left circular wave of equal amplitude we get
I = i215 cos(kz — wt) (1.4.12)

This shows a linearly polarized wave of amplitude 2Fg in the direction of i

14




1.4.3 Elliptical Polarization

A light wave whose electric vector at a fixed point in space traces the same ellipse
in a regular repetitive fashion is described as elliptical polarization at that point.
To understand elliptical polarization we can see this better by actually writing an

expression for the curve traversed by the tip of E. To that end; recall that
Ey = Ey, cos(kz — wt) (1.4.13)

E, = Egycos(kz — wt +€) (1.4.14)

The equation we are looking for should not be a function of either position or time.
In other words we should be able to get rid of (kz — wt) dependance. So expanding

for £, into

E,
—¥ = cos(kz — wt + €) = cos(kz — wt) cos(g) — sin(kz — wt) sin(e) (1.4.15)
Oy

From Eq. 1.4.13 we have cos(kz — wt) = EE—; So

E, E,

— = —sin(kz — wt) si 4.1
Foy ~ For cos(g) — sin(kz — wt) sin(e) (1.4.16)
E = . .
L 1 cos(e) = —sin(kz — wt) sin(e) (1.4.17)
By,  Eog

But using Eq. (1.4.13) and the trigonometric identity cos?(kz—wt)+sin®*(kz—wt) = 1,
Eq. (1.4.17) becomes

E:  E? _ 2E,E;cos(e) E,

[ T 2
— + cos“(e +
Egy Eg:c ( ) EOJ: Eﬂy (E{)z

) sin®(e) = sin®(e) (1.4.18)

E} E? 2E,E,cos(e)
— € T UE = sin?(e 1.4.19
Egy E02x EGyEUJ: ( ) ( )

15




Eq.(1.4.19) shows equation of ellipse making an angle « with the (E;, E,) coordinate

system such that

2Eq; Fyy cos(e)
tan(2a) = Sz W A8/ (1.4.20)
Egr - Egy
Ife = 7 and Ey, = Ly, = Ly, then Eq. (1.4.19) becomes
El+ B2 =I5} (1.4.21)

1.5 Stokes Parameters

The modern representation of polarized light actually had its origin, in 18562, the work
reported by G.G. Stokes. He introduced four observable quantities of the electronag-
netic waves and are known as Stokes parameters. So the polarization state of light
can be described by these quantities. The operational definition of Stokes parameters

is then given by the relations

So = 21 (1.5.1)
Sy =21y — 21, (1.5.2)
Sy = 21, — 2I, (1.5.3)
Sy =213 — 21, (1.5.4)

Notice that Sy is the incident irradiance and 5, S, Sz are the state of polarizations.
Thus S refers a tendency for the polarization to resemble either a horizontal P-state
(where upon S > 0) or vertical one in which case S; < 0. When the beam reflects
no preferential orientation with respect to these axes S; = 0, it may be elliptical at

7 when 5; > 0, or in the direction of —7 when 53 < 0 or neither if S, = 0. In the

16




same way 3 resembles a tendency of the beam towards right handedness if S3 > 0

and left handedness if 3 < 0, and neither if S5 = 0. Given

—

E.(t) = iEy(t) cos[(kz — wt) + &) (1.5.5)

-

Ey(t) = jE,(t) cos[(kz — wt) 4 ,(t)] ‘ (1.5.6)

with E(t) = E;(t) + E;(t). Then the Stokes parameters are

So = (BEga)p + (Egy )y (1.5.7)
S1 = (Eu)r — (B, (1.5.8)
Sy = (2Fg By cos(e)) (1.5.9)
Ss = (2B Fogy sin(e) ) (1.5.10)

where € = £, — £,. Therefore the parameters are proportional to the irradiance. For
perfectly monochromatic light Eqy, (), Fe,(t), and £(t) are time independent. The
same result can be obtained by time averaging which is the general equation for

elliptical light. If the beam is unpolarized,
(Bi)y = (Eq)y (1.5.11)

In this case

So = (Eg;c)T + (Egy)T (1512)

but S, = Sy = 93 = 0 since the average of cos(e) and sin(e) = 0. To normalize
the Stokes parameters divide by Sy. So, for the unpolarized light the state of Stokes
parameters (S, 51,52, 93) are

(1,0,0,0). (1.5.13)

17




If the light is horizontally polarized, it has no vertical component of E; i.e, Egy = 0.

Thus for the parameters Sy = (E2 )7, S = (E%)r, S2 = 0,53 = 0 the state becomes

oz
(1,1,0,0) (1.5.14)

For the vertical polarization, Sy = (Egy)rp, S = —(Efy)T, Sy = 0,5 = 0 thus
(1,-1,0,0) (1.5.15)

For completely polarized light S2 = S% + 52 + S2. For partially polarized light it can
be shown that the degree of polarization is given by v = 3@ Consider non
chromatic waves described by (S, S, Ss, Ss) and (S,, S;, S5, S5) which are superim-
posed in some region of space, as long as the wave is incoherent, any one of the Stokes
parameters of the resultant will be the sum of the corresponding parameters of the
constituent {all of which are proportional to the irradiance).

The set of Stokes parameters for a given wave can be rewritten as a vector. Its repre-
sentation is more specifically the parameters (Sp, 51, 52, 53) are arranged in the form

of column vector which is called Stokes vector [10]. Le,
)
S
P

S3
Some examples of Stokes vector are

S =

Unpolarized light S =

©C o o r

18




1
1

Horizontal P-state S =

0
0
1
-1
Vertical P-state S =
0
(1
0
P-state at &% §' =
1
\0
[ 1
0
P-state at _TW S =
—1

1
0
R-state S =
0
1
1
0
L-state § =
0
-1

1.6 THE Jones Vectors

Another representation of polarized light is invented by the American Physicist R.

Clark Jones. First let us represent the beam in terms the electric vector itself written

19




in column vector. That is the Jones vector is [4, 10]

» E,. ]
= ( e"p(“_%)) (1.6.1)
Floy exp(itpy)
Where ¢, and ¢, are appropriate phases. The horizontal and vertical P-states are
given by
~ Bz explip,
B P(is) (1.6.2)
¢
-y 0
E= ( ' ) (1.6.3)
Eoy exp(ipy)
respectively. Then any vector E can be equivalently written in the two forms as
o = B, expliev,
E =iE,; exp(iw:) + jEoy explip,) & £ = ( pl .(P )) (1.6.4)
B,y exp(ip,)

For E,, = E,, and ¢, = ¢, = ¢, BEq. (1.6.4) can be written as

E =E,; exp(ip) G) (1.6.5)

which is a P-state at +% i.e, the amplitudes are equal and phase diflerence is 0.
If By # E.,y, it is possible to normalize and this is done by dividing both elements

in the vector by the same scalar; i.e, the some of components is unity. Or
EL+E, =1 (1.6.6)

For example; if

E = iE,, exp(ipz) + jEos exp(ivs) (1.6.7)

Dividing Fq.(1.5.7) by v2E,, exp(i¢:), we get

. 1 /1 - 1 {1 - 1 /0
Ex = 7 (l)é Ey = 7 (O) andF, = 7 (1) (1.6.8)

20
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For right circular polarization E,, = E,, and the y-component leads the x-component
by 7. Le,

I Bz exp(i(;oa:) . 1
g = Fog ex 6.9
(E 0z €XP(itpe — %)) el (exp(i%fi)) (169

Dividing Eq. (1.5.9) by E,; exp{iy), we get

1 1
— 1.6.10
emter) = () —

Hence the normalized complex Jones vector is

.1 (1 . 1 {1
Br =7 (_@) andEj, = NG (z) (1.6.11)

The sum of right circular and left circular polarization is

. .1 {141 2 (1
Ep+ By, = % (_i .\ z) =% (0) (1.6.12)

Which shows horizontal P-state having an amplitude 2F,;. The same procedure is
done for elliptical polarization. In this case E,; # E,, and phase difference need not

ks
be L.
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Chapter 2

THEORY OF ELLIPSOMETRY
AT A PLANE BOUNDARY

In this chapter we will discuss the methods employed for the determination of op-
tical constants of the conducting polymer using ellipsometric techniques called the
Dynamic Photometric ellipsometer particularly the Rotating analyzer and the static

photometric ellipsometry technique. The method we use are explained in detail below.

2.1 Introduction

In this topic we will see the relationship between the ellipsometric parameters 1 , A
and Fresnel equations enable us to build an equation which helps us to calculate the

refractive index of the polymer sample.

An ellipsometric measurement allows one to quantify the phase difference between
Ep and Fg, A, and the change in the ratio of there amplitudes given by tan.
Le., A =4,y — 5 and tany = E’Tfll where 7, and 7, are Fresnel coefficients for P and

S components of the light.
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Now, conventional reflection ellipsometry measures the change of state of polariza-
tion of light as it is reflected from a surface. The change in state of polarization which
is a characteristic of the reflecting surface, is obtained by analyzing the reflected light,
the ratio of the axes and the orientation of the reflected ellipse with respect to the

plane parallel or perpendicular to the plane of incidence are determined [1, 2, 3].

The 7, and 7, polarizations can be related to the ellipsometric angles 3 and A,

such that at a plane boundary

p = tanyexpiA (2.1.1)
where p is the ratio 7, to 7, ie,,
p= lT—pl (2.1.2)
|7s]
where
. Nicosty — Nygcosth
P Nycos@y + Nycoséy
and
NycosbBy — Nycost,
Ty =

"~ Nycoséy + Nycosb,

So Eq. 2.1.2 can be writfen as

( Nicos 8o —Npcosth )
N1 cosfp-1-Ng cos

p= (Ngcosﬂg——Nl cosfh
Ng costp+Ny costh

(2.1.3)

From Snell’s law
Njsin 0, = Nysin 90

So solving for sin 8,

sind; = N"%’“H" (2.1.4)
1
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Now using snell’s law and trigonometric identity we can get

2 1.2
Ni —sin” 6

¢ = 2.1.5
cos . ( )
Inserting Eq. 2.1.5 in to Eq. 2.1.3 and solving for N = -%—‘1) we get
N = sin oL + (L2 tan? gy} (2.1.6)
1+p '

Since Ny = 1 which is the refractive index of air then N = N; where N = n—ik which
is complex refractive index of the polymer sample. For a material whose refractive
index is real, then the complex refractive index can be expressed using its real part
Re{N} =n and

p == tanycos A (2.1.7)

while for a material where N = n—ik, p = taniexpiA. Substituting the expressions
of N and p into equation (2.1.6), and squaring both sides and separating real and
imaginary parts (8]

tan? 0y (cos? 2¢ — sin® 21 sin® A)
{1 4 sin 2¢) cos A)?

n? — k? = sin® 6o {1 + } (2.1.8)

and

_ sin? f tan? 6 sin 24 sin A

2nk
" (1 + sin 24 cos A)?

(2.1.9)

2.2 Ellipsometry and Polarized Light

A light from the source falls on the polarizer which is set at the azimuth angle P with
respect to the x-axis. This means that the transmission angle of the polarizer makes

an angle P from the x-axis of the x-y coordinate of the light. The light incident on
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the x-y coordinate plane is
B — cos(P) sin(P) E. (22.1)
—sin(P) cos(P) E,

o ( E, cos(P) + E,sin{P) )

this implies

= (2.2.2)
' —E,sin(P) + E, cos(P)

Only light having polarization parallel to the transmission axis of the polarizer will
comes out. In the transmission extinction axis, the electric field which comes out

from the polarizer is

10 ) ( Ez cos(P) + By sin(P) ) (2.2.3)

00 —FE, sin(P) + E, cos(P)

B = ( B, ) _ ( E, cos(P) + Eysin(P) ) _ AP( 1 ) (224)
B, 0 0

10
where E;‘; = ( ) is the Jones matrix of polarizer and Ap is the amplitude of
0 @

B =TgEp = (

transmitted light wave.

Ap == Egcos(P) + Ey sin(P) (2.2.5)
This transmitted wave from the polarizer can be transmitted into xy -coordinate
axes so that light incident on the optical system (sample) can be treated in the x-y
coordinate axes. This can be done by counter rotation of the polarized light wave in
Eq. (2.2.4) for angle P. The light wave incident on the sample is then

B — R(-P)E% AP( cos(P) —sin(P) ) ( 1 ) (2.2.6)
sin(P)  cos(P) 0

Ly = Ap (COS(P)) (2.2.7)

sin(P)
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The light expressed by Eq. (2.2.7) is now incident on the sample. The Jones vector
of the light wave at the out put of the optical system is related to that of the input
by

EY =TYEY (2.2.8)

The optical system is assumed to have orthogonal eigen polarization parallel to the

x and y coordinates axes so that the Jones matrix has diagonal value T7¥ [1].

Ver O 0
T = = Val{ 7 (2.2.9)
0 V, 01

Ve
Ve

ey

where

p = = tany exp(iA) (2.2.10)
is the complex polarization variable, which is the ratio of the eigen values of the
reflected light along the x-direction to the y-direction. Using Egs. (2.2.7) and (2.2.9),
Eq. (2.2.8) can be written as
. p 0 cos( P
B2t = Ap|(Vay) o) 2.2.11)
01 sin(P)

The complex polarization variable,- X5¥, of the light wave reflected from the sample is

kY sin{P) 1
—fe = —t, 2.
B = peos(P)  p an{P) (2.2.12)

Ty
Xso —

The light reflected from the sample, Eq.(2.2.11), will then be analyzed by the analyzer
that is at the azimuth angle A, from the axis, then the light incident on the analyzer

in its transmission extinction (te) axis is:

Bl = R(A)E% (2.2.13)
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but E%Y = EZ¥, then

s0 ¢

o [ et
E% = Ap|Vey| cos(4) sin(4) (2.2.14)
sin(A) cos(A) . .
sin{P)

pcos{P) cos{A) + sin{ P) sin{A
B = Ap|Vay| (P) ‘ (4) . (P) sin(A) (2.2.15)

pcos(P) sin(A) + sin(P) cos(A)

Then the light wave emergent from the analyzer is related to its input by

EY =T{E",, (2.2.16)

Since only light wave parallel to the trausmission axis of the analyzer is allowed to

10
pass through, the Jones matrix of the analyzer is diagonal; i.e Tﬁ“':( ) then
00

Eq. {2.2.16) will take the form

Ble = Apl|Vi| ( 10 ) ( pcos(P) cos(A) -+ sin{P) sin(A) ) (2.2.17)
0 0 pcos(P)sin(A) + sin(P) cos(A)
Eﬁfo = AP|Vey[ ( pCOS(P) COS(A)O+ Sin(P) Sin(A) ) (2.2.18)

Then the electric field at the detector or Lock-In amplifier is similar to the field
emergent from the analyzer. But for mathematical convenience we can write this

field in x-y coordinate for the counter rotation from the x-axis as [1]

E3¥ = R(—A)E%, (2.2.19)

cos(A) —sin(A) ) ( pcos(P) cos(A) + sin(P) sin( A)

sin{A) cos(A) 0 ) (2:2.20)

By = API(Vey)I(

(2.2.21)

E% = Ap|(Vay)| ( peos(P) cos*(A) + sin(P) sin(4) cos(4) )

cos(P) cos(A) sin(A) + sin(P) sin?(A)
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The intensity of the detected signal I; at the detector is related to the field at its
position by; Iy a B}, F,, since B}, = E,, then
Iy = Ky EL |2 = Ko|Ap|*|Vey|*|p cos(P) cos(A) + sin(P) sin(A)|? (2.2.22)
But p is a complex polarization variable given by eq. (2.2.10) then
I = G| tanv exp(iA) cos(p) cos(A) + sin(P) sin(A)[* (2.2.23)

where G ={Ap|[* K |V.,|*= constant then Eq. (2.2.23) becomes

Iy = Glsin®(P) sin?( A) + cos®( P) cos?(A) tan*(1)) + 2 cos(P) cos(A) sin( P) sin{A) tan(t) cos(A))

(2.2.24)
But sinz(A):%@, cos2(A)=@2—A) and cos(2A)=2 cos(A)sin{A) then using the
above identity Eq. (2.2.24) can be written as
Iy = G[C + o cos(24) + § sin(24)] (2.2.25)
or this can also be written as

Iy = Ij[l + acos(24) + B sin(2A4)) (2.2.26)

where
o= 2(P ) 4 COS;(P ) tan?(y) (2.2.27)
_ cos*(P) tan?*(3) — sin’(p)
= e (2.2.28)
_cos(P)sin{P) tan(1)) cos{A)
p= 5 (2.2.29)

The relation between o and § with the ellipsometric parameters 1 and A is given
below. Now o and 3 are constants to be determined from curve fitting of Eq. (2.2.25),
i.e, using Egs. (2.2.26),(2.2.27), and(2.2.28) we can get the following relations

1+«

tany =

tan(P) (2.2.30)
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(2.2.31)

2.3 Static Photometric Ellipsometry

In principle, no compensator is required for the determination of the ellipsometric
parameters ¥ and A by photometric methods [1]. It is, there fore, reasonably good
to consider the Polarizer-System-Analyzer (PSA) Ellipsometer arrangement. The
detected signal I; is a function of angle P of the polarizer and A of the angle of the
analyzer that can be readily obtained by setting C = 0 and T, exp(éd.}) = 1 in the

equation expressed bellow [1].

Is = G|Vgyl?|tant expiAcos AlcosC cos(P — C) — T, exp(id,) sin esin(P — C)] +

sin Afsin C cos(P — C} + T, exp(id,.) cos Csin(P — C)}|?

(2.3.2)

this can be written as

G|V |*[(tan ) expiA cos A cos P + sin A sin P)(tan exp —iA cos A cos P + sin Asin P)]
(2.3.3)

Expanding Eq. 2.3.2 and using the trigonometric identities cos? A = 11224 4pq

sin? A = % and so on we get

Iq = F'{1 — cos 21h(cos 2A + cos 2P) 4 cos 2A cos 2P + sin 2 sin 24 sin® P cos A
(2.3.4)

29




Let Iy, Ja, 143 are the detected signals ab three different sets (Py, A1), (Ps, Ag) and
(Ps, As) of polarizer analyzer azimuth angles, substitution of the data in to Eq. 2.3.3
produces three equations in F', 4 and A. Dividing the first and second equations
by the third eliminates F', and gives two equations that can be solved for the two
ellipsometric parameters ¥ and A. Measurement of ¢ and A from photometric data
using a PSA ellipsometer can be done by setting (P,A) for the polarizer and analyzer
azimuth angles left arbitrary. One choice that simplifies data reduction is to set the
polarizer at a fixed azimuth of 7 and recorded the signals /; at the three analyzer

settings,=", 0 and ¥ and inserting on Eq. 2.3.3 we get the following Egs. [1]

1749
T =T 1 .
Ig = Id(:i" T) = F (1 -sin2¢cosA) (2.3.5)
Ipp = Id(%, 0) = F'(1 — cos2)) (2.3.6)
Vi 1 .
I = Id(Z’ Z) = F (1 +sin2¢cosA) (2.3.7)

So using Egs. 2.3.5, 2.3.6 and 2.3.7 the values of 1 and A are:

1 T+ 1y — 2
= — areeos 2.3.8
¥ 2 [ In+15 ] ( )
Iy — In)
A = arccos [cse 24—t 2.3.9
22 239)
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Chapter 3

EXPERIMENTAL RESULT AND
DISCUSSION

3.1 Sample preparation and its nature

"The polymer thin film under study was prepared from a chloroform solution of poly[3—
(4— octylphenyl) 2, A bithiophene] (PTOPT) by spin coating on a glass substrate.
The spin coating was done using a photo resist spinner model 4000 at a rate of 1000
rpm. The film thickness is measured using a talystep. From the way how the sample
was prepared, we expect that the filin is homogeneous and isotropic medium,

Our sample is ambient-film -substrate system, so we expect reflection from the
back surface. But, as measurement of transmission shows, for all wavelengths greater
than 600 nm the sample is highly transparent and having transmission around .98
(see figure 3.1). So, the problem can be treated as a one boundary problem, i.e, the
relation used for one boundary problem can be applied for our sample to calculate
the refractive index [3}.

The graph in Figure 3.1 below shows wavelength in nm versus transmittance.

The sample was clear and optically transparent and homogeneous. This shows
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Figure 3.1: Wave length versus transmittance measurment

that the sample has good glass character.

3.2 Experimental Procedure

Reflection ellipsometric data measurements for polymers are conducted at an angle
of incidence between 60° and 70° [2]. The values of @ and § are determined from
curve fitting for rotating analyzer technique where as the ellipsometric parameters ¥

and A are calculated from @ and 3. The relations are given in section (2.2)

For Static Photometric ellipsometer technique 1 and A are directly calculated
from the intensity measured at the detector for three polarizer angels as explained in

section {2.3) of Eqs. (2.3.8) and (2.3.9). Schematic representation of the experimental

32




set up is as shown below in figure 3.2 which consists of laser source (He-Ne laser model
1125p/Diode laser model LDC 01 SER.No. 6150-139), two polarizers (one polarizer
and one analyzer), chopper model SR 540, sample, photo-conducting detector and

Lock-In amplifier made of Stanford Research Group MODEL SR830.
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He-Ne laser
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Figure 3.2: Graph of experimental set up.

3.3 Data and Data Analysis

The table 1. Intensity versus analyzer angle at different angle of incidences.
AV [T atd =060 {Tatd =61° | Tatd =637 | I at® = 657 | [ atd = 67° | I atd = 70°

0 0.00462 0.00384 0.00345 0.00389 0.00494 0.00551
5 0.00465 0.00383 0.00348 0.00393 0.00487 0.00542
10 | 0.00464 0.00379 0.00338 0.00393 0.00477 0.00524
15 1 0.00461 0.00375 0.00348 0.00389 0.00464 0.00504
20 1 0.00453 0.00365 0.00342 0.00382 0.00444 0.00483
25 0.0044 0.0035 0.00336 0.00352 0.00428 0.00457
30 | 0.00127 0.00335 0.00326 0.00333 0.00402 0.0043

35 | 0.00416 0.00317 0.00316 0.00333 0.00376 0.00394
40 | 0.00397 0.00289 0.00302 0.00327 0.00342 0.00361
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continued....

A |Tat0=60° | 1at@=061° | Tat #=63" | Tat 0 =065° | [ atf =67° | I atd = 70°
45 0.00384 0.00257 0.00284 0.0031 (0.00314 0.00316
o0 0.0036 0.00223 0.00265 0.00284 0.00278 0.00276
5o 0.00333 (0.0019 0.00248 (0.00265 0.00238 0.00228
60 0.00298 (0.00162 (.00223 0.00237 0.0019 0.00181
65 (0.00269 (0.00132 (0.00194 0.00202 0.00151 0.00119
70 (0.00238 0.00102 0.00168 0.00171 0.00109 8.88F-04
75 0.00199 0.73E-04 0.0014 0.00135 6.76E-04 8.70E-04
80 (0.00169 5.43K-04 0.00106 0.00109 5.20E-04 8.64E-04
85 0.00146 2.96E-04 7.29E-04 6.30E-04 6.86E-04 0.00141
90 0.00134 1.72K-04 4.20E-04 4.12E-04 0.00113 0.00186
95 0.00141 2.46E-04 2.13E-04 3.17E-04 0.00165 0.00236
100 0.00163 4.62E-04 9.22E-05 4,20E-04 0.00202 0.00289
106 0.00206 7.73E-04 1.46E-04 8.35E-04 0.00245 0.00326
110 0.00241 0.00112 3.507E-04 0.00114 0.00292 0.00358
115 0.00266 0.00147 6.71E-04 0.00155 0.0032 (0.00384
120 0.00296 0.0018 9.92E-04 0.00207 (0.00353 0.0042
125 0.0032 0.00213 0.00126 0.00219 (0.00382 0.00445
130 | 0.00348 0.0024 0.00153 0.00257 0.00394 0.00468
135 0.00372 0.00267 0.00182 0.00289 0.00416 0.00489
140 0.00389 (0.00292 0.00208 0.00316 0.00423 0.00607
145 0.00411 0.00311 (0.00226 0.00342 0.00454 0.00518
150 0.00424 (0.00332 0.0025 0.00361 0.00473 0.00529
155 | 0.00436 (0.00348 0.00265 0.00379 0.00487 0.00536
160 | 0.00449 0.0036 0.00278 0.00397 0.00496 0.00b4
165 | 0.00456 0.0037 0.00307 0.0041 0.005 0.00542
170 0.00462 0.00375 0.00301 0.00419 0.00503 0.00539
175 (0.00465 0.00379 0.00306 0.00425 0.00501 0.00534
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continued......

A |Tat =00 [Tatd =619 | Tat 0=063" |Tat§=65° |l atd =67° | I at 6 = 70°
180 0.00466 0.00379 0.00312 0.0043 0.00496 0.00524
185 0.00464 0.00377 0.00319 0.00433 0.00484 0.00514
190 | 0.00461 0.00376 0.00316 0.00432 0.00472 0.005
195 0.00453 0.0037 0.00318 0.00426 0.00456 0.00479
200 | 0.00446 0.0036 0.0032 0.00419 0.0044 0.00453
205 0.00436 0.00346 0.0032 0.00407 0.00424 0.0043
210 | 0.00424 0.00332 0.00317 0.00398 0.00402 0.00408
215 0.00406 0.00314 0.00308 0.00383 0.00378 0.00375
220 | 0.00387 0.00295 0.00298 0.00364 0.00346 0.00336
225 0.00365 0.00272 0.00285 0.0034 0.00308 0.00292
230 0.00339 0.00251 0.00267 0.00314 0.00283 0.00255
235 | 0.00314 0.00224 0.00251 0.00287 0.00238 0.00214
240 [ 0.00287 0.00193 0.00221 0.0025 0.00201 0.00165
245 0.00251 0.0016 0.00197 0.0022 0.00149 0.00124
250 [ 0.00215 0.00126 0.0018 0.0019 0.00104 8.24F-04
2651 0.00181 9.06E-04 0.00146 0.00157 6.351-04 6.10E-04
260 | 0.00159 5.86E-04 0.00116 0.00123 4.97E-04 9.49F-04
265 | 0.00132 2.99E-04 8.12E-04 8.18E-04 6.66F-04 0.00131
270 | 0.00124 1.82E-04 4.80E-04 4.67E-04 8.70E-04 0.00177
275 0.00127 2.19E-04 2.37E-04 3.50E-04 0.00145 0.00243
2801 0.00144 4.33E-04 1.14F-04 3.96E-04 0.00194 0.0028
285 0.00175 7.40E-04 1.59E-04 6.811-04 0.00235 0.00325
290 0.00212 0.00112 3.80E-04 9.12E-04 0.00271 0.00365
295 0.0025 0.00147 6.35E-04 0.00126 0.00308 0.00402
300 { 0.00283 0.00182 0.00106 0.00164 0.00342 0.00434
305 | 0.00316 0.00213 0.00136 0.00189 0.00372 0.00461
310 | 0.00339 0.00244 0.00168 0.00216 0.00402 0.0049
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continued......
AV [Tat0=60° |Tat0=61°|Tat0=63" | latf =65 | [atd =67 | [ at & = 70°
315 0.0036 0.00269 0.00193 0.00244 0.00426 0.00507
320 | 0.00383 0.00294 0.00221 0.00266 0.00449 0.00523
325 0.00402 0.00314 0.00246 0.00295 0.00465 0.0054
330 | 0.00416 0.00332 0.00267 0.00312 0.00479 0.00551
335 0.0043 0.00348 0.00286 0.00328 0.00487 0.00557
340 0.00444 0.00361 0.00304 0.00339 0.00494 0.00561
345 | 0.00453 0.00371 0.00316 0.00352 0.00498 0.00562
350 0.0046 0.00378 0.00327 0.00361 0.00496 0.0056
355 | 0.00465 0.00382 0.00338 0.00372 0.00496 0.00552
360 | 0.00468 0.00384 0.00342 0.00378 0.00491 0.00548

Intensity versus analyzer angle is plotted and the data is analyzed fitting to the
Eq. (2.2.25) which is a model equation developed for calculating the constants a and
B.

The graph in figure 3.3 shows that the intensity versus analyzer angle plotted at an
angle of incidence of § = 60°. The dotted curve indicates the experimental results

while the line curve indicates the fitting.

Table 2. For different angle of incidences, the constants a and @ obtained from
curve fitting, the calculated values of tan 1y, cos A and n,for a laser light of wavelength

A = 632.8 nm Table 2.
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Figure 3.3: Intensity versus analyzer angle.

& o g tan 1 cos A i
60 | 0.0015 | -0.00004 |1.7346 | -0.00004 | 1.7322
61 { 0.0017 |-7.1555%10=7 | 1.0017 | -7.1555*%107 | 1.8041
63 | 0.00137 | 0.00056 | 1.0014 | 0.00056 | 1.9609
65-1 0.00165 |  0.00033 | 1.0017 | 0.00033 | 2.1433
671 0.00186 | -0.00068 | 1.0019 | -0.00003 | 2.3559
70 | 0.00181 | -0.00112 | 1.0018 | -0.00112 | 2.7529

Table 3, shows the refractive index of the polymer using the equations developed

for Static Photometric ellipsometer at a wavelength of 632.8 nin.

Table 3.
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p? | 6% [ 1p1at-d50 | IpaatQ? | 1p5ald5® | n

45160 0.0384 0.0462 | 0.0360 | 1.816
45161 | 0.0257 0.0384 | 0.0269 [ 1.693
45163 | 0.0449 0.0543 | 0.0472 | 1.870
45 | 65| 0.0450 0.0573 | 0.0508 | 1.900
45167 | 0.0314 0.0494 | 0.0426 | 1.708
45 170 | 0.0316 0.0651 | 0.0507 | 1.558

Table 4, shows the values of constants o and [ obtained from curve fitting at

different angles of incidence along with the calculated values of n, tan+ and cos A

for wavelength of A = 808.4 nm. Tablertl.

fo
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B

tan

cos A

60

0.00114

0.00074

1.0011

0.00074

1.7301

63

0.00042

0.00035

1.0004

0.00035

1.9615

65

0.00035

0.00024

1.0004

0.00024

2.1437

67

0.00026

0.00029

1.0003

0.00029

2.3547

70

0.00025

0.00042

1.0003

0.00042

2.7454

Table 5 shows the calculated refractive index of the thin film polymer sample us-
ing the equations of static photometric ellipsometer for a diode laser at a wavelength

of 808.4 nm for different angles of incidence between 60° and 70°. Table 5.
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