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ABSTRACT

In this thesis, a new approach is explored to determine the optical constants of thin
dielectric layers. This study is based on the measurement of the reflection at various angles
to determine the optical constants of a thin film. For this reason, this method allows using
absorbing or non-transparent substrates. Study consists of not only theoretical derivations
but also experimental measurements. A 650 nm laser diode was used as a light source and
the reflected light from the surface of the film was measured by the BPX65 silicon
photodiode. These reflection values were taken at various angles and numerical calculations
were carried out. Results were consistent with previous studies. In addition, this method
provided more information about the thin film, such as extinction coefficient, which was

neglected in previous studies.



KISA OZET

Bu cahsmada ince filmlerin optik sabitlerinin belirlenmesinde ¢ok kullamsh
olabilecek yeni bir yaklagim teorik olarak ortaya konmugstur. Burada sadece teorik
cikanimlarla smirh kalmmamis aym zamanda formiillerin dogrulugu deneysel sonuglarla da
desteklenmigtir. Deneyde, 15tk kaynag olarak 650 nm dalgaboyuna sahip bir lazer diyot
kullamimstir.  Ism  ince filmin yizeyine farkh acilarda gonderilmis ve yansiyan igm bu
dalgaboyuna hassas bir fotodetekior ile oletlmustiir. Bu olgumler kullandarak niimerik
hesaplamalar yapilms ve elde edilen sonuclanin daha onceki cahsmalarla uyum iginde
oldugu gozlenmistir. Hatta, bu yeni metotta sondiirme katsayist thmal edilmedigi i¢in, ince
film hakkinda onceki caligmalaria elde edilen bilgilerden daha fazlasint elde etmek mimkin

olmaktadir.
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1. INTRODUCTION

The earliest recorded scientific studies on the optical behaviour of thin films were
made in the seventeenth century. They appear, together with the results of a wide range of
other optical experiments, in Sir Isaac Newton’s early treatise on Opticks, written in a style
which has a charm and fascination of its own. Although the mechanism of the propagation
of light was in Newton’s time shrouded in uncertainty, the observations made on the colors

of thin films in relation to their thickness have proved useful for a long time.

With the development in recent years of methods of preparing thin films of
materials, interest in the optical properties of ﬁlfns has been considerably stimulated.
Although there remain many unsolved problems, the general features of the optical
behaviour of thin films are now reasonably well understood. Developments of the
techniques of producing and studying thin films have led to an understanding of their optical
behaviour. There is growing interest in thin films for a wide range of applicaitons from

antireflection coating to detector manufacture.

Many techniques have been used to determine optical properties of a thin dielectric
layer so far. These techniques are based on the transmission spectrum [1]. Therefore,
substrate must be transparent and have very little extinction cofficient. If substrate has large
extinction coefficient to neglect or is non-transparent, optical constants cannot be
calculated. Because only one reflection (film side) value can be obtained. But there are five
unknowns d,, n, k,, n,, and k,, thickness, refractive index, extinction coefficient of the
film, refractive index of substrate and extinction coefficient of substrate respectivelty. d, can
be found from maxima and minima points of spectrum. (Even having known optical
constants substrate is used, two unknown remain). This problem can be solved only by

omitting &,. But this is not desired always.

In this work, a new theoretical approach was proposed and studied. This study is
based on determination of reflection of light launched with angle to an absorbing dielectric

layer. Therefore, there is no need of transparent substrate and entire spectrum envelope. In

b8



addition, extinction coefficient can be calculated directly, Formula theoretically obtained
were confirmed by experimental measurements. In experiment, light at oblique incidence
used and only reflections were measured for different angles. Using these reflections values,

optical constants were obtained by numerical calculation.

Absorpsion of the films minimizes the transmitted light. This limits the A range

where transmission measurements can be done. Our method can be used at all wavelengths.

The aim of the this work is to determine the optical constants of a thin dielectric

layer from reflection at inclined incidence of radiation.

This study consists of five chapters. This first chapter provides an introduction to

why our method is proposed and summarizes some advantages over previous works.

The second chapter gives the basic building blocks of the structure and detailed
approach fo theory of thin films. In the first part of this chapter, a detailed review of the
electromagnetic radiation is given. In the second part, reflection coefficients from

multilayer are determined at normal incidence for p and s polarized light[2].

In Chapter three, inclined incidence reflection is determined for a single absorbing
thin dielectric layer coated on an absorbing substrate. All formulae are derived step by step

in order to facilitate easy understanding of the theory.

In Chapter four, a detailed description of apparatus and experimental set-up are
presented. In the second part of the same chapter experimental results are given and our

results are compared to previous studies.

The last chapter focuses on the brief summary of this work, followed by

recomendations for possible future directions.



2. REVIEW

2.1 Reflection and Transmission of Light at the

Surface of a Transparent Medium

For an isotropic medium, the laws of electromagnetism are summarized by

Maxwell’s equations :

VD =eVE = 4np 21D
VB = uVH =0 (2.2)
oH
VxE = —EL,\ (2.3)
¢ ot
AncE s OFE
VxH = + 2.4
X c c Ot 249

where the symbols have their usual meanings. Flectrical quantities are measured in
electrostatic units and magnetic quantities in electromagnetic units. For a medium in which
there is no space charge, these relations lead directly to the wave equations, representing the

propagation of electromagnetic fields in the medium :

s;f 0 1::’ 4?:&160‘? - VR 2.5)
¢ ot ¢t ot

~2 ;
swd'H  4muocoH .
= + — =V'H (2.6
& or < ot 2.6

FE
BEZ - vE 2.7)
c oot
en & H
B =Vv'H 2.9)



the well-known simple form of wave equation, which shows that disturbances are
propagated with velocity ¢ /v(ug). Since, the difference from unity is significant at optical
frequencies, the velocity of propagation is ¢ /v & where ¢ is the dielectric constant at the

frequency of the light wave. From the definition of refractive index, we have the well-

/
knownresultn= ve

The problem of determining the light reflected and transmitted at a boundary
separating two media is dealt with by applying boundary conditions to the solutions of
Maxwell’s equations. These require that the tangential components of both electric and
magnetic vectors be continuous at the boundary. Only sinusoidal solutions of the equations
are considered. Solutions for other types of waves may in principle be dealt with by the aid
of Fourier’s theorem. Any variation of the propagation parameters with wavelength must

be taken into account in effecting the summation.

A plane wave is considered as incident on the surface z = 0, the plane of incidence
being the plane x0z, the angle of incidence ¢y and the angle of refraction ¢ It is assumed
that the surface is infinite in extent so that it may accomodate the monochromatic plane

wave of infinite extend.

The coordinate system is shown in figure 2.1. We denote the amplitudes of the

electric vectors of the wave approaching the surface by 7, and FEj for the two

components. Indices p and s are representing parallel and perpendicular components to the

-

+» Er,. The phase factors associated with the incident and reflected

transmitted wave by £

waves are of the form

27tn,xsin 27N, ZCOSQ o

exp i{wf - — P ) (incident)
- A A

2T XSINQ, N 27H,2COSP,

A A

and  exp {of - ) (reflected)

while that for the transmitted wave is

IS



21, xsing, _ 27n,zc080,
A A

)

exp (ol -

where A is the wavelength in vacuum.

At the boundary, which we take at z = 0, the point of incidence being the origin of
coordinates, we have for the total components of the electric and magnetic vectors in the x-

and y- directions

E()x = (E;p+E(;p)COS(PO
E()y = E(;s +E(;§

: 2.9)
HOx = no(_E(;s+E(;s)COS(p0
H,, = ny(E;, - E,,)
for the first medium, and

Ly, = k080,
Elv = El; g

’ ¢ (2.10)
H,. = -nkE coso,
Hly = nlE;p

Applying the boundary conditions, we obtain equations which may be solved to give the

amplitudes of the transmitted and reflected vectors in terms of those of the incident vectors.

We obtain

ks, _ €089, —mC08Q, _ ; (2.11)
By, meoso, tmeosg,
o+
" _ ZHOC-OS(DO = ¢ (2 ]2)
7 : 1
Ey, 1,COSQ, + 1,CO8Q, d
E: 1,C08Q, — H,COSO
0s 0 0 1 | S,
P =1, (2.13)

+ :
Iy, 1,C08Q, + 1,CO50,



. ,
£ 2n,co50,

= = f 2.14
E,.  n,cosQ, +ncosQ, ' 2.14)

%, b, are known as the Fresnel reflection coefficients and 1, #,, the Fresnel transmission

coefficients [2].

From eqs.(2.11) - (2.14) we see that £, = 1 + 1, and #,, = 1 + 1, so that, for the
case 71,> iy, the values of 7, and 7, exceed unity. This may at first sight appear strange

since coefficients have been defined as the ratios of the amplitudes of the transmitted waves
to those of the incident waves. Qur fears lest the law of the conservation of energy has
failed are allayed when we consider, with the aid of Poynting’s theorem, the energy in each

medium. The energy is represented by the Poynting vector S.

+ f
£op ,
; -
Ec;sA *
Eps u 08f
byl by g
e
§ o6
ng x ¢
£ § o g )
§ o4p
%
, & Rg
ﬁf/ é{ g2r Rp
4 +
Efp
¥ £ 0 Lol j
B ¢ i 20 30 40 50 50 70 §@ 90
) Angie of incidence (°}
FIGURE 2.1. Schematic diagram of incident, FIGURE 2.2. Variation of R;, R, with
reflected, and transmitted radiation angle of incidence
c o
§ = —{ExH] (2.15)
47
c 3 _
= —nE 2.16)
e 216

where we consider propagation in a non-absorbing medium of refractive index 7.



The reflectances, defined as the ratios of reflected to incident energies,
given by
, .
K Ey)
R, = (.jj)z =r and R, = ( el
(£3,) (5:)

Fp _ i’Il(IE;p) — ?1_112“ and 7: — M = ﬂli

are simply

2.17)

(2.18)

The variation of these coefficients with angle of incidence are shown in figure2.2 for

the case n, = 1, 7, = 1.5.

For normal incidence on an isotropic medium, the reflection and transmission

coefficients, expressed in terms of refractive indices, become

(ny=n Y

n,—H, |

= R = |

R, ¢ \n, +1, )
4n.

‘rfp = i T 0112
(nOJrn)

(2.19)

(2.20)

Suppose the angle of incidence, ¢,, is varied until the angle between the reflected

and refracted beams is 90°. At this particular angle of incidence, experiments show that the

reflected beam is completely polarized with its electric field vector parallel to the surface,

while the refracted beam is partially polarized. The angle of incidence at which this occurs 1s

called the polarizing angle (or Brewsier’s angle), ¢,,.



2.2 Reflection at the Surface of an Absorbing Medium

The equations of propagation of light in a transparent medium may be taken over
for the case of an absorbing medium by replacing the real refractive index by a complex
term. The expressions for the fresnel coefficients, Eqs{2.11)-(2.14), then also become

complex and rather complicated. Replacing n, by n, = », —ik, we see that

1,S1NQ,

sinQ, = (2.21)

m —ik,

so that @, is complex. For special case ¢, = ¢, = 0. For this case only, the Fresnel

reflection coefficients, which are the same for both components of polarization, may be

easily found.

n, —n, +ik,

po— g = T 222
A R L (2.22)

which gives, for the reflectance of the surface

; . 2 2
Rp — Rs — w (2_23)
(n0+nl) +k;

For other than normal incidence, exact expressions for the reflectance are cumbersome and
approximations are used. For many absorbing materials, particularly metals in the visible

region, #* + &> >> 1. To this approximation the reflectances reduce to

(@ + &) cos’e, — 2nc0sp, +1 29
7 (1 +k*)cos’g, + 2ncosg, +1 )

(2 g2y 2
_ (—Z ‘ k7) 2ncosQ, +cosq(p0 2.05)
(n‘ + k“) +21cosp, + cos @,

s



The Fresnel transmission coefficients have no direct significance for the wave

entering the absorbing medium since the attenuation of the wave depends on the distance

travelled in the medium [2].

2.3 Reflection and Transmission of Light by a Single Film

We may apply the results of Section 2.2 to the determination of the reflection and
transmission coefficients for a single non-absorbing layer, bounded on either side by semi-
infinite non-absorbing layers. We do this by considering a beam incident on the film which
is divided into reflected and transmitted parts. Such division occurs each time the beam
strikes an interface so that the transmitted and reflected beams are obtained by summing the
multiply-reflected and muptiply-transmitted elements. For the case of the single layer and
for this case only, the summation can be easily affected. The results are conveniently

expressed in terms of Fresnel coefficients.

Suppose that a paralel beam of light of unit amplitude and of wavelength A falls on a
plane, parallel-sided, homogeneous, isotropic film of thickness d and refractive index
supported on a substrate of index 7, figure(2.3). The index of the first medium 13 7, and

angle of incidence in this medium o,

We may write down the amplitudes of the succesively reflected and transmitted
beams in terms of the Fresnel coefficients, given by eqs.(2.11)~(2.14). From the definitions
of these coefficients, it is clear that the values of r and 7 for a given boundary depend on the
direction of propagation of light across the boundary. Thus for normal incidence on a
boundary between iﬁedia. of refractive indices #, and #, the Fresnel coefficient for reflection
for light incident from 7, is given by (n,-m,)/ (n,+n) while that for the reverse direction 1s
{(n,- n,) (m+ ny). The corresponding Fresnel coefficients for transmission are 2 7z, 7y +1m,)

for propagation from #, to n, and 27, /( n,+ n,) for propagation from #, to 7.

In treating the problem of the single layer, we shall denote the Fresnel coefficients

for propagation from n, to i, by 1, and ¢, as given by eqs.(2.11)-(2.14). The corresponding

BN
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coefficients for propagation from n, to n, will be written 1/ and . The expressions given

below will be valid for either direction of polarization provided that r and # are given the
appropriate values from eqs.(2.11)-(2.14). The second suffix (p or s) will therefore be

omitted. From the form of the expression for the fresnel reflection coefficient we see that 7/

(ﬁeﬁ 5 //"rfrf*"z b tinri /frfr*"r r2
\
éf fgf‘g tgf‘zi‘z
£ ‘{tg rira t;f‘f {“g t;[‘% ny
Y
/ \
v \ :

hY
btz bytarirz &larm r%z trbary f‘z

FIGURE 2.3. Reflection and transmission of light from a single film

is equal to ;.

The amplitudes of the successive beams reflected into medium n, are thus given by #,, £,1{7;,
. g 203 1 ; ; . _ 2,2
b HE, , LR, s and the transmitted amplitudes by £,f,, —1,L5F, —LLAH .

Writing 81, for the change in phase of the beam on traversing the film, we have
2
= T"’xd@OS@x (2.26)

The reflected amplitude is thus given by

_ —2i8, o 2 448
R = r+titine " —hHinne T
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e ™
= Kt (2.27)
1+rre ™™

where the time-dependent factor is omitted. For non-absorbing media, this may be further
simplified by writing the Fresnel transmission coefficients in terms of r, r,. From

conservation of energy we have

1t =1 -1 (2.28)

so that equation (2.27) becomes

R= "= {2.29)

The transmitted amplitude is given by

_ -8 o 38y 22,518,
T = tte ™ — thrne " HhLHRe T —a

i

e ™

= e T 230
1+rpe ™ 239)

If the film is absorbing, or if it is bouded by absorbing media, then the values of #,,

n,, and 7, are replaced by the corresponding complex quantities.

Since we have considered a wave of unit amplitude in the first medium, the
reflectance and transmittance, defined as ratios of reflected and transmitted energy to the

incident energy, are given by

r? 4 21,0820, + 15 )
R = - 3 2 (23 1)
1+ 2r#,c0820, + 1 F;
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T = ' 2.32
my {1+ 2n7,c0828, + r2r?) (232)

The form of the expressions for the amplitudes of the reflected and transmitted
beams for the case of normal incidence are reasonably compact even when expressed in

terms of the refractive indices. From Eqs.(2.11)-(2.14) It can be seen that the Fresnel

coefficienis reduce to

B, R 2n
— G 1
h = . L = : (2.33)
1, + 1 n, + 1y
n—n 27
_ 2 . 1
K== t, = (2.34)
i+ 1, o+,

3.4 The Extension to a System of Multiple Layers

Method by which the derivation of the reflection coefficient for a single layer may be
extended to the case of any number of layers. There are two possible approaches. Since a
single film bounded by two surfaces possesses an effective reflection coefficient and
accompanying phase change, then such a film may be replaced by a single surface with these
properties. Rouard starts with the film next to the supporting substrate and works step by
step through the intervening layers to the top of the system. Vasicek starts with the top
layer and moves downwards sowards the substrate. The expression for the reflectivity of the
system is slightly more tractable when Rouard’s scheme as in figure(2.4) is used. Starting
with two films with Fresnel coefficients 1, 7, 73, We first compute the amplitude and phase

of the light reflected by the lower film (d>). Writing p, for the real amplitude and A, for

the phase, we have

pett = 5 (2.35)
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This is the effective Fresnel coefficient for the layer #, and is inserted into the corresponding
expression for the Fresnel coefficient for the whole system which is now regarded as a film

of thickness d; lying on a surface whose Fresnel coefficient is p,e”t. We thus have

iA 2id.
: not+ ope e
N, 1 2
pe = 1 i, 2id, (2.36)
+7, ;e e
and on eliminating p,, A, between eqs.(2.35) and (2.36), we obtain
w KA o0y 7, o (062 +r1r2r32’2i5‘ R
pe = EEN 215, (2.37)

. —2i8, - +8,)
I+rre "™ +npe ¥t hre

FIGURE 2.4. Demostration for dealing with multiple films

Consider now a sytem of k layers figure(2.4). The lowest layer (nk) has an effective Fresnel

coefficient given by

218,

R .
bkl (2.38)

iy

Pre T
1+7.7,,.€

On forming the product of this expression with its complex conjugate, we obtain
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p? = ¥ +r 28, 00820, (239)
R 28000828, B
Writing A, in the form
A, =1, & (2.40)
we see from eq.(2.38) that
ng, = 7,..5In28, ]
F o p, +F,.,C0828,
. (2.41)
ann = Fr.,Sin2d,
W T 00825,

so that £, 1, and therefore A, may be easily found from the Fresnel coefficients at each

interface and from the optical thickness of the film.

The (% —1)" layer is then added giving an effective Fresnel coefficient

{AY —2id; 4
iy o Jea T PC €

Ir  pye

P (2.42)

By o210kt

P, and A, are calculated in the same way as for p, and A, and the process is repeated

successively until the final coefficient p, is obtained, for the whole system. The reflection

coefficient of the system is then simply given by o]



2.5 Analysis of Electric Vector

2.5.1 Electric Vector Parallel to Plane of Incidence

The tangential components are £, and H,, where

E, = (Epe™ + By oose, L (2.43)
| .

P { o —fiaz —~— i
H, = \Ege™™ ~}I*,h7e“”’fz).fz,C

We may choose the plane z = 0 on the left-hand side of the £” layer and we then write
down the values of E,, H,, on this plane and on the plane z = d,. On eliminating £,
and FE,, from the resulting equations, we obtain the following relations between the
tangential components. To simplify the notation, we write £, , for the tangential
component of 7 on the plane separating (k—1)from (k) (ie. z= 0) and £, for the plane
z=d,.

Icos . 1
E, , = Ecosnd, + P H sinp,d, L
‘ ‘ (2.44)
in ,
H , = casipk E,sinp,d, + H cospd, }
5 8.2 Electric Vector Perpendicular to Plane of Incidence
For this case we have
E = ,Ei,e*"‘“*z + E o™ |
= et B ), ‘% (2.45)
H, = \-Ee™ +E;Se+’”’”)nk003(pk )

Following the procedure given above for the other plane of polarization, we obtain

b8
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E, , = Ecospd, ————— cosoLn — H sinp, d, L
£k

H,_, = —incosg E,sinp,d, + H.ccospd, J

(2.46)

We may express egs.(2.44) and (2.46) in a single form by introducing the characteristic
admittance (7) of the medium, defined as the ratio of the tangential components of
themagnetic to electric vector for the positive-going wave. For case (2.5. 1) above, we have

My = H / €080, while for case (2.5.2) n, = - #0080, (from equations (2.43) and (2.45),

ignoring the E,, and E terms). Then, It may be written

; ,
E = E,;cosukdpL?Hksinukdk l

k

(2.47)
H = inkEksinukdk +H cosp,d, l

3.6 Matrix Method Using Fresnel Coefficients

We may notice that equations (2.47) representing the linear dependence of £, ;.

H,_, on E,, H,, may be written in matrix form

5 ( cosud smuk \
[ij - L J ) 248)

n,sinp,d, cosuk

The components £y, H, may thus be expressed in terms of F, H and hence the

transmission coefficient of the system determined.

A form slightly more convenient for computation is obtained if the relation between

the electric vectors in successive layers are expressed in terms of Fresnel coefficients,
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Npat

FIGURE 2.5. Reflection form each layer of multiple films

For the system of # layers shown in figure(2.5), we obtain for the x and y components of £

ih

and H in the m" layer

il il
(E A o O )COS(Dm

mp

" zpw —LE eﬂp.m
(2.49)

+ ik, Z - Hif,Z
+E e )nmcosq)m

SN
Il
Aﬁj

mx

S
I

(E R )nm

mp
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2mn, cosQ,
A

where [, =

m=1

Writing ¢, = Zdz we obtain, for the m” surface, separating the (m-1)

i=1

* and the m™

layers.
+ M1 O rl}’[’m— Cm — + Myl - MG
(Emgl‘pe e L e )COS(DWI = (Empe +E, ™" )cosq)m (2.50a)
f
+ ~ 1160 i M1 Sy [ T
(e = By %) = (B < E e ) (2.50b)
for the p component.
I+ ~ilm1fm - J-IL.,,, Cop — + iyl o TGy g 3
Ef ety B ettt = ke +E, e (2.51a)
e + m‘m{ 7] ]“m—lc P _ + Oy iy Oy
( Em~1 5 + Fm—l s )nmflcosq)mfl ( E)me + Ems'e )nmC-OS(pm (25 ]b)

for the s component.

These equations may be written in terms of the Fresnel coefficients. The forms of
the resulting equations for the p and s components are identical so that the suffix p and s
from the Fresnel coefficients may be dropped. It must, however, be remembered that the
values of the Fresnel coefficient depend on the plane of polarization considered and that the

appropriate values, from eqs.(2.1 1) to (2.14) must be inserted.

Tt can be obtaimed, from eqs.(2.50) and (2.51) using the values of 7, £ as defined in

section(2.1)

+ SR L — + 1w 1 1; Gy
Em 1() ' (F +ImFme \)/ tm (252&)
£ ¢ = (B v Ee ™) /1, (2.52b)

By writing 8,, = W,C and a change of origin, eqs.(2.52) may be further simplified to

/1 i

X
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El = (™E, +rd™E,)/t, (2.53a)

E,, = (e B +e™E,) /1, (2.53b)

which recurrence relation may be written in matrix form

(E;A\ B _1_( et r'me"s""‘\\ I( E) 2.5%)
k E,;HJ ’, L’}; ze—iﬁm 1 e—ia,,, v k E;) 2.04

For a system of n layers (figure(2.5)) we require to know the relation between E,,, and Ej
so that the transmission coefficient may be obtained; and also that between £, and E, for

the reflection coefficient. From eq.(2.54) we obtain

(5 (GG oo (G ()
kEo _ale) v (G B2 ) 2.55)

where (C) = e i (2.56)

We may therefore express /2, and E:,, in terms of F, and so obtain the reflection and
. . . . . . - . N t!
transmission coefficients. We note that since there 18 no negative-going wave in the (n+1)"

medium, we put £, = 0.
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2.6 Application of Matrix Method for Evaluating

Reflectance and Transmittance

We first introduce a notation for the matrix elements which will enable expressions
relating to any number of layers to be written in a form which is both succinct and
convenient for numerical computation. It was shown above that the results are conveniently
expressed in terms of Fresnel coefficients and these are, in general, complex. For the

coefficients at the m™ interface we write 7,

ni

=g +ih, and ¢, = 1+g, +ih, If both the

th . . . . .
(m—1)" and the m" media are absorbing, with n,, = n,_, —ik,_, and n, = n,—ik,,

then for the case of normal incidence [2]

72:;_1 + k:,,1 - nyzn - k;i
8n = z ?
(n, . ’ n,) +k,,+ k) | (2.57)
., Z(Ilm,lkm - nmkm—-l)
" (nm»l -+ ﬁm)z +(km4 + km)z J

If the thickness of the (m- 1):;1 layer is d,,_, then the phase term ¢®1in the m” matrix is

Hi-

written
. 2wy L
eXpZSm__l = exp }\‘ (nmA-}_lkm—l)dmfl
- expamfl e’(p]’y m-1 (2 5 8)
n _2n
where o, , = Tkm__ldmwl and Y, = —?Tf?m.,ldm,,l

We note that all the elements of the matrices are complex and we write the m"

matrix as

&

‘m

) _ (/pnz+sz rm+ism)
(L, +, v, T,
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A double suffix notation serves to denote the elements of product matrices. Thus the

elements of ( C’l)( Cz) are written

{ i o4
Lplz TGy Ky TS, )
by +ithy, Vi Wy

The matrix elements are readily found from eqs.(2.56) and (2.57-58)

.Sm- . bm\ g 'S
() (e e (p,+id, i:ﬁfﬂ

w EKrmef’ﬁ"" g Pm = \t +iu, v, +iw,)
and
p, = eicosy, ; q, = e™isiny,
ro= e“'"*‘(gmcesqu —kmsinym_l) ; 5, = e“'""(hmcosynﬂ +gmsinym_]')
i, = e’“"‘*“l(gmcosym_l+hmsinym4) ; u, = e‘“‘”“(hmcosym_1 —gmsinqu)
v = e ™cosy, ; w, = —e ™isiny,
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3. THEORY AND EXPERIMENT

3.1 Previous Studies

In the previous chapter we derive a formula for reflection from a single layer thin
film at normal incidence. But we must have at least three equations because the number of
unknown optical constants are three (n, &, d; refractive index, extinction coefficient, and
film thickness respectively). So, only one reflection value is not sufficient to solve these
unknowns. Minkov [3] gets one transmission and two reflection {one from film side and
other from substrate side) values to calculate optical canstants. But his method has some
restrictions such as &, extinction coefficient, shall be very small with respect to #, refractive
index, and substrate must be transparent. Panayotov [4] gets one transmission and one
reflection spectrum from the film side. Swanepoel [5] uses only one tranmission spectrum
but he neglects & and then from maxima and minima of spectrum, calculates # first, then,
using this # value he calculates d, after this calculation, using this value of d, calculates
corrected 1 value and with this corrected value calculates corrected d, but d has a large

error [6].

3.2 Our Study

Tn our study, film side reflection is used at different angles. Extinction coefficient &
is not neglected, entire spectrum is not needed. Also, optical constants of a film on a non-

transparent substrate can be determined using this technique.

The geometry of the film on an absorbing substrate is shown in figure 3.1. In this
figure, ¢; and @ are not real angles. They are complex. So, in reality, we cannot show
them in figure. But to image the geometry, these angles are shown as if they are real.

The form n = u — ik wasused throughout this study.
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FIGURE 3.1. Schematic demostration of geometry
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From Snell’s law

nSINY, = 1, SINQ, G.D
Hence,
. 13N, 7,810,
sing, = 0 0 - DT
n n, —ik,

where ny = n;-ik;. Although ¢, is complex; ¢, is not needed directly; instead, the following

products are required:

1- cosQ,.cosQ, = 7
2- cosQ, — cos @, = ?

3- cosgp, +cos @, = 7

We can use cos o instead of cosg”since cos’p = cosQ'.

Proof:

il

[cos(a -ib)]" = cos(a-ib)"

i

[cosa. cos(ib) + sina.sin(ib)]” = cos(a +ib)
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f) -
[cosa.coshd + sina.isinhd] = cosa.cos(ib) - sina.sin(ib)

cosa.coshb ~isina.sinhd = cosa.coshd —isina.sinhd v

Proof'is okey.
. onsing,  msing, n +ik
sme, = P . ,
n, —ik, n, —ik, n +ik,
. 71,810, _HSIng
sing, = 55 m + iy — ok
n +k n +k
1,S1N0
let a=
n +k,
So, we have

sing, = a(n, +ik,)

sin’, = a*(n, +ik,)’ = a*(n} +2ink, — k')

= a*(n - k})+i2a’nk,

Also we know from trigonometry;

|

2 cnl
cos g, = 1 - sin'g,

cos’g, = 1 - {az(nlz_kf)+i2a2’?1k1}

i

1 - a’(m k) -i2a’nk,

=X =y

cos’Q, = X - iy

Therefore, we have

CosQ@, = X - Iy = oS @, = ,/x + iy
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we firstly need,;

1- cose,.cos'e,

r}

|

I

Jx - iy.‘/}c tiy = x4y =w

by De Moivre law [7];

if z = r(cosO+isinB) then z" = r"(cosnd+isinnd)

where 7 1s an mteger or fractional number (positive or negative)

If cose, 1s written in polar form ;

cosp, = Jx - iy = (&% + )" {cos(zun" i m) —isin(zu o/ 0)}

cos'p, = JJx + iy = (* + ) {cos(3un s o) +isin(zuw 01 0)}

let B = ztan’l(}/ / x)

we secondly need,

2- cosg, —cos @, = ?

c0SQ, — 00s"p, = /X - iy —Jx + iy = (7 + )" {-2isinB}
cosQ, — Cos'Q, = - i(2/wsinB)

Also we need

3- cos@, +cos g, = 7

(xZ + yZ )1/4(2COSﬁ)

cosQ, +cos'g, = 24/wcosp
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At the second surface, our calculation is more diffucult than the first one because

both medium, film and substrate, are absorbing. Therefore;

B sing, = n,sing,

(n, — ik, )sino,
(n, —ik,)

sing, =

we already know from the above calculations that

sing, = a(n, +ik,)
(n, —ik)).a(n, +ik,)

sing, =

(n, —ik,)
(i +kDa 4k a(n, +ik,)
(n, —ik,) (n +k))
7,S111(
where a = —‘i—ﬁ
w +k,
Hence, we have
- HSING, . ) _ msing,
= Ev ‘ et = —o Y
S, (n, +k3) (, +ik,) (1} +k7)

Therefore;
sing, = b(n, +ik,)
for second surface, we need

I- cosQ,.co8p, = 7
2- COSQ,.COS ¢, — COSP,.COS' P, =

3- COSQ,.COS P, +COSQ;.Ccos @, = 7?



i

cos’p, = 1 - sin’o,
= 1 - B(n, +ik,)

= 1-b(ny - k) - i20°n,k,

=t

cos’p, = t—iz
cosp, = ¥I1—iz = cos'p, = Vi+iz

So, we can calculate

i- cosp,.cos@, = ?

[i—iztviz = NP+

= *
2- COS(Q,.COS'Q, — COSP,.COS P, = 7

= & —iz, \/r+1/ - \/x . Nt+iz
\](xt+y:)+z(yt xz) - \/(xt+yz)—i(yt—xz)
= =

=m =n

Ii

"

Jm+in - m—in
COS(p,.COS (), — COSQ,.COS @, = iZJ;siné

where p = ¥m’ +n°  and  § = %tam"1 (n/ m)

therefore, with similar mathematical processes we easily get

3- COSG,. COS'P, +COSP,.COS P, = 2@005&
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3.3 Derivation of Fresnel Coefficients

Above six equations were used to calculate the Fresnel coefficients (7,7, ,, and r,, for a

single film). Our aim is to write these coefficients as r, = g, +ih,.

Fip = 9

o= 1,COSQ, — 1, COSQ,  1,C080Q, — (7, - ik, )cosQ, (3.2)
1p — - : :
7 n,cose, +r, cosQ, #,c080, + (1, - ik, )coso,

_ {nyc0s0, — (m, - ik Joos, 1 {n,cos"Q, + (1, + ik, )cosQ,}
{m,c080, + (1, - ik, Jcos0, }* {n,cos’ e, + (1, + ik, Jcosp, }

A
B

A = ncos@,cos’q, + ny(m, + ik, )c0s@,c050, - 1, (1, - ik, Jcos@,cos’e, — (m” +k,")cosp,

—_ 2 * =
= R, COSEQCOS @, + My, CosQ, (COSP, — COsS @)
[ — [

=w = —i( 2 wsinB)

. * 2 2 2
+ingk,cosp, (cos@, +cos @) —(n,” + k" )cos g,
SN
= 2«/—“_’005[3

= n w - 2ingn, Jw: cosQ,sinf + 2inyk, \Irs;cos%cosﬁ —(n + k. )cos’o,
= nozw -+ 2in, Jw cosQ, (k,cosP — msinf}) — (n’ + kl2 Yeos’ @,

2 ‘ - . . . EY 2 2 2
B = n, cos@,cos @, +7,,C08¢, (cos@, +cos'Q, ) +ink,cos@, (COSP, — oS @)+ (n,” +k")cosg,
S R v
- = 2ufweosp = —i(2wsinp)

= 1, W+ 20, J;fa:ces% (n,cosP + ksinf) + (1" + k" Ycos’g,

2w —(n’ +k,")eos’p,
gi = 2 . N 2 2 2 (3 3)
P o) tw2m, Jweos, (,cosB+k sinB) +(n,” +k, " )cos @,
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and
2n, «/;cosq)o (k,cosP—nsinf)
» = 2 . 2 2 2 (34)
n,"w+2n, \/w;cosq)o {ncosP +ksinf)+ (" +k, )cos o,
Fis = ?
.- 1,008, — 11, COSQ, _ 1,CO8Q, — (1, - ik, )cosQ, (3.5)
Y 1,0080, +1,€08Q,  1,c080, +{ 1 - ik, )cosQ, '
_ {ngose, — (m, - ik )eosp, }* {m,cosp, + (n tik)eos'o} A
{1,c080, + (1, - ik,)cos o, }* {n,cosp, + (n, + ik, )cos'®, } B
A =

2 2 g - * . 2 2 %
n,7cos’o, + n,(n, + ik )cosQ,cos’, — 1y (n, - ik, Jcos@,cose, — (1, + k" Jcosp,cos 9,

22 .
= 5, oS, + My, (COS ; — COSP, )
[

=i (Z\f»;sinB)

+ink,cos@,(cos g, + cos@,) — (1, + Kk, )cosp,cos P,
[ U S— |

= Zﬁcosﬁ =w
o 2 : JT k : _ 2 +1 2 R
= 1, c08"Q, + 2imy "/ wcoso,(k,cosp +nsinf) (" -+ k& pw
B = 1,"c05%0, + 1, (7, + ik, JC0SQ,CO8D, + 11y (1, - i, )cOSQuc080; + (1, + k. )cospcoso,

2.2 %
1, co8™ P, + 11y#1,C08P, (COS Py + COSP, )
e e

= 2«1’;‘;@05(5
. B 2 2 *
+inyk,c0sp, (cos @, —cos@, ) + (1, + k,")cosp,cos @,
e ———

= i(2wsinf) -w

i

1, cos’Q, + 21, Jweos, (m,c0sB — ksinB) + (n” +k)w
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g - n, cos’ g, — (1, + k> )w G.6)
5 2 o . 2 5 3.
1y cos @, +2n, \/;cosq)o (nmcosP—ksinB)+(n" +k " Hw
and
P 2n, ﬁcos%{klcosﬁ +n,sinf}) 3.7
¥ my2cos, +2n,\weoso, (r,cosB— k,sinB) + (n,” + k2w >
i’gp = ?
_ mcos, —mcosp, _ (m — ik )cos, — (i, —ik,)cosp, (3.8)
7 @ coso, + #, COSQ, (&, — ik, )coso, + (n, —ik,)cos@, '
_ {(n, — ik, )eosp, — (1, — ik, )eos@, }* {(m, + ik, Jeos'o, + (1, +ik, )cos’p, } _ A
{(m, — ik, YeosQ, + (n, — ik, Yeoso, }* {(m, + ik )cos'q, + (n, + ik, )cos'®,} B

A = (n’ +k)cosg,co8'p, + (i, — ik, )(n, +ik,)cosp,c08 0,
N A

=3

~(n, +ik, Y(n, ik, )c0s@,c08"Q, — (n,” +k," )cosp,cos"p,
\——V_._._/

=W

(n +k).s+ (mn, +ind, —ink, + kk, )COSP,CO8 @,

— (np, —ink, +ink, +kk,)cosg,cos"p, — (m," + kS )ow

(1 + k)5t (mm, + ik, Y2 psing) + i(mk, - mk, Y[ peost) — (" +k,7)w

i

B = (1 +k,)cosq,008'0, + (m — ik )1, +ik, )cosQ,c08 @,

+(, +ik,)(m, — ik, Jcos9,c08"0, + (1, + k, Ycos@,cos’o,

V-
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= (1" +k7).s+ (mn, + kik,)(€050,005°0, +c05¢,c050,)

= Zﬁcosé

+i(mk, —n,k,)(cos@,co8'p, — cosp,c08'Q,) + (n22 + k22 )w

= i(24/psing)

= (n" +k).s+(mn, + kk, )(2\/15005&) -{nk, —nk )(Z@Sinﬁ) +(n} +k,)w

. - (n” +k).s—(n +kDw .

P (k)5 (g, + ok, X2 peosE) - (mk, — kY24 psing) + (" + kD). 39)

and

. (g, + k&, Y2 psing) + (m,k, — i,k )24/ peost) 10
2 (2 )5+ (g, + e, )24 posE) - (mk, —myk, )24 psing) + (n,” + &, )w (3.10)

Fog = 9

. n,cosp, —n,cosQ,  (n —ik)coso, — (1, — ik, )cosQ, 311
27 ja, cosQ, + i, COSO, (n, — ik, ycos o, + (1, — ik, )cosQ, (3.11)

_ {(n, ik eoso, — (n, — ik, )coso, }# {(n, + ik, )eos" g, + (m, +ik,)cos’@, } A
a {(n, — ik )cos@, +(n, — ik, ycosQ, y* {(n, + ik, Yeos o, + (n, +ik, )cos 0, } B

A = (n} +kcosecos’e, + (1, — ik Yn, +ik, )COSQ,c08°Q,

—(m, + ik, Y, — ik, )oos@,c08Q, — (n,” +k,")cosp,c08'p,

= (1 +k,)cos,c08"(, + i1, (c080,C08"p, — COSP,COS’P, )
ik, (OS(G,COS"Q, + COSG,C08°Q, ) - ik, (COSP,C0S, + COSP,C08 ', )

+k,k,(cOS0,C08"0, — COSP,CO8'P, ) - (n,” +k," )cos@,cos’,



= (" k). + (g, + bk, (20 psing) +i(mk, — nyk, )24 peose) — (> +k,7).s

B = (1 +k’)coso,cos’p, + (1, — ik, )(n, +ik, Jcos,cos"@,

+(m, +ik, )(n, — ik, )c0s0,0050, + (1, + k,")c0s9,c08°0,

= (" + k). w+ (nn, + kk, )(cos,c08"p, + cosp,cos'e,)
= Z\f;cos‘é

+i(mk, — nk, )(cos@,cos'p, — cos@,cos’, ) + (1,” +k,").s

= —i(24fpsint)

= (1 + k)W + (g, + b, Y2\ peost) + (mk, — mk, )2\ psing) + (" +k,7).5

(n’+k>)w—(n" +k).s

25 ; 5 5 (3.12
82s (n” +k)w+(nn, +kk, )(.’Z\!;cosé) +(mk, —n,k, )(ZJ];smé) +(n,” +k,7).s (3:12)
and
(e, — 1k, X2 poosE) - (1, + ke, Y24/ psing)
1,

= ; = ; (3.13)
(1, + k) + (mym, + ke, Y24 peost) + (mk, -k 2y psing) + (n,” +4,7) s




3.4 Derivation of Phase Change

For an angle of incidence, the phase & also changes:

2n
6, = o d,coso,

2n
- ’x_n(nl “ikx)dl’\fx—jy
i
2 .
= i - ik )w (cosB - isinp)}
21 \/~ L. . .
= le w {n,cosP —insinf —ik,cosP — k;sinB}

2 _ 2 .
= —;Ed; Jw (ncosP— ksinB)—i —%dl Nw (msinp + k,cosp)
Therefore,

< 2 . 27 . ;
" = Bxpli-dylw (noosp— ksing) + “=d;w (usin + kcosB)

2 .
= Exp {%%t— pfw_) (n,sinB + & cosP) + i—%d1 Jw (n,cosP — k;sinB)}

oy F
zeleh

L

2n .
—Eb—cz’l«J’;»:(nlsmﬁJrklcosB) and v, = ';L—dﬂ@ (n,cosP — k;sinf3)

where o, =
The reflection at normal incidence is unique because Fresnel coefficients are the same for p
and s polarizations for normal incidence. But our aim is to calculate reflection at inclined

angle. So, Fresnel coefficients for p and s polarizations are different from each other.
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3.5 Reflection of Polarized Light
3.5.1 Reflection of p Polarized Light

The reflection of p polarized light is derived by Heavens [2] as

2 2
R = Lop ey (3.14)

§4 2 2
1)12;7 + qup

where
Pup = Papt8iphap — Mgt
ngp = q2p+h1;712p+glpu2p
Loy = by T &ip Zp_h‘:pq'lp
ul’lp = u2p+hlpp2p+glpq2p
where

p,, = €"cosy, q,, = €”siny,
—_ —O .
t,, = € (g,,c087, + 1 siny,)

= ¢ (I, cosy, — &, ,Siny,)

3.5.2 Reflection of s Polarized Light

The reflection of s polarized light is given by

2 2
- ﬁz_s U

s 2 2
Pizs T G126

(3.15)

where
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I)lls = pls + g}s’l,s’ - his”Zs
qlls = q2s + h]st2s + glsuls
Lo = b+ 81Pss — M4,

ulls = uZS + hlsp25 +glsq25

where

Ly

— (34 _ .
D, = e’cosy, q,, = e"siny,

tZA' = e'”‘l (g2.s*COSY1 +hZSSiHYI)

— :
u,, = e “'(h,cosy, g, sny,)

3.5.3 Reflection of Unpolarized Light

The reflection of unpolarized light is given by [8]

R = —+t— (3.16)

For all cases, we use numerical calculations to determine the optical constants since

the equations are non-linear and have no analytical solutions.

Equation (3.16) was used to compute reflection R versus wavelength A, from 500
nm to 1100 nm, for different inclined angles of incidence. Figure 3.3 shows R versus A for
n, = 15, k& = 0and d = 400nm. Changes of n,and , are shown in figure 3.2. It is
seen that a considerable shift occurs in the reflection spectra when the incident angle 1s
increased. We should noiice that reflection at & = 10°can be treated as normal, since the

spectrum is almost unchanged when it is compared to 6 = 0°’s spectrum.
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Reflection

Wavelength Versus Reflection
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FIGURE 3.3. Reflection versus wavelength diagram obtained by computational analyses for
n2=1.5, k2=0, d=400 nm, and changing and k; shown figure 3.2,



3.6 Experimental Work and Results

3.6.1 Description of Aparatus

3.6.1.1 Light Source

A 650 nm laser diode was used in our experiments as a light source. Such a source
was used as a LED because laser light is coherent within the thickness of the substrate. So,
one more reflection from other side of the subtsrate contributes the total reflection and data

deviates from its true value.

This type of light source was chosen because of its important advantages such as its
size, configuration compatibility to place anywhere suitable for setup and stable optical
output [9-10]. It emits light at a specified wavelength which is easy to be detected by using
silicon photodiodes sensitive at this wavelength. Besides; it is a cheap light source. Laser
diose was operated using an electrical current which was below the threshold of lasing.
Therefore, the laser emitted only spountaneous emission with p polarization at a wavelength

of 650 nm.

3.6.1.2 Photodiode Detection

The photodiode used in this experiment was BPX65 silicon photodiode with 3kQ)
feedback resistor. It is used to monitor the power reflected from the films. The photodiode
produces a current proportional to the detected light intensity of reflected light [11]. A

schematic diagram of the photodiode is shown in figure 3.4.

FIGURE 3.4. BPX65 silicon photodiode
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3.7 Optical Arrangement

A schematic diagram of the experimetal setup is shown in Figure 3.4. Sample was
mounted to a rotative circular platform by an attachment. Also photodiode detector was
mounted to a second circular platform which was the same center with the first one to
obtain the same path length. Laser diode was biased with a stable dc power supply. 650 nm
wavelength light was launched to thin film surface at inclined incidence, and reflected light

was detected by a photodiode which is sensitive to this wavelength.

Laser dinde
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Photodiods
dedectay

attachrment
5, —
Ny S

l-" lf&ﬁ'ﬁ. llﬁ\'“"““—\————""’ - .-"j
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rotative circular /
cirmlar ™ platform
platform —

— e

FIGURE 3.5. Experimental set-up

Before taking data, all laser light, thin film attachment, and detector were aligned
horizontally. Then thin film was placed to the attachment. Platform and detector were
rotated by angles 8,and 28, respectively. Detector was rotated 26, because reflected light
rotates by 26 if the film was rotated by 8. For this specific angle, reflected value was
recorded and this procedure was repeated for angles desired. But large angles should not be

preferred. Otherwise, measurement uncertainty may large due to inhomogeneoties in film
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thickness. For numerical calculation, the number of taken reflection values must be, at least,

equal to those of unknowns parameters.

3.8 Results

3.8.1 TiO; Film Coated on a Transparent Substrate

Firstly, TiO, film coated on a transparent microscope slide was used for

measurements. Data are listed in Table 3.1.

TABLE 3.1. Reflections of TiO, film at various angles

Qo (%) Reflection
20 0.0970
25 0.0926
30 0.0812
35 0.0542
40 0.0293

Reflection values are normalized by using a microscope slide which has a known
refractive index and no extinction coefficient. For this reason, reflection values were
calculated by using Fresnel’s coefficients and these values were used to normalize the

reflection of the sample.

By using the formula which were derived for mnclined reflection in the previous
chapter, numerical calculation was done according to the computational chart shown in
figure3.3; and the results shown below were obtained. Our calculations were based on
programming in Turbo Pascal. Since formula are non-linear, analytic solution could not be

obtained.
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TABLE 3.2. Experimental value of optical constants of TiQ, film

d (nm) n k
400 71.870 0.03804
400 1870 0.03805
400 1.870 0.03806
400 1.870 0.03807

Thickness of film d and refractive index »

were calculated as 400 nm and 1.870

respectively. Four different values for & were obtained because reflection values are not

precisely correct ones.

They have 1.5 percent deviation, originating from detector

misalignment, very little angle deviation and unsufficient precision of experimental

apparatus. But three digits after decimal point are consistant with each other.

3.8.2 MgO Film Coated on a Non-transparent Substrate

Secondly, MgO film coated on a non-tranparent single crystal silicon was used for

measurements. Data are listed in Table 3.3.

TABLE 3.3. Reflections of MgO film at various angles

@0 () Reflection
20 0.0701
25 0.0699
30 0.06623
35 0.0570
40 0.0456

In this case, film thickness was known from production (50 nm). Again by using formula

derived in the previous chapter, numerical calculation was done for optical constants of
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both the film and substrate. Below resulis were obtained. indices 1 and 2 represent film and

substrate respectively.

TABLE 3.4. Experimental value of optical constants of MgO film and substrate single crystal Si

i k1 | 15) kz
1.778 0.011 2.567 0.250
1.779 0.011 2.569 0.251
1.781 0.011 2.572 0.252
1.781 0.012 2.568 0.250

Refractive index of film n; and extinction coefficient 4; were obtained as 1.7798 + 0.0015
and 0.0113 % 0.0005 respectively. Also refractive index of substrate 7, and extinction
coefficient &, were obtained as 2.569 + 0.002 and 0.2508 + 0.0010 respectively. Their

correct values are listed in Table 3.5 [12].

TABLE 3.5. Optical constants of MgO and single crystal silicon (True values)

ny n» k>

1.702 3.832 0.05

For MgO film and substrate, results are not precise. This is because of the silicon substrate.
Silicon is a conductive material [13]. Therefore, at the MgO-Silicon interface, boundary

condition Da(7) - D1a(7) = 0 is not satisfied. Boundary conditions are;

Don(1)-Din(1) = (1) 3.17)

and

vy

2n_J1n:— (318)

Since monochromatic radiation was used, for this reason, the surface charge density will

vary as ¢’ then 0oy /0t = -iewt. Thus Eqs.(3.17) and (3.18) become



SZEzn - SjEln = Oy (3 ]9)

GZCEZn - O-lcEln = I(UO}’ (320)

For an arbitrary nonzero oy, Eqs.(3.19) and (3.20) can be combined by eliminating or. Thus

«Gcl _ .Gz
81(1 +I_8—(D)E]n - 8’21(1 + ISC(D )Eln

1 2

or

Gcl

(1 +i~2)D, = (1 +i-2)D
= —
1n £.0 2u

SICD 2

This result indicates that not only does the magnitude of the normal components of E and D
change across the boundary but so do their phases [14]. Also we can say that the normal
component of D, in general, will not be continuous because free charge will necessarily

build up at the interface. oy = 0 because first medium is MgO and it 1s an insulator [15].



3.9 Discussion

To use Swanepoel’s method [16], entire transmission spectrum of film is needed.

(see figure 3.6).
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FIGURE 3.6. Transmission spectrum of TiO; film

Using maxima and minima points, results below were calculated for the TiO, film

which we used.

TABLE 3.6. Optical constants of TiO; calculated by Swanepoel’s method

d (nm) n

511 +£26 1.871

Our refractive index is consistent with the value calculated by Swanepoel’s method while
film thickness has 25 percent difference. But by Swanepoel’s method, one can get an error
as high as 100 percent in the film thickness [6]. Besides, in Swanepoel’s method, extinction

coefficient is omitted entirely. On the other hand, in our method there is no neglect for any
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optical constants, what its value is. Also, only one wavelength can be studied and no need to

scan the entire spectrum.

For second sample, MgO film coated on a non-transparent silicon, Swanepoel’s
method would not work because substrate is non-transparent. So, transmission spectrum
cannot be obtained. But, in our method, only reflections are needed and they can be
obtained whatever substrate is. Only one exception, if substrate is conductive, results will
deviate from its correct values. In our experiment, this deviation was approximately 5
percent for the MgO film. On the other hand, for substrate, this deviation was as high as 33

percent.



4. CONCLUSION

In this study, a new method have been developed to determine the optical constants
of a thin dielectric layer. The most important feature of this method is to make possible

using non-transparent substrate.

The experiments employed reflection measurements by launching the light output

from a laser diode on a thin film surface at different incidence angles.

Thin film was attached on a rotating circular platform which is sensitive to 1/10 of a
degree angle. Photodiode detector was mounted to a second circular platform which has
the same center with the first one. If thin film was rotated by an angle 9, the photodiode
detector must be rotated by an angle 26. A schematic diagram of experimental set-up is

drawn in figure 3.5. It is easy to set up and to take data.

In this method, only film side reflection is used. For this reason, there is no
limitation for substrate. It can be transparent, absorbing, or non-transparent medium. At
the same time, extinction coefficient of thin film is not neglected. So, optical constants of a
strongly absorbing film can be easily determined. On the other hand, this method has only
one disadvantage. As the incidence angle gets larger, the spotsize of light on the thin film
surface gets bigger. The thickness d may not be uniform in this large area. Therefore, small

angles should be prefered.

In our method, non-transparent substrate can be used. Since our derivations was
done for non-conducting media, both film and substrate should be chosen among the
insulator materials to get good results. In the experiment, we used the conducting materials
to check the results and *o observe the dewviation. Single crystal silicon which is a
conductor, was used as a substrate for MgO film. In numerical calculations, conductivity of
substrate was neglected. Results deviated 5 percent and 35 percent for MgO and Single
crystal silicon respectively. Result deviated very little from correct value for the film.

However, for substrate, deviation is larger and it is not reliable.
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For conducting medium, boundary conditions change. This is future work to
overcome. If this problem is solved, optical constants of thin film can be easily determined,

for conducting as well as insulating substrates. In addition to this, variation of # with A may

be a very useful study.

—
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