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ABSTRACT 

The optical properties of dielectric surfaces have 

been studied in this investigation before and after 

they were damaged in a high power spark gap. Both the 

index of refraction and extinction coefficient were 

calculated from measurements taken by the technique 

of ellipsometry. The most interesting result obtained 

in this study is that the extinction coefficient, which 

is related to the absorption constant, increased after 

the measured sample was damaged. The seriously damaged 

samples could not be measured due to the properties of 

the metallic film sputtered from tbe electrodes in the 

spark gap and the oxide film deposited over the metallic 

~·1 ~~ m. Suggested improvements of this technique will 

help to overcome this difficulty. 
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SECTION I 

INTRODUCTION 

This study attempts to investigate surface damage of 

insulators which were exposed to discharges in a high voltage 

spark gap. Ellipsometry has been known as a valuable 

surface analysis tool with high sensitivity and accuracy. 

The goal of this study is to measure, by the technique of 

ellipsometry, the optical constants of both damaged and 

undamaged samples and then compare the optical constants 

obtained from these samples. The optical constants of 

interest are the index of refraction n and the extinction 

coefficient k which are the real and imaginary parts of 

the complex refractive index N (N = n + ik). 

Section II develops the theoretical basis of ellipsometry. 

Two elegant methematical representations, the Jones matrix 

and the complex-plane variable, of polarized light were 

used to describe the interaction between polarized light 

and optical components in ellipsometry. The equations 

of ellipsometry are also developed in this section. 

The third section presents an error analysis and 

sensitivity study of ellipsometric parameters. This 

section is necessary to understand the limitation of the 

equipment used in this investigation and how the ellipsometric 

1 
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parameters vary with the errors produced by the alignment 

procedure, the imperfection of optical components, and the 

measurements. 

Section IV describes the instrument used in our 

investigation. Also, the equipment set-up of the spark 

gap and its operation are described in this section. 

A 35 kV spark gap was used to produce damaged samples. 

Section V discusses the measurements taken in this 

investigation and suggests some improvements in equipment 

and techniques for future studies. 

The last section presents the results of this study 

and summarizes conclusions from this research. 



SECTION II 

THEORETICAL BASIS OF ELLIPSOMETRY 

The polarization of light 

Light waves are electromagnetic in nature and require 

four basic field vectors for their complete description: 

-+ 
E - electric field strength 

D - electric flux density 

H - magnetic field strength 

B - magnetic flux density. 

The four basic field vectors mentioned above are 

interrelated by Ma~~vell's equations and three constitutive 

relations. l4axwell r s 

E -+ 
\j X - ao;at 

-+ 
aB/at \j X E + 

-+ 
\j X D - p 

-+ 
\j X 3 - 0. 

The three constitutive 

-+ *-o E -
-+ -+ 
H - B/11 
-+ -+ .... crE . u -

equations 

- j 

- 0 

relations 

are: 

are: 

( 2-1) 

(2-2) 

( 2- 3) 

(2-4) 

(2-5) 

( 2-6) 

( 2-7) 

In general, E is chosen to define the state of polarization 

of light waves since the force exerted on the electrons 

by the electric field is much greater than that by the 

-+ 
magnetic field. Once E has been determined, the remaining 

3 



4 
three field vectors D, H, and B can be found by us~ng 

equations (2-1)-(2-7). 

For the experiment of interest, we will confine our 

attention to monochromatic light. The general electric 

-+ 
vector E can be resolved into three independent, linear, 

simple harmonic motions E , E , and E along three 
X y Z 

mutually orthogonal directions x, y, and z, respectively. 
-+ A A A 

E=E x+E y+E z, 
X y Z 

E. = E . cos (wt + 8. ) , i = x, y, z. 
~ 0~ ~ 

(2-8) 

(2-9) 

E . and c. represent the amplitude and phase of the linear 
0~ ~ 

vibration along the ith coordinate axis. The angular 

frequency of the monochromatic light is given by . Now 

+ 
vle are going to prove that the end-point of the E vector 

-+ 
will trace an ellipse in space, provided E is drawn from 

the fixed observation point. By considering Eq (2-8) , 

each of three linear vibrations can be resolved into 

two colinear vibrations 

E. - (E. case.) coswt- (E. sine.) sinwt, 
~ ~0 ~ ~0 ~ 

(2-10) 

i = x, y, z. 

The first term on the right hand side represents three 

in-phase linear vibrations along the coordinate axes x, 

y, and z that vary with time according to coswt. Similarly, 

the second term, -(E. sine.) sinwt, also represents 
~0 ~ 

three in-phase linear vibrations that vary with time 

according to sinwt. 



Let 
~ " " " 
A = A1 e1 - E coso X + E coso y 1 xo X yo y 

" 
+ E coso z (2-11) 

zo z 
~ 

" " " 
A2 - A2 e2 - - E sino X + E sino y 

XO X yo y 

" 
+ E sino z , ( 2-12) 

zo z 

where 

= ( (E coso ) 2 + (E coso ) 2 + (E coso ) 2J112 
XO X yo y ZO Z I 

(2-13) 

A2 - ((E sino >
2 

+ (E sino )
2 

+ xo x yo y 
(E sino ) 2) l/2 

zo z • 

(2-14) 

A
1 

and A2 are also linear vibrations in phase with their 

component vibrations, since 

+ " " E - (A1 coswt) e
1 

- (A2 sinwt)e 2 • ( 2-15) 
A A 

In Figure 1 we consider the unit vectors e 1 , e 2 as basis 

vectors to define a plane of interest. We use ~ to 

5 

denote the angle between e 1 and e 2 . Taking the projection 

of E parallel (E
11

_) and perpendicular (E..L) to e
1

, we.have 

By 

the 

E = A
1 

coswt - (A2 cosa) sinwt, 
J_J 

elimination of t between Eq ( 2-16) and 

following equation 

2 E2 2 El_l. E..l. E) I 
+ .l + 

A2 . ) 2 A2 (A2 s~na 
1 1 

( 2-16) 

(2-17) 

(2-17)' we get 

cos a 
1. 

(2-18) 



6 
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Fig. 1 An ellipse in the plane determined by unit 



7 
Equation (2-18) is the equation of an ellipse in the 

plane determined by the unit vectors e
1 

and e 2 . 

The discussion above shows that elliptical polarization 

is the most general state of polarization of monochromatic 

light. Eq's(2-16) and (2-17) can be rewritten as follows 

E I I = E II 0 cos ( wt +<511) ( 2-19) 

E l.. = EJ.o cos (wt +o.L) , (2-20) 

where 

E II 0 = (A~ + (A2 cos a.) 2 ) 1/2 

E.lO - A2 sina. 

0 II tan -1 
(A2 cosa./A1) -

Q.l - TI"/2. 

The complex polarization variable is defined as 

X = EJ./E11 = J E..Lj/t EJIO I exp ~ ( ol. -<511) • (2-21) 

Further, the following relationships will be derived 

later and shown in Eq's (2-67) and (2-68). 

tane 2 Re (:X) 

I- lxl 2 , 

sin 2 E. -
2. Im (X) 

• 

Therefore, the azimuth angle e and ellipticity angle s 

can be determined easily with above relationships. The 

concept of a complex polarization variable X will be 



8 
discussed. They are just special cases of elliptical 

polarization with ellipticities 0 and 1, respectively. 

In the following, we will discuss two different 

representations of polarized light, the Jones matrix and 

the complex polarization variable representation. 

The Jones matrix representation of polarized light1 

First of all, we consider a single monochromatic, 

TE (Transverse Electric) travelling wave of arbitrary 

polarization, propagating along the positive direction 

of the z-axis. This electric field vector is given by 

+ 
E(z,t) - E cos(wt- 2TIZ/A + 8 ) x 

XO X 

+ E cos(wt- 2TIZ/A + cy) Y. yo 

More neatly, it can be rewritten as 

E(z,S) -

E cos(wt- 2TIZ/A + ex) xo 

E cos(wt- 2TIZ/A + cy) yo 
• 

(2-22) 

(2-23) 

Using the phasor notation, it can be expressed as 
ic 

E(z,t) _ ei(wt - 2TIZ/A) 

Setting z - 0 and t = 0 , we get 
ic 

Exo 
X e 

§_(0,0) - ic 
E e y 

yo 
• 

EXO e 

E yo e 

X 

ic y 
(2-24) 

• 

(2-25) 



Equation (2-25) is the desired representation which is 

called the Jones matrix (or vector) . To restore the 

actual representation of an electric field vector, we 

can do the following step: 

~(z,t) = Re ( 2-26) 

where Re means to take the real part of the com;:) lex 
J:: 

representation. 

The normalized forrn2 of the Jones vector is 

obtained by dividing the Jones matrix in Eq (2-25) by 

(E2 + E2 ) 112 For example, the Jones matrix in xo yo · 

Eq (2-25) can be rewritten as 

!(0,0) 

.,. 

_ ( E 2· + E 2 ) 1/2 
xo yo 

+ E2 ) 1/2 s_ , 
yo 

icS 
X cos a. e 

icSY 
sina. e 

(2-27) 

9 

··1 where a. = tan (Ey
0

/Ex
0

) and S. represents its normalized 

form, name 1 y I S.l = 1. 

Without the term (E2 + E2 )~ the matrix form on 
xo yo ' 

the right hand side of Eq (2-27) is a normalized form 

of the Jones matrix for the general elliptical polarization. 

In order to get more physical insight into Eq (2-27) , 

let us express the information contained in the normalized 

Jones matrix in Cartesian coordinates. The x-component 

of the normalized Jones matrix is 



io 
E 

X 

. X 
- cosa.; e , 

and y-component 
io 

E - sino. e Y. y 

(2-28) 

(2-29) 
iwt 

By restoring the time dependence e of Eq (2-28) and 

(2-29), and taking their real parts, we get the actual 

x- and y-components of the electric field vector. 

iwt 
X = Re(E e ) - cosa. cos(wt-+ 

X 

iwt 
y - Re(E e ) - sino. y 

Combining Eq (2-30) and (2-31) 1 

2 . 2 ·~ ~ ) + cos a.s~n ( u - u 
y X 

cos ( 0 -5 ) 

cos(wt 

we get 

2 
y 

+ 

0 X) 

oy)· 

y X 1 
--------~--~2---------- xy - • 
sinacos as in ( oy- ox) 

(2-30) 

( 2- 31) 

(2-32) 

By Eq (2-32) , we can see that the loci of the electric 

field vector traced in the x-y plane form an ellipse. 

10 

For linear polarization, we just substitute ox = oy 

- o into. Eq (2-25) and get 

E(O,O) -
E yo 

io e .. 

By Eq (2-27) , it has the normalized form 

cos a. 

s~na 

io e 

' 

( 2-33) 

(2-34) 



or more concisely, 

cos a. 
s. -

sin a. I 

since 1ei
0

1 = 1 and its phasor term can 

without affecting generality, where a. = 

(2-35) 

be neglected 

-1 
tan (E /E ) yo xo 

as sho\vn in Figure 2(a). For x-directed polarization, 

by setting a.= 0, we get (shown in Figure 2(b)) 

1 
(2-36) 

0 
• 

Similarly, by setting a.= rr/2, we get a y-directed 

polarization as shown in Figure 2(c). 

0 
(2-37) 

1 
• 

11 

We can obtain an equation for the trace of the electric 

field by lettingo = o - o in Eq's (2-30) and (2-31) 
X y 

sina. x = cosa. y. (2-38) 

This means that the locus of the electric field vector 

traces a straight line with the slope equal to tan . 

Now let us consider the case of circularly polarized 

light. Substituting E = xo 

into Eq (2-25), we have 

io 
E(O,O) - E 

0 
e X 

E - E yo o 

1 

+i TI/2 e-

and 6 = o - o y X 
- + -

(2-39) 

rr 
2 
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y 

co. sot l 
~ = 

s~noC 

X 

Fig 2(a) The schematic representation of the 
normalized form of the Jones matrix. 

y 

1 
1 

l --x 
0 

Exo 
X 

ct.= 0 

Fig 2(b) The normalized form 
of x-directed pola
rization. 

0 

1y -
1 

Eyo 

X 

c( = iTj2 

Fig 2(c) The normalized 
form of y-dire
cted polarization. 



where[+:) is the normalized form of the circularly 

polarized light. The "- 11 sign indicates left circular 

13 

polarization, and the "+" sign right circular polarization 

as shown in Figure 3(a), (b). In the following we will 

consider the Jones matrix representation of an optical 

system when it interacts with the TE monochromatic light. 

Figure 4 shows a schematic diagram to represent this 

interaction, where T is the Jones matrix of the optical 

system of interest. For generality, the input and the 

output polarized light are assumed to be elliptically 

polarized. Two space-fixed right-handed Cartesian 

coordinate systems (x,y,z) and (x' ,y' ,z') are associated 

with the input and· the output plane waves. The directions 

z and z' need not be parallel, and neither do k and k'. 

The Jones matrix of the optical system is a 2 x 2 matrix3 

m 
~ -

' 
( 2-40.) 

where the elements T .. are, ~n general, complex and 
~J 

determine the optical properties of the system. This 

process can be put in a more concise manner with the 

matrix transformation. 

E Tll Tl2 E. 
ox ~X 

- (2-41) 
E T T22 E. 

oy 21 ~y , 
(output) (optical (input) 

system) 



y 

y 

Fig. 3 (a) Right-handed circular polarization. 

(b) Ieft-handed circular polarization. 

14 

X 

(a) 

/ 

X 

(b) 



E. 
~. 

Input 

T 

Optical system 

E 
0 

x' 

OUtput 

15 

z' 
~ 

k' 

Fig. 4 Schematic representation of the interaction between the 

optical system T and polarized light. 



or equivalently, 16 

(2-42) 

The Jones matrices of several optical devices used in out 

experiment will be discussed as follows: 

(1) Linear optical retarder (compensator) 

In this case, the medium through which the wave 

is propagating is uniaxially birefringent, and 

the wave is travelling in a direction perpendicular 

to the optical axis, as shown in Figure 5. 

According to the property of birefringence, the 

refractive index (called the extraordinary 

refractive index, n ) for light polarized in e 

a direction perpendicular to the optical axis 

is different from that (called the ordinary 

refractive index, n ) for light polarized in a 
0 

direction parallel to the optical axis. So 

Eq (2-41) becomes 

E 
OX 

E oy 

e 

0 

'"" -.l.L. 

0 

e 

~ ...... 
.l.X 

-i2 n8d/A 
E. 
~y 

(2-43) 

, 

where d is the optical path (thickness of slab) 

experienced by the transmitted light. Equation 

(2-43) can be expressed in an alternative form: 



Optical axis 

' 

d 

(n ) 
e 

k 

Fig. 5 Light propagates through a tmiaxiall y birefringent rredium 

with its direction :pe:t:pendicular to the optical axis. 

17 



E 1 0 
18 

-i2 1r n d/A E. ox ~X 

e e - -io E oy 0 e E. ' ~y 

(2-44) 

where o- 27T(n - n )d/A is the phase shift experienced o e 

between the ordinary and the extraordinary rays after 

passing through the slab. If the medium under consideration 

also e~~ibits uniaxial linearly dichroism in addition to 

birefringence, Eq (2-44) will become 

E -27Tdk /"A 0 E. 
-i2 Tin d/ "A e ox e J.X 

e e -io -27Tdk /A -
E 0 e e o E. oy ~y , 

(2-45) 

where k and k denote the "extraordinary" and the e o 
"ordinary" extinction coefficients of the medium, 

respectively. Alternatively, (2-46) can be written as 

E ox - i2 7Til d/ "A -2 rr dk I A 
l 0 E. 

~X e e e 

E oy 

- e 
0 

-io -2 rrd (k -k )/"A 
e e o e E. 

~y 

(2-46) 
-2 1rd (k -k ) I A 

where T - e 0 e is the relative attenuation ~n 
c 

amplitude betvveen the ordinary and the extraordinary 

components. Equation (2-47) can therefore, be simplified 

as 

E 1 0 E. 
ox ~X 

- K -i 0 (2-47) 
~ 

-c 
0 T e E. 

~oy '' ~y , 



where K 
-c 

-i2nn d/A -2ndk /A 
e e e· - e , and (k -k ) ~s called e o 

the dichroism of the medium. The Jones matrix in Eq 

(2-48) is that of an ideal linear retarder with 

birefringence and dichroism. In our experiment, we 

19 

set Tc - 1 and = - n/2 (quarter wave plate) and Eq (2-47) 

becomes 

E ox 

E oy 
-

1 

K -c 
0 

0 E. 
~X 

(2-48) 
1 E. 

I ~y • 

The sign of the birefringece (n
0

-ne) is used to define 

negative or positive crystals. 

For positive uniaxial crystals 

and/or negative uniaxial crystals 

n - n < 0 o e 

n 
0 

n > o. e 

No matter what sign the birefringence has, we usually 

denote the direction of polarization along the axis of 

the smaller refractive index as the fast axis and that 

along the greater refractive index as the slow axis. 

(2) Ideal linear polarizer 

A Jones matrix for an ideal polarizer can be written 

as follows if vle set k = 0 and k = oo in Eq ( 2-46) . e o 

1 0 
-i2nnd/:\ 

T = e (2-49) 

0 0 
• 

A practical polarizer may have K ~ 0 and K >> 1 so that e o 

the matrix in Eq (2-49) is only an ideal case to be 

approximated. 



(3) optically isotropic reflector 

For an isotropic reflecting surface, theincident light 

having an electric vibration parallel (p-type) to the 

plane of incidence will produce a reflected wave with 

the same type of vibration. Likewise, an incident wave 

with s-type (perpendicular to the plane of incidence) 

polarization will be reflected with s-type polarization. 

With the information given above, the Jones matrix of an 

isotropic reflector will be 

0 

T - (2-50) 
0 , 

20 

where R and R are complex Fresnel's coefficients 4 to be p s 

discussed later. The four parameters required to completely 

describe the state of elliptical polarization are the 

azimuth angle e, ellipticity angle s , amplitude A, and 

relative phase a. A detailed derivation of the relation-

ships between them and how to describe the state of 

5 elliptical polarization has been g1ven by Born and Wolf . 

The information contained in the Jones matrix representation 

of polarized light is complete, since we can get the four 

required parameters mentioned above from it. By Eq (2-25), 

we know that the general Jones vector representation of 

polarized light is given by 



io 
E X 

xO • e 

E -
io 

E e y 
yO . 

• 

According to Born and Wolf5 , 

A- (ExO + EyO)l/2 

o - oy - ox 

and 

sin2 e: - sin 

sin28 = 2ExOEy0cosocos28 

r 2 tan -l ( :yo ) J sin 0. 
, xO 

(2-25) 

(2-51) 

(2-52) 

(2-53) 

(2-54) 

From Eqs (2-51) and (2-52), we can easily find A and 

21 

Combining Eq .. ' s(2-52) and (2-53), we can find the azimuth 

angle 8. Also, we can find the ellipticity angle e: 

by solving Eq.~ s(2-52) and (2-54). 

We will conclude this section with a discussion of 

the eigenvectors of the jones matrices 6 of the optical 

system considered above. An eigenvector of any matrix 

is defined as a particular vector which, when multiplied 

by the matrix, gives the same vector with a constant 

factor (eigenvalue). This fact can be written as 

follows: 

a b A A 

- A (2-55) 

c d B B 



where l : ) is the eigenvector, and A is called 

theeigenvalue. Physically, an eigenvector of a given 

22 

Jones ~atrix stands for a particular polarization of a 

light wave which, upon passing through the optical 

system of interest, emerges with the same polarization 

as when it entered. The eigenvalue A contains the 

information about the change of the amplitude and the 
·o 

phase. Let A= 1Aie1 
, then IAI is the amplitude change 

and 0 is the phase change. For example, we consider a 

linear retarder as the optical system under investigation. 

Given input polarized wave E an X I 

E y 

1 0 E E 
X X 

K - "' K (2-56) - ,, 
-c -c 

0 T -io E E e I c y y 

and eigenvalue A can be found from the following 

equation. 

(1 

hence 

A) (T e-io -A) - o, 
c 

-io 
A- 1, T e c • 

For A - 1 1 we must have E ~ 0 I 
X 

in variance of the eigenvector 

it is required that 

E y 

E 
X 

E y 

- 0 to maintain the 

• 
-i 0 

For A= T e 1 c 



23 

Ex= 0, Ey ~ 0. Physically, this means that the 

incident light, polarized in the direction of either 

the fast axis or the slow axis, is transmitted 

without change of polarization. 

The complex-plane representation of polarized light
7 

As mentioned in the previous paragraph, the Jones 

vectors have given a very concise description of polarized 

light. Another elegant representation used to describe the 

state of polarized light will be introduced. This represent-

ation is referred to as complex variables in a Cartesian 

complex plane. The complex variable X is defined as 

X = (2-57) 

arg (X) = o - o y x· (2-58) 

From Eqs (2-57) and (2-58) , we know that the state of 

polarization is completely determined by the relative 

amplitude lxl and the relative phase oy -ox. Also, by 

solving Eqs (2-51), (2-52), (2-53) and (2-54). we get 

E __ y __ -

E 
X 

E y e 
. (0 
~ y 

0
x) case cos£ - isine sins - sine cess + ~case s~ns. 

(2-59) 

From Eq's(2-58) and (2-60), we find that X is given by 



X - tane + itane: 
1-~tane tane: • 
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(2-60) 

Equation (2-61) shows explicity how the state of polarization 

with azimuth 8 and elliplicity e: is represented by a single 

complex variable X. Because e and e: are limited to the 

TI TI TI TI 
ranges-~~ e ~ --2- and-~~ e: ~ ~.Eq (2-60) provides 

a one-to-one correspondence between points in a complex plane 

(Xr' Xi) and various states of polarized light where 

Xr - Re (X) and XI= Im (X). With the help of Fig.6, this 

fact will be examined as follows: 

(1) X ~ 0 amd X. - o. r ~. 

In this case, the point is located on the X axis. r 

By Eq (2-61). we 

X = Re (X) 
r 

can find 

tan e ( 1-tan 2 e:) 
- I 2 2 

1 + tan e tan e: 

X. -
~ 

Im (X) -
tan € ( l+tan 2 

8) 
2 2 

1 + tan etan e: 

Since X. = 0, by Eq (2-62). we have 
~ 

2 
tan e: ( 1 + tan e ) = 0 . 

(2-61) 

(2-62) 

• 

2 ) . b' t t b Since (1 +tan e ~s ar ~trary, ane: mus e zero 

and thus e: = 0. This is the case of linear 

polarization. If we substitute e: = 0 into Eq (2-61), 

we get X = tanS. Therefore, 
r 

x - > o, if o < e 
r 

TI 
< -r 

X TI 
r < 0' if - -r < e < 0 

linear polarization 
with azimuth e 



ll I 

/ 

I . 

m IY 
Fig 6 The schematic representation of polarized 

light in the complex plane. 

25 



x - ol if e -r 

{ 

x ~ oo, if e -

X r ~-"' if6 -
r I 

(2) xr - 01 i t- o. 
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0 1 

x-directed polarization 

rr/2 
y-directed polarization 

Tr/2. 

The point is now located on x. axis. By Eq's(2-61) 
~ 

and (2-62) 1 we know 

tans = + 1 and X. - +1 1 
~ 

i f tan e t- 0 • ( 2 - 6 3 ) 

From Eq (2-63), we find two points (0,1) and (0,-1) 

on the X. axis reoresentina right handed circular 
~ .... .J 

polarization and left-handed circular polarization, 

respectively. 

Also, if tane- 0, we have 

X. = tans 
~ 

and -1 < x. < 1 • 
~ 

(2-64) 

In this case, points (0, X.) are located on the X. 
~ ~ 

axis within the range -1 < X· < l. They represent 
~ 

elliptically polarized light with azimuth angle 

9 = 0, except the point (0,0), which represents 

linearly polarized light as mentioned before. 

Finally, we consider the case e = + rr/2 which makes 

X = 0 , X. f. 0 , since , by Eq' s ( 2-61) and ( 2-62 ) , 
r ~ 



lim X = lim 
r 

e---t+TI/2 

- o, 

lim X. = lim 
~ 

a-t+ 11/2 8~+ TI/2 

2 - +cot s • 

By Eq (2-65)' we know 

2 
if the ri - cot s 

2 
if the X· - -cot s 

~ 

and 

X. > 1 or X. < -1. 
~ ~ -· 

tane (1 - tans) 
2 tan e 

1 
2 

tan e 

2 + tan s 

1 + 

--1 

2 tan s 
2 tan e 

2 tan e 

2 
+ tan s 

that 

azimuth angle 

azimuth angle 

e 

e 

(2-65) 

- TI/2 

- -n/2 

So we know the points (O,x.) 1n the range x. > 1 
l l -
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and X. < -1 represent elliptical polarizations with 
~ -

azimuth e = n/2 and e = - n/2, respectively. This 

fact ~s shown in Fig 6 also. 

(3) X ~ 0, X. ~ 0 
r ~ 

With the discussion 1n (1) and (2), we examine 

Eqs (2-61) and (2-62) and conclude that all points 

(X , X.) in four different quadrants represent the 
r ~ 

various states of elliptical polarization. The 
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variation of ellipticity (including handedness) and 

azimuth from quadrant to quadrant ~s summarized as 

follows and shown in Fig 6. 

ellipticity 
azimuth e - tane: handedness 

Quadrant I: 0<8<rr/2 0 < e < 1 right 

Quadrant II: -rr/2<8 < 0 0 < e < 1 right 

Quadrant III: 0 < 8 < rr/2 -1 <e < 0 left 

Quadrant IV: -'Tt/2 <8 <0 -1 <e < 0 left. 

As mentioned above, we have discussed the one-to-one 

correspondence between the complex variable represent-

ation and real polarized light. It is useful to 

represent the azimuth 8 and the elliplicity angle e: in 

terms of the complex variable X. 

By solving for 8 and e: in Eqs (2-61) and (2-62), we 

have 

tan28 2 Re ( X ) - 2 
1 - I X I 

(2-66) 

sin2 e: 2 Im ( X ) - 2 
1 + I X I • 

(2-67) 

Finally, we would like to consider the interaction 

between polarized light and an optical system by using 

the complex variable X. Let XI denote the complex 

variable of polarized light at the input of the optical 

system (before interaction) and x
0 

that at the output 

of the optical system (after interaction). Then, XI 



and x0 are given by 

X 0 

Eiy 

Eix 

Eo y 
E 

Ox • 
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With reference to Eq (2-42), we obtain the relationship 

between XI and x0 as follows: 

Eo T22(Eiy/Eix) + T21 y - (2-68) 
Eox Tl2(Eiy/Eix) + Tll 

• 

Thus 

T22XI + T21 
Xo -

T12Xr + Tll 
• 

(2-69) 

Equation (2-68) is a very useful result because it 

shows that the output polarization X0 is determined only 

by the input polarization, irrespective of the amplitude 

A and phase 8 • We will use this result again to 

elucidate the interaction between polarized light and 

the optical system in the paragraph discussing the 

mechanism of ellipsometry. 

. 8 9 10 
Equations of Ell~psometry ' ' 

The ellipsometer is a very sensitive and valuable tool 

to study the surface properties by measuring the change of 

the optical constants of that surface. To interpret 
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ellipsometer measurements taken when polarized light is 

reflected by bare or filmed surbstrates 1 we have to study 

the electromagnetic theory of light and use it to derive 

expressions for the complex reflection and transmission 

coefficients in terms of the optical constants. The light 

used in this measurement must be monochromatic and the media 

involved in the basic theory are assumed to be isotropic and 

homogeneous. Reflection and transmission of a plane wave 

at the interface between two media is shown in Fig.?. If 

we substitute the three constitutive relations (2-5) 1 (2-6) 1 

and ( 2-7) into Maxwell's equations (2-1)' (2-2) 1 ( 2-3) and 

( 2-4) ' we get 

a 2 t ~ 

"2 E aE (2-70) = lJS 
at

2 + lJO' 
at 

a2 ~ ~ 

2 ~ H aH (2-71) 'iJ H - lJE: 
at2 + ~a at • 

By applying a9propriate boundary conditions, we can find 

the complex Fresnel's coefficients for reflection, as 

ll 
follows. A detailed derivation ~as been given by Brock . 

Ep N1 cos¢ 0 - ~ 0 cos¢ 1 r 
Rp - -

E? ~ 1cos¢ 0 + N0cos¢ 1 ~ 

(2-72) 

Es N0 cos¢ 0 - N1cos¢ 1 .,... ..... 
Rs - -..,s 

N
0

cos¢ 0 + N1 cos¢ 1 
.. ..... 

r 

(2-73) 

where theN's are the complex refractive indices, which are 

defined as N= n+ ik. The real part n represents the 



Incident beam 

Ef? 
~ 

Medium 0 

N0 = n 0 + ik0 

Medium 1 

N1 = n 1+ ik1 

l 
i 
l 
i 
j 

~: 
0 

l 

I 
I~ 
t 

I 

I 

Reflected beam 

Transmitted beam 

Fig. 7 Reflection and transmission of a plane at the 

interface between medium 0 and medium 1. 
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refractive index of the medium in which the electromagnetic 

wave is propagating and the imaginary part k is the 

extinction coefficient of the medium. The subscript p 

identifies the direction of the electric vector polarized 

parallel to the plane of incidence and the subscripts 

that polarized perpendicular to the plane of incidence. 
~ 

To examine the effect of reflection on the waves separately, 

\ve re\t~ri te R and Rs as 
p 

Rp - I Rp I 
- id 
e rp (2-74) 

IRs I 
io 

R e rs (2-75) -s • 

For convience, the ratio p of the complex Fresnel 

reflection coefficients for the p and s polarizations 

has been defined as 

• 

It is customary to write P ~n the form 

i~ 
p = tanwe , 

from Eqs (2-76) and (2-77) ' we get 

-1 I RPI 
lJJ - tan 

I Rs I 
~ - orp - 0rs. 

(2-76) 

(2-77) 

( 2-7 8) 

( 2-79) 

~ and ~ are called ellipsometric parameters (or 

ellipsometric angles) and Equation (2-77) is called the 

equation of ellipsometry for a bare substrate. If we 



substitute R , R in Eqs (2-72), (2-73) into Eq (2-76), p s 

we have 

p -

(2-80) 

By Snell's law N0sin ~ 
0 

= N 
1 
sin ¢ 

1
, which gives 

cos ¢ 1 - 1 -

Substituting COS¢l 
. 

Eq ~n 

Nl - N0tan ¢ 0 [1 

Inspecting Eq {2-82) 1 we 

N2 
0 . 2 

s~n ¢0 

( 2-81) into 

4 Q 

(1 + p)2 

• (2-81) 

Eq ( 2-80) , we find 

2 r/2 sin ¢ 0 
0 

(2-82) 

know that N
1 

can be calculated 
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if N0 ~s known since ¢ 0 is easily measured by the ellipscrreter 

and p is also obtained from the ellipsometric parameters 

~ and ~ , which have a close relationship to the 

ellipsometry azimuth. This relationship will be shown 

later in Eq (2-128). From Eq (2-82) 1 we know that 

nl - Re (Nl) 

kl - Im ( Nl) • (2-83) 

From the discussion above, we see that the optical 

constants n and k can be calculated from the ellipsometric 

parameters ~ and ~ . 

The equation of ellipsometry for a film-covered 

13 surface has been developed by Drude . With reference 



to Figure 8, the exact Drude equations are: 

where 

R 
p 

R s 

D' - -~ 

p p I r 12 + r 23 exp D 

1 p p + r 12 r 23 exp D' 

s s r + r exp 0 1 

12 23 

1 + s s D' rl2 r23 exp , 

4JTN
2
o 

AO 

(2-86) 

(2-87) 

(2-88) 

In Eqs (2-86) and (2-87), r~. and r~. represent the 
~J ~J 

complex reflection Fresnel's coefficients between 
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medium i and j, D' is the thickness of the film deposited 

on the substrate surface, and A0 is the wavelength of 

the light in vacuum. Now Eq (2-77) becomes 

i~ 
tan lJJ e -

r¥2 + r~ 3 exp D' 

1 p p ' + r 12 r 23 exp D 

• 

s s 1 + r 12 r 23 exp D' 

s + s D' rl2 r23 exp 

(2-89) 

Equation (2-89) is the equation of ellipsometry for a 

film-covered substrate. 

Mechanism of Ellipsometry 

Ellipsometry is a method designed to measure the 

change in polarization of light induced by interaction 

with the optical system of interest. 

• 



Medium 1 
Nl 

Medium 2 
N2 

(Film) D 

Medium 3 · · 
N3 

Fig. 8 Reflection and transmission on a film-covered 

surface. 
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Dependent upon the mode of interaction that modifies 36 

the state of polarization of the light, we may distinguish 

ellipsometry as 

(i) 

(ii) 

(iii) 

Reflection or Surface Ellipsometry, 

Transmission Ellipsometry (Polarimetry) , and 

Scattering Ellipsometry. 

Reflection ellipsometry has been recognized as an important 

tool for th~ study of surface and thin films and was used 

in our experiment. With this, we can determine the 

refractive index of the thin film deposited on the 

substrate surface. The ellipsometric configuration we 

used is known as Archer's method. This ellipsometer 

arrangement is shown in Figure 9. It essentially 

consists of two polarizers and one quarter wave plate. 

Light used in this technique must be monochromatic. 

The light passes through a collimator to a polarizer then 

through a quarter wave plate to tne sample. After 

reflecting off the sample light passes through a second 

polarizer (usually called the analyzer) to the detector. 

The light issuing from the first polarizer is plane 

polarized. After passing through the quarter wave plate 

it is changed into an elliptically polarized state due 

to the phase retardation of the quarter wave plate. The 

key step in ellipsometry is to adjust both the polarizer 

and the quarter wave plate to produce a certain phase 
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difference which can be compensated for after reflection 

from the sample surface. Then the reflected light must 

be linearly polarized and can be extinguished by rotating 

the analyzer. For convenience, we set the quarter wave 

plate at a fixed angle (+45°) and then adjust the 

polarizer and analyzer to get a minimum reading from 

the null meter. That means that we adjust the polarizer 

to make the light issuing from the quarter wave plate 

have just the phase difference which can be compensated 

for by reflection from the surface. Therefore we usually 

call the quarter wave plate the compensator. 

Now we are going to elucidate in detail the process 

mentioned above by using the Jones matrix formulation 

and complex polarization plane. We will proceed in this 

process stepwise by referring to Figure 10. Also, in 

order to make the mathematical approach concise, we will 

perform several coordinate transformations between the 

principal reference frames of concern. The reference 

systems to be considered are described as follows: 

(1) TE reference system --- Transmission-extinction 

principal frame of reference. 

This reference system is built up by two orthogonal 

coordinate axes which are the transmission axis and 

extinction axis of the polarizer (or analyzer) . 

(2} FS reference system --- Fast-slow principal frame 
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of reference. This is only concerned with the 
40 

birefringent transmission axes, the fast and slow 

axes of· the compensator. These two axes are 

mutually orthogonal and indicate the directions of 

two eigenpolarization axes of the compensator. 

(3) PS reference system --- This is built up by p and 

s axes. The p axis lies in the plane of incidence 

of the light beam of interest and the s axis is 

perpendicular to the plane of incidence. These two 

axes indicate the directions of the two eigenpolariza-

tion axes of the reflection sample surface. 

To understand the relationship between these three 

reference systems, we can refer to Figure 11. The 

following notation will be used. The first letter of 

a subscript identifies an optical component, the second 

either its input or output. Several notations to be 

used are enumerated and explained below: 

E - The Jones matrix representation of polarized 
-PO 

light at the output of the polarizer. 

E - The Jones matrix representation of polarized =cr 
light at the input of the compensator. 

E
50 

- The Jones matrix representation of polarized 

light at the output of the sample optical system. 

EAI - The Jones matrix representation of polarized 

light at the input of the analyzer. 



s 
Slow 

Transmission 

Fast 

p 

Fig. 11 Relationship between three referenced 

coordinate systems PS, FS, TE. 
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XPI - The complex polarization representation of 

the light at the input of the polarizer. 

XPO - The complex polarization representation of 

the light at the output of the polarizer. 

We now start from step 1 and go step by step to get a 

14 deeper insight into this process . 

STEP 1: 

The Jones Matrix and complex polarization of the 

polarized light issuing from the polarizer is given by 

:§.po (referred to TE reference system) = ~ ( ~ ) 

Xpo = o. < 2-9o) 

~ contains information on the intensity (I = l ~ 12 )' and 

absolute phase ( o= Arg (~)). The output of the 

polarizer will become the input of the compensator 

without changing its polarization. So we just do a 

coordinate transformation TE + FS for convenience in 

later analysis. With reference to Figure 11, we can do 

this by a coordinate rotation transformation R(P-C). 

R(P-C) is a counter-rotation matrix with rotation angle 

P-C. 

So 

~I (FS) - ~(P-C)EPO (TE) 1 

and by Eq ( 2-69) 

cos(P-C) Xpo + sin(P-C) 

-sin(P-C) XPO + cos(P-C) 

(2-91) 

• (2-92) 
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Since 
cos(P-C) 

R(P-C) -
sin(P-C) 

Eq (2-91) and (2-92) becomes 

cos(P-C) 

sin(P-C) 

XCI(FS) - tan(P-C) 
• 

STEP 2: 

-sin(P-C) 

cos(P-C) ( 2-9 3) 
• 

( 2-9 4) 

\ 

The compensator is assumed to have a stow-to-fast 
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relative amplitude transmittance PC =·Tceioc. This means 

that the component of the electric vector incident on 

the compensator parrallel to its slow axis is retarded 

by -oc and is attenuated in amplitude by Tc, relative 

to the orthogonal component parrallel to its fast axis. 

The Jones matrix in this case is given by 

1 0 
T = K .::.c -c. 0 (2-95) 

' where ~ accounts for the equal attenuation and phase 

shift along the fast and the slow axes. 

So 
cos(P-C) 

~O (FS) - !c ~I (FS) - ~~ 
Pc siri(P-C) 

(2-96) 

by Eq (2-69) 

Xco(FS) 
T22XCI + T21 

- m 
T12Xcr + .L 11 

- (T22/Tll) Xcr = Pc tan(P-C). 
(2-97) 
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For the same reason mentioned in step 1, a counter-rotation 

by an angle e must be made to get a coordinate transforma-

tion FS + PS. 

~SI (PS) - ~O (PS) - R(-e) ~0 (FS). (2-98) 

Similarly 
cosexe

0
(FS) + sine 

XSI(PS) - Xeo (PS) -
-sineXCO (FS) + cose • 

(2-99) 

Substituting Eqs (2-96) and (2-97) into (2-98) and 

(2-99), respectively, one obtains 

~~ ( cose cos(P-e) -'P sine sin(P-e) 
ESI(PS) e -

sine cos(P-e) +·Pe cose sin(P-e) 

(2-100) 

XSI (PS) -
tane +petan(P-e) 

1 - Petane tan(P-e) • 

(2-101) 

STEP 3: 

The optical system is assumed to be an isotropic 

reflector with the eigenpolarizations which are the linear 

vibrations parellel (p) and perpendicular(s) to the 

plane of incidence. The Jones matrix T (PS) of the 

optically isotropic reflector is diagonal 

R 0 

!s (PS) - p 

0 R s (2-102) 

where R and R are the complex Fresnel's reflection 
p s 



coefficients. The Jones matrix at the output of the 

optical system is related to that at its input by 
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RP (cos C cos(P-C) - Pc sin c sin(P-c) 

Rs (sin C cos(P-C) + Pc cos c sin(P-C~ 

(2-103) 

and the complex polarization variable between the input 

and the output is given by 

STEP 4: 

R 
s 

----R 
p 

XSI (PS) 

tan c + Pc tan (P-C) 

1 - PC tan C tan (P-C) • 

(2-104) 

Here the outgoing light from the optical system ~s 

analyzed by a linear analyzer (the second polarizer) 

·which is followed by a photodetector. Before we can 

make some analysis of this step, we have to make a 

coordinate transformation PS + TE. 

Since 

~SO (PS) - EAI (PS) 

~AI (TE) - R (A) EAI (PS)• (2-105) 

Combining Eqs (2-105) and (2-103), we obtain 



!AI (TE) - ~~ 
cos A a. + sin 46 

-sin A a. + cos (2-106) 

where 

a. - R ( cos c cos(P-C) - p sin c sin (P-c)J p c 

a - Rs (sin c cos(P-C) + Pc cos c sin (P-c>) • 

In the TE principal frame, the Jones matrix of the analyzer 

l.S 

: ] 1 
!A (TE) - KA 

0 (2-107) 
' 

where the !A matrix contains the information for amplitude 

and phase changes of the polarized light as it passes 

through the analyzer. So the Jones matrix and complex 

variable at the output of the analyzer is given by 

EAO (TE) - TA(TE) EAI(TE) 

- !Sc~~ [ 6], (2-108) 

where y cos A c cos(p-C) - p sin c sin (P-c)) = { Rp (cos c 

(sin sin (P-C~} +R s1.n A c cos(P-C) + Pc cos c s 
• 

(2-109) 

From Eq (2-108), we see that the light beam possesses 

only the component parallel to the transmission axis of 

the analyzer as it emerges from the analyzer. This fact 

confirms the polarization property of the analyzer. 

For simplicity, the response of the photodetector is 

assumed to be a linear function of the total light flux 

that impinges upon it. So its output signal is proportional 

to the intensity of the light emergent from the analyzer. 

we define the detected signal as follows. 



where ~ matrix is a real factor depending upon the 

intensity profile of the light and the nature of the 

detector. 

Further, by Eq (2-108) 

~ = KD (!S_A ~ ~ [:) t 
(KA KA ~ l ~ J ) ) 

- KD ~ ~ KA ( y* 0 ) KA !5c ~ [: ) 

!S.o 1~1 2 1~1 2 
IKAI

2 2 - y 

G·~~ 2 (2-110) - _y , 

where 

(2-111) 

Reviewing Eq (2-109) we find that the detected signal, 

as recorded by photodetector, is a function of (1) the 

azimutha~ settings P, C and A, (2) the slow-to-fast 
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relative complex-amplitude transmittance of the compensator 

PC, ( 3) the complex Fresnel's reflection coefficients 

Rp and Rs. Therefore, we may write 

s
0 

= f ( P , C , A, PC , Rp , R5 ) . (2-112) 

Ideal null ellipsometry is based on finding a set of 

parameters in Eq (2-112) so that the light flux falling 

on the photodetector is zero. Usually, C is set at a 

certain angle, say, 45°. Also, we would like to make Pc 



constant, say, Pc = -i(i~e.,oc =- -f-, Tc = 1) to 
48 

\ 

simplify the operation. R and R depend on the optical 
p s 

properties of the sample surface. They won't be changed 

unless the sample surface or its optical properties are 

altered. Therefore, for a certain sample surface we need 

only to adjust P and A to get a set of azimuthal settings 

(P, A), which causes a null condition corresponding to 

zero detected signal, s0 = 0. According to Eq (2-110), 

this is equivalent to the requirement that 

y = 0. 

By Eq (2-109)' we get 

{ R p 

+- R s 

p -

cos 

sin 

R p 
R s 

A (cos c cos 

A (sin c cos 

- - tan A 

(2-113) 

(P-C) - Pc sin c s~n (P-c>) 

(P-C) + Pc cos c sin (P-el)} = 0. 

(2-114) 

tan C + PC tan (P-C) 

L - Pc tan c tan (P-C) • ( 2-115) 

By the definition of the el1ipsornetric par.ameters tjJ, 6. 

i6. 
p - tantjJ e (2-116) 

and 

'Rp I 
. 

(oP -os>, R ~ 
p e -R IRs I s (2-117) 

we get 

\ REI 
tanl/J -

I Rs I ' 
6. - 0 - 0 p s 0 

(2-118) 



Equation (2-118) is exactly the same definition given in 

Eq (2-78) previously. 

Now we consider the special case with C = + n/4, 

oc = - n/2 and TC = 1. oc = - rrl2 implies that the 

compensator used is a quarter wave plate which causes 

the rrl2 phase shift between the field component parallel 

to the fast axis and that parallel to the slow axis. 
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Tc= 1 means that there is no relative amplitude attenuation 

between the fast and slow axes. So 

-i rrl2 
- l·e . - -~ 

• 

When 

C - rrl4, Eq (2-115) will become 

p - - tan A 

- - tan A 

tan rrl4 + (-i) tan (P- rrl4) 

1-(-i) tan rrl4 tan(P- rrl4) 

cos (P- rrl4) -i sin (P- rrl4) 

cos (P- rrl4) + i sin (P- rrl4) 

= - tan A exp ( - i 2 ( P- Tr I 4) J , 
Similarly, when C - - nl4 

Tr/4) J. 

(2-119) 

(2-120) 

(2-121) p - tan A exp ( i2 (P + 

If we substitute P and A in Eq (2-119) by setting P' 

= P+ rrl2 and A' - n- A, respectively, we get 

-tan A' exp (-i2 (P' - Tr/4)] 

- -tan ( rr-A) exp ( - 2 i ( P + rr I 2 - rr I 4 ) ) 

- -{<-tan A) exp (- 2i (P - Tr/4)) exp (-iTT)} 



=-tan A exp (i2 (P- n/4)). 
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(2-122) 

By Eq (2-122), we know that (P', A') represents another 

set of nulling azimuthal angles. Similarly, we can prove 

that P' = P + n /2 and A' = n- A are also the nulling 

azimuthal settings for the case C = - n/4. A notation 

'15 has been developed by McCrackin et at. to identify the 

different null pais (P,A). When the compensator is set 

at C = + rr/4 nulling azimuths are denoted by (P 2 ,A~), (A4 ,P4 ) 

which are referred to as the nulls in zones two and 

four. For the case C = - rr/4, (P 1 , A1 ) and (P 3 , A3) 

are used and referred to zones one and three. The two 

null pairs with the same value of compensator setting 

(C = + rr/4 or C = - n/4) are called the two nulling 

azimuth pairs in the two conjugate zones. The relationship 

between two conjugate null settings is surrmarized~ as follows. 

{ p4 
- p2 + 'TT/2 

when C - + IT /4 
A4 + A2 = 'TT (2-123) 

{:: + 

pl + 'TT/2 
when C = - IT/4 • (2-124) Al = IT 

Next, we will try to relate ellipsometric parameters 

( ~' ~) to the nulling azimuth (P, A) in different conjugate 

zones. By Eq (2-116) 
i~ 

p = tanw e 

and Eqs(2-121) and (2-122) 

p = tan A exp (- i 2 ( P - rr I 4 ) ) when C - + IT I 4 



P =-tan A exp r i2 (P + rr/4)) 
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when C - - rr/4, 
' . 

Combining the restriction for ~ and ~ : 

0 ~ tjJ < rr/2 

we can conclude that 

tan ~ = I tan A I 
1 

~ - -2p rr/2 

- -2p + rr/2 

- 2P + rr/2 

- 2P - rr/2 

for zone 2 

for zone 4 

for zone 1 

for zone 3. 

(2-125) 

(2-126) 

(2-127) 

More neatly, we can put the relationship between (~ ,tjJ ) 

and (P, A) as follows 

Zone 1 

Zone 2 

Zone 3 

Zone 4 

~l - 2P1 + rr/2 

tjJl - Al• 

~2 - -2P 2 - TI/2 

tlJ2 - A2 • 

~ 3 - 2P 3 - rr/2 

~3 - -A 3· 

~4 - -2P 4 + rr/2 

tjJ - -A 
4 4. 

C - - rr/ 4 1 

C =· + rr/4 , 

C - - rr/4 , 

C - + rr/4 
I 

(2-128) 

In our experiment, the compensator was fixed at the 

azimuth angle C = + rr/4. Therefore, the two conjugate 

zones of interest were zones two and four. The ellipsometric 

parameters were calculated by the two sets of null pairs 



(P 2 , A
2

} and (P
4

, A4}. We used two-zone averaging to 
52 

eliminate some experimental errors. This will be discussed 

in Sec. III. 



SECTION III 

ERROR ANALYSIS FOR ELLIPSOtmTRIC PARAMETERS 

When using the ellipsometric parameters 6 and ~ to 

study the change of the complex refractive indices between 

damaged and undamaged samples, it is important to know how 

much error 6 and ~ contain. Note that the calculation of 

the real and imaginary parts (n and k, respectively) of 

the complex refractive index of the substrate depends on 

6 and~ as shown in Eq (2-82). The ratio of reflection 
i~ 

coefficients p = tan~e measured by an ellipsometer is 

susceptible to systematic errors from various sources. 

The most important errors in our experiment may primarily 

arise from the alignment procedure (including the ~ilt of 

the sample surface) and imperfections of optical components. 

In the following, we examine the effect of the above sources 

of errors on the calculated 6 and ~ and employ two-zone 

averag~ng for correcting such errors. 

(1) Errors of Alignment 

The precision of alignment is very important, since 

·the accuracy of the ellipsometric azimuthal readings 

P, A and C depends on the alignment procedure. The 

alignrr.ent method used in our experiment will be 

described first. The method used is based on the fact 

53 
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that when light incident on an optically isotropic 

reflector is linearly polarized parallel (p) or 

perpendicular (s) to the plane of incidence, the 

reflected light is likewise p- and s- polarized, 

respectively. The isotropic reflector used for the 

alignment is a piece of glass with an optically flat 

surface. With the compensator removed, the telescope 

arm is rotated to a "straight through" position. The 

P scale is set to read zero and the A scale is then 

adjusted until a minimum reading is obtained from 

the null meter. After the isotropic mirror is mounted 

on the sample table, the telescope is rotated to an 

angle near the principal angle. The calibration curve 

is obtained by the following step. At first, A is 

changed by 0.1° and Pis then adjusted to get a minimum 

reading. If the null meter reading is higher than 

that. for the previous set (P, A), A must be adjusted 

in the other direction. A series of reading is taken 

in this manner and a curve representing (P, A) is 

plotted. _Inversely, P is moved 0.1° and A is adjusted 

to get a minimum reading from the null meter. Similarly, 

a series of data points (P, A) is taken and the second 

calibration curve is plotted. The intersection of 

these two curves (actually, they are straight lines) 

is the lowest minimum of all the minima obtained in 



the above procedure. Figure 12 shows that the 

correction angles for P and A are P = 0.03° and 
c 

Ac = 0.19°, respectively. The errors arising from 

the alignment can be attributed to (A) azimuth-angle 

errors, (B) the tilt of the sample surface, and (C) 

uncertanties of the angle of incidence. 

(A) Azimuth-angle errors 

The azimuth-angle calibration of P and A can be 
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accomplished by the alignment procedure mentioned 

above. But some residual calibration errors of 

the graduated circle may still exist. The two-zone 

averaging method is very useful in eliminating 

the 

the 

As 

errors 

. 
~n 

in 

outcome 

w-

-

associated with Since 

zone 2: ~2 - A= Ao + M. 

zone 4: ~4 - -A' - -(A' + 0 

of the two-zone averaging 

~2 + ~ 4 

2 

(Ao + M) -
2 

A A' 
2 

(A I 

0 
+L).Aw.) 

M.') I 

is 

mentioned in section II, we know that M= 

Ao - A' 
1Jt = 

A - A' 0 - 2 2 

M', 

Therefore, ~ is free of the effect of the azimuth

angle by using two-zone averaging to calculate 

so 



p 

0.40 

0.20 

0.03 
0.00 

-0.2 

-0.4 

_.-.,_ --. - --- ---

I 
89.80 90.00 90.20 90.40 90.60 

A 

Fig. 12 The calibration curves and their 

intersection point for the ellipsometer 

used in the experiment. 
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its value. For ~ , we cannot use two-zone 57 

averaging to correct its azimuth-angle error, 

because16 

in zone 2: ~ 2 - -2P-~ Tr = -2 (p
0 

+ ~P)- ~ 1r 

in zone 4: ~ 4 - -2P 1 + ~Tr= -2(PO + ~P)+~Tr, 

and 

~2 + ~4 -2 (P +PI) - 4~P 

7S 
0 - 2 - 2 

= -(P + pI ) - 2~P 0 0 

After both the polarizer and analyzer are a ligned 

in the procedure mentioned previously, the 

compensator is replaced to complete the alignment. 

To calibrate the compensator, P=45° and A=l35° 

are set and by adjusting the compensator to 

obtain a minimum reading from the null meter, 

the compensator is aligned. The accuracy of the 

alignment of the compensator can be checked as 

follows. The compensator used in this experiment 
0 

has fixed phase retardation at 5461. A. The only 

correction for the compensator is the azimuthal 

setting C. By resetting (P = 225°, A= 135°) 

and (P = 45°, A= 215°), the average shift of C 

0 is observed to be /J.C = 0.05 . This was taken into 

account by putting a correction instruction into 

the computer program used for calculation
17 

of 

ellipsometric parameters. 



(B) Errors caused by the tilt of the sample surface 58 

A correction to the ellipsometer reading P, A 

and C may also be required due to the tilt of 

the reflecting surface. This may occur when the 

ellipsometer is aligned with one surface, and 

then the surface is replaced by another surface 

to be measured. The computer program used for 

calculation of ellipsometric parameters has a 

special instruction to handle this and correct 

the values of P, A and C according to the angle 

of tilt18 . 

(C) Uncertainty of the angle of incidence 

Placement of the sample is critical since an 

error in the angle of incidence will produce a 

pronounced error in~ and~· According to Lydon's 

19 0 study , an error of +l in the angle of incidence 

produces about a 6° uncertainty in ~ and about 

a 0.2° uncertainty in~- Thus it is important 

to determine the angle of incidence e. to an 
~ 

0 0 0 
accuracy of 0.1 . Effects of 1 and 0.1 

variation of e . on ~ and ~ are shown in Tables 
~ 

III-1 and III-2. 

(2) Errors Due to Imperfection of Optical Devices 

The essential optical devices used in the ellipsometer 

are the polarizer, the analyzer, and the compensator. 

In practice, the polarizers (including the analyzer) 



0 
TABLE III-1 The effect on 6 and w caused by a 1 

25.429 

22.598 

20.254 

44.079 

38.896 

34.571 

29.565 

26.866 

24.528 

8.883 

7.725 

6.813 

variation of the angle of incidence. 

12.486 

13.852 

15.228 

11.143 

12.287 

13.499 

15.468 

16.738 

18.014 

10.648 

12.152 

13.646 

e. 
1. Optical constants 

Sample 1 n = 1.50 

k- 0.13 

Sample 2 n = 1.60 

k - 0.20 

Sample 3 n = 1.40 

k- 0..18 

Sample 4 n = 1.55 

k - 0.04 
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TABLE III-2 0 
The effect on~ and~ caused by a 0.1 

~ 

22.857 

22.598 

22.344 

39.373 

38.896 

38.428 

27.118 

26.866 

26.617 

7.828 

7.725 

7.625 

variation of the angle of incidence. 

~ 

13.715 

13.852 

13.990 

12.169 

12.287 

12.405 

16.611 

16.758 

16.866 

12.002 

12. 152 

12.302 

e. 
~ 

64.9° 

65.0° 

65.1° 

Optical constants 

Sample 1 n = 1.50 

k - 0.13 

Sample 2 n = 1.60 

k - 0.20 

Sample 3 n = 1.40 

k- 0.18 

Sample 4 n = 1.55 

k - 0.04 



have some small degree of ellipticity due to 
61 

imperfection. The procedure of alignment used has 

. d d . 11' . . 20 I 1mprove some errors cause oy e 1pt1c1ty . n 

addition, two-zone averaging has been used to eliminate 

the effect of ellipticity to~ and ~ 16 . Also, the 

deviation from one quarter wavelength slow-to-fast 

phase retardation of the compensator can be eliminated 

b t . 21 y wo-zone averag1ng 



SECTION IV 

INSTRUMENT 

Figure 13 is a schematic diagram of the equipment 

used in the experiment. A Gaertner L-119 ellipsometer 

was used for the investigation. It has two arms on 

which the collimator and the telescope are mounted. 

Both the collimator-arm and the telescope-arm have 

vertical graduated circles which hold the polarizer 

and the ana~yzer scales with an accuracy of 0.01°. 

The polarizers, including the analyzer, are Glan-Thompson 

prisms. The quarter-wave plate is also mounted in a 

graduated circle with the fast axis fixed at azimuth 

0 45 from the plane of incidence. A monochromator was 

used to produce light with a single wavelength (the Hg 
0 

line, 5461.02 A). A photomu~tiplier was used as a 

detector. In order to increase the readability of the 

null meter, a lock-in amplifier technique was employed 

to optimize the signal-to-noise ratio (S/N) of the 

measurements. A chopping wheel modulated the light from 

the monochromator and provided the reference signal. 

Before the measurement was taken with the ellipsometer, 

the damaged samples were prepared by putting the undamaged 

samples into a 35 kV spark gap. A schematic diagram 
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of the spark gap used is shown in Figure 14. The spark 

gap was filled with flowing air, the flow rate and 

pressure of which could be controlled by the valves at 

its input and output. Four resistors with approximately 

0~25ohm each were connected in parallel between the top 

and bottom plates, whiqh hold the electrodes of the spark 

gap, for the return current. A voltage divider with 

division ratio 1000:1 was used to measure the charging 

voltage of a 1.96 ~f capacitor. The gap spacing used in 

the experiment is 0.95 em. Also, a digital counter shut 

off the power supply after a preset number of discharges 

in the spark gap. An 18.8 kn resistor was connected in 

series with the voltage divider to limit the current 

flowing through the charging cable for the capacitor. 

The undamaged samples were placed along the inside wall 

of the insulating pressure vessel located between the 

two electrodes of the spark gap. The top plate of the 

spark gap is easy to take off by lessening the screws 

used to mount the top plate on the upper electrode. 

Thus the samples could easily be inserted and withdrawn 

from the spark gap. 

The operation of the 35 kV spark gap in our experiment 

is described as follows. After the undamaged samples 

were put into the spark gap, the pressure and air flow 

was adjusted to a suitable value (about 1.8 PSIG and 

one gas change per spark in our experiment) and the digital 
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gC:ls ~n gas out 

1' 
sample 

HV R 
.25 0. 

o~-

2..uf 

10
3

: 1 
-

Oscilloscope 

-
Counter 

Fig .. 14 Schematic diagram of the equipment 

set-up of a 35 kV spark gap. 
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counter was set to the desired number of discharges. 

The constant-current power supply used to charge the 

capacitor was then turned on. Each time the spark gap 

broke down, the digital counter counted once and, in the 

meanwhile, the oscilloscope displayed the charging 

voltage applied to the capacitor. The period of charging 

before breakdown was 16s. As mentioned before, the 

counter would shut off the power supply when it counted 

the preset number. 



SECTION V 

APPLICATION - THE INVESTIGATION 

OF SURFACE DAMAGE ON DIELECTRICS 

Ellipsometry has been used to investigate surface 

damage on three different kinds of insulators, which are 

lucite, delrin, and nylon. As mentioned in Section IV, 

the damaged samples were prepared by placing them in 

a 35 kV spark gap which was charged so that it selffired 

once per breakdown. Two damaged samples for each kind of 

insulator were prepared by firing the spark gap 

consecutively for 100 and 1000 times. 

Since the material from which the samples were cut 

was squeezed when it was manufactured, the samples under 

study might exhibit. birefringence. The samples were 

cut in rectangular shape and the birefringence of each 

kind of insulator was examined by comparison of the 

measurements taken from two orthogonal locations of the 

samples on the sample table as shown in Figure 15. 

The optical constants n and k measured from these two 

locations are shown in ~able V-1. In order to avoid 

problems caused by the birefringence of the insulator 

samples, for each kind of insulator, the samples were 

cut from the same piece of insulator ~aterial, in the 

same way, and the samples were located in the same direction 
67 



Fig. 15 

LOCATION I 

LOCATION II 

Two orthogonal locations of an insulator 

sample to study birefringence. 
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TABLE V - 1 

Samples 

Lucite 

Delrin 

Nylon 

The optical constants of insulator 

samples in two different locations. 

n 

1.4916 

1.4608 

1.4785 

1.4690 

1.5391 

1.5802 

k 

0.01253 

0.01811 

0.01138 

0.01430 

0.05602 

0.05121 

Locations 

I 

II 

I 

II 

I 

II 
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on the sample table when ellipsometric measurements were 

taken. The simplified two-layer (air-substrate) surface 

model has been used to calculate the optical constants 

of the insulator samples. A more complex surface model 

may be needed if we obtain enough information about the 

properties of surfaces from other techniques. The 

two-layer model has an advantage for calculations since 

we need not make any correction for the effect of surface 

films. Therefore, the five unknowns to be calculated 

have been reduced to two. The five unknowns are the 

refractive indices of the substrate and film (n, n~), the 
~ 

extinction coefficients of the substrate and film (k, kF), 

and the thickness of the abdorbed film (D). In constrast, 

we measure only two ellipsometric angles ~ and ~ to be 

used for calculation. So, for the three-layer surface 

model (air-film-substrate) , we have to know three of 

the unknowns before we can calculate the other two. For 

the two-layer model, we need not worry about this because 

two ellipsometric parameters are enough for ~~e calculation 

of the two optical constants n and k of the substrate. 

Our concern in this investigation is to obtain the 

optical constants n and k of the damaged and undamaged 

samples and then compare them for these two cases. As 

mentioned in Section II, the complex refractive index 

is defined as N = n + ik. The imaginary part k is closely 

related to the absorption constant (or damping constant) . 

the relationship is given by 22 
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k = CLA --
41T 

(5-1) 

where :\ is the vacuum wavelength and CL ~s defined as 

follows: 

I I a - a.d 
(5-2) - e 

Io and T' represent the light intensity before and after ~ 

light enters the medium of interest, d is the optical 

path length of the light in the medium, and a is usually 

called the absorption coefficient, since it is a measure 
\ 

of the rate of loss of light from the direct light beam. 
. \\ 

Absorpt~on represents the actual disappearance of light 
\ 

\ 

whose energy is converted into thermal energy of the 

molecules of the absorbing material. Surface damage 

\ 
was induced, among others, by UV light from discharges 

\ 
in the saprk gap. It is reasonable to expect that the 

extinction coefficient k wo~d change after the sample 

is damaged due to the high energy associated with UV 
\ 

\ light. 
I 

\ 

Two sets of azimuth readings\ (P 1 , A1 ) and (P 2 , A2 ) 
\ 

were taken for each calculation. This two-zone averaging 

has the advantage of eliminating some experimental errors 

caused by the alignment procedure and the imperfection 
\. 
\ 

of the optical components as mentioned in Section IV. 

The ellipsometer we used exhibited a high reproducibility 

of P and A when the undamaged and 100-spark damaged 

samples were examined in this investigation. Table V-2 

\ 



TABLE V-2 

Samples 

Undamaged 

lucite 

100-spark 

damaged 

1ucite 

Azimuth readings (P, A) for the 

undamaged and 100-spark damaged 

samples. 

pl A2 p2 A2 

134.250 13.892 44.296 166.607 

134.200 13.850 44.320 166.598 

134.242 13.870 44.338 166.590 

(spot 1) 

134.210 13.820 44.347 166.570 

134.230 13.810 44.310 166.590 

134.200 13.857 44.295 166.562 

(spot 2) 

133.280 11.120 43.460 169.301 

133.310 11.091 43.410 169.290 

133.312 11.110 43.400 169.300 

(spot 1) 

133.280 10.950 43.460 169.480 

133.300 10. 910 43.410 169.450 

133.339 10.970 43.438 169.467 

(spot 2) 
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TABLE V-2 - CONTINUED 

Samples pl Al p2 A2 

Undamaged 134.361 194.123 44.380 346.130 

de1rin 134.324 194.133 44.330 346.125 

134.400 194.081 44.329 346.205 

(spot 1) 

134.358 194.130 44.322 346.140 

134.320 194.120 44.303 346.150 

134.396 194.141 44.341 346.129 

(spot 2) 

100-spark 128.392 190.282 38.382 350.321 

damaged 128.332 190.280 38.360 350.200 

delrin 128.301 190.234 38.310 350.282 

(spot 1) 

126.816 190.173 36.872 350.352 

126.879 190.386 36.874 350.300 

126.812 190.351 36.820 350.280 

(spot 2) 



74 

TABLE V-2 - CONTINUED 

Samples pl Al p2 A2 

Undamaged 131.552 192.499 41.488 347.610 

nylon 131.592 192.490 41.530 347.650 

131.612 192.571 41.572 347.690 

(spot 1) 

131.620 192.451 41.572 347.710 

131.680 192.410 41.521 347.713 

131.560 192.492 41.623 347.707 

(spot 2) 

100-spark 129.119 342.502 39.110 198.502 

damaged 129.136 342.540 39.127 198.570 

nylon 129.128 342.521 39.119 198.536 

(spot 1) 

179.752 341.940 39.768 200.206 

179.702 341.963 39.737 200.215 

179.792 341.927 39.799 200.197 
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shows three measurements of the same spot on the sample 

surface. Two spots were taken for each sample. For 

the undamaged and 100-spark d~-naged luci te samples, ~-~e 

had an accuracy of ~0.05° reproducibility. For the 

other two insulator samples, delrin and nylon, we had an 

accuracy of +0.1°. The larger uncertainty was attributed 

to the roughness of the delrin and nylon sample surfaces. 

A study of ellipsometry with rough surfaces has recently 

23 been done by Vorburger and Ludema • They used both 

ellipsometry and stylus measurements to study the effect 

of surface texture on the ellipsometric measurement. 

They concluded that surface roughness can easily produce 

errors in the interpretation of ellipsornetric measurements, 

especially for random surfaces. The data for the random 

surface show trends that are related to surface geometry, 

but the behavior is complicated, and so far it does not 

seem to be exolained by the proposed models, i.e. the 

Kirchhoff theory. In our experi~ent, this difficulty 

was dealt with by taking more than three measurements 

on the same spot to average out the effect of the roughness. 

The average value of these data was taken and used to 

calculate the optical constants. 

'V'Je failed to obtain reliable measurements on the 

1000-spark damaged s~~ples due to large uncertainties. 

The variation of reproducibility on P and A was about 

g0 for lucite, 11° for delrin, 12° for nylon. Those 



variations are shown in Figure's 16-18 and comoared .. 
with the data taken for undarr.aged and 100-spark damaged 

samples. The large uncertainties could be explained as 

follows. 

Metal sputtered from the electrodes of the spark 

gap may have formed a metallic film deposited on the 

damaged surface. We saw some metallic reflection from 

the surfaces when we examined the 1000-spark damaged 

samples. A metallic film is very active in chemical 

reactions with oxygen in the air. Therefore, the films 

deposited on the damaged sample surfaces may not be 
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homogeneous and may be a mixture of metal and oxide with 

different density ratios in different locations. Owing 

to this complex surface structure, the reflected light 

from the sample surface ~s no longer linearly polarized. 

Figure 19, which shows the relationship between the 

phase di£ference 8 -8 and the angle of incidence, was p s 

copied from the optics text by Jenkins and White
24

· 

Referring to Figure 19, we see that the phase difference 

8 -8 caused by reflection from a rr.etal is different 
0 s 

from that of a dielectric at a certain angle of incidence, 

so the state of polarization of reflected light would be 

different for a dielectric and a metal. The reflected 

beam from the damaged sample surface is the combination 

of several reflected rays with different polarization 

for an oxide film, a metal film, and the damaged sample 
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Undamaged sarcple 

100-spark damaged sample 

• ~· 1000-spark damaged sample 

____._1 ---() t~~~-"'--
-110 ) 11° 12° 13° 14° 

A 

Fig. 16 The measurements for the Lucite samples. 
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1000-spark damaged 

sarrple 

• . . . . ..... 
• • . 

Undamaged sanples 

_. ~ 100-spark danaged sanple 

I I j( )~~~~--~--~--~--._--~'--~'--~'----
200 21° 22° 190° A 

Fig. 17 The measurements of the De1rin samples. 
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~·~~~·~~ L~~~·~~~~~ 
12° 14° 16° ) 192° 196° 200° 

Fig. 18 The measurements for the Nylon samples. 



Fig. 19 
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I 
a 

Angle of incidence 

Plots of phase difference ~/'- h~for a dielectric 

a, and for three metals, b, c, and d, of 

increasing extinction coefficient k. 
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surface. The resultant reflected light from the damaged 

sample was thus no longer linearly polarized but exhibited 

some ellipticity. We recall that t~e light emerging from 

the compensator before striking the sample surface was 

elliptically polarized. The only way to turn it into 

linearly polarized light after reflection is to adjust 

the polarizer to produce a certain phase difference o -c p s 

exact1y equal to the phase difference caused by reflection. 

For the measurements on 1000-spark damaged samples, it 

is difficult to find the null azimuth settings (P, A) 

since the reflected beam has relatively large ellipticity. 

Even when trying to find some azimuth settings (P, A) 

with minimum reading from the null meter, we obtained 

many points falling in about a 10° range. For damaged 

nylon and delrin samples, we must also take into account 

the roughness of the sample surface which makes the 

surface model more complicated. 

The solutions to these problems mentioned above are 

still not clear. We would like to suggest some improve-

ments of the instrument and the technique used in our 

experiment. These may hel~ to obtain more meaningful 

results. 

(1) The light used is a monochromator with a tungsten 

lamp which cannot be focused very accurately and is 

not bright enough. This set a lower limit to the 

size of the iris so that the illuminated spot on the 



sample surface was a region with a 1 ern radius. 82 

With reference to other ellipsometry work, a smaller 

2 illuminated spot, such as 1 rrm , would help to 

eliminate some errors caused by random scattering 

23 25 of light and the alignment procedure ' . we 

suggest changing the light source to a mercury lamp 

or a laser. Also a narrow passband filter at the 

same wavelength as the compensator will improve the 

measurements since the transmittance and retardance 

of the compensator are affected by the wavelength 

spread of the input light. 

(2) Even if we succeeded in obtaining a null measurement 

within experimental errors with the help of the 

improvements suggested in (1), we would still need 

more information to calculate the optical constants 

of the measured samples. An independent confirmation 

will be needed to help us select the surface model 

for future investigation. We shall discuss the 

three-layer and four-layer models as follows. For 

an air-metallic film-damaged sample three-layer model, 

we need to know any two of three unknowns (nF' kF, D) 

before we can calculate the optical constants of the 

meqsured samples. The unknowns nFand kF can be 

measured in a separate ellipsometric measurement with 

known o, n and k of the substrate, where D (film-

thickness) can be estimated with the help of Auger 
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Electron Spectroscopy (AES) which offers information 

about the depth profile of absorbants 26 . A recent 

ellipsometric study of the damage profile of an 

ion-implanted Si layer has been done by Mottooka 

and Watanabe
27

. They introduced a way to study the 

damage profile of P+-ion-irnplanted Si, even for a 

four-layer surface model (vacuum-oxide film-damaged 

layer-undamaged layer). In our experiment, we can 

modify the above four-layer model to an air-oxide 

film-metallic film-damage layer model to fit the case 

of interest. Before we make this modification, we 

need to confirm that the damaged layer is thick enough 

(over 300 nm) by other techniques, such as AES. With 

reference to the work done by Mottooka and Watanabe, 

the unknown film thickness of the oxide film and the 

metallic film can be estimated from the ~ vs ~ diagram 

without the help of other techniques. Also, the 

optical constants of the oxide film and the metallic 

film can be obtained by considering an oxide-film-

covered metal surface in a separate ellipsornetric 

study. The information obtained would make it possible 

to calculate the optical constants of the damaged 

layer. The results of this investigation will be 

discussed and the conclusions of this study will be 

surrmarized in Section VI. 



SECTION VI 

RESULTS AND CONCLUSIONS 

The optical constants n, k of the undamaged and 

100-spark damaged samples have been calculated from the 

measurements (P, A) and are shown in Table VI-1. We 

found that the extinction coefficients k of all the 

100-spark damaged samples did increase significantly 

by comparision with those of the undamaged samples. We 

found a 94% increase for the lucite and nylon damaged 

samples. For the delrin damaged samples, we found a 

much greater change in the extinction coefficientk. The 

extinction coefficients of the delrin damaged samples 

are about eight times those of the undamaged samples. 

The indices of refraction n of the lucite and delrin 

samples increased after surface damage in the spark gap, 

but, for the nylon samples, this was not the case. The 

refractive indices of nylon damaged samples are less 

than those of undamaged samples. Even so, the extinction 

coefficient k of damaged nylon samples did increase, 

as shown in Table VI-1. This means that light passing 

through the nylon medium would be refracted less (smaller 

n) and absorbed more (bigger k) after surface damage 

was induced. 
84 



TABLE VI-1 

Samples 

Undamaged 

lucite 

100-spark 
damaged 

lucite 

Undamaged 

delrin 

100-spark 
damaged 

delrin 

Undamaged 

nylon 

100-spark 
damaged 

nylon 

The optical constants of the undamaged 

and damaged samples. 

n 

1.4916 

1.4920 

1.5980 

1.6037 

1.4785 

1.4785 

1.6415 

1.6453 

1. 5 391 

1.5410 

1.3442 

1.3082 

k 

0.01253 

0.01268 

0.02493 

0.02454 

0.01138 

0.01153 

0.09603 

0.11763 

0.05602 

0.05532 

0.10982 

0.09877 

(spot 1) 

(spot 2) 

(spot 1) 

(spot 2) 

(spot 1) 

(spot 2) 

(spot 1) 

(spot 2) 

(spot 1) 

(spot 2) 

(spot 1) 

(spot 2) 
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The optical constants (n, k) of the 1000-spark 

damaged samples can not be calculated because of the : 

large uncertainties in the measurements (P, A). Those 

uncertainties were due to the pres:ence of a metallic 

film deposited on the sample surface as discussed in 

.Section V. With the current ellipsornetric equipment, 

we can take measurements easily for the samples which 

were not damaged too seriously, such as 100-spark 

damaged samples. If we want to make an ellipsometric 

surface analysis for the seriously damaged samples, such 

as 1000-spark damaged samples, we may have to improve 

the current equipment and techniques as suggested in 

Section V to solve the problems which produce the large 

uncertainties in the measurements. 

In summary, ellipsometry has been used for surface 

analysis of dielectrics and there are several advantages 

of this technique. In addition to high sensitivity 

0 (discussed in Section III) and accuracy (+0.05 for 

0 the samples with flat surfaces, +0.1 for the samples 

with rough surfaces, in our experiment), the chief 

advantage over other techniques is that measurements can 

be made remotely, in any transparent environment, and 

with simple equipment. A disadvantage is that a 

contaminating film can affect the expected results 

seriously unless we make some corrections according to a 

suitable surface model. The problem caused by the 
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23 
roughness of random surface has not been solved yet 

and needs more theoretical development and technical 

improvement. The work described in this paper must be 

continued to confirm the results by taking more samples 

with less than 1000-spark damage in order to trace 

completely the variation of optical constants due to 

different amounts of spark induced damage. Also, we 

87 

need to find the conditions under which we have to change 

the surface model from a two-layer to a three or four-layer 

model due to formation of a metallic film. The results 

in this study will be subsequently tested by using other 

diagnostic techniques to select a suitable surface model. 



LIST OF REFERENCES 

1. Azzaro, R. M. A. and N. M. Bashara. Ellipsometry and 
Polarized Light. New York, N. Y.: North-Holland 
Publishing Company, 1979, pp. 10-26. 

2. Fowels, Grant R. Introduction to Modern OJ2tics. New 
York, N. y. : Holt, Rinehart and Winston, 
Inc., 1975, pp. 33-36. 

3. See Reference 1, p. 69. 

4. See Reference 2 1 p. 167. 

5. Born, M. I and E. v\Tofl. Principles of Ootics. Elmsford, 
N. y. : Pergamon Press, 1970, p. 25. 

6. See Reference 2 1 pp. 37-38. 

7. See Reference 1, p. 28. 

8. Corson, D., and P. Lorrain. Introduction to Electro
magnetic Fields and Waves, San Franc~sco: 
~'1. H. Freeman and Company, 1973, p. 504. 

9. Archer, R. J. Manual on ElliEsorr.etry. Chicago: Gaertner 
Scientific Corporation, 1966, p. 10. 

10. McCracking, FrankL., Elio Passalia, Robert R. Stromberg, 
and Harold L. Steinberq. "Measurement of 
the Thickness and Refractive Index of Very 
Thin Films and Optical Properties of Surfaces 
by Ellipsometry." Journal of Research of the 
National 3ureau of Standards, 67A, No. 4, 
July-August 1963. 

11. Brock, Janet S. "Ellipsometric Determination of 
Properties of Films on Rough Surfaces." 
Master Thesis, Texas Tech University, May 
1977, pp. 4-19. 

12. Lydon, Malcolm W. 11 Ellipsornetric Techniques for 
Determing Oxide Layer Thickness on Aluminum.;; 
Master Thesis, Texas Tech University, May 
1, 1975, p. 24. 

13. Drude I p. I and p. r,•Jied "Bestinunung der Optischen 
Konstanten der Metalle." Annalen der Physik: 
39, No. 481 (1890), pp. 242-246. 

88 



14. See Reference 1, pp. 159-210. 

15. See Reference 10, p. 371. 

16. See Reference 1, pp. 208-210 

17. McCrackin, Fra~k L. A Fortran Program for Analysis 
of Ell~psometer Measurements, Technical Note 
479, National Bureau of Standards, 
U. S. Government Printing Office, April 1969. 

18. See Reference 17. p. 11. 

19. See Reference 12. pp. 42-47. 

20. See Reference 10. pp. 367-369. 

21. Archer, R. J., and C. V. Shank.: Ellipsometry with 
Non-Ideal Compensators." Journal of the Optical 
Society of Arr.erica, 57, No. 2 (1967), pp. 
191-196. 

22. Jenkins, F. A., and H. E. White, Fundamentals of Optics. 
New York, N. Y.: McGraw-Hill Book Company, 
1976, pp. 457-461. 

2 3. Vorbunger, T. V. , and K. C. Ludema. '!Ellipsometry 
of Rough Surfaces." Applied Optics, 19, 
No. 4, February, 1980, pp. 561-572. 

24. See Reference 22. ~P· 534-541. 

25. See Reference 1. p. 378 

26. Vrakking, J. J. and F. Meyer. "Auger Electron 
Spectroscopy Made Quantitative by Ellipsometric 
Calibration." Applied Physics Letters. 
Vol. 18, No. 6, March 1971, pp. 226-230. 

27. Matoaka, T. and K. Watanabe. "Damage Profile 
Determination of Ion-Implanted Si Layers 
by Ellipsometry." Journal of Applied Physics. 
Vol. 51, No. 8, August 1980, pp. 4125-4129. 

89 



BIBLIOGRAPHY 

Archer,.~· J: ~anual on Ellipsometry, Chicago: Gaertner 
Sc~ent~f~c Corporation, 1966. 

Born, M., and E. Wolf. Principles of Ootics. Elmsford, 
N. Y.: Pergamon Press, 1959. 

Zaininger, K. H., and A. G. Revesz. "Ellipsometry-A 
Valuable Tool in Surface Research." RCA Review, 
196 4. 

Corson, D., and P. Lorrain. Introduction to Electromagnetic 
Fields and Waves. San Francisco: W. H. Freeman 
and Company, 1973. 

Azzaro, R. M.A., and N. M. Bashara. Ellipsometry and 
Polarized Light. New York, N. Y.: North-Holland 
Publ~sh~ng Company, 1979. 

Zeidler, J. R., R. B. Kohles, and N. M. Bashara. aBeam 
Derivation Errors in Ellipsometric Measurements." 
Applied Optics, 13, No. 8, August 1974. 

Bennett, H. E., D. K. Burge, R. L. Peck, and J. M. Bennett. 
"Validity of Ellipsometry for Determining the 
Average Thickness of Thin, Discontinuous, Absorbing 
Films." Journal of the Optical Society of America, 
59, No. 6, (1969) pp. 675-631. 

HcCrackin, Frank L. Technical Note 479. National Bureau 
of Standards, Wash~ngton, D. C.: U.S. Government 
Printing Office, April 1969. 

~eyer, F., E. E. de Kluizenaar, and D. den Engelsen. 
"Ellipsornetric 8etermination of the Optical Anisotropy 
of Gallium Selenide." Jour:1al of the Optical 
Society of Air.erica, 63, No. 6, (1965) pp.575-611. 

Fowels, Grant R. Introduction to ~odern Optics. New York, 
N. Y.: Holt, R~nehart and Winston, Inc., 1975. 

Brusci, V., M.A. Genshaw, and J. Bockris. "On the Possible 
Influence of Surface Roughening on Ellipsometric 
Data in Electrochemical Studies." Sur:ace Science, 
29, 1972, pp. 653-662. 

90 


	Book title
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 
	Page 




