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J. Richard Mowat and Rolf H. Muller 

Inorganic Materials Research Division, Lawrence Radiation Laboratory, 
University of California, Berkeley, California 

December 1966 

ABSTRACT 

Exact equations are derived which relate the (complex) index of 

refraction and the thickness of a single, absorbing or transparent film 

on an absorbing or transparent substrate to the changes sustained by 

polarized light reflected by the film-covered surface. Both film and 

substrate are assumed to be linear, homogeneous, and isotropic media. 
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INTRODUCTION 

A practical method for determinin~ the optical properties of materials 

is based on changes in the state of polarization which occur when light is 

reflected from surfaces or transmitted through layers (films). This re-

port gives a theoretical analysis of the optical properties of an absorbing 

film on a metal base, with the emphasis on a self-contained treatment 

with uniform definitions and conventions throughout. Some of the thee-

retical results on bare metal surfaces, needed here, will be surr~arized 

briefly below. Reference may be made to a companion report 3 for 

detailed derivations of relationships between the complex index of 

refraction of a bare metal surface and the changes in polarization upon 

reflection from it. 

'..!hen polarized light is reflected from a film-covered metal surface, 

the chunge in the state of polarization depends upon the refractive 

indices of metal surface and film and on the thickness of the film. The 

polarization state is characterized by the ratio of electric field 

amplitudes parallel and normal to the plane of incidence and by the 

phase difference between these two components. 

Let the subscripts p and s be chosen to denote components parallel 

and normal to the plane of incidence respectively. Then the electric 

E and E before reflection and E'' and E" after 
p s p s field components are 

reflection. The ratios of s and p amplitudes of incident and reflected 

waves are defined as 

tan \ji. 
~ 

( l) 
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so that, on reflection, the amplitude ratio is changed by the factor 

tan lji -
tanlji , r 
tanlji. 

l. 

Figure 1 illustrates the coordinate ~ystem to be used. Figure 2 

-+ -+ 
shows both electric E and magnetic H field vectors for the cases of 

(2) 

( 3) 

electric field parallel to plane of incidence (a) and normal to the plane 

of incidence (b). 
-+ 

The vector S is the Poynting vector which gives the 

direction of energy propagation. The x-z plane is the plane of incidence. 

The x-y plane defines the surface at which reflection and refraction occur. 

The reflection coefficients, in general complex, are defined by 

:..i£" 
E" IE" I e 

p IE" I • ( II ) -l. £ -£ 
r ...J2. = = ~ e p p - E . -i£ IE I p 

p IE I e p p 
p 

( 4) 

-i£" 
E" IE" I s IE" I -i(£"-£ ) e s s s s s r - = = IE'I e 

s E -i£ s IE I s s e 
s 

( 5) 
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where the epsilons are the phases of the various components with respect 

to an arbitrary time ori~in. If we define the absolute phase chan~es by 

6 - e:" 
p p - £ p' 

c 
s 

e:" 
s 

the ratio of the reflection coefficients is 

r 
s 

P - r 
p 

-( IE~I;I:;_I) e-i6s 
- lEI IE I ---i6::--

s p e p 

(
IE"I/IE 1\ i(6 -6 ) 

IE"I lEI e = s s ) p s 

p P. 

Substituting into this equation the ratios 

IE I I IE I andiE"I I IE" I s p s p 

from Eqs. (1) and (2) leads to the result 

p = 
tant/1 

r 
tanljJ. 

~ 

i(6 -6 ) 
p s 

e 

- £ s 
(6) 

(7) 

( 8) 

Since 6 -6 is the relative phase difference 6 imposed between the p and 
p s 

s components on reflection, 

6 -6 
p 5 

(9) 
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n(l 
2 = n 1 

( l -K 1 
) 

2 2 
n K = n 1 K 1 coscjl 

r 

where 9 is the real angle of refraction (Fig. 3). 
r 

In contrast ton and K, the parc~eters n 1 and K 1 have more easily 

recor,nizable physical significance, as n 1 is the ratio 

nl c/v 

of the phase velocity c of light in vacuum to the (real) phase velocity 

v in the medium. The significance of K 1 is seen from the relation 

Kl :! 
a.c 
wn 1 

where a. is the absorption coefficient. The amplitude of the electric 

field diminishes by a factor 1/e after traveling a distance 

= d = l 
a. 

c --- = 
WK 1 n 1 

A 
0 

21TK 1 n 1 

(l3a) 

(l3o) 

(14) 

(15) 

where A is the vacuum wavelength. The quantity d is known as the field 
0 

* penetration depth. 

-a.z 
~ This result follows from the fact that the fields decay as e where 
z 

is the normal unit vector to the surface. Often, half of this value, z 
d = A /41TK 1 n 1 

0 ' 
is given for the penetration depth. 'I'he distance d is then 

C.efined as the depth at which the inte_~ity is reduced to 1/e of its orir,inal 

value. Since the intensity is proportional to the modulus squared of the 
-2a.z field, I« e , the intensity diminishes by a factor 1/e after the wave has 

penetrated to a depth z = l/2a., or one half the field penetration depth. 
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If light is incident on the plane surface of an absorbinF, medium from 

a transparent medium (o = 0) of refractive index n at an angle ~ from 
0 

the normal to the boundary, then the angle between planes of equal phase 

and equal amplitude in the absorbing meaiw~ is ~ (Fig. 3) and is found 
r 

from Snell's Law 

n sin<P = n'sin¢. o r 

The (real) angle ~r is known as the angle of refraction. 

'l'he ultimate equations describing the reflection are put in their 

simplest form when written in terms of the complex angle of refraction 

Q.' d(:fineu by 

sin¢' -
n sin~ 

0 

n c 
= 

n'sin¢ 
r 

n 
c 

imothe:::- relation equivalent to Eq. ( 17) is 

n cos~' = n'(cos¢ + iK') c r 

(16) 

(17) 

(lEi) 

~n the chapters to follow, all electric and magnetic fields will be 

assw4ec to be of the form 

-+ 
A = 

-~ 

A 
0 

e 

-+ 
i(k 

c 
-+ 

. r - wt) 

~ -+ + 
' . .:::ere: A stands for the electric field E or the ::nap,netic field H. The 

(19) 

-+ 
is contained in the complex amplitude A 

0 
The complex wave vector 

~)o 
L is, in general, written as 

c 

' 



-+ 
k 

c = 
-+ 
k + ia2 = wn' r 

c l 
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±x sin~ ± 2(cos~ 
r r + ia<') l (20) 

or, with Eq. (17) and (18), and the definition 

k 
w 2n 

- = 
0 c >.. 

0 

-+ ( ± cos~') k = k n x sin~' ± z 
c 0 c 

(.Wa) 

In Eqs. (20) and (20a), the± signs are chosen depending on whether 

the real wave vector k, : w/v = wn' . . . ---, has pos1t1ve or negat1ve x and/or c 

z components, respectively. Eqs. (1) through (20a) are developed in Chapter 

I of the companion report3 • 

Figure 4a shows how a ray of light incident on a film-covered surface 

is partially transmitted and partially reflected at the first film surface 

(taken to be the plane z = -L), then at the film-substrate surface (tne 

plane z = 0), and finally again at the film-air surface. In the disc~ssion 

that follows the x-z plane is the plane of incidence and all surfaces are 

parallel to the yz plane. This convention is illustrated by Figs. 1 and 2. 

It will be assumed that the system of reflected and refracted waves 

shown in Fig. 4a can be replaced by the system shown in Fig. 4b, where 

+ ~ 

E" is a wave equivalent to all the reflected •raves leaving the film, E' and 

:t .. 
.u are the equivalent of all waves in the film, and E is the equivalent 

m 

of all waves in the metal which is taken to be of infinite extent in the 

+z direction. 7 •8 
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~ ~ * 
verified if the resulting E and H satisfy Eqs. (21-24) above. For 

0 0 
~ 

the wave reflected at the film-metal surface k" 1 can be written 
C. 

k"l = 
c 

wn 1 

c 
[x sin~ - 2(cos¢ + iK 1

)] 
r r 

Substituting Eqs. (25) and (26) into the transversality equation 

one has 

£"1 
1 

~ ~ 

k" I • E" I = 0 
c 0 

~,,1' .. 
p 

sin¢ - £
111 

r 3 
E"l 

p 
(cos¢ + iK 1

) = 0 
r \ 

£
1
" 1 sin¢ = £

111 (cos¢ + iK 1
) 

r 3 r 

A solution which satisfies this equation and which leads to expressions 

for E" 1 

0 
a..'1dH" 1 that satisfyMaxwell 1 s equations is 

0 

There fore , 

-------
·~ 

£
111 = (coscp + iK 1

) 
1 r 

£
111 = sin<)> 3 r 

~ 

a possible solution for E" 1 is 
0 

(26) 

(21) 

A vector field is uniquely specified when its curl and divergence are 
~ 

kr~mrn. Since i·-1axwell 1 s equations give the curl ar.d di ver~ence of E and 

iT, there car. be only one solution satisfyinr: Eqs. (21-24). 
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= n •
2 

[ ~ sin <j> - 2 (COS <P. + iK 1 
) J X 

r r 

[~ E~' (cos cp + iK')- y E"' (1- K'
2 

+ 2iK' cos cp) 
r p r 

+ :2. E"' sin cp J s · r 

= -n• 2 [. 2 sin cp E"'(l-K' 2 + 2iK' cos 4>) + y sin
2 

¢ E"' + y E"'(cos ;t. + iK')
2 

r p r r s s r 

=- [2 sin <j> E"' + ,'} E"' + ~ E"'(cos 4> + iK')1 n•
2
(l-K 12 + 2iK' cos 9) r p ~ s p r r 

= - 2 
n c 

where the last step follows from Eqs. (ll), (12), (13a) and (13b). There-

fore Eqs. (27) and (28) are the required solutions. 

-+ -+ 
Now that E"' and H"' have been found and have been shown to satisfy 

0 0 

Maxwell's Equations, tpe ten electric and magnetic vectors can be suv~arized. 

\·Iriting each electric field vector in. the form 

-+ -> 
E = E 

0 
e 

-> 
-i(wt - k 

c 

there results 

_.,. 
E = (E cos <j>~ + E y - E sin¢2)e 

p s p 

-2ni[ ( )] -·-.- ct - n x sin¢ + z cos¢ 
>. o 

0 (29) 
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It will be convenient to rewrite these equations in a simpler 

form by using the complex angle of refraction. The relations needea 

to make the simplification are the following: 

n sin ¢' = n sin¢= n' sin ¢· c o r (17) 

n cos ¢ 1 = n' (cos¢ + iK 1
) 

c r 
(18) 

n sin ¢' = n sin ¢= n 1 sin ¢ em m o em rrn (17) 

n COS ¢I : n 1 (COS cj> + iK 1
) 

em m em rm m (18) 

First Eq. (17) is used to replace n' sin ~r in the expressions for 

-+ -+ -+ 
E',E'",H', 

-+ -+ -+ 
and H" '· and n 1 sin IP in the expressions for E and H m rm m m 

by n sin ¢. Then all ten fields will contain the same tenrr ct-n xsin ¢ 
0 0 

in the brackets of the exponent. This common term would cancel in the 

calculations that follow, so it will be ignored in the interest of 

simplicity. With these changes, and with the definition 

k :: 2n/"A 
0 0 

the ten field vectors can be written as follows (see Fig. 4b) 

-+ 
E = (E cos¢ 2 + E j - E sin¢ 2) 

p s p 
e 
ik zn cos¢ 

0 0 

-ik zn cos¢ 
E" = (E" cos¢ 2 + E11j + E" sincj> 2) e 0 0 

p s p 

B' = (nc E' cos<jl 1 2+E'j - E' 
n' p s p 

n ) ik zn cos¢' c 0 c Il' sin¢' 2 e 

(29a) 

(30a) 

( 3la) 
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B. Evaluation of Boundary Conditions 

When there are no surface charges or surface currents the boundary 
~ ~ 

conditions require that the tangential components of H and E and the 
2~ ~ 

normal components of n E and ~H be continuous across each interface. - c 

Thus, at the air-film interface z = -L, and with ~ = 1 everywhere, 

2 (E + E;'lr) .... n~(E' + E;'l• I ) 
.... 

(39) n • z = • z 
0 

~ ~ ~ ~ 

(H + H") z (H' + H"') .... ( 4o) • z 

~ ~ 

(E' + ~,,) .... (41) (E + E") X z = X z 

cit+ If') X z = (lf' + j{lrr) X z ( 42) 

When Eqs. (29a) through(32a) are evaluated at z = -Land substituted 

into Eq. (39), there results 

2 

nc ·(-E' e-iT + E"' eiT\_ sin¢' 
n' p P Pc 

·where 

k Ln cos ¢ 
27T 

Ln
0 

cos ¢ T = = t.. 0 0 0 
(43) 

0 

k Ln cos ¢'= 27T Ln cos ¢' T - t.. 0 c c (44) 
0 

This result can be rewritten since 

n sin ¢ = n sin ¢' 
0 c (17) 

Thus 

iT -iT 
2 

( E~ 0) 
n 

( E~ r eiT -iT ) 0 
- E 

c E' n e e = i1"' - e 
0 p p (45) 
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2 (~' E:'tt) ... 2 ~ 
~ n + . z n E . z c em m 

~ ~ ~ 

(H' + H"') . z == H . z m (50) 

~ ~ ~ 

(E' + En') ... E X z X Z m (51) 

~ ~ ~ 

(H' + H"') X z == H X z m (52) 

When Eqs. (3la) through (33a) are evaluated at z == 0 and substituted 

into Eq. (49), there results 

or, since 

2 
n 

c 
lli" (E"'- E1

) n sin ¢ 1 

p p c 

2 
n em 

== - nt ncm sin ¢~ E 
m pm 

n sin ¢ 1 == n sin ¢' c em m 

2 
n 

c (E' - E" i) ii' p p· 

2 
n 
~E 
n' pm 

m 

(17) 

(53) 

When Eqs. (3la) through (33a) are evaluated at z = 0 and substituted 

into Eq. (51), there results 

n n 
~ E' cos ¢' y" + E' x -n' p s 

~ E" f cos <jJ l y + E" I X = 
n 1 p s 

n 
~ E cos ~ 1 YA + E X n' pm '~-'m sm 

m 

This equation implies two others, namely, 

n 
c 

ii' cos <:P' 

E'· + E"' == E s s sm 

n em 
rT m 

E cos ¢1 

pm m (54) 

(55) 
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= k L ¢ = 
2nL 

cos ¢ 1" n cos --n 
0 0 0 A. 0 

0 

= k L cos ¢ 1= 2nL 
cos ¢' 1" n --n 

0 c A. c 

At z 0 (film-metal interface) 

2 
n 

c 
n.r ( E"' - E') 

p p 

n 
c 

n.r (E111 + E') cos¢' 
p p 

n (E' 
c s 

E' + E"' 
s s 

E"') cos¢' 
s 

0 

2 
n em 
i1' 

m 

n 
em 

i1' m 

E sm 

E pm 

E cos ¢' pm m 

n E cos ¢' 
em sm m 

C. Derivation of Reflection Coefficients 

UCRL-17128 

( 43) 

( 44) 

(53) 

(54) 

(55) 

(56) 

For the calculations of the next chapter it will be necessary to 

know the reflection coefficients for the film-substrate interface. These 

are defined by 

E"' s 
E' 

s 

E"' 
'1) - _....._ 

E' p 
(57a,b) 

where the electric field amplitudes E are to be evaluated at z = 0. The 

pertinent equations are Eqs. (53) through (56) derived in the previous 

section and summarized on the preceding page. 

Divide Eq. (53) by Eq. (54) and multiply by cos ¢' 
n 

em 
to get 
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or 

(1 + r 2s) n cos¢' em m 

n cos¢' - r 2 n cos¢ 1 = n cos¢' + n r 2 cos¢ 1 

c sc em m ems .m 

Thus 

n cos¢' - n cos¢' c em m 

n cos¢ 1 + n cos¢ 1 

c em m 

Note that 

n cos¢' c 
n cos¢' em m 

UCRL-17128 

(60) 

( 61) 

(6oa) 

Equations (59) and (61) are th~ Fresnel coefficients for reflection 

• 
at the plane boundary between two linear, homogeneous, isotropic, ab-

sorbing media. 

D. Summary - Fresnel Equations for Two Absorbing Media 

The Fresnel Equations for an interface between two absorbing media 

are as follows: 

r 
p 

r 
s 

E p ref 

Ep inc 

Es ref 
E s inc 

In Eqs. (59) and (61), 

n cos¢' - n cos¢ 1 

c m em (59) = n cos¢' + n cosm 1 

c m em · 

= 
n cos¢' - n cos¢ 1 

c em m 
n cos¢' + n cos¢' c em m 

(61) 

n and n are the complex indices of re-
c em 

fraction of the incident and base medium respectively. They are the 

complex square roots of the quantities 
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CHA...DTER II. REFLECTION FROM A FILM-COVERED SURFACE 

In this chapter an exact, general equation is derived which describes 

the reflection of polarized light from an absorbing surface covered by a 

single, absorbing film. As in the previous two chapters it will be assumed 

that the media are linear, isotropic, and homogeneous. 

For the derivation of the equation it "lvi11 be necessary to knovr the 

reflection coefficients for the incident medium-film interface. These 

are found from Eqs. (59) and (61) of the last chapter by replacing the 

complex refractive index n and the complex angle of refraction ¢ 1 by 
c 

n and ¢ respectively (where n is the real refractive index of the 
0 0 

incident medium and ¢ is the real angle of incidence) and by replacing 

n and ¢' by n and ¢': Thus the reflection coefficients at the incident em m c 

medium-film interface can be written as 

n cos¢ - n cos¢' 
0 c 

n cos¢ + n cos¢' 
0 c 

n cos¢' - n cos¢ 
0 c 

= n cos¢' + n cos¢ 
0 c 

The analogs of Eqs. (58a) and (6oa) are 

1 + r 1p 

1 - r 1p 

1 + rls 

1 - rls 

= 
n cos¢' 

0 

n cos¢ 
c 

n cos¢ 
0 

n cos¢' 
c 

(62) 

( 63) 

(64) 

The equations summarized at the end of Chapter I, Section B will yield the 

ultimate result. To begin with, the eight equations (45) - (48) and (53) -

(56) are condensed into two equations (68) and (71) in the following way. 
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-vrhere the last step is made by the use of Eq. (58a). Division of Eq. 

(55) by Eq. (56) gives 

E' + E' II 
s s 

E' - E'' t 
s s 

n cos¢' 
c 

n cos¢' 
em m 

(70) 

vrhere the last step is made by the use of Eq. (6oa). Equations (69) and 

(70) can be summarized as 

where v stands for p or s. 

1 + r2v 

1 - r2v 
(71) 

Next, Eqs. (68) and (71) are solved for the ratio E~/Ev .which is the 

desired reflection coefficient of the film-covered surface. Divide 

numerator and denominator of the right-hand side by E' to get 
v 

-2iT 2iT 0 + E11 /E 1 + r1v 1 + e r2v e 
v v 

-2h = 1 2iT - r 
0 

E11 /E 
lv 1 - r e e 2v 

v v 

(73) 

Define the complex reflection coefficient of the film covered surface by 

(74) 

and set the right hand side of Eq. (73) equal to the variable s for 

convenience. Then 

-2iT 
0 + e r 

v s -2ii = 
0 e - r 

v 

e 
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complex optical distance, and 2T
0 

is an overall phase angle resulting 

from the particular origin chosen for the calculation. 

6 This result (Eq. (75)) was originally obtained by Drude, but in 

his equation the exponents are negative while here they are positive. 

This difference is due to a different representation of the electro-

magnetic wave in the complex notation which was here 

Jt 
0 

~ ~ 

-i(wt - k • r) e 

The spatial dependence is in this case 

-7 -7 

-> -7 ik•r 
E E e s 0 

Drude, on the other hand, chose to represent the wave by 

~ ~ 

-7 
E :: E ei(wt - k • r) 

0 

for -vrhich the spatial dependence is 

~ 

E s 

~ -7 

~ -ik · r · E e 
0 

Therefore, the t1w derivations yield opposite signs in the ecponents of 

Eqs. (29a) through (38a). 

In our calculations the different sign has carried all the way through 

* to Eq. (75) where we have a positive exponent and Drude has a negative one. 

* Others using Drude's convention are Winterbotton, 7 McCrackin, l5 and 

Leberknight and Lustman.
4 
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Fig. 5 Illustration of Meaning of heflection Coefficients rls' rlp' r 2 s' 

r
2
p, r s' a.nd rp. The elect:c'ic fit:ld vectors it

0
, it1

, Er', and B"' 
are defined in Fig. 4b and by Eqs. (29a), (30a), (3la), and (32a) 

(the it of this figure is t:1e E of Eq. (29a)). The electric field 
0~ 

vector E
1 

results from reflection at the first interface only and 

corresponds to reflection f:com an infinitely thick film. it" is the 

resultant of all reflections at both interfaces as indicated in Fig. 

4b. The various waves can be written as sums of component waves 

parallel (p) and normal (s) to the plane of incidence. 

--Eo Eo 

nc = n (I+ i K) 

M U B -14177 

it (it "')"' (~ "')"' = . p p + . s s 
0 0 0 

Erl r (it · f)):P + r
1 

C'it "')"' = . s s 
lp 0 s 0 

lt' = (it' . p)p + (~' . "')"' s s 

r (it · :P):P + r (it · s)s p 0 s 0 

The unit vectors p and s are parallel and normal to the plane of 

incidence, respectively. 
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CHAPI'ER III. COMPUTER SOLUTIONS OF FILM ~UATIONS 

The basic equation describing the reflection of polarized light from 

a film covered metal surface, as derived in the previous section, is 

r 
v 

Ev reflected 

Ev incident 

iD 
e o (75) 

where r 1, r 2, D and D
0 

are given in the preceding summary. The complex 

quantity rv is the reflection coefficient of the film-metal combination, 

giving both the phase and amplitude changes of the reflected light. 

By analogy with Eqs. (7) and (10) we write 

p r /r s p 
1.6 tan?jJ e ( 77) 

where tan?/J is the amplitude diminution and 6 the relative pbase change 

* caused by the reflection. 

In practice one is primarily interested in finding the thickness L 

and refractive index n = n + inK of a film on a substrate of known pro
c 

perties f:nom measured values of ?fJ and L. Although L and n are related 
c 

to 7/J and 6 through Eq. (77), and although Eq. (77) can be solved ex

plicitly for L as a function of li , ¢ and 6 (as in Section B below'), it 
c 

is not possible to solve ECJ.. (77) explicitly for n • c 
Two methods will now· 

be presented .for obtaining n and L with the use of a hig.1. speed computer. 
. c 

* McCracken15 and other authors use the definition p = tan?jJ e16 = r /r • 
p s 

Owing to this and other differences in convention the 7/J given here will 

be the complement of that found in much of the literature, while the .6 

given here is essentially the same as that in the literature (i.e., 

6=5 - 5 , Eq. ( 9)). In practice one solves the exact Eq. ( 77) for tan!:. 
p s 

and not 6. When only the tangent of an angle is known (and not its sine 

or cosine) the quadrant in which the angle· is to be placed is ambiguou:; • 

Thus, further differences arise in the literature. 

or 
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XBL671-299 

Fig. 6 Transparent film on Transparent Substrate (Ca F 2 on glass). 
Values of ·tj; and 6. calculated for increasing film thickness 
for wavelength 5461 A, angle of incidence 60°, base constants 
n = l. 5190, I< = 0 and film constants n = l. 4339, K = 0. s s 
The curve is labeled for various thicknesses and closes on 
itself at a thickness of 2373.6 A (optical thickness). 



Fig. 8 
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XBL671- 298 

Absorbing Film on Transparent Base (Chromium on Glass). 
Values of ~ and 6 calculated for increasing film thickness 
for wavelength 5461 A, angle of incidence 6oo, base constants 
ns = 1.519, Ks = 0.0, and film constants n = 2.96, nK = 3.45. 
The curve does not close on itself but spirals from ~ and 
6 corresponding to the bare glass to the values corresponding 
to bare chromium. 
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15 16 B •. Method of McCracken et al. ' 

UCRL-17128 

A method similar to the one described above, but more efficient has 

been devised by McCracken ~ al. By this method the film thickness is 

calculated directly from measurements of ~ and 6 and from assw~ed values 

of nand nK. With this method one need not assume values of film thick-

ness, but only of n and nK. Thus, in the example of Section A there 

would be 16 times fewer combinations to try. 

The equations from which the film thickness can be deduced will now 

be devloped. The starting point is Eq. (77). Substituting from Eq. (75) 

into Eq. (77), one has 

r 1 + s 
p = r p rl E 

rls r2s 

+ r2 e 
E 

iD e 

iD 
i6 

tan~ e (78) 

The value of p can be found from the measured values of ~ ai).d 6, and is 

thus assumed to be known. Eq. (78) is reduced to the standard form for 

iD a quadratic equation in the variable e as follows. Write 

( rls + r2s eiD) ( 1 + rlp r2 eiD) 
E p 

( 1 + rls r2s eiD) ( rlp eiD) + r2p 

+ (rls + r2s) 
iD 

+ rlp 
i2D 

rls rlJ2 r2p e r2p r2s e 
p iD i2D 

rlp + (rlp rls r2s + r2p) e + rls r2p r2s e 

or, multiplying both sides by the denominator of the right side and 

collecting terms, 
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Taking the complex logarithm of both sides of Eqs. (82) and (83)* 

and letting E stand for either E1 or E2 and D for D1 or D2 

iD = Log I El -1 Im E 
+ i tan Re E (84) 

where 

and Im E and Re E are the imaginary and real parts of E, respectively. 

Thus, with the original definition of D 

D 4n 1 n n-.1 cos '¥ "A c 
0 

Equation (84) becomes 

4TiiL I I -- n cos ¢ 1 = Log E 
f... c 

+ i tan -l Im E 
Re E 

0 

or 

4nL n cos ¢' -1 ImE c tan - i Log 
f... Re E 

0 

Solving for 1 gives 

f... 
[ -1 I..lll E L 0 

- i Log 4n n cos ¢' tan Re E 
c 

(76) 

lEI 

lEI (85) 

Since there are two solutions for E, there will be two solutions 

for 1. The film thickness 1 must be a real quantity, so the right-hand 

* Ref. 18, p. 55. 
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APPENDIX I 

Single Film Computer Program "FILM" 

The program "FILM" finds the thickness and complex refractive index 

of a single, absorbing film on an absorbing substrate. It does so by 

systematically combining all prescribed values of film thickness L and 

refractive index n(l + iK) and calculating the relative phase change b. 

and amplitude diminution tan~ for each combination. Whenever a particular 

combination of L, n, and nK yields agreement with the experimentally 

determined quantities b. and~within a specified error this 

combination appears in the output as a solution. 

The equations evaluated by the program are the following: 

2 sin~ I 
n 

cos ¢ 1 l -
0 from Eg_. (17) s 2 
ncs 

I 2 sin~ 'Vl n 
cos ¢ 1 0 from Eq. (17) 2 

n c 

n cos¢ - n cos¢ 1 

0 .C (62) rls = n cos¢ + n cos¢ 1 

0 c 

n cos¢' - n cos¢ 
0 c ( 63) rlp n cos¢ 1 + n cos¢ 
0 c 

n cos¢ 1 - n cos¢' c cs s (61) .. r2s = n cos¢' n cos¢ 1 + c cs s 
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Sequence and Format of Data Cards for Program "FILM" 

Card Col. l Col. 10 Col. 20 Col. 30 Col. 40 Col. 50 

l 

2 

3 

4 

Title and 

Ranges of 

n 
0 

n 

comments (up to 80 columns) 

n, nK, and L (up to 80 columns) 

f.. n n K 
0 s s s 

on n nK onK nK 

(initial) (increment) (final) (initial) (increment) (final) 

5 L oL L 

(initial) (increment) (final) 

6 ¢ '1/J 
.f'j. 

€'1/J Ef'j. 

These six cards constitute a set. Any number of sets may follow. Two 

blank cards must follow card 6 of the last set of data, aqd a card with 

0.0 punched in the first field (columns l - 9) must follow these blank 

cards. Cards land 2 of each set may contain any comments (or none at 

all) desired by the user. Their contents appear printed verbatim at the 

head of the output. The two cards serve to conveniently identify the out-

put data. All numbers entered on cards 3 - 6 must contain a decimal point, 

and may be located anywhere in the nine columns beginning with the one 

indicated. 



Name 

DELM 

DELC 

DTN2(1) 

DTN2(2) 

DT 

EPSIM 

ED ELM 

PHil 

PSIM 

PSIC 

TNFI 

TN3(1) 

TN3(2) 

TNI 

TNKFI 

TN2(1) 

TN2(2) 

TN2M( 1) 

TN2M(2) 

TI 
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Variables -- real 

Symbol 

/:::, (measured) 

!:::, (calculated) 

on 

onK 

oT 

8/1 

E1::. 

¢ 

?jJ (measured) 

?jJ (calculated) 

n 
0 

n s 

n K s s 

n. 
J. 

(nK)i 

n 

nK 

n m 

(nK)m 

L. 
J. 

Description 

relative phase change (degrees) 

relative phase change (degrees) 

iteration increment of film index 

iteration increment of film nK 

iteration increment of film thickness 

experimental error in ?jJ (degrees) 

experimental error in /:::, (degrees) 

angle of incidence (degrees) 

arctangent of amplitude diminution 
(degrees) 

arctangent of amplitude diminution 
(degrees) 

refractive index of incident medium 

n of substrate 

nK of substrate 

lower limit of iteration span for n 
of film 

lower limit of iteration span for nK 
of film 

n of film (result) 

nK of film (result) 

upper limit of iteration span for n 
of film 

upper limit of iteration span for nK 
of film 

lower limit of iteration span for 
film thickness 



Name 

CPHI2 

CHPI3 

PL 

RlS 

RlP 

R2S 

R2P 

RS 

RP 

RHO 

A, B, C, D 
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Variables 

Symbol 

cos ¢' 

cos ¢' s 

D 

r s 

• 

p = r /r . s p 
tan?f; e 

Complex 

Description 

complex cosine of complex angle of 
refraction in film 

complex cosine of complex angle of 
refraction in substrate 

complex optical path length 

Fresnel reflection coefficient at air
film interface for polarization normal to 
plane of incidence 

Fresnel reflection coefficient at air
film interface for polarization parallel 
to plane of incidence 

Fresnel reflection coefficient at film
metal interface (normal polarization) 

Fresnel reflection coefficient at film-
metal interface (parallel polarization) 

reflection coefficient at film-metal 
combination (normal polarization) 

reflection coefficient of film-substrate 
combination (parallel polarization) 

:1..6 

temporary variables 

A flow sheet and reproduction of the program appear on the next two pages. 

The output for the program "FILM" is almost the same as the output for the 

program 11 SFILM" for which a sample output is given at the end of Appendix 

II. In· the .. output from "FILM", however, the line beginning with "RANGES" 

might (if desired by use·r) be' amended to include· information concerning the 

range of :film thidrnessconsidered·a.long with the iteratio.h·increment. Also 

the line regarding linag:inary part of film thickness does not appear. 
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"FILM" :program, Fortran II version 

FORTRAN II PPCGRAfll Fll~lllr.PUT,OUTPUT,TAPE2=1NPUT,TAPE3:0UTPUTJ 
THIS PROGfiA" CALCULATES THE THI(II:NESS ANC CC,.PLEX REFRACTIVE 
INDEX OF A SINGLE A!SORBJNG FlU' C" AN AeSCIU!UG SUBSTR.aTE 
DIME'<SION AIZI, 8121, CIZI, CC21t CPHI2121t CPHI312), TN2CZJ, 

COTN212J, UZMIZ)t Tfi'3C2J. R1Sf21t PlFIZI, RZSI21t P2Pf2J, Plf21t 
C RSC2h RPIZI, RHCUJ, TITLEfBJ, !UfiGE 181 

CDR = C.Cl1~'!!"3 . 
1 READ CZ,tl TilLE, lUNGE 
2 READ 12,7) TNl, )lAVE, 1N3(11, TN3f2J 

If fTNll !!CCC, 3CCC, 3 
3 READ ·cz,eJ TNFI, OJP;Zill, TNZJWClJ, U.ltflt CTNZCZJ, TNZMC21 
4 READ 12, S"J TJ, 01, T .. 
5 READ Ct,lOJ PHilt PSJM, OEll't EPSitr, ECEL,. 
6 FORMAT lf.AlG/fAlCI 
1 FORMAT ff<ij,(, !!FlC,CI 
8 FORMAT CF9,0, 5Fl0,CJ 
":i FOR"AT Cft;,C, 2FlC,CI 

IC FORf!IAT CFc;,C, 4FIC.CI 
11 FORMAT flHOe/6HPHI ., .,F5a2,10X,4~N = ,F7a4, lOX, l!t-WAVRENGTH = t 

C F5.0, llH ANGSTFIOMS//33H REFIHCTI\IE IfliOEX CF SUBSTR.HE = t F1.4, 
C 2X, 41-'<t It F7a41 

12 FORMAT ClHC, 21HREFRACTIVE lt•DD CF FIV =, Fi.4, 2X, 
C ltH<t I, F7.4//1BH FlU' THICKHSS "" , F1.2, 10H Af..GSTRO~S, 
C //Et- PSIC "' , FlO.S, lOX, 7HOHC ., , FlO.S, 
C //8 .. PSI~ ., , FlC.S, lOX, 7HOELJII ,. , Fl0.5) 

13 FORMAT C 11-'1, eA101/EAlCI , 
lll FORMAT t lHCt 7HPSIJII • , FlO.S,lOX, 7HCElJII.., t F1C.5//32H NO SOLUT 

CION HTHI~ GI\IEN LJIIIIHI 
WRITE 0•1~1 TitlE, RAr.GE 
PHil ., COR•PHil 
M • I 
TN2t I) • Tfrifl 

H TN2C:il " Tt.kfl 
:c T = 11 

CALCULATICN OF COSINE CF ANGLE CF PEFR.6CTICN IN flU' 
ICC A(ll • -H.t••2•Sit.FtPHI11 .. 2 

A(IJ • -Tt.1**2*Sit.FCPHI11 .. 2 
All I • c.c 
8(11., TN2(11 .. 2- TN2121 .. 2 
Bt21 • 2.C*TN21llfli\212J 
CALL COte, A, 81 
Cfll "' l•C • CHI 
CALL C~RtCPHI2t Cl 
CALCHATICN Of COSINE (F ANGLE CF fiEFPACTtCN IN SUBSTFI.6TE 
Bill • TN:UI**2- TN3121 .. 2 
8(21 • 2.C•Tt.'3Cll*lt.3121 
CALL ecce, "• Bl 
C(lJ • t.C +CUI 
CALL C~RtCPHI3, Cl 
CALCULATICN "CF FRESNEL COEffiCIEH IllS 
CALL CMCC, 11~2, CPHI21 
Alll,. -CCII • TNl*CCSFIPHJll 
Af21 • -Cf21 
Bill • CCII + TNUCCSFIPHIIJ 
8121 ., Cl21 
CALL ·CD(RJ~. A, 81 
CALCUlATICN OF FRE!t.El CCEFFICIEt.·T RIP 
ACJI • TNl 
AC21 • C.C 
C.Ul Cfii(C, A, CPHI21 
lllJ • CC~FIPHIU 

CALL C'1 CDt A, TN21 
AIU • Ctll- O(U 
U2J • Cl21- 0121 
8fU • CCJI • DIU 
8(2) II((;!)+ 0121 
CALL COCAJPt A, 8) 
CAlCULATICN Of FRESNEL CCEFFICIEt.T fi2S 
CALL Cf'CC • Tf\2, CPHI2J 
CALL Clt'CO, Tf\3, CPHI31 
Alii • COl- 0111 
U21 • COl - 0(21 
Bill .., CUI +Dill 
BC21 • COl + 0(21 
CALl CDfR2!t A·, 81 
CALCULATICN OF FRESf\.EL COEFFICIENT fl2P 
CAll C"'ICo TN2, CFHI31 
C.6ll CMCO, TN~, CPHI21 
ACII z Clll- DIU 
.U21 ~ Ct:tl - 0121 
8Cll • CCII+ DIU 
8C2J ., Cl21 + 0(21 
CAll CDCA2Po A, BJ 
t.ALCt!UTICN OF PATH tft.GTH ·H 
CAll CMCC, TN2t CPHI21 
PLfli • 4.C•.3.H15~27•T•Cili/ .. HE 
Pll21 • "•C*3.1U5~27•T*CC21/U'VE 
CALCULATICN OF THE NORJIIAL REFLECTlt:N COEFFICIE~T liS 
CALL CECC • Fll 
CAll CfiiCO, C, A2SI 
CALL C .. CC, filS, OJ 
Atl) • Rl!fll + 0111 
A(21 • AlH21 + 0121 
8(11 • I.e +CUI 
8121 • CC2 I 
CALL COIRS, A, 81 
CALCLILATICfri OF PARALLEL REFLECTI(lN (QfFFICJEt.--r AP 
CAll CE(C • Plt 
CAll (MID, C, R2PI 
CALL CltlfCo fliP, DJ 
Afll • RIPCH +·out 
Al21 • fl:lFC2) + 0121 
8CU • t.c • cctl 
8(21 • Cl21 
CALL CDIRP, A, 81 
CALCLIUTICN OF RHC 
CALL COIRtiCt 51~, RPI 
CALCULATICN OF PSI CDEGREESI 
lPH • ~Qfltf(RHO(U .. 2 + AHCC2JU2J 
PSIC • UANFCTPSIJ/CDR 
C.UCL'U TICN OF DEllA CDEGREES I 
CAll ATNliOELC, fi:HQ(2), RHCCUI 
DELC • DELC/CDA 
IF CEHIJI- ABSFIF~IC- PSJ"'IJ 400, 200, 200 

2CC IF (EOEl,_.- ABSFCDELC- DEVIl 400, 300, 300 
3(( PHil • PHil/CDfl 

WIUTE Cl, 111 FHil, TNlt t.nE, TII3Cllt TN3121 
WRITE (1,121 TN201t 11\2121. T, PSJC, DELCt PSltl't r:ELM 
M • ~ 

4CC IF CTJII- Cl + DTIJ ~OCt 60(, 500 
5CC 1 • 1 + 01 

GO TO JCC 
6CC IF llN2111C21 - UN2C2J + 01~2(2111 tiOOt BOOt 700 
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7CC 1N2121 • 1~2121 + on;ZC21 
C?O TQ :o 

BCD IF CTN2Mill - ITN2111 • llfk2(1JII 1000, lOCO, 900 
'iCC TN21ll., TN2(1J • 01N2fl) 

GC TC 2C 
)CCC GO TC 12CCCt 11 PI 
aco WRITE (~, 11) PHil, Tf\1, kA~E, Tf\3lllt T~3(21 

WRITE f3oJ-'I PSI.,_, DEll' 
GO U 1 

::'OCC CONllt.UE 
END 

Sli8RCLTINE CJIICCt .6o Bl 
COMPLEX pol:LTfPUOTICf\ SUBFICUllt.E CC • .61! WI-"EAE Ct A, P. COJI!PLEXI 
CIJIIEfo~tOPII C(;!l, A(2), 8(21 
Clll "'A(li*8Cll - .6(2J•P.f21 
COl "'Alii*BIU • AHI•Bt21 
RETL'Rfl.. 
END 

St.:BROL TINE CCCCt A, 81 
COMPLEX DI\IISION SU8fi:01JTINE (C z: A/P. "'HERE C, '• B CCMPLEXI 
DI~H~IQI\ Cl21t •cz1, et21 
E • 8111••2 • BC2H•2 
Clll ,. IAHI•Bill <t Af21•Bf21JIE 
Cf21 ,. CAf21•8fll - Afli*8C211/E 
RETUR~ 

END 

Sl'SR(lliPIE CE (C, P.l 
COMPLEX EXPONENTI.6l SUBRCUTINE CC"' EXFIIf!l WHEAE Ct e COMPlEX) 
QJpcft.5f(!N Cl21t 8121 
Clll"' Ellffi-8(211•CCSFCBHIJ 
CC21 = EJIPFf-81211•Sti\.FCBClll 
RElliRI\ 
END 

Sli8ROLTINE CSACC, AI 
COMPLEJI SCUAAE ROOT SUBROUTII\E IC .,.S(a RT. CF .6 WHRE C,A COMPlEX) 
DIMEI\SION CCZJ, /o(21 
IF Ul.ill "!, 1. 4 

1 If CAilll 2. 2, 3 
2 Clll ., C.C 

Cl21 z SQPTFUBSFIAIUJI 
GO HJ ~ 

~CCII .. H;:PTFIAIIIJ 
cr i I "" c.c 
C?O TC ~ 

4 E = C.!:•SQRTFIACU•Iofl) • AI2)UC2J) 
Cl11 "' SQRTFCC.!:•AilJ • El 
CC21 " SQRlfi-C.SUUI • El 

~ RETURN 
END 

SU8RCliliNE ATNliXt '1', Zl 
THE FCLLO.It.G SUBRCliTII\E GIVES TI"E FRCFEJI (UACP.at.T Cf HE ANGLE 
X WI-'EN TANII "' Y/Z At.D 'r, l .6AE GIVE!\ 
IF Cllll,f-11 

11 R•'fll 
lffZH,Eo J 

1 X = ATANt=CRI 
GO TO IC 

2 IFI'fJ:,!:o~ 

~ X=ATAt. IRJ-~.llol~t; 
C?O TC 1C 

4 I!=ATAt. (RI+3.l.U~c; 

GO TC lC 
~ X • c. c 

GO TC lC 
E X•l.!:1C7<; 

JC RETUflfl. 
END 

MU B "12593 



Name 

DELM 

DELC 

DTNl 

DTNK 

DT 

EPSIM 

ED ELM 

PHil 

PHI 

PSIM 

PSIC 

TNl 

TNS 

TNKS 

TNI 

TN 

TNM 

TNKI 

TNK 

TNKM 

TI 

T 

TM 

WL 
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Variables -- real 

Symbol 

t::. (measured) 

t::. (calculated) 

on 
o(nK) 
oL 

E7/J 
Et::, 

¢ 

¢ 

7jJ (measured) 

7jJ (calculated) 

n 
0 

n (substrate) s 
n K (substrate) 

s s 
ni 

n 

(nK)i 

nK (film) 

(nK)m 

L· 

L 
m 

"'o 

Description 

relative phase change (degrees) 

relative phase change (degrees) 

iteration increment of refractive index n 

iteration increment of nK 

iteration increment of film thickness L 

experimental error in 7jJ (degrees) 

experimental error in 6 (degrees) 

angle of incidence (degrees) 

angle of incidence (radians) 

relative amplitude change (degrees) 

relative amplitude change (degrees) 

refractive index of incident medium 

refractive index of substrate 

nK of substrate 

lower limit of iteration span for film 
index n 

n index of film 

upper limit of iteration span for film 
index n 

lower limit of iteration span for nK 
for film 

nK of film 

upper limit of iteration span for nK 
for film 

lower limit of iteration span for film 
thickness L 

film thickness 

upper limit of iteration span for film 
thickness 

vacuum wave length 



Name 

CSQRT(C) 

CEXP(C) 

CABS(C) 

AIMAG (C) 

REAL( C) 

cos(x) 

SIN( X) 

ATAN(X) 

ATAN2(X,Y) 

ABS(X) 

CMPLX(A,B) 
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Chippewa FORTRAN Functions 

Evaluates 

.fc 

c e 

finds the imaginary part of C 

finds the real part of C 

cosx 

sinx 

-1 tan x 

tan-1 (x/y) 

lxl 
constructs A+ iB from A,B 

Where C is complex, A,B,X, Y are.real. 

UCRL-17128 

Converts 

complex to complex 

complex to complex 

complex to real 

complex to real 

complex to real 

real to real 

real to real 

real to real 

real to real 

real to real 

real to complex 
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"FILM" program, Fortran IV version 

PROGRA~ Fll~211NPLl, OlTPUl, l~FE2=1~PUT, T~PE3•CUTPUTl 
C THIS PROGR~~ CALC~LATE! THE THIC~NESS AND CC~PLEX REFRACTIVE 
C INDEX OF ~ SINGLE ABSO~BING FIL~ C~ ~~ ~fSCRfiNG SUfSTR~TE 

COMPtE~ 1~2, TN3, CFHI2, CPHI3, PIS, RlP, P2S, ~2P, C, PS, RP, R~O 

DJ~F~SICN TITLE IE!, R~NGE 181 
READ {;2,2) TITLE, P.GNGE 
FCR~~T IE~IC/EAlCl 
WRITE (~,q TITLE, RANGE 
FORMAl IIH!, EAIC//EAlCI 
READ (2,<; J Tfl.l, Rlt lf\S, lJ\I<S 
IF 11Nll !CCC, 3CCCt 6 

6 READ (2,10) TJ\1, CTt., TNJII, Tt.I<'J, Olr-.K, TI\'ICJII 
1 READ (4::,11. 11, 01, Til! 
8 READ (~,12) PHil, P5I~, OEL~, EPSI~t ECEL~ 

9 FORM~! IFS.C, 3F!C.Cl 
IC FORMAT IF~.C, ~FlC.CJ 
II FGRMAl IFS.C, 2F!C.Cl 
12 FCR~Al (FS.C, 4F!C,Cl 
13 FORMAl Cl .. O,/t:HPHI = ,F5.2,10X,4~J\ = ,F7.4, lOX, 13t-lW~VElENGTt-' = , 

C F5,C, llH ANGSTRCMS//33H REFRACTIVE INCEX CF SUBSTRATE = , F7.4, 
C 2X• ~~'* t, F1.41 

14 FORM~l ll~C. 27HREFRACTIVE I•CEX CF Fll~ • , F7.4, zx, 
C 4~+ I, F7.4//!EH Fll~ THICK~ESS = , F7.2o lOH ~~GSTRO~S, 
C JIB~ PSIC = , Ftc.~, lOX, 7HOELC = , fl0.5, 
C IIBt- PSI"'= , FlC.5t lOX, 7t-OEL" = , Fl0,5) 

15 FORMAT llHC, 7~PSI~ = , FlC.5,10~, 7~CEL~ = , flC.5//3LH NO SCLUT 
CION ~ITHI~ GIVEN li~IT5l 
~ = I 
P~l = C.C11t~!•PHI1 
CP = CC51P~II 
~p = ~JN(Ff-11 J 
TN3 = C~P~)(l~S, T~~SJ 

CPHI3 = CSQRTil.O - 1~1**2*SF002/IT~3**2ll 
TN = HI 

LC lN~ : lt\~1 

~C T = 11 
ICC TN2 = c•PL>IT~, ~~~~ 

CPHI2 = CSQRT(!,O- TNI**Z*SP002/IT~2002ll 
RIS ITN!OCF- 1~20CPHI21/IT~lOCP + T~20CFH121 
RIP ITN!OCPHI2- T~20CPI/ITN!OCPHJ2 + TN2*CPl 
RZS = IT•<*CPHI2 - l~3*CP~I31/IlN20CP~I2 + T~3*CP~I31 
R2P • (1~2*CPHI3- TN30CPH121/IT~Z•CF~I~ + ~~30CPhl2l 
D = lC.O,l.C)0(4,CO],l4!5927*T/~llOT~2*CP~I2 
RS • IRIS+ PZSOCE>PIOII/11.0 + F!SOF2S*CE>PICII 
RP = (RlF • RZP*CEXPIDII/11.0 + PlPOP2POCEXP(C)) 
Rt-C = PSJPF 
PSIC = AT~NICABSIPHCll/0,01745~ 
CELC = ATA~21AIMAG(PHCJ, PE~LIPHCII/0.01745~ 
IF IEPSI•- ABSIPSIC- PSI.ll 4CC, ZCO, 200 

2CC IF (EDEL•- ABSIDELC- DEL.Il 400, 30C, 300 
3CC WRITE (~,t!J PHil, l~l, ~l, l~S, T~KS 

~RITE (3,1<4) '"' TN~, l, PSJC, OELC, FSI~, CElfll 
M = ~ 

4CC IF ll~- IT + OTil fCC, 60C, 500 
~CC T = 1 + 01 

GC lC ICC 
HC IF I HK~ - llNK + OHKII BCC, ECC, 700 
1CC TNK = TN~ + DlNK 

1::0 lC ! C 
BCC IF ll~~ - llN + DHII 1000, lOCO, 900 
SC C TN = 1 ~ + D l ~ 

!CCC 
zcco 

!OCC 

GC lC 2C 
GO lC 12CCC, 
WRITE ( ~, 1! I 
~RITE { ~ ,] ~) 

GC TC I 
CGNTI~LE 

END 

II ~ 
PHil, l"l' ~l, 1"5, T~'S 
PSif!', OElfl 
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= 

= 

A = 

B = 

c = 

X = 

-61-

n cos¢' - n cos¢' 
c cs s 

n cos¢' + n cos¢' c cs s 

n cos¢' - n cos¢• c s cs 
n cos¢' + n cos¢ 1 

c s cs 

~ 

tan 'lj( e me as 
me as 

1/2 
[l - 4AC] 

( -B ± X) /(2A) 

A. o· 
4rm cos¢' c 

UCRL-17128 

(61) 

(59) 

(77) 

(79),(80) 

(79),(80) 

(79),(80) 

see (82) 

see (82) 

i Log (85) 

L = real part of L1 or L2, whichever has smaller imaginary part 

r 
8 

D = 

= 

n cos¢' c 
(76) 

(75) 
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Sequence and Format of Data Cards for Program "SFTIM" 

Card Col. 1 Col. 10 Col. 20 Col. 30 Col. 4o Col. 50 

1 Title and comments (up to 80 columns) 

2 Ranges of n and nK (up to 80 columns) 

3 

4 

n 

n 

0 
f.. 

0 

on 

n n K s s s 

n nK onK nK 
(initial) (increment) (final) (initial) (increment) (final) 

¢ 7jJ 6. E7/J Ef::. 

These five cards constitute a set. Any number of sets may follow. Two 

blank cards (these are dummy title cards and need not necessarily be blank) 

must follow card 5 of the last set of data, and a card with 0.0 punched in 

the first field (columns 1 - 9) must follow these blank cards. (When the 

computer reads this card it sets n = OoOo It thus transfers to the end 
0 

of the program.) All numbers punched on cards 3 through 5 must contain 

a decimal point and may be located anywhere in the field of columns 1 - 9, 

10 - 19, etc • 



... 

• 

Name 

A 

B 

c 
CPHI2 

CPHI3. 

D 

El, E2 

I 

N2 

N3 

RlS 

RlP 

R2S 

R2P 

RS 

RP 

RHO 

RHOM 

Tl, T2 

Variables 

Symbol 

A 

B 

c 
cos¢' 

cos¢' s 
D 

eD 

.r.:l i 

n +inK 

n +inK s s s 

rls 

r s 

r 
p 

p= r /r = s p 
p= r /r = s p 

Ll' L2 

:L6 
tam/J e 

tan</! eiL::. 

Complex 

Description 

intermediate variable 

intermediate variable 

intermediate variable 

UCRL-17128 

cosine of angle of ref. in film 

cosine of angle of ref. in substrate 

complex optical path length 

imaginary unit 

refractive index of film 

refractive index of substrate 

Fresnel reflection coefficient at 
air-film interface for polari~ation 
normal to plane of incidence 

Fresnel reflection coefficient at 
air-film interface for polarization 
parallel to plane of incidence 

Fresnel reflection coefficient at 
film-substrate interface for polari
zation normal to plane of incidence 

Fresnel reflection coefficient at 
film-substrate interface for polari
zation parallel to plane of incidence 

reflection coefficient of film
substrate combination for polari
zation normal to plane of incidence 

reflection coefficient of film
substrate combination for polari
zation parallel to plane of incidence 

(calculated) 

(measured) 

calculated complex film thicknesses 

A reproduction of the program SFILM appears on the next page, followed by 

. a sample output. The flow diagram is the same as that of the program "FILM" 

with two exceptions. Since film thickness is calculated, not guessed, the 



"SFILM" Program 

PROGR~~ 5fll~ (INPUT, CUTPUT, T~FE2=1~PUT, T~PE3=CUTPUTJ 

T~IS PROGR~M CALCUL~TE! T"E THIC.NESS ~~C CC~PLEX REFR~CTIVE 

INDEX OF ~ SI~GLE ~e!ORBI~G FIL• C~ ~~ ~fSCPEI~G SUfSTP~TE 
COMPLE)C CPHI2, CPI-'1~, f\2, 1'-3, FilS, RlF, R2S, P2Ft PS, PP, Rt-10 
COMPLEX A, 8, C, C, Elt. E2t It FIHCP', Tl, T2, X 
REAl "1' "5, ~~S, "I' fi.M, fl.~], ~~~~ "' ~~ 
OI~EN!IGN TITLEI81, R~~GE18l 
COR = C.Cllli~:! 
I= OPL>IC.C, 1,CJ 

RE4D (2,2 I TITLE, P~~GE 

FOR-~T 18~1C/E~1CJ 
WRITE (~,li) TITLE, PAI\GE 
FOR-~T 11~1. E~1CI/E~101 
READ (2,E) ~1, ~L, "S' NKS 
lf 1~1 I !CCC, 1CCC, 6 

t: READ (2,c; I f\J, ON, 1\fll, NKI, Cfi.IC., ~l<fll 

7 REAC (2, lC t PHI, PSI,_., CELf', EfSifl', ECELJII 
E FOR-AT IF~.c. 3FIC.Cl 
~ FCR,..Al (F~.C, !Fl(,() 

IC FOR-~T IFS.C, 4FIC.CJ 
11 FORMAT (lt-<C,/6HPHI = ,F5.2,10>c,4Pf\ = ,F7,4, lOX, l3t-'WAVELENGH· =, 

C FS.C, IIH ANGSTPC.!//33H PEFR~CTI~E INOEX CF SUESTP~TE = , F7.4, 
C 2X, li .. + I, F1.4) 

12 FORMAl llPC, 21HREFRACTI~E I~CfX CF Fll~ = , Fl,4, 2X, 
C 4~+ !, F7.4//18H Fll~ THIC•~ESS = , F7,2, lOH ~~GSTRO~S// 
C 3f~ I•~GIN~RY PART CF FIL' THIONESS = , fl0,5, lC~ AN(STRGMS, 
C 1/B't-- PSIC = , flC.5, lOX, 7HDELC = , FlQ.c;;, 
C //8~ PSI~ = , FlC.5, lOX, 7~0El~ = , Fl0.5) 

13 FORMAT ( lHC, 1HP$(p.! = , FlC.5,lOX, 7HCElfl = , F10.5//32H NO SOLUT 
CICN ~ITHI• GI~EN li.IT!l 
~ = I 
N3 = CfiPLXI~S. NKSJ 
RHOM = T~~tP!IM*CCRI*CEXPII*CEL•*CCFI 
SP = ~INIFHI*CCR) 
CP = CC!IFHI*CCRI 
CPHI3 = C~CRT(l,C- ~1**2•SF**2/1~3**21J 
P = ~l/14.Co3,1415S27J 
N = 1\1 

LC NK = I\ I< I 
lCC N2 = CfiPL)(I\, rqq 

CPHI2 = CSORTCl.O- 1\l**Z*SP**Z/CI\2**211 
Rl! tNl*Cf- N2*CPH12ltt•l*Cf + •2•CFHI2J 
R1P = IN1*CPHI2- ~2tCFJ I(H*CFHI2 + •2•CPI 
R2S = CN2*CPH12 - I\!*CPHI3J/C~2*CP~I2 • N3*CPHI31 
R2P = IN20CPHI3- N!*CPHI2J/t~2*CPHI3 + N!*CfHI2J 
A tHC.*PIS- RIP)oR2S*R2P 
B = ~~CM*IR1P*RlStR2S + R2FJ - (RlS*FlF*P2F • P2S1 
C = RHCfi*RlP - RlS 
X = CSCRTI8**2 - ~.C*A*C) 
F1 1-B + >J/12.0*~1 
E2 = 1-B- >JI(2,C*Al 
T1 = P*IAHN2tAI~AGIE!I, REALIElll - I•~.LCGtCABSIEllllllN2oCPH21 
12 = P*IA1A~21AI.~GtE2J, REAltE21J - I*ALCGICA8SIE2lll/tN2*CP~I2J 
IF 1~8!1AI.AGI11ll- AESUI.~GIT2JJJ 110, llO, 120 

l!C T =REAL ITII 
EPRCP = ~ .-~G IT! I 
GO TC 13C 

UC T = RE.Alll:lt 
ERROR = A!-~GIT21 

13C 0 = (~.C•3.141~q27*l/Wl}*I*N2t(PHI2 
RS = IRI! + P2!*CDPIO)JI(l.O + FlSH2S*CEXPICIJ 

RP = IRIF + R2PoCEXPIOJI/Il.O + FlF*R2FOCEXPtOIJ 
RHC = RS/RP 
PSIC = ATA.ICASSIFHCIJ/CDP 
OELC = ATH2t~I-AGIPH(), PEHtF~CJ l/CCF 
IF CEPSIM- ABStPSIC- PSI~J )400. 200, 200 

2CC If IEOEL~- ABStDELC- OEL~ll400, 300, ~00 
~CC WRITE C~.llJ PHI, Nl, lll, f\S, f\.KS 

WRITE (3,12) N, N~, 1, ERR(~, FSIC, CELC, PSI~, CEL~ 

M = 2 
4CC IF 1~1<:~- (fi.K + C:~IOJ ~OC. 5CC, 500 
~CC Nt<: = f\.1< + ONK 

GO TC ICC 
6CC If IN•- t~ + ONII ECC, 7QC, 7CO 
7C C N = N + ON 

GO TC H 
fCC GO TC I9QC, 11 M 
-;cc kRITE 1~,111 PHI, f\1, hlt "S' fd<S 

WRITE C3,J!) PSIM, DEL~ 
GC TO 1 

!CCC CCNTI~~E 
ENO 

M U B -12592 
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