
RECE!VED 
lAWREf;J(E 

RAD!ATION U%UCi:fri"QJ:V 

DEC 18 1958 

LIBRARY AND 

DOCUMENTS SECTION 

r~ 

University of California 

Ernest O. 
Radiation 

lawrence 
laboratory 

DEFINITIONS AND CONVENTIONS IN ELLIPSOMETRY i; " 

Rolf Ho Muller 

November 1968 

TWO-WEEK LOAN COpy 

This is a Library Circulating Copy 
which may be borrowed for two weeks. 
For a personal retention copy, call 

Tech. Info. Division, Ext. 5545 

"':' 

UCRL-18585 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
Califomia. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



Submitted to Proceedings of 
Recent Develbpments in Ellipsometry, 
Meeting held in Lincoln, Nebraska, 
August 7-9, (1968). 

UNIVERSITY OF CALIFORNIA 

Lawrence Radiation Laboratory 
Berkeley, California 

AEC Contract No. W-7405-eng-48 

DEFINITIONS AND CONVENTIONS IN ELLIPSOMETRY 

Rblf H. Muller 

November 1968 

UCRL-18585 
Preprint 



Definitions and Conventions in Ellipsometry* 

Rolf H. Muller 
Inorganic Materials Research Division 

Lawrence Radiation Laboratory 
University of California 

Berkeley, California 94720 

ABSTRACT 

1 

. Many parameters which appear in the theory of ellipsometry crucially 

depend on the choice of arbitrary conventions and definitions. This 

dependence is discussed for nine two-fold choices. On the basis of 

literature usage, preferences are expressed for one of each of the 

alternatives and for the nomenclature of the variables involved. 

* Work performed under the auspices of the U.S. Atomic Energy Commission 
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In the derivation of the basic equations of ellipsometry from the 

electromagnetic theory of light reflection, for monochromatic plane waves, 

arbitrary choices have to be made at Ina'ny points. Some of these choices, 

although of profound consequence, are not recognizable from the results, 

and the comparison of data from different sources may be impossible. 'It 

should be realized that to some extent the separation between cause and 

effect is arbitrary. The alternatives chosen here as Itcausell are those 

which present' themselves il1.the step by step derivation of the classical 

theory of ellipsometry from the Maxwell equations. 

In the following discussion, nine two-fold alternatives of definitions 

and conventions have been singled out, and are stated in their most concise' 

and fundamental form. Their direct effects are discussed and some of the 

multiply connected interactions are indicated. However, no attempt is 

'made, to discuss the effects of all possible 512 combinations. The alter-

natives listed in the first and second columns of Tables I to IX will be 

referred to as alternatives one and two. The first column represents the 

author I s tentative preference 7 which is strong, however, only in the cases 

represented in Tables VI (coordinate system) and ,IX (angle independent 

optical constants) .. 

In order to establish past and present usage, the literature has been 

sear'ched for authors who make specific statements on the conventions and 

definitions they use. Only one publication has been selected from each 

author and is referred to by his name .. If a convention had to be inferred 
, , 

from the results, the name appears in parenthesis. ' 

Formal Definitions of Ellipsometer Parameters 

Table I gives the two alternative formulations for the relative 

amplitude attenuation tan ~ in terms of the Fresnel coefficients r for 



,a 

the electric field components normal (subscript s) and parallel (subscript 

p) to the plane of incidence 1 • The resulting alternative angles 'If! are 

complementary to each other. The ranges of ~ values for bare surfaces 

given in the table hold in combination with the .conventions contained in 

the first columns of the other tables, and under the assumption that 

values between. 0° and 90° are admitted for the description of elliptic 

polarization. Although most of the literature employs alternative 2, 

the first one is preferred here7in order to be consistent with the choice 

of ~ discussed below. 

Table II gives the two alternative formulations for the relative 

2 
phase change ~ in terms of the absolute phase changes of sand p com-

ponents upon reflection. The first alternative is almost exclusively used 

in the literature and therefore preferred here. It would seem 'that the 

first alternative of ~ in Table I requires the second alternative of ~ 

in Table II. However, the preferred choices given in Tables III, IV and 

V, primarily the negative exponent of the time-factor, result in a 

3 

reversal of the sign of ~ and require the first alternative in Table II. The 

ranges of ~ values for bare surfaces given in the table again hold in 

combination with the other preferred conventions and are basically due 

to the restriction in the angle of incidence to 0 to 90°. 

Table III gives two alternative formulations of the complex relative 

amplitude attenuationp. The first alternative is almost exclusively used in the 

literature and therefore preferred here, although there is some logic in 

using the second alternative in combination with the negative exponent 

of ~he time dependence factor. 
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Time Dependence Factor 

Table IV shows two alternatives for the complex formulation of 

sinusoidal oscillations. As a basis of discussion, the negative exponent is 

preferred7 here because of its use in most of modern physics, particularly . 
quantum mechanics, although alternative two is firmly established in elec-

trical engineering and can be found in the older physics texts. 

A direct consequence of the choice in sign for the exponent in the 

time-factor is the sign of the imaginary part of the complex refractive 

index. A combination of signs other than those indicated in Table IV 

results in intrinsically negative values for the imaginary part regard-

less of which formulation of the refractive index (Table VIII) is chosen. 

Absolute Phase 

Little atten.tion has been given in the literature to the effect 

which results from the formulation of the absolute phase change upon 

reflection. Although four alternatives are shown in Table V, the choice 

is again basically two-fold and formally lies in the relative sign of 

time'and phase exponent. In the preferred7first alternative of Table V, 

a positive absolute phase change 0 is equivalent to an increase in time, 

or a phase advance. Correspondingly, a negative absolute phase represents 

a phase retardation. The third alternative, most frequently found in the 

literature, is physically equivalent to the first within the framework 

of a positive time exponent. 

Coordinate System 

··Table VI illustrates two possible choices for the positive coordinate 

dire~tion of the reflected electric field component in the plane of inci-

dence. The resulting values of the relative phase 6 differ by an additive 



... 
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quantity of IT. 

This effect can most easily be understood by comparing mirror images 

of ellipses in Fig. 2. The coordinate system used in literature references 

can be inferred from statements of the Fresnel coefficient for the p-

component which differs in sign for the two alternatives and is given in 

its most compact form in Table VI. <p is the angle of incidence, <pI the 

angle of refraction. 

The literature preference is divided between the two alternatives. 

Although the second alternative results in identical reflection coefficients 

for. s arid p components at normal incidence, which is physically reasonable, 

it is rejected here because (if used with the first alternative of 

Table VII) it involves a change from a right to a left hand coordinate 

-+ 
system for the directions of E 

P 

-+ -+ 
E and k between incident and reflected 

s 

beam. Since azimuth circles on instruments usually show the same sense 

of rotation for incident and reflected beam, alternative 1 is strongly' 

favored despite its lack of beauty at normal incidence. 

, Table VII shows the two possibilities for defining the positive 

coordinate directions of the reflected electric field component normal 

to the plane of incidence. It can be parallel or opposite to that of 

the incident wave. A dot stands for an arrow coming out of, a cross 

for one going into, the plane of the drawing which is also the plane of 

incidence. The literature is almost unanimous in the use of the first 

alternative except for Winterbottom whose equations do not seem to agree 

with drawings if the arrows are taken to indicate positive coordinate 

directions rather than electric field orientation. The preferred coor-

dinate system with the nomenclature employed is also shown in Fig. 1. 

This system is also best suited for application of the Poincare~ sphere 
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in tracing the state of polarization through the different elements of an 

ellipsometer. 

Complex Refractive Index 

Two alternative formulations of the complex refractive index, 

irrespective of the sign chosen for the imaginary part, are given in Table 

VIII. The imaginary unit J:i is designated by the letter i. The factored 

form, alternative 1, seems to be prevalent in the literature,7 however the 

use of the symbols k and K. is not uniform. A comparison of nomenclature 

for the different parts of the complex refractive index as formulated in 

Table VIII is given in Table X. 

The proposed preferred names are: 

n - refractive index 

K - absorption index 

k - extinction index 

With either of the above formulations, the complex refractive index 

can be defined in two basically different ways, such that its value is 

either a constant or depends on the angle of incidence. This is the most 

far-reaching of the nine choices. Table IX shows the two alternatives in 

the form of the first alternative of Table VIII. n l and Kt stand for 

the values which are dependent on angle of incidence, nand K for those 

which are independent. The relationships given between the two sets of 

values show that they are not simply connected to each other but become 

identical at normal incidence. The difference in the two definitions shows 

most clearly in the description of refraction at a dielectric-metal inter- I 
V 

face· when put in the form of Snell IS law.3 As shown in Table IX, the formu-

lation with the angle-independent complex refractive index requires the 

introduction of a complex angle of refraction <pI 1 which has no recognizable 
comp ex . 
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physical meaning. The angle-dependent complex rei'ractive index, on the other 

hand, is chosen so that its real part and the real angle of refraction 

-+ 
$' l' which describes the direction of the wave vector k in the absorb­rea 

ing medium, and is shown in Fig. 1, appear in Snell's law. The phase 

velocity in the absorbing medium is simply connected to the angle-dependent 

optic,al constants ;so is the attenuation of the electric field amplitude 

when formulated as a function of the real direction z normal to the 

surface of the absorbing medium (Table IX). This fact has been a reason 

for the widespread, often unrecognized, application of this definition 

in the literature. On the other hand, the square of the angle-independent 

refractive index is simply related to magnetic permeability ~, dielectric 

constant £ and conductivity 0, as shown in Table IX. 

I 
A strong preference is expressed here for the use of the angle-

independent definition of the complex refractive index. Although this 

definition 'entails mathematical complications in some parts of the theo-

retical deriyations, it retains the physical meaning of the refractive 

index as a material constant rather than being a device of mathematical 

expedience and is, for a given frequency, independent of the way in which 

it is determined. 

As indicated in Table IX, the literature is divided in applying the 

two alternatives. Indirect evidence for the simultaneous use of both, 

can be found in many references. Discussions of the two alternatives 

are presented by Ditchburn, Koenig, Vasicek and Valasek. 

Numerical'examples of the interrelationship betw,een the two sets 

of optical constants are given in Figures 3 and 4. They show that the 

dep~ndence of the refractive index n' on angle of incidence is strong 

,only for small. values of· n and large values of K, while the angle-dependence 



of the absorption index; K'is small only for high values of n. It can 

be seen that for a material like silver n' changes by about a factor of 

ten, K' by a factor of two between normal and grazing incidence~ 

A question of nomenclature arises in the formulation of the ampli-

tude attenuation 

E :: -az E e 
o 

given in Table IX. The exPonent contains the coordinate z normal to the 

surface of the absorbing medium and the quantity 

a. = 2'JT n'K' 
A. 

o 

which should be callea the ~'amplitude absorption coefficient. " '. Its 

reciprocal, the "amplitude penetration depth," is .aphysically well recog­

nizable measure of light absorption. ( Ao designates the wavelength in 

vacuum.) Most of the formulations of light absorption found in the 

Ii terature are given in terms of intensity rather than amplitude 

I = -2az 
I e o 

As indicated in Table XI, the quantity 

2a = 4'JT n' K' 

Ao 

usually identified by "a" ,is called absorption coefficient. To avoid 

any ambig'lli ty, it should be named "intensity absorption coefficient. 11 

Correspondingly , its reciprocal is the "intensity penetration depth." 

8 
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The student of ellipsometry is confronted with a confusing multi-

plicHy of conventions and definitions employed 1n the classical papers 

on the subject, and this problem persists in the present literature. 

9 

In an effort to untangle this situation, nine conventions and definitions 

have been singled out, where arbitrary choices between two alternatives 

have to be made in the theory of ellipsometry. Since some of tqese 

choices have the same or opposite effects, riot all possible combinations 

lead to different results. Nevertheless, according to this analysis, 

reflection from any given surface can be represented by 8 numerically 

different combinations (including sign) of ellipsometer parameters 7jJ 

and 6. Conve~sely, from a.ny measured set of 7jJ and /.::" values, 16 different 

combinations of optical constants, which are all valid within the respec-

tive framework, can be derived. 

4 For the electric field strength . formulated as 

-i(rot + 5) i it.1 -az e e e 

the complex relative amplitude attenUation 

r 
s P 5-

r 
p 



10 

. 5 
can be formulated as .. 

.. 
E " -io I s I s 

e 

p = 
IEs I 
1 E "I -io 12 
IE 1 e p 

p 

This expression can be re-written in the form 

E " 

* p . - --t .... p;;-...,--..,..--
Es I 

+i(o -0 ) 
e. p s 

IE I p 

6 or 

tan 1/Jr ill p = e 
tan 1/Ji 

tan 1/J 
ill 

P = e 

Thus, the preferred formulationsof the two ellipsometer parameters are 

.tan 1/J = 
·1 rsl 

1 rpl 

Ll = o -0 p s .... 
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The coordinate system is preferred as given in Fig. 1. The complex refractive 

index of an absorbing medium is formulated as 

n E n(l + iK) c 

and defined to be independent of angle of incidence. 

The preferred nomenclature is 

tan * -relative amplitude attenuation 

6 - relative phase change 

n - refractive index 

K - absorption index 

k = nK - extinction index 

Although the general use of a standardized set of definitions and 

conventions may not be f.easible, it is hoped that this discussion leads 

to a greater appreciation of the problem, and results in the more frequent 

statement of the arbitrary choices made by authors ~ Thus, 

cormnunication within a grow'ing technical cormnuni:t;y would be greatly 

facilitated. 

\ Jonathan Z. Shoher has assisted in the literature search for this 

study. 



Modification of Preferences 

Contributions to the discussion of this paper, particularly by 

* ** Dr. H. E. Bennett and Professor F. Abeles ,have convinced the author 

to adopt the positive exponential for the time factor (alternative 2, 

Table IV) and the unfactored form for the complex refractive index (al-

ternative 2', Table VIII). As a consequence of this change, several other 

choices have to be reversed, so that the modified set of preferred defi-

nitions and conventions is given by 

Tables I II III IV V VI VII VIII 

Alternatives 2 1 1 2 3 1 1 2 

The summary, to take the place of the one given in the paper, can 

therefore be restated as follows: For the electric field strength 

formulated as: 

i(rot + B) 
.e 

it·1 -az e e 

The complex relative amplitude attenuation is: 

i' 

P ==..£ 
r s 

i(B - B). ~ A 
PSt .J.L>. e = an 7/J e 

where 

* 

** 

Head, Physical Optics Branch, Michelson Laboratory, Naval Weapons 
Center, China Lake, Calif. 93555 

Universit{ de Paris, Faculte des Sciences de Paris, Laboratoire d'Optique, e . 9, quai-Saint-Bernard, Paris - 5 , France. 

v 
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, " 

The preferred coordinate system is shown in Fig. 1. The complex refractive 

index, defined to be independent of angle 'of incidence, is preferably 

fofmulated as 

n -n -ik c· 
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Table I. Formal Definition of Relative Pmplitude Parameter ~ 

Alterhative.s: 

Effect on '1/1 

I,;. 

Bare surface values: 

Authors: 

r 
tan s 

1/1 = -r 
p 

'1/1 
.r 

45 0 S 7/J S 90
0 

Born and Wolf p. 617 
Fry 

:Mayer 

p. 22 

p. 90 

r 
tan 'if! = -2... r 

s 

900 _'1/1 

00 ::; 7f.t S 45 0 

Abel~s p. 

Archer p. 

Born p. 

Dr 'J.d e p. 

(Foersterling . p. 

Hall p. 

He ave r:s p. 

Hol.!:.es and 
Feucht p. 

". Jenkins and 
White p. 

Koenig p~ 

Laue p. 

Leberknight 
and Lustman p. 

McC:rac~in 

and Colson p. 

Pohl p. 

Rothen p. 

Tronstad . p. 

Valasek p. 

Vasicek p. 

Winterbottom p. 

Wood '" r-. 

~ 

46 
10 
262 
286 

115 ) 
911 
198 

467 

523 
226 
162 

62 

62 

154 
1057 
19 

..., 

251 
289 \ ~." 

16 

552 



13 

Table II. Formal Definition of Relative Phase Parameter 6 

.. 
Alternatives: 6 = o -0 6 = o -0 

p s s P 

'..i Effect on 6: 6 -6 

Bare surface values: 0 < 6 < +180° o > 6 > -180° 

Authors: Abeles p. 46 (Fry p. 22) 
Archer p. 10 Mayer p. 90 

Born and 
·.Wolf. p. 617 

Drude·,\" p. 292 

(Foersterling p. 119) 

Hall p., 911 

(Heavens p. 198) 

(HoJ.:ID.es and 
Feucht p. 467) 

Jenkins 
and White p. 524 

Koenig 'po 222 

Laue p. 162 

Leberknight 
,"and Lustman p. 62 

Rothen p. 1057 

Tronstad p. 19 

Valasek p. 251 

Vasicek p. 289 

Winterbottom p. 16 

Wood p . 552 
.... ' 

V 



Table III. Formal Definition of Complex Relative Amplitude 
Attenuation 

~ , -:L0. 
Alternatives: p = tan ?/J e p = tan ?/J e 

Effect o,n:6 t 6. -.6. 

Authors: 
\ 

Abeles p .. 46 Bo:rn and 

Archer 10 Wolf p. p. 

Born p. 262 

Drude p .. 292 
Foersterling p .. 129 
Fry p. 22 
Hall p. 912 
Heavens p. ;1.98 
Holmes and 

Feucht p. 467 
Koenig p. 241 
Laue p. 162 

(Leberknight 
and Lustman p. 62) 

Mayer p. 90 ' 

McCrackin 
and Colson p. 62 

Pohl p. 154 
Tronstad p. 19 
Valasek p. 251 
Vasicek p. 289 
Winterbottom p. 16 
Wood: p. 552 

14 

,., 

617 

(/' .. 
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tI: 

Alternatives: 

Effect on Complex 
Refractive Index: 

Authors: 

Table IV. Time Dependence Factor 

-irot 
e 

n(l + iK) 

Born and 
Wolf 

Fry 

stone 

p. 

p .. 

p. 

(Winterbottom p. 

24 
143 

35 
15) 

+i(.l)t 
e 

n(l - iK) 

Abel~s p. 

(Archer p. 

Born p. 

Condon p .. 

Ditchburn p. 

Drude p. 

Foersterling p. 

Fran<i0n p. 

(Hall p. 

(Heavens p .. 

Koenig p. 

Laue p. 

(Leberknight 
and Lustman p. 

Mayer p. 

(McCrackin and 
Colson p. 

Pohl p. 

Rossi p. 

Valasek p .. 

Vasicek p. 

Wood p. 

15 

42 
11) 
21 

6-7 
40 
299 
75 
387 
911) 
198) 
153 
161 

66) 

125 

64) 
149 
368 
243 
15 
416 
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Table V.. Absolute Phase 

==============~======================== ~ 
Alternatives: ". e 

-i(rut+8) 

Effect" on 6: 

Authors: Born p. 24 Stone po35 
and Wolf 

+i(CDt+5) 
e 

Born 

Ditch-
burn 

(Drude 

p.21 

p.40 

p.292) 

Foerster:" 
ling p.75 

Koenig p.153 

(Mayer p.l40) 

(Pohl p.126) 

(Rossi p.269) 

Valasek p.219 

Vasicek po15 

Wood p.416 

e 
+i(CDt -5) 

-6 

Francon p .393 
j "" 

. " 
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Alternatives: 

Effect on 

£f'f.ect on Fresnel 
Reflection Coeff. r 

p 

Authors: 

Table VI. Coordinate System for p-Component 

+ tan 
tan 

Archer 

(Bashara and 
Peterson 

Born 

(Born and 
Wolf 

Ditchburn 

Drude 

(Foerster-
ling 

Heavens 

Holmes 
and Feucht 

Jenkins and 
White 

(Laue 

Leberknight 

p. 

p. 

p. 

p. 

p. 

p .. 

p. 

p. 

p. 

p •. 

p. 

and Lustman p. 

(Mayer p. 

(McCrackin 
and Colson po 

Pohl p. 

(Tronstad p. 

Vasicek p. 

Winterbottom p. 

Wood p. 

2 

1329) 

27 

40) 

533 
2Bo 

114) 

196 

467 

529 

129) 

66 

137) 

61) 
147 

17) 

27 

15 

411 

tan ( cp-cp I) 
~t';"';'a';"';'n----i(~¢+·cp'J 

(Condon p.6-B) 

Francon p. 391 , 
(Koenig p. 211) 

Rossi p. 373 

(Stone p. 397) 
Valasek p. 199 

17 
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Table VII. Coordinate System for s-Component 

Alternatives: \~ ~ 
Effect on 6: 6 6 ± 180 0 

Effect on Fresnel sin ~¢-¢) sin f¢-¢') . + Reflection Coeff. r sin sin s ¢+-¢' ) ¢+-¢' ) 

Authors: (Archer p. 11) Winterbottom p. 15 

(Born p. 29) 

(Born and 
Wolf p. 40) 

(Condon p. 6-8) 

(Ditchburn p. 535) 

(Drude p",282) 

(Foerster ling 
p. 114) 

Francon p. 393 , 
Heavens p. 196 

Holmes and 
Feucht· p. 467 

Jenkins .and 
White p. 529 

Koenig p. 211 

(Laue p. 129) 

(Mayer p. 137) 

(McCrackin 
and Colson p. 61) 

(Poh1 p. 144) 

Rossi p. 373 ~I 

Stone Pi> 392 

(Tronstad p. 17) 

Valasek p. 199 
, Vasicek p. 27 

(Wood p. 410) 



' ...... ' 

Table VIII. Formal Definition of Complex Refract~ve Index n 
c 

Alternatives % n (1 ± iK) n ± ik 

Authors: Born p. 260 Abel~s 

Born and Archer 
Wolf p. 613 Bashara and 

Condon p. 6-7 Peterson 

Ditchburn p. 551 . Francon 
') 

Drude p .. 363 Fry 

Foersterling p. 128 Heavens 

Hall p. 911 McCrackin 

Jenkins and and Colson 

White p. 533 Poh1 

Koenig p. 241 stone 

Laue p. 160 

Leberknight 
and Lustman p. 64 

Mayer p. 126 

Rossi p~ 408 

Tronstad p. 20 

Valasek p. 244 

(Vasicek p. 287) 

Winterbottom p. 15 

(Wood p. 546) 

19 

p. 50 

p. 11 

p. 1329 

p. 387 

p .. 23 

p. 198 

p. 71 

p. 150 

p. 372 

/ 
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Table IX. Angle of Incidence Dependence of Refractive Index 

. Alternatives: 

Designation: 

Relationships: 

Snell: 

Phase Velocity: 

Amplitude Attenuation: 

Dielectric Constant: 

Authors: 

..-' '-

independent 

n(l + iK) 

2 2 
n (+-K ) 

2 / n K 

= 

= 
n sin $. ~ n(l +iK) sin $' complex o 

dependent 

n' (1 + iK') 

n ,2(1_K,2) 

n,2K, cos$'real 

n sin ~ = n' sin ~' o· real 

c 
v = III 

E 'V E e 
o 

21T"(:n' K ,. 
z 

2 "2 2 2 2 n + ~ n K n K = ll(e: + i 41T 0) 
w 

A 
o 

(Born p. 260) Hall p. 911 

(Born.and Wolf p. 613) Koenig p. 207 

(Condon p. 6-9) Valasek p. 245 

Ditchburn p. 590 Vasicek p. 290 

(Drude . p. 3"61) (Winterbottom p. 15) 

(McCrackin and Colson p. 61) 

(Wood "p. 546) 

<: ..• 

f\) 
o 
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Table X. Nomenclature for Optical Constants 

.. Names For: 

Authors: n K k :: nK 

.;;J 
Archer· p. 11 ext. coeff. 

Bashara and Peterson p. 1329 {real part of abs. ccieff. 
refr. index 

Born p. 260 abs. index 

Born and Wolf p. 613 att. index 

Condon p. 6-7 abs. index 

Ditchburn p. 551 ext. coeff. 

Drude p. 360 coeff. ·of 
abs. 

Franson p. 387 ref!'. index ext. index 
Fry p. 23 ext. coeff. 
Hall p. 911 refr. index abs. coeff. 

Jenkins and White p. 533 refr. index abs. index 

Koenig p. 189 abs. index ext. modul 

Laue p. 160 refr. index ext. coeff. 

Mayer p. 127 abs. index 

McCrackin and Colson p. 79 {real part of {imago part 
refr. index of refr. index 

Stone p. 372 refr. index ext. index 

Tronstad p. 18 refr. index abs. index 

Vasicek p. 286 index of abs. coeff. 
abs. 

Winterbottom p. 15 refr. index ext. coeff. 

.... Wood p . 546 refr. index abs. index 

:, 



22 

Table XI. Nomenclature for Light Attenuation 

,~. 

Names For: 

I tV I ·-2a.z 2 a. 47T n'K' 
e = Ao \y 

0 

Author: Archer p. 11 abs. coeff. 

Born and p. 614 abs. coeff 
Wolf 

Ditchburn p. 551 abs. coeff. 

Koenig p. 189 abs. coeff 

Mayer p. 127 abs. coeff. 

Rossi p. 409 abs. coeff. 

• 



" 

, 

REFERENCES 

, 
F. Abeles, Ellipsometry in the Measurement of Surfaces and Thin Films, 

E. Passaglia, R. R. Stromberg and J. Kruger, eds. (National Bureau 

Standards Misc. Publ. 256, 1964), p. 41. 

R. J.Archer, Manual on Ellipsometry (Gaertner Scientific Corp. 1968). 

N. Me Bashara and D. W. Peterson, J. Opt. Soc. Am. 56, 1320 (1966). 

M. Born, Optik (Springer Verlag, 1965) 2nd ed. 

Me Bornoand E. Wolf, Principles of Optics (MacMillan, N. Y., 1964) 2nd ed. 

E. U. Condon, Electromagnetic Waves; Handbook of Physics, E. U. Condon and 

,H. Odishaw, eds. (McGraw-Hill, 1958). 

R. W. Ditchburn, Light (Interscience; 1964) vols. 1 and 2. 

P. Drude, The Theory of Optics (Dover Publications, 1959). 

K. Foersterling, Lehrbuch der Optik (Verlag Hirzel, Leipzig, 1928). 

Me Fran1on, Interf/rences, diffraction et polarisation, Encyclopedia 
" 

, of Physics, S. Fluegge,ed,. (Springer Verlag 1956), vol. 24. 

To C .. Fry, J. Opt,. Soc. Am. 15, 137 (1927), 16, 1 (1928) .. 

A. C. Hall, J. Opt. Soc. Am. 55, 911 (1965). 

O. S. Heavens, Measurement of Optical Constants of Thin Films, Physics 

of Thin Films, G. Hass and R. E. Thun, eds. (Academic Press 1964), 

vol. 2. 

D. A. Hglmes and D. Lo :Feucht, J. opt. Soc. Am. 57, 466 (1967). 

F. A., Jenkins and He E .. White, Fundamentals of Optics (McGraw-Hill, 1957), 

3rd. E)d. 

23 

w. Koenig, Elektromagnetische Lichttheorie, Handbuch der Physik, H. Geiger 

and K. Scheel, eds. (Springer Verlag 1928), vol. 20. 



M. v. Laue, Die Spiegelung und Brechung des Lichtes an der Gren'ze zweier 

Isotroper Koerper, Handbuch der Experimental-Physik,W. Wien, F. 

Harms and H. Lenz, eds. (Akademische Verlagsgesellschaft, Leipzig 

1928), vol. ,i8. 

c. E. Leberknight and B. Lustman, J. opt. Soc. Am. 29, 59 (1939). 

H. Mayer, Physik duenner Schichten (Wissenschaftliche Verlagsgesellschaft 

Stuttgart 1950), vol. 1. 

F. L. McCrackin and J~ P. Colson,' Ellipsometry in the Measurement of 

Surfaces and Thin Films, E. Passaglia, R. R. Stromberg and 

J. Kruger, eds. (National Bureau Standards Misc. Publ. 256 (1964)), 

p. 61. 
, 

~' .. 

R. W. Pohl, Optikund Atomphysik, (Springer Verlag 1963), 11th ed. 

B. Ros si, Optics, (Addison-Wesley Co., 1959) 2nd. ed. 

A. Rothen, Ann. New York Acad. Sci. 53, 1054 (1951). 

J. Stone, Radiation and Optics (McGraw-Hill, 1963). 

L. Tronstad, Det Kgl Norske Videnskabers Selskabs Skrifter (1931)1 

'p. I., ,. 

J. Valasek, Introduction to Theoretical and Experimental. Optios (Wiley, 

A. Va~!~ek,_ Optics of Thin Films (North Holland Publishing Co., 1960). 

A. B. Winterbottom, Det:Kong~J:d:g~ Norske Videnskabers Selskabs, Skrifter 

1955., p. 1.,' 

R. W. Wood, Physical 'Optics (MacMillan, N. Y., 1934) 3rd ed. 

24 

') 



25 

FOOTNOTES 

1. Defined as the plane which contains incident and reflected beams or 

wave vectors. 

2. ,Phase of the reflected with respect to the incident wave in the reflec-

ting surface. 

Real refractive ind.ex of dielectric - n , complex refractive index o 

of metal n(l + iK) or n'(l<+ iK'). Angle of incidence ¢ (:r:eal), 

angle' of refraction ¢'(complex or real, depending on choice of 

complex refractive index). 

4. Eo - reference amplitude, i-imaginary unit, ro - angular frequency, 

5 - absolute phase (see footnote 2), 1t - wave vector, "1 - position 

vector, ex - amplitude absorption ooefficient, z - inward normal to 

reflecting surface. 

5. I EI and I E"I' - electric field amplitude in incident and reflected 

. wave , respectively .. 

tan 'IjJ. and tan 'ifJ. - relative amplitudes of sand p 'Components in 
1.. r 

incid.ent and reflected wave, respectively. 

T. As a result of the discussion, . the author I s preference has been 

modified to alternative 2 in Tables I, tv and VIII and to alternative 

3 in Table V. 

8. See end of discussion for a sunnnary of the modified preferences. 
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FIGURE CAPTIONS 

Reflection and refraction at a dielectric-metal'interface, 

designat ion of symbols. E, E' and E' '- pos i ti v~ coordinate 

direction of electric field amplitude in incident, refracted 

and reflected waves for components parallel (subscript p) 

and normal (subscript s) to the plane of incidence. The 

circles represent arrows pointing out of the plane of the 

drawing. k, k' and k" - propagation direction of the three 

waves. ~ - angle of incidence, ~' - real angle of refraction, 
r ' 

n - refractive index of incident mediUm, n or n' -o c c 

refractive index of reflecting medium, z - coordinate direc-

tion for amplitude attenuation. 

Dependence of elliptic polarization on phase difference /:; 

between orthogonal linearly polarized components of amplitude 

A and B. 

Effect of the angle of incidence $ on the angle-dependent 

refractive index n' for different combinations of the 

angle-independent optical constants nand K. 
"/' 

Effect of the angle of incidence $ on the angle-dependent 

absorption index K' for different combinations of the angle-' 

independent optical constants nand K. 

, 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com­
m1SS10n, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or. 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa­
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

8. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor­
mation, apparatus, method, or process disclosed in 
this report. 
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mission, or employee of such contractor, to the extent that 
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