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PREFACE 

Several decades after early techniques were established for the 

thermal evaporation of materiais onto substrates (Faraday, 1857), 

limitations of the old paradigm that films are bulk material in two-

dimensional form were gradually realized in different fronts. Worthy of 

mention are the electron diffraction studies by Konig and Helwig (1950), 

optical measurements by Bousquet (1956) and later observations involving 

wa ter adsorp tion by Koch ( 1965). 

Such limitations have surfaced more clearly in recent years as a 

resul t o f grea tly improved deposition para me ter control, thickness 

moni toring, and charac teriza tion techniques (Movchan and Demchishin, 1969; 

Thornton, 1973). In particular, microfractography has enabled us to "see" 

in cross section, through the examination of direct shadowed replicas in 

the transmission electron microscope, the pronounced columnar structures 

to which thin films grow under nonequilibrium condi tions (Nieuwenhuizen 

and Haanstra, 1966; Pearson, 1970; Guenter and Pulker, 1976). This 

materiais aspect is considered to be the main problem in optical 

coatings today ( Macleod, 1982). 

How can bulk properties be restored to materiais in thin film 

form? Answers to this ques tion ha ve been sought by many au thors 

through the use of thermal treatments (Meaburn, 1966), ultraviolet 

radiation (Bradford et al., 1965), and electron or ion bombardment 

(Browning, 1983; Martin et al., 1983), in what currently constitutes a 

major effort in the field. 
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But here that was the road not taken. Instead, we have asked: 

Given the columnar structure of thin films, can it produce any peculiar 

optical behavior absent in the bulk from which they originated? 

In pursuing this question we stepped into a number of riches and 

complexities far greater than initially realized. Still, we would like 

this work to be looked at as a search for simplicity. 

~I 
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ABSTRACT 

We consider in this work the con tribu tion of anisotropic 

micros truc ture to polariza tion effec ts in thin films. The microstruc ture 

is pictured by a simple model as composed of identical columns with 

elliptical cross se c tion e longa ted in a direc tion perpendicular to tha t 

of the vapor incidence. The asymmetry in columnar structure that 

results from oblique deposition is identified as the common source for 

the significant dichroism and birefringence observed in metal and 

dielectric films, respectively. A four-dimensional theory for multilayer 

sys tems is presen ted tha t s tarts from firs t princip les, unifies previous 

treatments for particular cases of film anisotropy, and properly handles 

the most general case of elliptically polarized mode propagation. In 

this framework and from a set of polarimetric measurements, a simple 

method is devised, with exp lici t considera tion o f the anisotropic 

microstructure, for the determination of the physical thickness and 

principal refractive índices of a single dielectric film. A sequence of 

transmittance measurements is performed with a zirconium oxide film 

deposited at 65° and, substrate role and instrumental errors considered, 

good agreement is obtained be tween theory and experimen t. 

Spectrophotometer data for a narrowband filter with 21 layers deposited 

a t 30° is shown to confirm theore tica 1 predic tions o f peak posi tions wi th 

Angs trom resolu tion. A hyptothetical metal film is discussed that 

reproduces the essential features observed in the optical behavior of an 

xiii 
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aluminum film deposited at 85°. Potential applications and suggestions 

for future work are included • 
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CHAPTER 1 

INTRODUCTION 

In contrast with the conventional assumption in current 

multilayer design techniques, virtually all vacuum-deposited thin films 

are anisotropic. (See Figure 1.1.) 

Would such a porous, discontinuous material, with its evident 

preferen tia 1 orienta tions, produ c e under proper condi tions a signífican t 

amount of optical anisotropy? By optícal anisotropy we mean a behavior 

exhibited duríng the interaction with líght that depends on the direction 

of the incident electric field. Its relation to film microstructure is 

the general theme of this dissertation. 

We could well have entitled it ''Form Birefringence in Thin 

Films," as long as this is unders tood in a wide sense to include 

dichroism, or direction-dependent absorption, especially for metal fílms. 

According to Born and Wolf (1975, p. 705), form birefringence " .•• arise(s) 

from a scale much larger than molecular, namely when there is an 

ordered arrangement of similar particles of optically isotropic material 

whose size is large compared with the dimensions of molecules, but small 

compareci to the wavelength of light." 

Crys talline orienta tion and anisotropic s tress have also been 

known as sources of birefringence in dielectric coatings, although the 

reported extent of their effect (Burgers and Dippel, 1934; Turner and 

1 
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figure l.l. Cross Sec:tion o f a ZnS / ThFu. Quarterwave t ~ultilayer. 

Substrate temnerature was a?proximately 30°C . Trans
mission ~icrograph of a preshadowed carbon replica. 
Columnar cr:; stals •vith large diameters are ZnS layers, 
smaller columns :.nd::".cate ':'hF u. lay e:-s. ( ?ro!'l Suenther 
and Pulker, 19 76 ) 

2 
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Ulbrich, 1947; Bousquet and De1court, 1957; Lichtenstein, 1980) is at 1east 

one order of magnitude smaller than the one we will be considering. 

We now proceed to p1ace our study in its proper historical 

context, while brief1y outlining its main contents. 

Background and Contents 

This work is at the intersection between two main historica1 

trends in the science of thin films, one primari1y phenomeno1ogica1, the 

other predicated on rigorous electromagnetic princip1es. 

The first trend probably started when Kundt (1886) observed 

polarization effects in several metal films by p1acing them between 

Nico 1 pris ms a t o r thogona 1 orienta tions. Supporting reports by Braun 

(1905), Bergholm (1914), Cau (1928), and later by Coper, Frommer and 

Zocher (1931), followed. 

From that time, when thin film technology was in its early 

stages of evolution, we often find peculiar expressions such as "film 

deflagra tion" and "exp loding wires" in the descrip tion o f deposi tion 

procedures (sputtering was also used). It seems that the proximity of 

sources to subs trates ini tially required by such processes, by inducing 

the deposition to occur a t high angles in some regions, was the 

triggering cause for those ear1y observa tions. 

Another wave of interest, mainly in obliquely deposited metal 

films, emerged in the 1950's with investigations by Holland ( 1953 ) and 

Reimer (1957). In 1959, Thiessen and Broglia carne across an unwelcomed 
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polarization effect at the edges of their thermally-aluminized 

astronomical mirror • 
• 

It should also be mentioned that a magnetic counterpart of the 

' I 

optical anisotropy considered here was noticed in evaporated Permalloy 

films (Smith, 1959; Smith, Cohen and Weiss, 1960). 

In the last few years, apart from its use for metal polarizers 

in the near-infrared (Slocum, 1981) and as a rather small birefringence 

detected in a few waveguiding dielectric films deposited at low angles 

o f incidence (King and Ta1im, 1981), the polariza tion effec t a t trac ted 

little attention. 

More recent1y, a significant retarder-like behavior was observed 

in a zirconiu m oxide film deposi ted a t a high ang 1e o f incidence. I ts 

amount of birefringence, as we11 as that of dichroism for a 

semitransparent aluminum film deposited in similar conditions, were 

quantitatively estimated at the HeNe wavelength by analyzing their 

transmittance variations with azimuth angle in a conveniently adapted 

ellipsometer. This work (Horowitz and Mac1eod, 1983) is reproduced in 

Chapter 2 of this disserta tion wi th some extensions. I t is s till a1ong 

the first trend, essentially characterized by a (semi)phenomeno1ogica1 

approach. 

As to the second trend, it probably acquired its initial well-

defined forms in the classic article published by Abelés (1950), which 

presents the following three particularly attractive aspects. (1) The 
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theory starts directly from Maxwell Equations. (2) Interference 

effects are taken into account without need to explicitly consider 

mul tip le traversals o f trave ling waves within the medium. (3) The 

resulting 2x2 matrix treatment is a powerful and simple tool for 

multilayer calculations. 

The problem then arose of finding a similar treatment which 

would apply equally well for arbitrary anisotropic thin films. Early 

theories by Schopper (1952) and by Bousquet (1957a) provide valuable 

predictions but lack items (2) and (3) above, and are only valid when one 

o f the principal axes lies normal to the plane of the film (see also 

Hea vens, 1965, p. 9 2 ). 

Goncharenko and Fedorov (1963) considered the problem of an 

arbitrary absorbing crystal of arbitrary orientation in plane-parallel 

plate form at normal incidence. However, their approach lacks item (3) 

and cannot be extended to an arbitrary angle of incidence. 

A useful 2x2 ma trix technique was developed by Holmes and 

Feucht (1966) for the case in which one principal axis is perpendicular 

to the plane of incidence. Schesser and Eichmann (1972) proposed a 

general theory for wa ve propaga tion in layered anis o tropic media, 

although their method lacks the simplicity mentioned in (3) . 

All three requirements are potentially fulfilled, with a high 

degree of generality, by a 4x4 matrix formulation developed in the 

following different contexts. In 1970 Teitler and Henvis extended the 

tradi tiona l two-dimensional approach to handle the case o f refrac tion 

5 
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under magne tica lly induced anis o tropy in an otherw ise iso tropic 

semiconduc tor. Later Berreman (1972) announced a solution to the 

problem of reflection and transmission by cholesteric and other liquid 

c rys ta ls wi th con tinuous ly va rying bu t plana r ordering, in which h e 

utilized a 4 x 4 differential-matrix technique. More recently, Yeh (1979) 

presented a similar formalism in a solid state physics context, and 

applied it to the Sole birefringent layered media, to the exchange Bragg 

scattering, and for a mode dispersion relation in guided waves. 

It was hinted by Berning (1963, p. 71) that if a procedure were 

to be found for anis o tropic films tha t would lead to the r e sul ts 

obtained by several authors through different methods, each appropriate 

for a particular case, then such a procedure should arise from 

fundamental principles based on electromagnetic theory. 

In Chapter 3 of this dissertation we begin from Maxwell's 

equations and recreate the Teitler and Henvis formalism, with its 

potential application for thin films in mind. Their approach is 

particularly suited to our purposes because it retains a close 

resemblance to the original Abeles method. Once the 4 x 4 propagation 

matrix of a system is known, transmittances and reflectances are 

obtainable in a straightforward rnanner . 

It is not made clear in their formalism, however, how the 

elements of the propagation matrix are to be determined for applications 

o ther than the par ti cu la r one they w ere s tudying. Addi tiona 1 insigh t is 
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required to fully enable the theory to handle problems on thin-film 

mul tilayer design • 

7 

We have in terpre ted the propaga tion ma trix as an opera to r tha t 

maps one vector basis onto another, each corresponding to one of the 

film surfaces. With this understanding, we show that in the isotropic 

limit the matrix, properly inverted, is composed of a pair of 

independently operating submatrices, and these are identified as the 2 x 

2 Abel~s matrices connected to the s and p-polarization modes. When the 

same procedure is systematically applied for different anisotropic cases, 

the results attained by Schopper (1952), Bousquet ( 1957a), and Holmes and 

Feucht (1966) arise quite naturally. 

In principie, apart from a few mathematical singularities, the 

theory is capable of producing the results of all treatments previously 

mentioned. At the end of Chapter 3 we go beyond them and consider the 

interaction of normally incident light with a stratified system composed 

of anisotropic layers, each with an arbitrary orientation of its optical 

axes (here a convenient vector operation is defined to greatly simplify 

the forma l ism). 

A computer program was developed to turn the above 

considera tions in to a prac tica 1 too l. I t is brief ly described in the 

beginning o f Chap ter 5. To determine reflectances and transmittances 

corresponding to an anis o tropic mu 1 tilayer sys tem, each o f i ts componen t 

layers (biaxial in the most general case) is specified by three pairs of 

principal optical constants, a physical thickness, and the direction of 
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co1umnar growth (which represents the average preferentia1 orientation 

in the film microstructure) • 
• 

The 1ast of these is easi1y obtained from the so-ca11ed tangent 

ru1e 

tg~ 
1 2' tgv, ( 1.1) 

where 4> is the columnar orienta tion ang1e and v is the ang1e of vapor 

incidence, both with respect to the substrate normal. This identity was 

first experimentally determined· by Nieuwenhuizen and Haanstra (1966) and 

its universality has been confirmed for a 1arge number of film 

materia1s, as shown in Figure 1.2 with data from severa1 investigators 

co11ected by Leamy, Gilmer, and Dirks (1980). The observation that the 

columns are oriented c1oser to the substrate normal than the vapor beam 

-. dates back to 1950. At that time, K.Õnig and He1wig a1so stated that the 

anisotropic structures they observed with an electron microscope in 

oblique1y deposited films was apparently due to shadowing of the 

impinging molecules by molecules already settled within the growing 

film. This idea has been recently supported by computer simulations of 

thin film growth (Dirks and Leamy, 1977), and the tangent rule 

statistica11y interpreted in terms of a stochastic process. The 

geometrica1 nature of the "self-shadowing" effect, as it is ca11ed, is 

evidenced by the fact that the mode1s utilized for the simulated growth 

are ab1e to reproduce the main structural features of the fi1ms without 
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Figure 1.2. The Tangent Rule is Illustrated with Data from Several 
Investigators and a Variety of Film ~futerials. 

9 

The rule is obeyed well for all situations except for the 
data shown at + and x, which has been traced to a geo
metrical artifact of that particular experiment. Here a 
is the vapor angle of incidence and S is the columnar 
orientation angle. (From Leamy, Gilmer, and Dirks, 
1980.) 
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taking into account crysta11ine texture, oxygen adsorption, momentum, or 

facet formation (Dirks, Leamy, and Gilmer, 1980). 

With respec t to the physica1 thickness, it can be de termined by 

the observa tion of fringes of equa1 chroma tic arder (FECO) or by a 

sty1ographic measurement, as well as by simply counting repeated 

patterns of colored fringes with the simple technique we used for the 

obliquely deposited film we consider in Chapter 4. 

On the optical constants of such anisotropic films, however, 

quantitative information is extremely scarce, if not absent, in the 

li ter a tu r e. For that reason we present a method that interprets 

ellipsometric measurements in light of the film columnar microstructure, 

and whose ca1culations can be performed with a simple pocket calculator. 

I n 1960, Bousquet and Rouard, reviewing experiments performed for 

a decade involving the determination of optical constants in thin films 

and their theoretical framework, concluded " ••• it well seems that the 

granular structure of the films remains the main cause for the anomalies 

observed in the optical constants .••• " (our translation) 

We hope our method wil1 facilitate the understanding of these 

anomalies during the course of the vast amount of work that lies ahead 

in this a rea. 

Following the description of the method, a simple model of the 

microstructure is considered. The columns are taken as solid rods of 

infinite length with elliptical cross section and refractive index of the 

bulk material random1y distributed in an air matrix. A p lausibility 



ll 

argument is then presented that shows reasonable agreement between 

model predic tions and measured va lues o f the principal refrac tive 

índices. 

Another clear realization that arises from the interpretation of 

the experiment, in the framework of the theory we have developed, is 

tha t Brew s ter' s law does no t hold for anisotropic media, films deposi ted 

at normal incidence included. A simple explanation for this is discussed, 

and a more general expression attained through the more fundamental 

"admittance-matching" between the two media involved. For prac tical 

, 
I 

reasons, this expression is derived for the case in which one principal 

axis is perpendicular to the plane of incidence so that it still retains 

some of the simplicity of Brewster's law, while reducing to it in the 

iso tropic limi t. 

With the above considerations, we finally arrive at a stage in 

which the intersection between the two trends can be undertaken. In 

Chap ter 5 we compare theory and experimen t o f trans mi t tance 

measurements with variations of angle of incidence and azimuth angle for 

a simple dielectric film, as well as with respect to the spectral 

behavior of a narrowband filter with 21 layers. The properties of a 

hypothetical metal film are discussed at the end, in parallel with the 

aluminum sample deposited at 85° described in Chapter 2. 

In the last chapter we summarize the results from this work and 

their possible extensions, followed by potential applications and further 

suggestions for future work. 
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A simplified map of our approach, as it was initially idealized, 

is shown in Figure 1.3. 

ANTF 
Program 

Cl1aracterization and 
Optical Performance 

Oesign Film 

Figure 1.3. A Sirnplified Map of Our Approach. 



CHAPTER 2 

• 
POLARIZATION EFFECTS IN METAL AND DIELECTRIC FILMS 

We consider in this chapter the major features of the anisotropic 

microstructure contribution to the polarization effect in thin films 

deposited at high angles of vapor incidence. Previous reports that metal 

films mainly respond as polarizers under such conditions are confirmed. 

Structural anisotropy in dielectric films, rather than affecting the 

extinction coefficient values differently along different directions, 

seems to induce significant asymmetry in the refractive index values 

tha t enables us to find a re tarder-like behavior. Quan ti ta tive ana lysis 

of the effect under normal incidence light at 632.8 nm is presented for 

aluminum and zirconium oxide films, and its structural origin is 

discussed. 

Sample Preparation and Characterization 

The fil ms were vapor deposi ted by therma l evapora tion in vacuo 

on glass substrates at room temperature and pressures of the order of 

I I • 

10-6 Torr. Prior to the deposition of the semitransparent aluminum and 

zirconium oxide films, the subs trates were posi tioned to a llow a ver age 

vapor angles of incidence of 85° and 70° respectively. The dis tance 

between sources and substrates was approximately 250 mm. A directly 

heated ~ungsten spiral was used as the aluminum source. An electron-

beam source with water-cooled copper hearth was used for the zirconium 

oxide. 

13 
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An ellipsome ter wi th G lan-Thompson polarizers tha t provided 

extinc tion ra tios o f a t mos t one part in 106 was adapted to func tion as 

a polarimeter (Figure 2.1). The source was a single-mode HeNe laser, 

followed by a neutral density filter and a quarterwave plate that 

converted the plane polarized laser output to circularly polarized ligh~ 

The neutral density filter and quarterwave plate together ensured that 

the signal was processed in the linear region of the photomultiplier 

wha tever the orienta tion of the polarizer (a more de tailed description o f 

the apparatus is presented in Chapter 4). 

Film thicknesses were determined with a profilometer, as well as 

with the fringes of equal chromatic order (FECO) technique. 

Results and Discussion 

Figures 2.2(a ), (b) and (c) show the observed polariza tion 

response of an aluminum film as it was rotated around an axis defined by 

a normally incident light beam. The p-polariza tion was arbi trarily 

chosen to be horizontal. All measured values are relative to a direct 

signal obtained in the absence of the sample. In the f o llowing, the 

transmittance is indicated by the symbols TPP' T55 , TPS' and T 5 p where 

the firs t subscrip t indica tes polarizer orienta tion and the second tha t 

of the analyzer. The initial angular position of the film was set so 

that the projection of its optical axis, determined by the direction of 

columnar grow th,s along the glass-film interface was vertical. 

Figures 2.2(a) and (b) show a significant difference between the 

ordinary and projec ted extraordina ry direc tion transmi t tances. S lo cu m 

has presented a plausible explanation for this effect based on the idea 
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L_~~~~--~~:--~-j 
Laser 

Sample 
Chopper Att 1/ 4 Wave 

PMT 

Pol An 

Figure 2.1. Characterization Setup . 
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a 

b 

180° (1 

c 

Figure 2.2. Relative Transmittances Measured as Functions of the Sample 
Rotation Angle for an Aluminum Samp1e (Al, AN 0326-85 ). 

Error = ±0.01 for (a) and (b) and ±0.001 for ( c ) . Since 
curve (b) shou1d simp1y be curve (a) shifted by 90°, their 
equa1ity can be used to confirm the alignment of the equip
ment and as a check of consistency. 
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of a wire grid Hertzian polarizer,3 but the film seems to be most 

transmissive along the columnar direction. This property seems to be 
• 

peculiar to the much smaller dimensions of the columns and their 

relative closeness. 

It is well known that metals have extinction coefficients much 

larger than refrac tive índices in the visible. This allows us to 

approxima tely describe our aluminum film as a polarizer, based on the 

following reasoning. If we decompose an incident field a t 45° in to its 

components along the ordinary and projected extraordinary coordinates, 

each experiencing a different attenuation as indicated by T0 and T, 0 in 

Figure 2a, and project the resulting fields along the direction coplanar 

and orthogonal to the original one, we will obtain the resulting 

transmi·ttance: 

( 1) 

which roughly reproduces the observed value in Figure 2c. 

This allow s us to easily estima te the effec tive ex tine tion 

coefficient difference: 

I .. 

t:.k 1.44, ( 2) 

where d 14.5 nm is the measured thickness of the film. 

• -··-·-~ . 
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To observe the birefringence effect in a dielectric, we deposited 

a 4.6-JJm thick layer of zirconium oxide. The resul ting da ta are shown in 

Figures 2.3(a) and (b). The polariza tion effec t here, as opposed to tha t 

for aluminum, is due mainly to a refractive index variation. From a 

retarder point of view, we can estimate the effective amount of 

birefringence wi th the aid o f Figure 2.3(a). We define a po ten tia 1 

transmittance at 45°, indicated by 1jlpp(45°), as 

(3) 

where T 0 and T~ 5 are the transmittances at a = 0° and 45° respectively in 

Figure 2.3(a). The decomposition of an incident p-polarized field at 45° 

into its ordinary and projected extraordinary components, which become 

phase-separated by tlq, as they travel along the material, and their 

subsequent projection back to the p-polarization direction yield 

= 2 (tlq,) cos T . 

From .Equations (3) and (4) we obtain the effective amount of 

birefringence 

tln 0.042. 

This actually sets a lower limit to tln since there are many possible 

( 4) 

(5) 
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a 

b 

Figure 2.3. Relative Transmittances ~teasured as Functions of the S.ample 
Rotation Ang1e for a Zirconium Oxide Sample ( Zr oxide, EL 
0124t-70). 

Errar= ±0.01. The 90° period permits us to write T 
T in curve (a). pp 
ss 

-- -~. 



.. 

.. 

20 

values of àljl that satisfy identity (4). The samples we have observed so 

far apparently point toward this 1ower va1ue, but we are still intending 

to 1ook at more samples over a wide thickness range to make this result 

more cone lusive. 

Structural Origin 

There are many reports in the li tera ture of thin film 

characterization by transmission electron microscopy · of shadowed direct 

c a r bon replicas. Particularly relevant to the present study are the 

works by Guenter and Pulker (1976) and Nieuwenhuizen and Haanstra (1966) 

(where micrographs of excel1ent quality are reproduced. Our own 

measurements w ere similar and qui te consis ten t with these earlier 

results. Column dimensions in each sample showed a spread in sizes but 

a1most all were in the range of 30 to 100 \Jm diameter. These results, 

as well as the directiona1 character of the po1arization effect we have 

discussed, indica te the co1umnar grow th origin of the effec t. 

A1though the resu1ts that have been quoted refer to either 

a1uminum or zirconium oxide fi1ms, these effects have a1so been observed 

in preliminary work on silver, copper, and titanium oxide fi1ms, a11 of 

which have a pronounced co1umnar structure. In addition, scattering 

measurements made on some of our samp1es at the Center for Thin-Fi1m 

Studies in Marseil1e (F1ory, 1978; Bousquet, Fory and Roche, 1981) have 

shown anisotropy re1ated to a narrow range of sizes on1y. This behavior 

is particular1y pronounced in Figures 2.4(a) and 2.4(b) for a silver film. 
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90 90 

( a ) {b ) 

Figure 2. 4 . Scattering in (a) Reflection and (b) Transmission from an 
Anisotropic Silv er Eilm. 

Note the marked anisotropy of the third contour in (b) 
while the others are circular. The receiver analyzer is 
parallel to the plane of polarization of the incident 
light. The lines are constant intensity contours. 
Relativ e intensities, outer to inner, a re Sxlo-6 , l xlo-s , 
2xlo- s , 4x lo- s , l xlo-4 , and l xlo- 3 . (Sample AG10A90 ) 
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The almost universal columnar structure of vacuum-deposited 

films5 sugges ts strongly tha t behavior similar to tha t which we have 

reported should be observed in films of virtually any material. 

22 

Up to this point we have assumed a uniaxial film microstructure, 

with the optical axis along the columnar direction. However, 

experimenta 1 evidence, obtained from transmission ele c tron microscopy 

observations with the electron beam parallel to the columnar orientation 

(Leamy, Gilmer and Dirks, 1980), has shown that for a more detailed study 

éolumns should be taken with an elliptical cross section elongated in a 

perpendicular direction to that of the vapor incidence. For that reason, 

in the theoretical analysis that follows, the microstructure is 

considered in the most general biaxial configura tion. 



• 

CHAPTER 3 

A UNIFIED MATRIX FORMULATION FOR 
ANISOTROPIC MULTILAYER SYSTEMS 

In this chapter we consider a general theory for stratified 

anisotropic media with the purpose of understanding the anisotropic 

optical behavior reported in Chapter 2 from electromagnetic principies. 

This understanding will later allow us to present a computer program 

developed as a test for anisotropic multilayer design. 

S tarting from Maxwell equa tions, we recrea te the Teitler and 

Henvis formalism (1970), with homogeneous thin film multilayer systems 

in mind. We specialize to isotropic media (CASE 0), anisotropic media 

with linear polariza tion modes (CASE 1), and la ter to anisotropic media 

with elliptical polarization medes (CASE 2). In CASE O, we show that the 

formalism can be reduced to Abeles treatment (1950) traditionally used 

for isotropic mul tilayer films. In CASE 1, we reproduce the resul ts 

previously obtained by several authors for particular configurations, and 

form the basic framework for the experimental determination of the 

principal refractive índices of a biaxial dielectric film (see Chapter 4). 

With those índices as ad hoc parameters, the optical properties predicted 

from CASE l and CASE 2 treatments will ultimately be compared with the 

corresponding experimental results in Chapter S. 

23 
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The Propagation Matrix 

We begin by recalling the curl Maxwell equations . in a linear, 

nonmagne tic and polarizable medium in the Gaussian sys tem 

v E 1 aB 
X ãt c 

(3.1) 

v 1 an 4'!T 
J, X H + 

c at c 
(3.2a) 

where 

B \lo H, llo 1 ( 3.3) 

D = E: E, J = a E. (3.4) 

From (3.4), ( 3 .Za) can be rewritten 

v H 
1 a E + 4'TTCJ X E eff ' E: eff = E: . 
c at (3.2b) 

For simplicity we will refer to the effective "dielectric" tensor eeff as 

e, whi1e still allowing it to be nonreal, asymmetric, or non-Hermitian as 

a result of current contributions. 

We assume that the electromagnetic fie1ds propagate within the 

medium as attenuated plane waves, 

E = E( ) r .(Sw z exp -~ -L c 
( 3.5) 

where S = n 0 sin9 0 , and the geometry shown in Figure 3.1 is understood. 

Expansion o f the field a mplitude vec tors in to their componen ts 

along the coordinate axes, 
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z =o 
y X 

€ 

z = d 

z 

Figure 3.1. Geometry for Refraction in Anisotropic Media . 
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3 

E( z ) )__ E j(z ) 
... 

= ej 
j=1 

(3 . 6) 

3 

H(z ) L Hj ( z ) 
... 

(ê1 ,ê2 ,ê3) <x,y,z), = ej -
j=1 

followed by direc t su bs t i tu tion in to (3.1) a nd ( 3 . 2b) , 1eads to six 

componen t equa tions which for e: 3 3 F O a llow us to elimina te E3 ( z) and 

H3( z ). If we simplify our notation t h rough the identities , 

un - En ( z ), un+2 - Hn ( z) n = 1,2 

a nd 

D 
c d 

- i w dz ' 

t he r emaining f ou r equa t i ons beco me 

wh e re 

s s s 
s 1 c 1 l = e: 3 1 C12 e: 32 c1 ~ -

e: 3 3 e: 3 3 e: 3 3 

e: 2 3 s2 
e: 2 3 e: 2 3 

C31 = e: 2 l - e: 3 l C32 E:zz - - e:32 c 3 ~ = -s-
e: 3 3 e: 3 3 e: 3 3 

e: 1 3 e: 1 3 e: l 3 

c~l = e: 3 1 - e: 11 C ~ z e: 3 2 - E:l2 c ~ ~ = -s -
e: 3 3 e: 3 3 e: 3 3 

( 3 .8) 

- ---~ 
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Any solution of the system of four linear equations (3.7) can be 

expressed as a linear combination of four independent so1utions. Teitler 

and Henvis (1970) suggest we choose these, called uCl (Cl=a,b,c,d), with 

componen ts ue a ( s=l,2,3,4) tha t sa tisfy the boundary conditions 

( 3. 9) 

where ô (ae) is the Kronecker delta func tion, and co 11 e c t them to form 

the matrix 

ula(z) u1b(z) u1c(z) u1d(z ) 

u2a(z) u2b(z) U2c(z) u2d(z ) 
L ( z) = (3.10) 

u 3 a(z) u 3 b(z) u,c(z) u 3 d(z) 

u~a(z) u.,b(z) u.,C(z) u~d( z ) 

This ma trix has the property of mapping the tangeo tial field componen t 

u 8 ° at the interface z =O onto the corresponding components u
8

(z) at z 

> O within the same medium: 

ul u o 1 

u2 u o 2 
L(z) (3.11) 

u3 u o 
3 

u., u o 
~ 

For that r eason, we refer to L(z) a s the propagation matr i x f or one 

1ayer. Formal l y its two-dimensional analog is the inverse of the Abeles 

( 1950) characteristic matrix t r aditionally used for the i sotropic case, as 

wil l be shown la ter. 

I f N l ayers are present between O and z, (3 .11 ) can be simp l y 

extended to 
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u(z) = (3.12) 

which makes the propaga tion ma trix particu1arly useful for mu1 ti1ayer 

systems. 

Our interpretation of the Teit1er and Henvis prescription can be 

found in Appendix A. This understanding wil1 later enable us to apply 

the propagation matrix technique to some cases of practical interest. 

The Reflectance and Transmittance Matrices 

We now proceed to determine the reflectance and transmittance 

matrices. We assume that the incident e1ectric field E0 + consists of 

two p1ane-wave components, i.e., 

E+ o 

po1arized paral1el and perpendicular to the plane of incidence, 
(3.13) 

respectively. Similar conventions for the ref1ected and transmitted 

e1ectromagnetic fields are shown in Figure 3.2. 

U sing the bounda ry condi tions provided by the con tinui ty o f the 

tangential components of the E and H fields at the interfaces z = O and 

z = d, and connecting the tangential fields within the anisotropic layer 

through the L-matrix, we obtain the expressions: 

( 3.14) 
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Figure 3 . 2. Conventions and Schematic for t he Determination of the Reflec t ance and 
Transmittance Amplitude Coefficients. 
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+ a -s 
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(3.15) 

b ± = p 

b ± 
s 

with N0 = no cos6 0 , Ng = ng coseg, and .tij is the ijth e1ement of the 

L- ma trix a t z = d. 

\-le define amplitude ref1ectance and transmittance matrices by 

[ t) E + o 

and through (3.14) determine their elements. We get 

[pp rP'] [ +b - -b + a s -as 
( -b -- -b -)- 1 p p = as p ap s 

- + + -
rsp rss ap bp -ap bp 

I'PP 'P'] ["p," .,.-llpp rP'l + N -1 N -1 
g 

bs1- rsp 
g 

tsp ts s b - rss Pl 

(3.16) 

+b- -b +] as · s -as s 

- + + -ap b 5 -as bp 

[" + a +] P1 S1 

b + bSl+ Pl 

(3.17) 

refers t o the first term of the where the subscript 1 (e.g. <lp 1 ) 

corresponding quantity in (3.15) (e.g. ap). No te tha t the las t 
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con tribu tion in the expression above is the amplitude poten tial 

transmittance matriL (Potential transmittance is the maximum 

transmittance achievab1e in a system as al1owed by material 

cons train ts.) 

From (3.17) we finally obtain the corresponding ref1ectance and 

transmittance matrices 

[R] = [r*. r] 

[T] = ~ [t*.t] 
No 

where the symbo1 * denotes the comp1ex conjugate. 

Homogeneous Anisotropic Medium 

(3.18) 

The treatment we have considered up to now is valid for general, 

inhomogeneous (1ayered) anisotropic media. Let us apply it to the 

simp1er homogeneous anisotropic case • 

Considera so1ution basis set consisting of vectors with 

components 

Aj .exp ( -ik 0 11 z ), 
w 
c = (3.19) 

where the Aj's are the constant coefficients, À 0 is the light wave1ength 

in vacuum and 11 is a parameter that wi11 be determinQd 1ater. 

Equations (3.7) then take the form 

o (3.20) 



.. 

1 

c 31 u 1 + c 32 u 2 +nu, + c 3 ~u~ = O 

c. 1 u1 + c• 2u2 + (n+c~~)u. = O. 

Nontrivial solutions exist for (3.20) provided they satisfy the 

corresponding secular equation 

32 

n • + G3 n 3 + G2 n 2 + G1 n + G0 = o, (3.21) 

where 

= 

= 

The quartic equation above becomes a simpler biquadratic when G3 

\Hth identities (3.8) in mind, this occurs whenever the e: 

tensor is diagona 1, which charac terizes the cases we consider next • 

CASE ZERO: The Isotropic Limit 

Consider a homogeneous iso tropic layer wi th thickness d, 

associated with an e: tensor expressed as 

e: o o 

o e: o 
( 3.2 3 ) 

o o e: 

From (3.8) it follows tha t 

o o - l 

c 3" o 
( 3.24) 
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c~ 1 = -e: c~2 = O c .... = o 

and the secular equation (3.21) becomes 

o, (3.25) 

leading to the allowed n-values 

nT ±n = (3.26) 

The four component equations (3.20) take the form 

1 2 ±nu 1 - - n u = O e: .. 

(3.27) 

-e:u 1 ±nu~ = O. 

This is clearly an undetermined equation system that can provide 

only the ra tios 

e: = ± 
n 

u, 
± n ' 

unless u 1 = u~ = O or u 2 = u 3 = O. 

(3.28) 

We thus form the plane-wave component solutions from 

= +A ~ exp(Tik 0 nz) u 3 - 1 n 

and the above pairs of trivial values. 

(3.29) 

We take linear combina tions o f these solu tions in such a w ay 

that boundary conditions (3.9) are satisfied. For example, take two 

independent solutions 

( 3.30 ) 
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add them up and choose A1 = 1/2 to obtain 

(3.31a) 

so tha t ua(z=zO) = [ 1,0,0,0], as required. (\-le are here in terchangeab1y 

expressing the "co 1umn vec tors" in Appendix A as "1ine vec tors.) 

Simi1ar1y, 

= [O, cos(k 0 n z), -in sin(k0 n z),O] (3.31b) 

uC [o, -i J n sin(konz), cos(konz), o (3.31c) 

ud [-i : sin(k 0 nz), O, O, cos(k 0 nz)J (3.3ld) 

We are now able to construct the L-matrix representing the propagation 

of the tangentia1 fie1ds from the z = O to the z = d interfaces 

L(z=d) = 

-i 

where 

ô 

co só 

o 

o 

e: 
sinô 

n 

z,. d - n. 
À o 

o 

co só 

-in sinô 

o 

o -i .!l sinô 
e: 

i 
sinó o 

n 

COSÔ o 

o cosô 

(3.32) 

For simplicity 1et us examine the case of a sing1e die1ectric 

1ayer with refractive index n. With e: = n 2 and from ( 3.26): 

n n c ose , (3.33) 

where Sne1l's law was used and e is the ang1e of refraction within the 
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medium. We conveniently reorder the tangential field components to get 

from (3.32) 

u d cosô 
cose 

sinô o o o -i U1 1 n 

d n 
sinô cosô o o o u,. -i 

cose u,. 

u2 d o o cosô -i 
sinô o 

ncose u2 

d o o -in cose sinô cosô o u3 u3 

( 3.34) 

the 4x4 propagation matrix above into its 2x2 submatrices, their inverses 

will provide 

where 

np = 

ns 

and 

n 

~cosô 

G npsinô 

cose 

n cose 

( 3.35) 
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ô = 211' 
À o 

nd cosa. 

We have just obtained the traditional Abel~s (1950) 

characteristic matrices. 

CASE 1: Linear Polarization Modes 

Consider a homogeneous anisotropic layer with thickness d whose 

principal axes, or axes of electrical symmetry, coincide with the 

coordinate axes defined previously. See Figure 3.3(a) for the 

corresponding co lumnar s truc tu r e configura tions. Such a material is 

associated with an e tensor expressed as 

€: I I o o 

o €22 o E: jj ~ n.2 (j=l,2,3 ). 
J 

(3.36) 

o o E: 3 3 

From ( 3.8) we get the coefficien ts 

s2 
l C I~ = -

E: 3 3 
> 

o c3'+ o (3 .3 7) 

c .. 2 = O c,.., o 

and component equations (3.20) beco me 

nu1 + C 1~ U'+ = o 

n U2 + ul o (3.38) 

• 
c3 2 u2 + nu 3 = o 

C'+ I UI + nu., o 

from which we determine the allowed n-values 
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Figure 3.3. Possible CASE 1 Columnar Structure Configurations. 
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ns 
± 

±n s = ±(c32) 1
/

2 -
(3.3 9) 

np ± ±Tl p = ±(c I" c., 1) 1 I 2. -

We have already labeled these two pairs of solutions as s and p 

because they are independently attached to {u2,u 3} and {u 1 ,u.,}, in that 

order. 

The corresponding two pairs o f non trivial component solu tions 

are 

= 

e: 1 1 

± - A1 exp(.;,ik0 np). 
np 

(3.40) 

We take convenient linear combinations of the basis vectors 

composed of these and of trivial components, in a manner similar to that 

shown in the isotropic case, to obtain 

ua r e: 11 

sin(k 0 npz)l lcos(ko n pz), o, O, -i 
llp ' J 

uh = [O, cos(k 0 nsz), -in s sin(k 0 n sz), O] ( 3.41) 

uc [o, i sin(k 0 n 
5
z), cos(konsz), o] 

ns 

ud I . ~ sin(k 0 np 2
) , O, O, cos(k 0 np 2 )l = l-~ El 1 

which sa tisfy boundary conditions (3.9), as required. 
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L(z=d) 

where 

and 

The following propagation matrix at z~d results 

cosôp 

o 

o 

n1 
2 

-i sinôp 
np 

n/ _ e jj (j=l,2,3). 

o 

cosôs 

-in 
5 

sinô 
5 

o 

n 2 
p 

o 

i 
sinô

5 ns 

cosôs 

o 
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-i ;.; sinôp 
n 1 

o 

o 

cosôp 

(3.42) 

( 3.43) 

Identities (3.43) are consistent with the results presented by 

Bousquet (1957a) in the theory he developed for this particular case. 

The matrix above is easily split into its two-dimensional 

submatrices, and by taking their inverses we can write 
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(3.44) 

Note the similarity between these and matrices (3.35) for the 

isotropic case. They are the same for n 1 = n 2 = n 3 , as expected. At 

normal incidence we get ns = n 2 and np = n 1 , and each of the matrices 

above is still formally equivalent to (3.35). This implies that in this 

situation the anisotropic layer behaves as if it were isotropic for each 

polarization mode separately. In other words, the concept of "equivalent 

(isotropic) admittance" still applies, as longas we think in terms of 

two "equivalent isotropic layers," one for each polarization mode. 

These are the same when n 1 = n 2 (f= n 3 ), which supports the 

validity of optical measurements performed with normally vapor-deposited 

films under normal light incidence while still disregarding the 

anisotropy of the films. However, care must be taken in oblique light 

incidence measurements, since it is clear from identities (3.43) that 

anisotropy can significantly influence optical behavior in some cases. 
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Generaliza tion 

An important point to be realized is that a 2x2 matrix treatment 

is valid if and only if the s- and p-polarized fields are uncoupled. In 

terms of equa tions (3.20), for an arbi trary angle o f incidence, tha t means 

= C~z o, (3.45a) 

or, from (3.8) 

e:1z e: z l = e: z 3 = = o. (3.45b) 

Whenever these conditions are satisfied, the s- and p-polarized fields 

will travel independently along the medium. This is always the case 

when one of them vibra tes along one o f the principal axes o f the 

material. 

Consider the geometry shown in Figure 3.3(b). The principal axis 

along which an electric field experiences an admittance n 3 is at an 

arbitrary angle q, from the z axis, but still in the plane of incidence. 

This implies that the s-polarized field is always at another principal 

axis and thus propaga tes independen tly from the p fie ld. 

This configuration is still associated with the diagonal e: matrix 

(3.36) in the principal axes representa tion. Since these axes are 

obtainable from the coordinate axes system through a counterclockwise 

rota tion by q, around the y axis, as considered in Appendix B, the 

following coordinate axes representation will resulb 

---··---
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['" cos 2 ~ + e:33 sin2 ~ o (e:11-e:33) sin<P cos<P 

o e: 2 2 o l (3.46) 

(e: 1 1 -e: 3 3) sin<P coscp o e: 1 1 sin2 ~ + e:33 cos 2<P 

and the (3.8) coefficien ts beco me 

s 
e:' 3 1 o 

S2 
c1 1 = -,- C12 = c1 ~ -,-

e: 3 3 e: 3 3 

c3 1 = o C32 = e: ' 22 - s2 c3,. o (3.4 7) 

' ' e: 1 3 e: 3 1 e: 1 3 
' o s c.,1 = e: 1 1 c lt2 c .... -,-

e:3 3 e: 3 3 

where the e: ' ij's (i,j=l,J) refer to the elements of matrix (3.46). 

The component equations (3.20) related to the s-polarization mode 

take the form 

o 

( 3.48) 

from which we obtain 

n2z - sz ; S = n 0 sin6 0 • ( 3.49) 

In the p-polarization case the equations are 

(3 .50) 

which combined with ( 3.46) and ( 3.4 7) allow us to write the resulting 

n-solutions in a concise way as 

+ n -p -c 1 1 ± g , 

where g is such tha t 

( 3.51 ) 



.. 

-,. 

' 

= = 
s2 

(1 - -, -) n2po 
e: 3 3 

For this 1ast identity we have defined the quantity npo so that 

1 
-r- -
n po 

1 
c.,l 

= 
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(3.5 2) 

Since at normal incidence S = O, it is easy to see from (3.51) and (3.47) 

tha t 

= (3.53) 

From (3.48) and (3.50) we get the nontrivial component solutions 

u2 = A2 exp Ct-ik0 n 
5

2 ) 

u3 ± n su2 ( 3.54) 

and 

ul = Al exp (iK 0 c 11 z) exp (;.ik 0 gz) 

c.,l 
u., = ±y u 1 ; 'Y = 

g 
(3.55) 

where (3.51) was used. 

Proceeding exactly as we did following ( 3.40), we obtain the 

propagation matrix at z = d 

<I> ôp ' o o i <I> 

sinôp ' c os 
'Y 

o cosô s 
i 

sinô 5 
o 

ns 

o - i n 5 
sinô 5 cosô s o 

-iy<l> sinôp 2 o o <I> cosôp ' 

( 3.5 6) 

where 
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ôs 
2rr 

n sd, ôp ' 
2rr 

gd = = 
À o À o 

2 2 s 2' g2 (1 
s2 2 (3.5 7) ns n2 - = - E') n po 
33 

' 2 

exp(i 2rr E:st ~ ~ = dS ~), y 
À o e:n g 

The inverse of the s-submatrix is identical to that in (3.44). As for the 

p-subma trix, we take i ts inverse and ge t 

[:::] [,, cosôp' 
i 

sinôp' J y 
~* 

sinôp' cosôp' 
(3.58) 

Careful examina tion of the resul ts ( 3.5 7) and (3.58) shows that they are 

in agreemen t with (3.43) and (3.44) in the $ = O limi t, as expec ted. They 

are also consistent with an independent calculation performed by Ian 

Hodgkinson i n connection with the two-dimensional matrix treatment by 

Holmes and Feucht (1966). 

Discussion 

We now consider the results we have attained so far for the 

simp le case o f a die lec tric singl ~ layer. 

Bearing in mind our comments following ( 3.44 ) , let neq be an 

"equivalent ( isotropic) refractive index" that allows us to use Snell's 

law 

s n 0 sine 0 neq sine. ( 3.5 9) 

For the s-polarization mode, obviously neq = n 2 at any angle of 

incidence. This is confirmed by direc t comparison be tween ( 3.33 ) and 

(3 .5 7 ) , Snell ' s l aw considered • 

.. 
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To determine neq for the p-mode we use (3.33) and Snell's law, 

combined with (3.51) and its auxiliary relations (3.47), (3.46) and (3.52) • 

After a laborious but straightforward algebraic exercise we obtain 
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1 
--r
n eq 

= (3.60) 

In the isotropic limit neq = n 1 = n 3 , as expected. This expression is 

consistent with (3.52) at normal incidence. It also agrees with (3.43) in 

the ~ = O limit. 

The dependence of neq on the angle between the wavevector inside 

the medium and the n 3 -axis (see Fig. 3.3(b)) leads us to a simple physical 

interpretation of (3.60). From it we derive the phase-velocity relation 

(3.61) 

w here \J eq = c /neq; \J 1 and \J 3 are the phase v e lo c i ties, in the plane o f 

incidence, respectively perpendicular to the n 1 and n 3 axes. In other 

words, Snell's law can be used as if for an isotropic dielectric layer 

provided w e decompose the "equivalen t (isotropic) phase veloci ty vec tor" 

Veq into its components along the principal axes, whose contributions 

account for the angular dependence of neq according to expression (3.60). 

CASE 2: Elliptical Polarization Modes 

Consider a homogeneous anisotropic layer with thickness d whose 

principal axes system is at an arbitrary orientation. A general E 

tensor, expressed in the coordinate axes representation by the matrix 
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I 

':"] e: 12 

I 
e: 22 e: 23 

e: I 3 2 e:
1
33 

(3.62) 

can be easily obtained from the principal axes diagonal representation as 

shown in Appendix B. 

Identities (3.22) and (3.8) in mind, the quartic equation (3 .21) 

simplifies to a biquadratic whenever S =O. It is fortunate that we can 

still find an analytical solution for all normal incidence 

configurations, which constitute most circumstances of practical 

interest. 

For S = O the (3.8) coefficien ts beco me 

C I I = o C12 = o cl ~ = -1 

I I 
e:

1
23 I I e:

1
23 o C3 1 = e: - e: 3 I -~- C32 = e: 22 - e: 3 2 -~- c3~ 2 1 e: 3 3 e: 3 3 

I I 
e: 1 3 e: I 3 I I I I o c~ I = e: -~- - e: 1 1 c ~2 = e: 3 2 - r- - e: 1 2 c~., 3 I e: 3 3 e: 3 3 

(3.63) 

so that the secular equation (3.21) can be written 

where 

(3.64) 

We then obtain two pairs of allowed n-values 
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-G 2+F 
1 12 

n1± - ±n 1 = ± (--) (3.65) 
2 

-G2-F 
1 12 

• n2 ± ±n 2 ± (--) - 2 

where 

The nontrivial component solutions to equations (3.20) associated with 

the first pair of n-values are 

( 3.6 6) 

-(c~ 1 +c~z r21 (n 1 ))In 1· 

(The last of identities (3.66) is not in agreement with the corresponding 

expression for r 41 presented by Teitler and Henvis (1970), which, as 

printed in p. 832 of their article, requires a sign correction.) Similar 

nontrivial component solutions hold in connection with the second pair of 

admittances. They are directly obtained from (3.66) by performing the 

At this point we note that r 217 r 317 and r~ 1 are functions with 

well-defined parity with respect to the n-values. This allows us to 

follow naturally the procedure used in previous cases to determine the 

propaga tion ma trix. 

We take the first two independent solutions 

( 3.6 7 ) 



• 
and sum them up at z = d to get 

where we have used the identity 

21f 
- n·d · 
À 1 ' o 

i = 1,2. 

Similarly we obtain from the second pair of independent so1utions 
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(3.68a) 

(3.69) 

(3.70a) 

To simplify the notation, 1et us define the "direct vector 

product" operation @ such that, given two arbitrary vectors 

a 

and 

b 

a @ b - [a1 b1' a2 b2' a3 b3' a~ b~ ]. (3 .71) 

With this in mind, we can rewrite (3.68a) and (3 . 7 Oa) as 

lll1 2 = 2A1 p(ô 1) @ r(n 1) (3 .68b) 

lll 3 ~ 2A2 p(ô 2) @ r<n2), (3 .70b) 

where 

(3.72) 

i =1 ,2. (3 . 73) 
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We now take the difference 

(3.74) 

• 
and choose 

(3.74a) 

so tha t ua(d=O) = [ 1,0,0 ,0], as required by (3.9). 

In a similar way we ge t 

ub ua (formally), 

where now the choice is 

(3.74b) 

The other two solution vectors are 

c or d 
u (3.7 5) 

where 

i=l,l 

2At 
r,.t(n 2) 

ZA2 
rq(n 1) 

2A1 r31 (n 1 )r,.l (n 2)-r,.1 (n 1 )r31 (n 2) ' = 
r,.1 (n2) 

(3.75a) 

for ud 

-r31<n2) 
2A 2 

rn<nt) 
2A 1• 2A 1 = 

rn (nth .. t (n2)-r,l (nthn (n2) ' rn ( n 2) 

(3 .7 Sb) 

The usual cons truc tion o f the L-ma trix follows, with its 

elements 1 jk given by the components uj o f the solu tion vec tors 
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j 1,2 ,3 ,4. 

(3.76) 

Discussion 

The detailed final structure of the ljk elements is of no 

practical interest to us because the above recurrence relations already 

allow for a compact and systematic calculation in the ANTF program, 

which will be introduced later. All general expressions (3.12) to (3.18) 

follow, leading to the determination of the reflectance and 

transmittance of multilayer systems. 

A novel feature that arises in this case is that the cross terms 

in the amplitude reflectance and transmittance matrices are generally 

nonzero. When this happens linearly polarized .light may become 

elliptically polarized after interaction with the anisotropic system. 

Also the p and s-polarizations lose their traditional roles as eigenmodes 

since, as already eviden t from equa tions (3.20) wi th coefficien ts (3.63 ), 

their corresponding fields may propagate in a coupled manner along the 

medium, and this is the physical cause for the appearance of the nonzero 

amplitude cross terms. 

It should be mentioned that this problem was also tackled by 

Goncha renko and Fedorov ( 1963 ). However, their trea tmen t app lies for 

normal incidence only and, far from a matrix formulation, is not 

appropriate for multilayer system calculations. It seems impractical to 

compare their results with ours • 
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With regard to expression (3.66), we have implicitly assumed in 

our treatment that c~2 I= O. When c~ 2 =O and c 31 =O (also c 12 = c 3 ~ =O 

for normal incidence), equations (3.20) split into two independent pairs, 

the s and p-polarized fields travel uncoupled along the medium and we 

are back to CASE 1. c~ 2 = O implies c 31 = O for any lossless medium 

since, (3.63) considered, no energy loss in the system implies that the e: 

tensor is symmetrical, as elegantly demonstrated in Born and Wolf (1975, 

p. 666). Consequen tly the a c tua 1 res tric tion in ou r formula tion occurs 

when c~ 2 = O and c 31 I= O for lossy media (or eventually when one 

denominator in identities (3.74a) or (3.75) becomes zero). 

The method is potentially extendable to arbitrary principal axes 

orientation under arbitrary oblique incidence situations. This would 

involve solving the quartic equation (3.21) with the aid of numerical 

techniques l ike, for example, the algorithm for complex polynomials by 

Jenkins and Traub (1972) • 

• 



CHAPTER 4 

I • 

MEASUREMENT OF PRINCIPAL REFRACTIVE INDICES . 
OF BIREFRINGENT THIN FILMS 

An arbitrary, biaxial dielectric film is ideally specified by its 

physical thickness d and a set of three refractive índices {n1 ,n 2,n3 }, 

each along one o f the principa 1 axes o f the ma teria 1. Therefore a t 

leas t f ou r independen t observa tions are required for i ts complete 

charac teriza tion. 

It should be clear from our considerations in the previous 

chapter that a conveniently simple configuration involving a single-layer 

film, vapor-deposited at an arbitrary angle, consists of allowing the so-

formed columnar axis to lie in the plane of incidence. In other words, 

one of the principal dielectric axes is perpendicular to that plane, and 

thus the s and p-polarized fields travel independently along the 

ma teria 1. 

Also for simplicity, we turn ' to advantage the nonuniform 

thickness distribution produced by oblique deposition. We carefully scan 

the sample position until the light beam interacts with an area of the 

film where the optical thickness is an integer number of quarterwaves 

(STEP 1). This will ultimately enable us to obtain explicit expressions 

for the refractive índices in terms of the experimental observables. 
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In what follows, we will be using two standard procedures in 

ellipsome try (Win terbottom, 1948; Azzam and Bashara, 1977; Benne tt and 

Bennett, 1978), although in a different context from that in which the 

usual Fresnel equations or identities involving Airy functions are 

assumed to be valid (STEPS 2 and 3). These procedures have the 

advantage of high accuracy inherent in null measurements. 
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The fourth observation will utilize the Abeles technique (1949) 

for its extreme simplicity, although the Brewster angle will be located 

photoelectrically rather than visually only (Kelly and Heavens, 1959). 

The po la rime tric extension o f the technique as proposed by Hacskay lo 

(1964) will be incorporated to increase further the accuracy of the 

measurement (STEP 4). 

These four experimental steps will be described in some detail 

in our exposition of the measurement method. 

Setup Description and Operation 

The arrangement of the ellipsometer is shown in Figure 4.1. The 

source is a single-mode HeNe laser whose output power varies by less 

than half of a percent over extended periods of time. It is followed by 

a chopper operating in tune with a lock-in amplifier at the receiver end 

of the appara tus. A quarterwave retarder converts the linearly 

polarized laser output to circularly polarized light, and is followed by 

a neutral density filter to ensure that the signal is processed in the 

linear region o f the photomul tiplier response wha teve r the orienta tíon 

of the polarizer. 



Ir ~ ' 

HeNe Laser 

~'- r- Choppe' 

/'/,, ~-· Prism Analyzer Drum "'-

___/" '----..... /' V Prism _,.. _// 
Quarterwave plate ~ ' "''J B-S Compensator ~~> · .. 

at 45o ' v' /jr / V " '· 

' , / ~ 
f'"_/ '---..... @o \/__...- \ . 

Linearly Polarized Li~ht '().f!: //~\- Linearly Pola~ized Llght 

: _/ --..... Fllm J : 
Ellipticallv;Polarized Lighl . Specimen j 

Polarizer Drum ' 

Figure 4.1. Schematic Diagram of Experimental Setup. 
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The polarizer and analyzer are Glan-Thompson prisms which 

provide extinction ratios of at most one part in 10 6
• Their angular 

·- position can be read at their respective drums to an accuracy of 0.01° of 

are. 

A Babinet-Soleil compensator, preceding the sample, makes 

possible the determination of optical path differences smaller than 0.2% 

of the HeNe wavelengt~ I ts calibra tion was performed with a high-

quality quarterwave retarder at that wavelength, and later its zero 

position was checked by producing a dark field with the polarizer and 

analyzer crossed. 

The sample holder is positioned on a rotating table surrounded 

by a horizontal master circle scaled to an accuracy of 20 sec of are. 

A critical feature of the ellipsometer (see Figure 4.2) is that 

the rotation of the specimen table and that of the analyzer-receiver arm 

must share the same central axis. At the intersection between this axis 

and the laser beam, centered in both arms of the instrument, lies the 

spot under observa tion. This spo t is to rema in idea lly in the sa me 

location on the specimen as the table is rotated. 

To ensure tha t those condi tions were reasonably fulfilled, the 

various a lignmen t s tages o f the ellipsome ter were performed in 

accordance with the high precision procedure described by Zeidler, 

Kohles, and Bashara (1974) except for the following point. Since our 

interest was on a thin film coating rather than on a slab of material, 

only one surface o f a glass s lide was partially a luminized for the 

.. 
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• 

• 

alignment procedure. This ensured tha t the film, no t the subs trate, 

contained the central axis of rotation, and furthermore eliminated the 

s tric t requiremen t of parallelism be tween two aluminized surfaces 

encountered by the above authors. 
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A slight lateral shift of the beam over the photocathode surface 

occurs when a transmi ttance measurement is in opera tion a t oblique 

angles of incidence. The consequen t varia tion in de te c ter sensi ti vi ty 

w as minimized by p lacing a diffuser a t the en trance o f the 

pho tomul tiplier. 

Ano ther dif fi cu 1 ty appea red when the da ta show ed significan t 

dependence on touch pressure as a sample was manually scanned during 

the Brewster angle measurement between its coated and uncoated parts. 

This was circumvented by attaching a metal rod to the substrate holder 

(see Figure 4.3). The rod, always in contact with two fixed bolts, 

allowed for a smooth sliding of the holder while keeping a uniform 

pressure against a fixed mount. A clamp marker always ensured that the 

same location on the coated portion of th~ sample was illuminated during 

the itera tive procedure. 

achieved • 

Reproducible resul ts were then finally 

Method 

The me thod consis ts of de termining {n1 ,n 2 ,n 3 ,d} from the 

observables {A 5 , Aó., ljlt, 8B}, as defined in the steps below. Prior to 

observation, the dielectric film is obliquely deposited at a known angle 

v of vapor incidence on a partly masked substrate of known refractive 
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Figure 4.3. Closeup of the Ellipsometer. 

58 

Laser beam 
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index ng• The resultant specimen is placed in the ellipsometer holder so 

, .. that the columnar axis of the film microstructure lies in the horizontal 

plane o f incidence. This can be checked with the colored fringes of 

constant thickness seen by reflection under fluorescent light 

illumination. The fringes are perpendicular to the columnar axis. 

Measurements in Transmission at Normal Incidence (Steps 1 to 3) 

1. With the polarizer and analyzer transmission axes vertical, the 

' .. 
specimen is scanned across the laser beam un til a region is loca ted 

where the transmittance value is an extremum. At this region A
5

, the 

optical path length for s-poladzed light, is given by 

As (~ or ~) + m Ào 
4 2 :z- (4.1) 

corresponding to a minimum or a maximum in transmittance, respectively 

(n 5 > ng assumed). A convenient way of determining the integer number m 

is by simply counting the number of repeated patterns of colored fringes 

at a film wedge whose thickness varies from zero to that of the spot 

under observa tion. When the deposi tion is to occur a t high angles, this 

wedge can be formed by placing a small obstacle under the substrate, so 

that a portion of the la tter is partially vapor-shadowed. Another 

alternative is to combine a FECO or a stylograph measurement of d with a 

• 
rough estimate for n 5 • 

For steps 2 and 3, the transmission axis of the polarizer is 

positioned at a 45° azimuth angle. The compensator phase retardation is 

varied un til i t is equa 1 and opposi te to tha t produced by the specimen . 

.. 
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Proper analyzer orientation is then able to bring the resultant plane 

polarized light to nearly total extinction. In practice extinction is 

achieved after a very quick iteration. 

2. From the compensator reading we directly obtain A!J., the 

optical path difference between the p and s-polarized modes, 

tJ.d = (4.2) 

3. The angular displacement of the analyzer transmission axis 

from the horizontal position, here represented by ljlt after reduction to 

the first quadrant, leads to the amplitude transmittance ratio through 

the iden ti ty 

l+ng 
npo ( z+n ), for a halfwave. 

npo g 

(4.3) 

The last relation is shown in the next section to be a reasonable 

approximation arising from the theory developed in Chapter 3. 

Measurement at Oblique Incidence 

4a. Preliminary. A lens is introduced right after the polarizer, 

set with its transmission axis horizontal, to diverge the laser beam into 

a brigh t spo t con taining par ts o f the specimen coa ted and uncoa ted 

regions. The angle of incidence is scanned by rotating the central 

table. As the reflected spot is viewed from a screen, the angular range 

over which a nearly uniform field can be visualized is then determined • 
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4b. Accurate. The observation proceeds over this angular range 

with the polarizer transmission axis now oriented at about 1° off the 

horizon ta 1 posi tion. A t each chosen angle o f incidence, the specimen 

coa ted and uncoa ted portions are illumina ted alterna tely while the 

output from the photomultiplier collecting the reflected light is 

examined for modula tion. The analyzer orientation angle eM, with its 

origin when the transmission axis lies along the horizontal position, is 

varied until the modulation is zero. A set of values for I eM I is then 

plotted as a function of angle of incidence. Properly evaluated, this 

function is seen to converge quickly to the eM = O limit corresponding 

to the Brewster angle (or to the absentee-layer condition, as will be 

explained later). An accurate result is then obtained by straightforward 

graphic interpo la tion, and the following rela tions among the refrac tive 

índices hold: 

= 

o r 

1-n -z po 
, for Brew s ter' s angle, 

(4.4) 

í ~ 2 . 2 ]1/2 
ll - ( ) sm e a bs np 0 d 

ntn3 

À o 
m T , for absen tee-layer. 

These two alterna tives will be considered in the next sec tion. 

Data Analysis 

5. From expressions (4.1) through (4.4) the physical thickness 

and three refractive índices of the film are obtained as follows: 



d = As/ns 

ns .. npo/ cr; (J 

quarterwave: npo "' 

ha1fwave: 

Brewster: (n 1 n 3 )-2 

a bsen te e: (nlnl)-2 

Al:J. 
1 -+ 

As 

(a'-atg>t 
crtglJit-1 y· ng 

p = 

= -2 2 a npo esc B - c tg2a B 

1-(g/npo)2 
g = 2 . 2 

npos~n a abs 

1+ng 

2 tgljl t 

m1
À 0 

2d 
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(4.5) 

. 

These re1ations are easi1y trans1ated into the three principal refractive 

indices by use of the "equiva1ent (isotropic) refractive index" concept 

discussed in Chapter 3 1eading to (3.60): 

= 
1 

--2 

npo 
= (4.6) 

where ~ defines the co1umnar orientation in accordance with the tangent 

rule (1.1) 

1 
2 tg v. tg ~ ( 4. 7) 

Theory of the Measurement 

We now apply the theory from Chapter 3 to substantiate the two 

arguments 1eading to expressions (4.3) and (4.4) 1eft open in the 

description of ou r me thod. 
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On R ela tions (4.3): Firs t-Order Approxima tion 

• Consider the particular si tua tion for which the following 

conditions between the impinging light and the dielectric thin film are 

sa tisfied: 

1. The s-polarization direction lies along one of the principal 

axes as shown in Figure 3.3(b). 

2. The light beam is normally incident. 

3. At least in the area where it is hit by the light beam, the 

film has a quarterwave optical thickness with respect to the 

s-polarized mode. 

In the context of Chapter 3, these conditions imply that 

expressions (3.56) and (3.57) can be used with S = O and ô
5 

= 1r/2, so that 

the propagation matrix becomes 

• 

o o i 
sinôpo COSÔpO - --

npo 

o o i o 
ns 

o -in
5 

o 
(4.8) 

o 

-inp 0 sinôpo o o COSÔpo 

where now, (3.52) considered, 

ôpo 
21T 

np 0 d Ôg 
21T 

n 5 d = = 
À o À o 

( 4.9 ) 
l cos 2 p + sin 2 p 

--2 = ns = n2 
npo nl 2 n3 2 

Let 
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ô (4.10) 

By hypo thesis ô s = 1T /2. In addi tion, w e expec t ô to be in 

practice sufficient1y sma11 to a11ow us to write in first order 

approxima tion 

-ô, sinôpo L 

The coefficients (3.15) can then be written 

ap 
± 

"' (-ô .;. i/np 0 )ng + . + l.npo - ô 

+ b ± o a -s p 

b ± "' ± i ng/n 5 - in 5 s 

where air was taken as the incident medium. 

It follows that the nontrivia1 amplitude ref1ectance 

coefficients from (3.17) become 

= 
b + s 
b -s 

(4.11) 

(4.12) 

(4.13) 

which are easi1y seen to coincide with their counterparts for an 

isotropic quarterwave 1ayer in the ô = O 1imi~ 

From the above, neg1ecting terms in ô 2
, 

(4.14) 

A1so from (3.17), we similar1y get 

I tppl "' li(1-rpp)/npo +ô(1+rpp)l "' 2np 0 / (np~+ng) 
( 4.15) 

I tss I "' l iC1-rss)/nsl "' 2ns/ (n s 2+ng), 

where (4.13) and first order approximation were used. 
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It is interesting to note that this approximation allows 

conserva tion o f energy to be va lid in i ts exac t form, i. e., the 

approxima te amplitude coefficien ts expressed above, (3.18) considered, are 

still such that in first order RPP + Tpp = R88 + T55 = l. 

From (4.15) we get 

(4.16) 

which is the quarterwave expression in (4.3). 

A similar procedure, involving a calculation even simpler than 

the above, leads to its halfwave counterpart in (4.3). 

On Relations (4.4): Absentee Layer and Admittance Matching 

Consider the configuration shown in Figure 3.3(b), the s-polarized 

electric field experiences a refractive index n 2 as it oscillates along 

the y axis, for which the propaga tion ma trix ( 3.56) app lies. 

From the elements of this matrix, through coefficients (3.15) we 

determine the amplitude reflectance rpp as expressed in (3.17). The 

corresponding reflectance can then be written 

Rpp I at/ap 12 

<rg-Yo)2 cos 2 ôE 1 + <r-roYg/r )2 sin 2 ôE
1 

( Y g +r o ) 2 cos 2 ôp 
I + ( y+y o y glr )2 sin 2 ôp I ' 

(4.17) 

where y, Yg = ng/coseg and y 0 = n 0 /cos6 0 are the admittances of the 

film, substrate, and incident medium, respectively, for p-polarized light. 

It is easy to see from (4.17) that Rpp becomes i dentical to the 

reflectance of the bare substrate, 
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= (4.18) 

when one out of two conditions is satisfie~ 

The first occurs when ôp' is a mu1tip1e of 11" or, from (3.57), with 

the aid of (3.46), (3.52), and (3.59), at 9 0 = aabs: 

À o 
m' 

2 
m' = 1,2 , •••. (4.19) 

With regard to traditiona1 thin film theory, noting that when this 

identity ho1ds the effective optica1 path traversed by p-po1arized 1ight 

is an integer number of ha1fwaves, we refer to (4.19) as the "absentee-

1ayer" condi tion. I t becomes the firs t o f expressions (4.4) for ai r as 

the inciden t mediu m. 

The second condi tion occurs when -y = ±-y 0 , to which we refer as 

"admittance-matching." With (3.57), (3.46), and (3.59), this implies that at 

1 
7 = 1 

=-z -
npo 

n 0 sin 2 9M 

n1 
2

n3 
2 = 

which after a straightforward manipu1ation 1eads to 

For n 0 l we ob tain the second o f expressions (4.4). 

Discussion 

In the isotropic limit, npo = n 1 = n 31 (4.21) takes the form 

(4.20) 

(4.21) 
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(4.22) 

from which it becomes evident that Brewster's law is a particular 

consequence of the admittance-matching condition. 

It is interesting to note that, even un-der the presence of a 

s trongly asymme tric micros truc ture, (4.21) s till allow s for the exis tance 

of a pair of angles eB symmetrically located with respect to the surface 

normal. This is consistent with the periodicity of the Tpp versus 8 0 

curve shown in Chapter 2. 

Why does Brewster's law become invalid for anisotropic media? 

A way of looking at this question is as follows. In the 

isotropic case, Brewster's law is derivable from Snell's law and by 

taking the refrac ted ray in a direc tion orthogona 1 to tha t o f the 

reflected ray (virtual, if light is p-polarized only). This las t 

ingredient is physically attributed to the well known radiation pattern 

that results from dipole oscillations along the refracted electric field 

Ep+ direction. In the anisotropic case, however, the refracted ray is 

perpendicular to the displacement vector np+, and ~ to EP+' as shown 

in Figure 4.4. Therefore, for the dipole oscillations to occur 

perpendicularly to the reflected ray direction, the refracted ray must 

~ be orthogonal to that direction and Brewster's law does not apply 

(although we keep calling eB by ''Brewster's angle" for convenience). 

Very significantly, that is still the case for films deposited at 

normal vapor incidence. Here <P = O, from (3.52) npo = n 1 , and thus (4.21) 

becomes 

- ··- ----
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Figure 4 . 4 . Brewster Reflection f or Anisotropic Media . 
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nl2-no2 
2 2 n, -n0 

(4.23) 

This result alone is good reason for careful interpretation of thin film 

measurements at the Brewster angle. 

For q, = 90° we reobtain (4.23) with the permuta tion n 1 ++ n,. 

These two particular cases were reported by Malleman and Suhner 

(1944), and their results are in perfect agreement with ours. 

Examp le 

For illustration we now apply our method to the determination of 

the principal refractive índices of a zirconium oxide film deposited at 

65° on to a glass subs trate (samp le ZO 0808-65), corresponding to a 

columnar orientation angle q, :: 46.997° in accordance with (4.7). 

Prior to deposition, the substrate is masked in two regions, as 

shown in Figure 4.5. The horizontal mask allows for the measurement at 

oblique incidence, step 4 in the exposition of the method, involving the 

alternate illumination of the specimen's coated and uncoated portions. 

The vertical mask is elongated perpendicularly to the loci of constant 

thickness. It produces a sharp step which, properly aluminized, will 

later enable the determination of the physical thickness of the film 

"' 
through a FECO observa tion a t, or in the neighborhood of, the lo cus of 

constant thickness where the ellipsometer measurements are carried. 

These measurements start with the determination of ng, the 

refrac tive index o f the glass subs trate. Here we utilize the Abel'es 

technique with photoelectric detection and the Hacskaylo polarimetric 
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for optical 
measurements 

for electron 
microscopy ---+---1-1---

for scattering 
-+--t+-- m~asurements 

Figure 4.5. Deposition Geometry and Sample Holder. 

At the bottom, the colored fringes seen under fluorescent light on the 
wedge produced by the partial vapor-shadow of a bolt are represented. 
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extension, as described in step 4b, with the on1y difference that we now 

look for a null rather than a matching reflectance. Figure 4.6 shows 

the outcome of this observation, followed by a close-up in Figure 4.7. 

The resu1ting refractive index va1ue is 

1.5131 (± 0.0005). (4.24) 

Our error estimate is slight1y more conservative than that reported by 

Hacskaylo (1964) because in our understanding the errar contribution from 

the graphical in terpo1a tion process shou1d be taken in to accoun t. 

We now proceed with the characterization of the specímen through 

the steps outlined in the exposition of the method. The resu1ting data 

are as follows: 

= 

= 

3/2 Ào 

0.05783 (±0.00010) Ào 

44.460° (±0.005°) 

58°31' 12" (±30") 

(4.25) 

The graphica1 determination of Brewster's ang1e is shown in Figure 4.8. 

Analysís of these data, with ~ = 46.997°, hg = 1.5131, and 

h 0 1.0000, 1eads to the four characterization parameters 

n 1 = 1.502 (±0.009) 

n
2 

= 1.57 5 (±0.001) (4.26) 

n 3 = 1.788 (±0.015) 

d 0.952 (±0.001) Ào "' 602.5 (±0.6) nm, 

whi1e the "equiva1ent refractíve index" at normal incidence for p

polarized light (see discussion fol1owing (3.59)) 
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Figure 4.6. Experimental Data for the Determination of the Refractive 
Index of a 2 in. x 2 in . Glass Slide. 

Bn is the azimuth angle of the analyzer transmission axis, 
with origin at the horizontal position, for which the 
reflectance is extinguished at a given angle of incidence 

--· -- ea . 
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I 
ea = 56° 32.4' ! 0.5' 

Figure 4 . 7. Closeup of Figure 4. 6. 
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10.00° 

5.00° 

09 = 58° 31.2' ~ 0.5 ' 

Figure 4.8. Experimental Data for the Determination of Brewster's Angle 
fo r a Zirconium OXide Sample. 

8M is the azimuth angle of the analyzer transmission axis, 
with the origin at the horizontal position, for which the 
reflectances of the coated and uncoated parts of the speci
men are matched at a given angle of incicence 8o . 
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1.636 (±0.001), (4.2 7) 

so tha t the effec tive amoun t of birefringence a t normal incidence 

results as 

0.061 (±0.002). (4.28) 

The numbers indicated in parentheses are rough error estimates 

origina ted in the measurement process and magnified as they propaga ted 

throu gh the ca leu la tion. 

Interpreta tion 

Do parameters (4.26) make sense? Given the literature omission 

on quan ti ta tive informa tion about form birefringence in thin films, we 

now resort to some other evidence that is available to us. The 

considera tions tha t follow are no t to be taken rigorous ly, bu t ra ther as 

constituting a plausibility argument. 

We performed a FECO measurement at, or in the neighborhood of, the 

locus of constant thickness where the ellipsometer measurements were 

made. The observed physical thickness is of the order of 530 nm, which 

indicates that the value for d obtained in ( 4.26) is not unreasonable. 

Their difference may be partly due to the s trong nonuniformi ty in film 

thickness we have observed, which makes the FECO measurement extremely 

dependent on position. It may also be due to dissimilar phase changes by 

reflection on the aluminized film and (much smoother) aluminized glass 

surfaces. 

As to the refractive índices, we now consider a simple columnar 

structure model in connection with the thin film growth simulation 
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performed by Marten S ikkens. His two-dimensional resul ts for 60° and 

normal incidence are shown in Figure 4.9. 

In a three-dimensional situation we can imagine those pictures, 

in tha t order, as represen ting the projec ted film micros truc ture in a 

plane parallel and perpendicular to the plane defined by the vapor beam 

and the su bs trate norma 1. 

The perpendicular plane clearly presents a larger amount of 

solid material per unit area. Therefore, if we are to model the three

dimensional microstructure as a sequence of identical columns, each 

column must have an elliptical cross section elongated in the 

perpendicular direction. In fac t, experimental evidence for this 

elongation was found by Leamy, Gilmer, and Dirks (1980) through a 

transmission elec tron microscopy observa tion wi th the ele c tron beam 

parallel to the columnar orientation. 

Howe elongated should it be in our case? A crude estimate can 

be made by counting the number of solid disks along a typical horizontal 

section AB in Figures 4.9 ( a) and (b), and taking their ratio. The 

ellipticity that follows is 

b/a = 58/40 = 1.45. ( 4.2 9) 

The microstructure of the film can then be modeled as consisting 

of solid rods with an elliptical cross section, infinite length, and 

refrac tive index n, random ly dis tribu ted in an ai r ma trix. A simple 

adaptation of Wiener's expression (Bragg and Pippard, 1953) leads to the 

effective refractive índices along the principal axes 



TH [N f[LM GROWTH S[MULRT[ON 
NX• 1211 NT• r.5 1Hf:TA- 6G LCK!lED MOallrlT OlHE • S-S-83 

TH[N FfLM GROWTH SfMULAT fO N 
NX• 120 NT• r.5 T~lA- O LCK!lED 11081t!TT OATE ' S - 7 - 83 

Figure 4.9. Film Structure Resulting frorn the Simulated Deposition 
Process at (a) v = 60 o and (b) v = O o. 

Each irnpinging rnolecule, represented by a hard disk, was 
allowed to "move'' randomly until contact with other two 
was reached Cby Marten Sikkens) . 
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j = 1,2,3 ' (4.30) 

where p is the packing density, or fractional volume of solid material in 

the medium, and the depolarization factors are 

b 
a+b ' 

a 
a+b ' 

13 = o. (4.31) 

From the CRC Handbook (Weast, 1980, p. B-166) we know that 

zirconium dioxide in bulk form has an average refrac tive index of 2.17. 

We use this value for n. 

Now we set the packing density value so that n 3 = 1.80, say, and 

from (4.30) and (4.31) get p = 0.60. Identity (4.30) is not strictly valid 

for this packing density value, but can reasonably be used for our rough 

estima tion. 

The above considerations result in the following set of principal 

refractive índices: 

1.55 ( 4.32) 

n 3 = 1.80, 

w hich are less than 2% off their corresponding measured values in (4.26). 

This seems to indica te tha t our measurement does indeed make sense, as 

well as in the simple model we have used. 



CHAPTER 5 

OPTICAL PROPERTIES: THEORY AND EXPERIMENT 

Our task here is to collect experimental evidence on the optical 

properties of an anisotropic thin film and compare it with the 

predictions of the theory developed in Chapter 3. To do this 

quantitatively, we need the optical constants and physical thicknesses 

tha t specify the film under s tudy. Tha t was ou r cone em in Chap ter 4. 

In practice we connect these characterization parameters to optical 

properties through a compu ter progra m deve loped direc tly from the 

theory. We call it the "anisotropic thin film (ANTF) program," and begin 

with a brief description of its main features. 

The ANTF Program 

The program applies for CASES O, 1, and 2 of homogeneous, biaxial 

thin films (see Chapter 3). Absorption is allowed for all media but the 

incident. Although it was devised with the columnar model in mind, it is 

valid as well for any other source of optical anisotropy, as long as 

principal axes are still definable. From a user's point of view, the 

program can be specified as follows: 

In pu t: 

Refractive index for the incident medium and optical constants 

for the subs trate. 

Initial and final values of variable, and variable in t erva l 

79 



.. 

80 

(variable "" wavelength, angle of incidence, or azimuth angle). 

Values of the two fixed variables. 

For each layer: principal optical constants, two angles defining 

the columnar orientation and physical thickness. 

Vertical scaling defined by minimum and maximum ordina te 

va lues. 

Ou tput: 

Required vapor angle of incidence for each layer. 

Reflectance, reflectance phase and transmittance for s, p, and 

crossed polarizations at chosen angle of incidence, wavelength, 

or azimuth angle ranges. 

The overall s truc ture of the program is shown in Figure 5.1. 

MAIN PROGRAM is a direct consequence of our theory withopt any specific 

particularization. SIMLAR performs a similari ty transforma tion tha t 

allows for rotations of the principal axes (see Appendix B). MATMUL 

provides the product of any two square matrices (3x3 for SIMLAR and 4x4 

for MAIN PROGRAM). BIQUAD particularizes the problem to situations for 

which the secular equa tion becomes biquadra tic or for which the s and p

modes can be treated separately, and addresses the program to CASE! or 

CASE2 after testing for a few mathematical restrictions. VECMUL 

performs the "direc t vec tor produ c t" opera tion, as defined in Chap ter 3. 

PLOT plots. 

Th e program was initially tested in the isotropic limit through a 

few multilayer design problems by comparing its results to those of 
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(General) 
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MATMUL VECMUL 
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Figure 5.1 . Overa11 Struct ure of the ANTF Pro gram . 
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Prof. Angus Mac.leod's OPTF. The agreement was complete, at least up to 

the six-decimal digits provided by the output of the two programs, in all 

cases considered. 

The decisive tests for the ANTF program, however, are in its main 

purpose of dealing with anisotropic films. In the process of allowing us 

to place the consequences of the theory side by side with the 

experimental da ta, which we describe next, one should bear in mind tha t 

the validity of the program itself is also under question. 

Experimental Evidence 

We start from the measurements of transmittance versus angle of 

incidence (T x 6 0 \ which are not intended for the direct observation of 

optical anisotropy, but rather as a preparation for the transmittance 

measurements with variation of azimuth angle (T x a) in which the effect 

is much more pronounced. All those were performed with the setup and 

the zirconium oxide samp le considered in the previous chap ter. La ter w e 

present spectral data (T x À0 ) obtained from a Cary 14 spectrophotometer 

for a dielectric multilayer system. 

T x e o 

The results of the measurement are shown in Figure 5.2. The 

experimental procedure is as follows. The polarizer and analyzer 

transmission axes are rotated to the chosen polarization mode, horizontal 

for p, and the gain of the lock-in amplifier (and/or that of the voltage 

across the photomultiplier) is set for a digital reading of 100.0. The 
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(solid spots are for s-polarized light) 

Figure 5.2. Noncrossed Transmittances versus Angle of Incidence 
(Zirconium Oxide Sample). 
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sample is then properly attached to the holder for the starting, normal 

incidence da ta poin t • 

The positioning of the Z00808-65 sample is critical because we 

try to reproduce the conditions present during its characterization (see 

Chapter 4) as accurately as possible. This also means that the whole 

set of observations for an individual specimen should be performed in 

the period of a few days, since films deposited at high angles of vapor 

incidence are very porous and thus extremely susceptible to water 

adsorp tion from the a tmosphere. 

The laser fluctuations, up to 0.5% in intensity, are another 

important source of error. Their influence is minimized, as the specimen 

table is rotated for each data point in Figure 5.2, by resetting the 100.0 

reading in the absence of the sample whenever a signal discontinuity by 

more than 0.3% is noticed under otherwise unchanged conditions. 

Also present in Figure 5.2 is the prediction from the theory, 

which assumes a massive substrate medium. If it is to be compared with 

the measured results, then the substrate back-reflectance must be taken 

into account (the glass substrate absorption is negligible for our 

purposes ). 

A rigorous treatment would require an integration of the 

in terference fringe in tensi ties, origina ted from the near-paralle 1 

surfaces of the substrate, over the detector aperture for each angle of 

incidence. Another alternative is to pick a similar glass slide, subject 

it to the same measurement conditions as that of the sample, and from 
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its optical behavior establish the amount of back-reflectance from the 

glass-air interface • 

We started from this second alternative without much success 

because, as different portions of the slide were illuminated at low 

angles o f incidence, we observed drama tic flue tua tions in transmi t tance 

tha t prec luded de termining a typica 1 va lu e. Such fluctuations are 

clearly connected to those involving relative orientation between the 

two surfaces of the slide, as well as to irregularities at each surface. 

We then decided to approach the problem with the simplifying 

assumption that the sum of the individual fringe contributions to the 

detector intensity signal, each resulting from a mostly coherent effect, 

would ultimately come close to the outcome of an incoherent formulation 

as many fringes were taken into account. 

Mu 1 tiple-beam internal reflec tions in a nonabsorbing s lab o f 

material, treated as incoherent contributions to its total transmittance 

T, lead to the w e 11 known iden ti ty 

1 
"T = ( 5.1) 

where T f and T g are the in tens i ty trans mi t tances o f the two opposi te 

surfaces of the material. 

In our case, Tg(e 0 ), referring to the glass-air interface, is 

de termined from 

1 -
( 5.2) 

where y g( e) and y a ( e 0 ) a r e the admi ttances of glass and ai r, 
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respectively, at a given angle of incidence 6 0 (to which a is connected 

through Snell's law) and ata given polarization mode (see (3.35)) • 

Several values of Tg are shown in the first column of Table 5.1 

(a) and (b), for which the refractive index of the glass substrate was 

taken as ng = 1.5131 in accordance wi th ou r previous measuremen t (see 

Figure 4.6). Those values and the data shown in Figure 5.2 for Tf, the 

theoretical film transmittance, are used in (5.1) to produce the 

predicted transmittance curves with back-reflectance correction in 

Figure 5.3. 

Also shown in Table 5.1 is the correction for the residual 

detector nonlinearity noticed after the experiment was completed. This 

correction was established by exact reproduction of the range of setup 

arrangements and settings utilized during all stages of the experiment, 

and by de tailed observa tion o f the signa 1 when the laser beam was 

subjec ted to differen t amoun ts o f a ttenua tion under those conditions. 

The input to the detector was taken as a function of the corresponding 

signal in the quadratic form 

I(S) = aS + bS 2
• (5.3) 

Constants a and b were determined by taking a common origin and a 

common reference maximum, i. e., I(O) = O and I( 100) = 100, combined wi th 

the observation of an arbitrary signal for the conditions of minimum and 

maximu m nonlinea ri ty. A signal reading of 91.70 corresponded to a 

relative input of 91.22 and 90.55 (checked in linear, very low-intensity 

conditions), respectively, leading to the values: 
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Tab1e 5 .1. Va1ues of Tpp and T88 for Various Ang1es of Incidence 

T (%)+ 
p 

T (%) + 
ss 

e0 (Deg) T (TH) g 
T(BR) s Il(NL) I 2 (NL) T (TH) g T(BR) s I 1 (NL) I 2 (NL) 

o 95.831 91.512 93 . 7 92.808 93.329 95.831 91.914 93.8 92.921 93 . 435 

5 95.873 91.624 89 .9 88.528 89 . 330 95.789 91.833 90.0 88 . 640 89.435 

10 96.000 91.942 89 . 8 88.416 89.225 96 . 660 91. 591 89 . 7 88 . 304 89.120 

15 96 . 211 92.499 90.2 88.864 89.645 95 . 435 91.157 90.2 88.864 89.645 

20 96 . 508 93.284 90.5 89 . 201 89.960 95.101 90.486 89.8 88.416 89.225 

25 96.891 93.899 91.0 89.762 90 . 486 94 . 632 89.514 88.9 87.409 88.281 

30 97.356 94.763 92 .0 90.888 91.538 93.997 88.174 88.2 86.627 87 . 547 

35 97.895 95.693 93.0 92.016 92 . 591 93.146 85 . 954 87 . 1 85.402 86.395 

40 98 . 488 96.694 94.1 93 . 261 93 . 752 92.010 83.966 85 .2 83.295 84 . 409 

45 99.095 97.768 95.2 94 . 509 94.913 90 . 489 80 . 472 83.2 81.088 82.323 

50 99.639 98.849 96.3 95 . 762 96.076 88 . 445 77.058 80.1 77.691 79.100 

+Exp1anation of symbo1s: 
e a Ang1e of inc i dence BR Substrate back-ref1ectance 

Tg(TH) G1ass transmittance from theoretica1 considered (theory) 
ca1cu1ations s Measured signa1 

NL Detector nonl inearity corrected 

00 
-....j 
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Figure 5.3. Corrected Noncrossed Transmittances versus Angle of 
Incidence (Zirconium Oxid e Sample). 
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1 2 ( min. NL): 

1 1 (max. NL): 

a "' 9.372 x 10- 1 , 

a = 8.489 x 10- 1
, 

b 

b 

6.276 x lo-" 

1.511 X 10- 3 , 

utilized for obtaining the last two columns in Table 5.1 (a) and (b). 

The experimenta 1 da ta shown in Figure 5.3 are the resul t o f the 

above correction applied to the measured signal in Figure 5.2. Note that 

the general shapes of the experimental and theoretical curves for p

polarized light, as well as those for s-polarization up to around 30°, 

are in reasonable agreement. 

We c ou ld easily se lec t ex tine tion coefficien ts tha t wou ld 

optimize the fitting between corresponding curves but, instead, decided 

to keep the comparison free from adjustable para me ters, bearing in mind 

that the differences may be partly caused by inhomogeneity or scattering 

los ses. The experimental results for s-polarization over 30° are 

relatively poor in information content dueto increasing transmitted 

beam walkoff and elongation of the illuminated spot with increasing 

angle of incidence. In addition, the pronounced steepness of the curve 

at that region magnifies small deviations in alignment and other 

imperfections of the ellipsometer. 

presented here for completeness. 

Neverthe less, those resul ts are 

One problem remains in the comparison between theory and 

experiment: why is there such a discrepancy at normal incidence? 

We got an answer to this question only after we carefully looked 

at the intensity-structure of the beam reflected by the sample as its 

supporting table was s low ly rota ted toward low angles o f incidence. 
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Following the beam in this manner, we readily noticed that the number of 

fringes gradually decreased until essentially only one was observed at 

near-normal incidence. In other words, at that angle and at the 

particular region of the sample we picked for our measurements, the 

substrate happens to partially behave like a Fabry-Perot cavity! 

For tha t reason, the normal-incidence experimen ts we describe 

next must have their results corrected accordingly. 

T X Cl 

The transmittance versus azimuth angle curves are shown in 

Figures 5.4 and 5.5. The substrate interference effect we have just 

discussed is taken into account through Table 5.2 when we multiply the 

measured signa 1 by the r a tio be tween the measured trans mi ttances a t 5° 

and a t norma 1 incidence shown in Figure 5.2. This simp le correc tion is 

supported by the fact that the transmittance curves are expected to be 

nearly f la t be tween zero and 15°. 

In Figure 5.4, it is interesting to note that the theory predicts 

an asymmetry in the transmittance curve that could hardly be noticed 

during the experiment (or even later with the nonlinear correction). The 

asymmetry is due to the variation of the effective refractive index when 

the columnar orientation changes with respect to the normally incident 

electric field. The magnitude of this variation is well within the 

experimental error. 

Looking at the good agreement in general shape between the 

theoretical and experimental curves, one may be tempted to use 
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Fi gure 5 . 4 . Noncross ed s-Polarization Trans mittance versus Azimuth 
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The corres ponding Tpp curves can be visualized by the 
mirrar ima ge of this figure . Columnar orientation is 
horizontal at the origin ( zirconium oxide sample). 
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Tab1e 5 . 2. Va1ues of T8 p and T88 for Various Ang1es of Incidence 

T (%) + 
sp 

T (%) + 
ss 

8o(Deg) s xSI xP T1 (NL) T2 (NL) s xSI T (NL) T1 (NL) T2-' (BR) 

o 0.0 fl . OOO 0.000 0.00 0.00 93.8 90.000 88.64 89 . 43 9o.91 

10 0.3 0 . 288 0.430 0 . 36 0.40 92.9 89 . 136 87.67 88 . 53 91.55 

20 0.9 0.863 1 . 289 1.10 1. 21 92 .0 88 . 273 86 . 71 87.62 90.63 

30 1.8 1. 727 2. 578 2.20 2. 42 91.3 87.601 85 . 96 86 . 92 89 . 54 

40 2.1 2.015 3 .007 2 . 57 2.82 91.0 87.313 85 . 64 86.62 88.81 

45 2.2 2 .111 3.151 2.69 3. 00 90. 9 87 .217 85.53 86 .52 88 . 69 

50 2 .1 2. 015 3.000 2 . 57 2. 82 91.0 87.313 86 . 64 86 . 62 88.74 

60 1.7 1.631 2.434 2.07 2.28 91.3 87.601 85.96 86.92 89.33 

70 0.9 0.863 1 . 289 1.10 1.21 91.9 88.177 86 . 60 87.52 90.31 

80 0.3 0. 288 0.430 0 . 36 0.40 92 .9 89 .136 87 .67 88 . 53 91.16 

90 0 .0 0 .000 0 . 000 0.00 0.00 93.7 89.904 88 . 53 89 . 33 91.51 

+Exp1anation of symbo1s: 
a Azimuth ang1e SI Substrate interference correction 
s Measured signa1 factor = 0 . 9595 
p Po1arizer correction factor = 1 . 4925 BR Substrate back- ref1ection considered 
NL Detector non1inearity corrected (theory) "' w 
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convenien t extinc tion coefficien ts to overlap them. We again choose to 

keep the comparison free from adjustable parameters and to leave their 2 

to 4% gap for future work on inhomogeneity and scattering losses in thin 

films deposited at high angles of vapor incidence. Furthermore, we would 

expect the amount of absorption to be slightly different for different 

columnar orientations with respect to the electri~ fiel~ 

When we corrected the crossed transmittance experimental curve 

in the same manner as we did for the noncrossed, i t would fall abou t l% 

under the theoretical prediction. That was toa large a difference (about 

30% o f the predic ted value a t a = 45°), as can be seen from the second 

column in Table S.Z (a). The substrate back-reflectance correction for 

such small transmittance values is negligible, and similarly minute 

amounts of loss were to be expected. 

We then searched for ano ther source for the disagreemen t and 

found i t. 

The polarizer was set (with its transmission axis) at 45°, while 

no other optical component was allowed to be in the beam trajectory to 

the analyzer. We first checked for extinction with the analyzer at 135°, 

and the e llipsome ter performed sa tis fac torily. Next we orien ted the 

analyzer transmission axis parallel to that of the polarizer and set the 

signal reading to 100.0, as usual in the experimen t. When we turned the 

analyzer to 0° (horizontal position), however, the signal was 33.5. That 

is a pronounced departure from the expected 50 % intensity transmittance 

and is probably due to displacement of the Glan-Thompson prisms, if not 

- --
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to imperfections in the prisms themselves (about the same signal was 

observed with the analyzer at 180°). A polarizer correction factor is 

then in order, as shown in the third column in Table 5.2 (a). 

Also due to the extreme sensibility of the crossed transmittance 

measurement, we present in Figure 5.5 theoretical curves not only for 

the set of principal refractive índices [1.502, 1.575, 1.788] reported in 

Chapter 4, but also for [1.493, 1.574, 1.803], and [1.511, 1,5767, 1733], 

corresponding to the upper and lower limits for the expected signal 

withou t losses. Those tw o addi tiona 1 se ts are consis ten t wi th the 

errors estimated in (4.26) from the determination of the principal 

refractive índices. 

The agreemen t in Figure 5.5 seems good supporting evidence no t 

only to theory and experiment on the optical properties of our single 

dielectric film, but to the measurement of its refractive índices as 

well. 

T x Ào 

Figure 5.6 shows the spectral data in the visible region for a 

birefringent narrowband filter in the form 

(HL) 5 HHHH (LH) 5 , ( 5.4) 

where H stands for the zirconium oxide, high index layer and L for the 

silicon oxide, low index layer. Both H and L are quarterwaves at 

Ào = 627.8 nm. 

The film was deposited at nearly 30° with a fixed substrate 

(Hodgkinson et al., 1983). Hodgkinson independen tly measured in 
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Figure 5.6. Spectral Data in the Visible Region for the Noncrossed Transmittances of a 
Birefringent Narrowband Fil ter with 21 Layers. 

The upper pair of curves is a reference to the lower pair, and corresponds to 
the detected signal in the absence of the sample. 
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transmission the two pairs of peaks for s and p-polarized light at 

normal and 30° incidence shown in the close-up Figures 5.7 and 5.8. 

Assuming that the silicon oxide layers (structurally much more amorphous 

and thus with negligible birefringence as compared to those of zirconium 

oxide) were specified by their typical refractive index value of 1.46, and 

by analyzing the peaks in their highly resolved positions, he was able to 

provide us the following principal refractive índices for the zirconium 

oxide layers: 

hl 1.9476 

h 2 ~ 1.9664 ( 5.5) 

h, 2.0332 

The theoretical curves produced by the ANTF program with these 

refrac tive índices are shown in the upper portion o f Figures S. 7 and 5.8. 

The dissimilari ty in predic ted and measured lineshapes can be 

attributed to several factors. From the theoretical side, absorption or 

any other losses, as well as inhomogeneity, were not considered, thus 

producing higher and sharper peaks than otherwise expected. As to the 

experimental side, the rectangular cross section of the 

spec tropho tome ter bea m, combined wi th a s trong film nonuniformi ty, 

resul ted in an integra tion over a range of differen t thicknesses tha t 

lowered and broadened the observed lineshape. 

S till, agree men t in peak posi tion be tw een theory and experimen t 

is achieved within a resolution of Angstroms. 
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Figure 5.7. Spectral Data for Noncrossed Transmittances at Normal 
Incidence. 
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Figure 5.8. Spectral Data for Noncrossed Transrnittances at 30°. 
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A Hypothetical Metal Film 

Although we have not measured the optical constants of an 

anis o tropic me ta 1 film, we cone lu de this chap ter wi th a brief 

presentation on what its optical properties might be. 

We imagine a single metal film, 14.5 nm thick (semitransparent), 

which was vapor-deposited at 85°, corresponding to a columnar orientation 

angle ~ =- 80.07°. Note the similari ties in prepara tion condi tions be tween 

our hypothetical film and those for the Al sample considered in Chapter 

2, for which an effective extinction coefficient difference llk "' 1.44, 

identity (2.2), was experimentally determined. 

For our imaginary film, we pick !lk = 1.5, disregard any slight 

difference in refractive índices, and choose for these a typical value in 

the visible region (Hass, 1965), thus gene r a ting the following op tica 1 

constants: 

nt - ikl = 1.3 -· i 2.5 

n2 - ik2 1.3 - i 2.5 ( 5.6) 

n3 - ik3 = 1.3 - i 4.0. 

The resul ting curves o f transmi ttance versus azimu th angle, 

obtained from the theory through the ANTF program, are shown in Figure 

5.9. It is in teres ting to notice their similari ties wi th those in Figure 

2.2. 

We present in Figure 5.10 the reflectance curves for our 

hypothetical film and stop at this point, in the hope that this peculiar 

behavior will be more fully pursued in future work. 
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·4· ~--------------------------------------~·····~--------------------------------------~·· 

Figure 5.9. Noncrossed and Crossed Transmittances versus Azimuth Angle 
as Predicted from the Theory for the Hypothetical Metal 
Film Specified in (5.6). 

-- ·---

Peak and valley ordinates (in percent) are 46.72 and 27.02 
for (a), 1.22 and 0.00 for (b). Projection of the columnar 
orientation axis along the glass-film interface is vertical 
at the origin. 
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.. . . 
.. . !--------------------------------------~ . .... !--------------------------------------! .. 

Figure 5.10. Noncrossed and Crossed Reflectances versus Azimuth Angle 
as Predicted from the Theory for the Hypothetical Metal 
Film Specified in (5.6). 

Peak and valley ordinates (in percent) are 43.14 and 22 .95 
for (a), 0.79 and 0.00 for (b). Projection of the colum
nar orientation axis along the glass-film interface is 
vertical at the origin. 



CHAPTER 6 

CONCLUSION 

We now conclude wi th a brief summary of the resul ts a t tained 

and their possible extensions, followed by some potential applications 

and further suggestions for future work. 

Summary 

The relationship between the departure from optical isotropic 

behavior and the micros truc ture o f thin films was the main cone em o f 

this dissertation. 

In Chapter 2, quantitative analysis of aluminum and zirconium 

oxide films deposited at high angles of vapor incidence indicated that 

metals and dielectrics present two different and analogous 

manifestations of the structure-induced optical anisotropy observed 

under normal incidence light at 632.8 nm. Such me tal and die lec tric 

films tend to behave mostly as polarizers and retarders because of 

significan t asymme tries in ex tine tion coefficien ts and refrac tive index 

values, respectively. 

The a lmost universal columnar structure of vacuum-deposited 

films suggests strongly that similar behavior should be observed in 

films of virtually any material. 

The essential thrust of this work was to grasp the fundamental 

reasons for this beha vior beyond the phenomeno logical leve l. \Hth 

103 
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mul tilayer sys tems in mind, a f ou r-dimensional theory was presen ted in 

Chapter 3 that starts from first principies, unifies previous treatments 

developed by several investiga tors for particular cases o f film 

anisotropy, and properly handles the most general case of coupled mode 

propagation. Although it was built with the columnar model in mind, the 

theory is also valid for other sources of optical anisotropy, as long as 

principal axes are still definable. 

In Chapter 4, the insights obtained from the theory allowed us 

to establish an experimental method for the determination of the three 

principal refractive índices and physical thickness of a single dielectric 

film with explicit consideration of its microstructure. The procedure is 

essentially straightforward, and intricate iterative calculations, common 

in this area, unnecessary. 

All measurements in transmission can alternatively be performed 

in reflection, a requirement for opaque samples, and their results 

interpreted with an analogous outcome from the theory. The method can 

eventually be extended for metal films by, for example, additional 

retardation measurements at nonnormal incidence, although at the expense 

o f i ts simplici ty. 

Experiment and theory were placed side by side in Chapter 5. 

Here the goal was to test the theoretical predictions, as well as the 

values previous ly de termined for the refrac tive índices, agains t 

transmittance curves obtained from the ellipsometer, with the same 

zirconium oxide samp le and under similar condi tions. Al though the 
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ellipsometer performed well in extinction measurements, detailed 

examination of the instrument disclosed the need for corrections in the 

transmittance data. After instrumental errors were identified, and the 

substrate role was also taken into account, the experimental curves with 

varying angle o f incidence or azimu th angle exhibi ted good agreemen t 

with the corresponding predictions. A similar comparison involving a 

zirconium oxide/silicon oxide narrowband filter with 21 layers deposited 

a t 30° resu 1 ted in an agreemen t in peak posi tion wi thin a reso lu tion o f 

Angstroms. Finally, optical properties were considered through the ANTF 

program for a hypothetical metal film, and similarities were pointed out 

between its crossed and noncrossed transmittance curves with those 

reported in Chapter 2 for an aluminum sample deposited at 85°. 

Potential Applications 

We indicate the potential usefulness of the polarization effects 

we have considered through examples that come to mind as these lines 

are being wri tten. Some o f these examp les may beco me viable 

applica tions as control is gained over film properties. 

Polarizers 

Slocum (1981) has reported a metal film polarizer for the 0.8 to 

1.1 m region wi th transmission higher than 0.40 and a degree of 

polarization in excess of 0.88. This element could be used in electro

optical systems, lasers, and other devices requiring a thermal l y stable 

polarizer ( the common HR Polaroid sheet degrades when subjected to 
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tempera tures above 55°C for extended periods of time). Figures 5.9(a) and 

5.10(a), combined with the 90° shift in those curves from one polarization 

state to the other, suggest a simple and. inexpensive polarizing 

beamsp li tter. It is especially promising for the infrared, where 

efficiencies are expec ted to be higher. 

Retarders 

It is well known that crystal retarders require a delicate 

cleavage process in their manufacture and become excessively costly for 

large-aperture configura tions, while being extremely fragile. In 

addition, materials like calcite, exhibiting large amounts of 

birefringence, can hardly be used for single-piece retarders due to 

prohibi tive physical thickness requiremen ts. Birefringent films of 

zirconium oxide, as well as of other dielectric materials, involve a much 

simpler fabrication process and can be easily deposited onto large areas. 

Tunable retarders, with different calibrations for different wavelengths, 

c ou ld be ma de by turning to advan tage the gradual thickness varia tions 

of those films. 

FTR Fil ters 

Dr. Phillip Baumeister called to our attention the paper by 

Billings (1950), in which the use of a birefringent layer in the Turner 

frustrated total reflection filter (Leurgans and Turner, 1947) is 

proposed to induce an overlap of the otherwise separated transmission 

bands corresponding to the s- and p-polarizations • By using organic 
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birefringent fi1ms composed of benzene rings (see for examp1e Barr and 

West, 1945), Billings was ab1e to produce a sing1e band, a1though without 

effective gain in transmission and with a much 1arger ha1fwidth. The use 

of our inorganic die1ectric films instead wou1d possib1y provide more 

f1exibi1ity in design with varying deposition ang1es, but their 

discon tinuous micros truc tu r e cons ti tu tes a serious source of waveguide 

scattering that wou1d prec1ude obtaining efficient performances from the 

device (Burke, 1983). Neverthe1ess, we present it here as an i11ustration 

o f the princip 1e. 

Bif oca 1 E 1e men ts 

Coa ting 1enses or mirrors wi th birefringen t · films may induce 

them to exhibit two foci in distinct 1ocations. An application for this 

effect was devised by Shack (1983) when he used one of the foci from a 

specia11y made quartz 1ens as a focusing aid for a scanning microscope. 

Birefringent films cou1d be applied to existing g1ass e1ements, as well 

as provide more design f1exibi1ity. 

Birefringent Narrowband Fi1ters 

The performance o f such fi1 ters is shown in Figures 5.6 to 5.8 

(Hodgkinson et al., 1983). They may find some application in information 

processing, for examp 1e. 
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Compact Birefringent Filters 

Conven tional Sole and Lyot fil ters (Evans, 1958), consis ting of 

different combinations of birefringent crystal plates and polarizers, may 

have a good chance of being totally or partly translated into properly 

designed multilayer films composed of obliquely deposited components. 

Understanding the Human Eye 

It has been shown (Laties, Liebman, and Campbell, 1968) that 

cones in primate eyes are not perpendicular to the retina, pointing 

toward the center of the pupil. Hochheimer and Kues (1982) report the 

observation of retinal polarization effects as a clinical tool for 

diagnosing diaseases affecting the macula. The polarized-light retinal 

pattern is attributed to birefringence in cone-photoreceptor outer 

segments. Haidinger' s brushes, a manifesta tion o f a weak sensi ti vi ty o f 

the human eye to polarization (Minnaert, 1954), are probably due to 

birefringence dispersion and dichoism of those segments. 

Toward Real Films 

Real films are not only anisotropic, but are inhomogeneous and 

s ca t ter ligh t. Also, their interfaces with other media are not well 

defined plane-parallel surfaces. 

Al though we were able to suppor t qua li ta tive ly the measured 

results for the refractive índices with a model for the anisotropy alone, 
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the challenge remains for a simple effective index theory that would be 

valid for the whole range of film packing densities. 

In princip le, in h o mo gene i ty can be trea ted w i th the ma trix 

formulation by dividing each layer of a system into sublayers as thin as 

required. Similarly, interface imperfections can be taken into account 

by postulating the so-called "couches de passage" (transition layers), 

although increasing the complexity of the problem. 

Analytical theories and measurement techniques have been 

developed for inhomogeneity and scattering problems. Perhaps the final 

goal toward real films will be achieved when all those departures from 

isotropic behavior are integrated in a common framework. 

Curren t efforts to modify film micros truc tures may provide 

important clues in this direction. Conversely, a better understanding of 

those microstructures as they are, a context where this dissertation 

belongs, may stand as a valuable tool for monitoring such efforts. 



APPENDIX A 

COMPOSING THE L-MATRIX WITH A VECTOR BASIS 

Let an arbitrary vector v(z) in the so1ution-space of equations 

(3.7) be represented by 

Let u
1 
(z), u

2
(z), u 3 (z), and u~(z) be four independent solutions of 

(3. 7) that have the following property a t the z = o boundary: 

1 o o o 

o 1 o o 
u 1 (O) u 2 (O) u 3 (O) u"(O) (A.l) o o 1 o 

o o o 

Let u(z) be a so1ution of (3.7) such that u(O) = uo. It can be 

expressed in terms of the basis set {u'(z), u 2 ( z), u 3 (z), u" ( z)} as 

(A.2) 

o r, in co mponen t f orm, 

4 

us(z) L. u~(z) ua o. 13 = 1,2,3,4. ' (A.3) 
a=l 

This is equivalent to writing 
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Ut (z) Ut 1 (z) Ut 2 (z) Ut3(z) u 1 ~ (z) Ut 0 

u 2 (z) u 2
1(z) U2 2(z) u2 3 (z) Uz ~ (z) u2° 

U3 (z) u3 1(z) u 3 
2 (z) u 3 

3 (z) 
(A.4) 

u,- (z) u,o 

u~(z) u., 1 (z) u., 2 (z) u., 3 (z) u.," (z) u,o 

which reproduces identities (3.10) and (3.11) in the text. Note also that 

boundary conditions (A.l) consistently allow the L-matrix to become the 

identity matrix at z = O. 



APPENDIX B 

COORDINATE AXES REPRESENTATION OF THE e TENSOR 

By definition the e tensor is represented in the principal axes 

system P: (n 1 ,n 2 ,n 3 ) by a diagonal matrix in the form 

e: p -

e: I I 

o 

o 

o 

e:22 

o 

o 

o 

e: 3 3 

(B.l) 

Let P be obtainable from the coordinate axes system C : (x,y,z) 

shown in Figure 3.1 through a counterclockwise rotation around the y

axis, say, by an arbitrary angle !p. We represent this operation by the 

w e 11 known r o ta tion ma trix 

R 

COS$ 

o 

sin$ 

o 

1 

o 

- sin$ 

o 

COS$ 

(B.2) 

Therefore, the identíty connectíng the dísplacement and the 

electric field vectors can be shifted from the P-representatlon to the 

C-representatíon through the following steps: 

Dp = 

(B.3) 

from where it becomes clear that 

(B.4) 
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We have also considered in this work si tua tions in which P is 

obtainable from C through the R-rotation, followed by a counterclockwise 

rotation around the z-axis by an arbitrary angle F; represented by 

s 

cosE; -sinf; O 

sinF; 

o 

COSE; 

o 

o 

1 

(B.5) 

With the same reasoning that led to (B.4), we can promptly write 

(B.6) 

In the most general case we perform one more rotation in a 

similar fashion. 

l _ _____ _______.. 
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