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ABSTRACT 

This investigation represents a systematic study of a class 

of metal-dielectric interference filters which would be suitable for 

use in the ultraviolet. General techniques for designing filters 

containing many metal layers are developed and are applied specifi

cally to the design of ultraviolet reflection filters with magnesium 

fluoride and aluminum. That some of these filters can be realized 

experimentally is demonstrated. 

The problem of designing and describing the properties of 

general metal-dielectric stacks is considered. The accepted computa

tional method is extended to include the dispersion of the optical 

constants. Formal conditions for antireflecting with a metal-dielec-

tric stack are derived. These general conditions for antireflection 

reduce, in the all-dielectric case, to the well-known complex conjugate 

admittance matching theorem. The characteristic thin film matrix is 

expanded in terms of the Pauli spin matrices in vector form. This 

gives a geometrical representation of the conditions under which a 

stack of films is equivalent to a single film. This special case of 

Herpin's theorem allows the properties of a stack of the form (DMD)P -

a Dielectric-Metal-Dielectric stack repeated p times - to be represented 

by two complex quantities: the equivalent characteristic admittance 

and the equivalent phase thickness. 



The computed properties of specific DMD stacks with magnesium 

fluoride and aluminum are applied to the design of ultraviolet filters. 

We have found that a high reflection band is formed around the region 

where the optical thicknesses of the dielectric layers is X/4. The 

width of the high reflection band is shown to depend on the thicknesses 

of the metal layers, narrower reflection bands being produced by 

thinner metal layers. We find that the long-wavelength reflectance 

also depends on the metal layer thicknesses. A solar-blind mirror 

design was found that consists of eight DMD periods with an aluminum 

layer thickness of 4.3 nm. TTie equivalent film properties are applied 

to the design of DMD stacks with different metal layer thicknesses 

for each period. Two examples of filters with low long-wavelength 

reflectances obtained with a minimum metal layer thickness of 7 nm 

are given. 

The properties of ultraviolet metal-dielectric interference 

filters are investigated experimentally using an ion-pumped chamber. 

For the first time, agreement is observed between the computed and 

the measured reflectance of a mirror reflection filter which had 

previously been considered. The semitransparent aluminum layer was 

about 8 nm thick. The lack of agreement noted by earlier researchers 

was perhaps due to changes in the optical constants of very thin metal 

films. Observations of the reflectance and transmittance of single 

DMD periods show that the optical constants change for films less than 

about 10 nm thick. The metal films were prepared at a pressure of 

3 x 10 ̂  torr using an evaporation rate of only 10 nm/min. The 
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reflectances and transmittances of two-, three-, and four-period DMD 

stacks are fovind to agree closely with the theoretical predictions 

when the metal layers are 10 nm thick. 



CHAPTER I 

INTRODUCTION 

Many optical investigations require that images be formed for 

only a single wavelength or band of wavelengths in order to be able 

to recognize the information contained in the image. The wavelength 

selection is conveniently accomplished by using interference filters. 

This investigation represents a systematic study of a class of metal-

dielectric interference filters which would be suitable for use in 

the ultraviolet region of the spectrum. 

Ultraviolet Filters 

For this investigation, we call the ultraviolet that region 

of the spectrum where the wavelengths are shorter than 400 nm. A 

significant need for filters in this region of the spectrum has de

veloped with the advent of space exploration, for this is the first 

time we have been able to observe extraterrestial sources of ultra

violet radiation, since most of this light is normally filtered out 

by the earth's atmosphere. 

Two common types of optical filters are absorption filters 

and interference filters. Absorption filters rely on the optical 

properties of materials which will absorb unwanted light and thus do 

not offer flexibility in wavelength selection. The transmittances of 

some useful materials for ultraviolet absorption filters have been 

1 
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collected by Pellicori et al.1 Interference filters are made from a 

number of thin layers of different materials. The wavelengths which 

are reflected, transmitted or absorbed depend, in part, on the thick

nesses of these layers. Thus interference filters can be designed 

and built to have a variety of optical properties, limited mainly by 

the ingenuity of the designer and the availiability of suitable mater

ials. 

Interference filters for the ultraviolet may. utilize either 

the reflected or transmitted light for wavelength selection. Inter

ference filters made from alternate layers of high and low refractive 

index nonabsorbing materials can be made to reflect or transmit nearly 

all of the desired wavelengths. Such efficient filters are difficult 

to realize in the ultraviolet since there are few thin film materials 

with refractive indices large enough to be useful for most applications. 

Transmission interference filters for the ultraviolet based on the 

principle of the Fabry-Perot interferometer have been considered using 

highly reflecting aluminum layers on either side of a dielectric 

spacer layer.2*3 This type of filter is relatively simple to design 

and build, but suffers from limited transmittance in the passband and 

a rather inflexible bandwidth. So called "induced transmission" 

filters4 for the ultraviolet have been considered with one5 or two6 

metal layers. These filters require two dissimilar dielectric ma

terials and have been limited to wavelengths longer than 250 nm. They 

work on the principle, simply stated, that if stacks of dielectric 

materials can be designed to prevent reflections from the metal layers 

at a certain wavelength, then a considerable amount of light can be 



transmitted by the metal films. This type of filter has, to date, 

provided the most versatile type of filter for the ultraviolet. These 

filters have not been used extensively because they are moderately 

difficult to design and fabricate. With a single aluminum layer, they 

have been shown to provide filters near 250 nm with transmittances as 

high, as Q.55 with bandpasses on the order of 6 nm and long wavelength 

rejections better than Q.Q1 to the near infrared.5 

Reflection filters for the ultraviolet have received little 

attention except for mirror coatings used to provide high reflectance 

throughout the ultraviolet. Since many ultraviolet : optical systems 

must be designed to use only reflective elements because of a limited 

number of refracting materials, reflection filters for the ultraviolet 

are attractive since they can be incorporated into systems without 

the necessity for additional optical elements. 

The design of reflection filters for all-reflective systems 

is generally more difficult than the design of transmission filters. 

This is due to the fact that interference filters have the desired 

properties only over a limited range of wavelengths. It is then 

necessary to "block" the filter so that unwanted wavelengths are 

not passed by the system. These blocking filters for transmitting 

systems are commonly absorbing filters, or may be auxiliary inter

ference filters. For reflective systems, the use of blocking filters 

may be prohibited. In the ultraviolet, blocking filters are difficult 

to find since they must transmit short wavelengths and attenuate 

longer wavelengths. There are very few materials which will do this. 

It is possible to consider using the transmission region below the 



plasma frequency of metals like the alkali metals,7 but their use is 

difficult because of the problem of having to encapsulate these ma

terials in vacuum to prevent contamination. If one cannot use a trans

mission blocking filter for reflecting systems, then it is necessary 

to have low reflectance at long wavelengths. This class of filters 

Will be called solar-blind mirrors. 

History of Reflection Filters 

This research is primarily concerned with reflection filters 

containing metal and dielectric layers. The history of this type of 

filter is quite limited. There have been two regions in the ultra

violet which have been considered. One extends from the visible part 

of the spectrum to below 200 nm. The other region, more closely 

associated with this research, extends from the visible to 200 nm. 

Some early research in this class of filters for other spectral 

regions is also reviewed. 

Reflection filters for the more extended region have been 

reviewed by Madden.8 Although this region is beyond the scope of 

this research, it is of interest because of the especially severe 

problems imposed by the limited number of transparent materials, and 

a general lack of highly reflecting materials. The effects of small 

impurity layers on films are especially severe in this region of the 

spectrum. These layers are formed by contact with the atmosphere, or 

residual gases in the vacuum coating chamber. The short wavelength 

reflectance of aluminum mirrors decreases by more than a factor of two 

in 'a few hours when exposed to air. Hass and Tousey9 have reported 
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measurements of multilayer filters made from aluminum, germanium, 

and zinc sulfide which gave high (^0.3) reflectance in the ultraviolet 

with low C0.1) reflectance in the visible portion of the spectrum. 

Their method was to decrease the reflectance of an opaque aluminunl 

film at longer wavelengths while leaving some reflectance at shorter 

wavelengths. They observed th.e reflectance at 400 nm during evapora

tion and worked with thickness and material combinations which would 

decrease the reflectance at this wavelength. Their results indicated 

that it would be possible to produce reflection filters over this 

large wavelength range, but the contrast (ratio of high to low reflec

tance) was somewhat lower than one would desire. 

For the region from 200 to 400 nm, the problems of finding 

suitable materials is less severe. Most of the published work centers 

around what this author calls a mirror reflection filter. This filter 

is made from a mirror, such as an opaque aluminum layer, on which thin 

interference coatings are applied to reduce the mirror's reflectance 

in the desired regions. 

Investigations of this type of filter in the ultraviolet have 

been limited to experimental investigations. Turner and Hopkinson10 

were the first to demonstrate the use of this type of filter in the 

ultraviolet. They found that an aluminum mirror could be overcoated 

with three magnesium fluoride, semitransparent inconel layer pairs to 

produce a reflection filter with a 100 nm wide reflection maximum at 

about 300 nm with the background reflectance from 400 to 1600 nm being 

less than 0.05. More recently, Osantowski11 has made these filters 

from aluminum and magnesium fluoride only, and has demonstrated that 



reflection peaks can be observed to wavelengths as short as 140 nm. 

The spectral characteristics of these reported results are similar in 

form to the results given by Turner and Hopkinson. Hass,12 while in

vestigating the properties of AI2O3 films formed by anodic treatment 

of aluminum films, produced a reflection filter which again had these 

same basic characteristics. Both Hass and Osantowski have reported 

that the "optimum" thickness for the semitransparent aluminum film 

is 5 nm, 

Hadley and Dennison13 were the first to report on results of 

both calculations and measurements of this type of filter. They cal

culated the thicknesses of the layers to get zero reflectance at 

certain wavelengths in the infrared. They found that when the optical 

thickness of the dielectric layer was an odd multiple of a quarter 

wavelength, and the metal film had a resistance of 377 fi for a square 

surface, the reflectance was near zero. 

Turner1 ** extended the research into the visible portion of the^ 

spectrum. Experimental and theoretical results were published which 

indicated that the theoretical and experimental results were roughly 

in agreement. The maximum and minimum values for the measured reflec

tance agreed with the calculated results to better than 5%, but the 

shapes of the spectral reflectance curves were different. The measured 

results showed a symmetrically shaped reflection maximum, whereas the 

computed result showed pronounced assymetry. Neither measured nor 

computed metal layer thicknesses were given by Turner. 

Natawa15 found that computing the reflectance of the mirror 



reflection filters using thicknesses of 5 nm would not give the proper 

minimum reflectance value if the optical constants of aluminum were 

used. He reasoned that the optical, constants must be different, and 

investigated a family of solutions where the optical constants were 

changed so that the Fresnel reflectance would remain constant. This 

change would not be expected on the basis of the Maxwell-Gamett16 

theory which has been shown to give qualitatively correct results for 

some metal films. Natawa's assumed index values are therefore in 

some doubt. 

Schroeder17 investigated the conditions for zero reflectance 

for a mirror reflection filter. His research was directed toward the 

infrared region of the spectrum. The basic equations used for his 

calculations were more general than those used by Hadley and 

Dennison.13 The conditions which he found for zero reflectance were 

in several instances unrealistic with metal film thicknesses on the 

order of 0.1 nm being required for silver when using the bulk optical 

constants. He concluded that the exact film thicknesses should be 

checked experimentally. 

The main emphasis in this research, however, centers around 

the properties of filters made up from a number of alternate dielectric 

and metal layers. This type of filter has not been investigated prior 

to this research. A somewhat related study was made by Strong18 of 

the optical properties of iridescent potassium chlorate crystals. He 

analysed their properties on the basis of a series of reflecting 

interfaces thought to be caused by regular dislocation planes in the 



crystal. He compared a cascaded Airy solution for 2n reflecting 

planes neglecting phase changes and found fairly good agreement 

between the results of calculations and measurements when the 

reflection parameters were properly chosen. He found that for small 

interface reflectances and many of these layers, there would be a 

strong reflection maximum with good contrast. This is related to 

the problem of a large number of metal and dielectric layers when the 

metal layers are very thin. Strong was interested in this type of 

filter since it represents a "grating in depth" which has greater 

efficiency than the usual type of ruled diffraction grating. 

Description of the Research 

This research is concerned with the properties of stacks of 

thin films which contain both metal and dielectric layers. One 

objective of the research was to understand better the problems of 

designing and making reflection filters for the ultraviolet. Some of 

the methods developed in this research are applicable to other types 

of filters and other regions of the optical spectrum, however. The 

use of metal layers in interference filters increases the complexity 

of the problem from both the theoretical and experimental points 

of view. Many of the design techniques which have been developed in 

the past for all-dielectric filters are not generally applicable to 

the metal-dielectric case. In this research, several new techniques 

for describing the properties of the filters have been developed, to

gether with methods which can be used to design filters for specific 

functions. These results are generally applicable to all classes of 
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filters with homogeneous, isotropic layers, the all-dielectric filters 

being a special case of the filters considered in this research. 

One of the fundamental problems in thin film optics is asso

ciated with the computation of the optical properties of interference 

filters. Such computations are important in many areas of thin film 

research. Even though this problem has received considerable at

tention in the past, a rigorous derivation of a computational scheme 

is presented for completeness. Through the derivation we have com

pared two solutions which have frequently been used by other workers 

in the field. These two solutions differ in their form, but may be 

related to eachother by inspection. Through the derivation here, we 

have been able to demonstrate that the two solutions are identical 

when consistent definitions of the optical properties are used. 

These calculation methods are demonstrated for the three-

layer mirror reflection filter to point out the importance of using 

dispersive values for the optical constants of metals. These cal

culated results also indicate the difficulty that arises in trying to 

design metal-dielectric interference filters from observations of the 

computed optical properties only. 

Several design and description concepts are explored in 

Chapter II. Prior to this investigation, there were no convenient 

methods for designing filters with combined metal and dielectric 

layers in the generality which is common practice for dielectric 

stacks. We found that methods used for dielectric stacks could be 

modified to be more generally applicable with slight changes in the 



formalism. The use of these methods has been illustrated by several 

ultraviolet reflection filter designs. 

The design of filters with zero reflectance is an important 

concept in thin film optics. In this research, for example, it is 

necessary to be able to design reflection filters with low reflectance 

in all but one or two spectral regions. It has been necessary to 

develop antireflection techniques which will be applicable to metal-

dielectric stacks. We have found that this problem is simplified 

in this case by designing the stack in the opposite direction from 

that which is commonly used for dielectric films. That is to say, 

conceptually, films are added to the side of emergence in order that 

the stack be antireflected. 

One of the most useful concepts in the case of all-dielectric 

filter design is that of a single film which is mathematically equiv

alent to a stack of films with certain symmetry properties. This 

concept has been investigated for metal-dielectric stacks, and found 

to allow investigations of a large family of multilayer filters with 

relatively few computations. The nature of the equivalent films and 

the use of this information is given for a particular family of 

metal-dielectric multilayers. 

The problem of making metal-dielectric filters for the 

ultraviolet is considered in Chapter III. In order to overcome the 

problem of contamination of the metal films by impurity layers, we 

investigated the use of an ion-pumped coater which uses no oil pumps 

-9 
and permits evaporations at pressures below 10 torr. The properties 



of this type of system as a coater are discussed together with oper

ational techniques that we developed. 

The experimental results, in the form of measured optical 

properties, are presented to demonstrate that the calculations are 

valid, and to indicate that some of the theoretical filter designs 

can be realized experimentally. The best designs we found indicate 

the need for very thin metal layers, based on the optical constants 

for relatively thick films. By using a simple three-layer stack, 

we determined the approximate thickness of the thin metal films for 

which the optical constants begin to change. Agreement between the 

measured and computed filter characteristics is demonstrated for 

designs using sufficiently thick metal layers. Since these designs 

are not optimum, we investigated the possibility of using very thin 

metal films to improve the basic design. 

The general conclusions drawn from this research are summar

ized in Chapter IV. We have also made some suggestions for future 

research in the area of metal-dielectric interference filters for 

the ultraviolet. 



CHAPTER II 

COMPUTED PROPERTIES OF METAL-DIELECTRIC STACKS 

Thin film optics could be called a problem in applied Maxwell's 

equations, for the solution of the multilayer problem is a straightfor

ward solution of the field equations with the appropriate boundary con

ditions and initial conditions. The solution of this problem is usually 

expressed, for convenience, as a recursion formula since there are gen

erally so many parameters that would need to be incorporated into a 

closed solution. The solution can be found through many paths which 

yield similar results. A general solution is presented here with atten

tion to the problem of the definition of the optical properties. 

Because of the complexity of the solution of the multilayer prob

lem, it is necessary to dfevelop concepts which will allow some simpli

fication of the mathematics. These simplifications can be in the forms 

of approximations, graphical representations, or condensations by mathe

matical equivalence. The latter has been used by Epstein19 in discuss

ing a special case of Herpin's theorem,20 which states that any stack of 

films is equivalent, in general, to two films. The nature of this equiv

alence is discussed, and general conditions are found under which stacks 

may be represented by a single film that can be made mathematically 

equivalent to the stack containing many films. 

These computational techniques and methods for simplification are 

applied to the problem of designing a solar-blind mirror, specifically, 

12 



and to a class of metal-dielectric stacks in general. The design prob

lem is approached from the point of view of a parametric investigation 

of a certain class of filter stacks. The simplifications allow a small 

number of calculations to be used to investigate a large number of 

parameters. 

The optical properties of a multilayer may be determined from 

the steady-state amplitudes of the electric and magnetic field vectors 

at the surfaces of discontinuity. The multilayer is defined here as a 

region in space between two semi-infinite media where the physical prop

erties change discontinuously. The surfaces of discontinuity form a 

series of parallel planes, and between the planes the properties of the 

media are assumed to be homogeneous and isotropic. The derivation of 

the electromagnetic fields follows previous treatments.21'22 

In the regions where the physical properties of the medium are 

continuous, the electric and magnetic field vectors must satisfy Max

well's equations. Using the Gaussian system of units, these equations 

may be written as21 

Computation of the Electromagnetic Fields 

VXE = - /^/c 

vkTT . % -if + ̂  ? cib) 

(la) 

(lc) 

(Id) 
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where £ and H are the electric and magnetic field vectors and the phys

ical properties of the medium are specified by the conductivity cr, the 

dielectric constant e, and the magnetic permeability y. 

At the surfaces of discontinuity, the fields must satisfy the 

boundary conditions which state that the tangential components of the 

field vectors must be continuous across the boundary. If the subscripts 

1 and 2 refer to the two sides of the boundary and n is the unit vector 

normal to the surface, then the boundary conditions are satisfied when 

where the field vectors represent the sums of all fields present at the 

boundary. 

With reference to Fig. 1, we assume that the physical parameters 

e, a, and y are functions of z only. There are two semi-infinite media 

extending from -°° < z < 0 and zm < z < +». These media are character

ized by the parameters eg, oq, yo> and em, am, ym and are referred to as 

the incident and substrate media, respectively. The multilayer is char

acterized by the physical parameters ei,e2..••.etc. and, in ad

dition, the thicknesses hi,h2,.. .h^j. We will determine the optical 

properties of the multilayer by first finding the total electric and mag

netic fields at each point in space which satisfy both Eqs. (1) and (2). 

We assume an incident plane wave whose propagation vector is assumed to 

lie in the y-z plane. This incident wave will give rise to reflected 

(2a) 

and 

(2b) 



y 

>z 
2=0 

substrate 
medium 

incident 
medium 

m-l 

Fig, 1; Schematic Diagram Showing Nomenclature Used 
to,Describe a Multilayer Filter. 
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and transmitted waves. Relations between the total fields at z = 0 and 

other regions will be derived. In the following section, these fields 

are related to observable quantities, namely the relative amounts of en

ergy that are reflected and transmitted by the multilayer. 

When the wave is incident at nonnormal incidence, we consider 

the two orthogonal polarizations: s-polarization (when the electric field 

vector is perpendicular to the y-z plane), and the p-polarization (when 

the electric field vector lies in the y-z plane). Any other type of po

larization can be represented as a linear combination of these two cases. 

We assume the time-varying component of the fields to be of the 

form e"ltot where ai is the circular frequency. In this case, Eqs. (la) 

and (lb) for the s-polarization may be written in terms of the field 

components as: 

4S1 = (3a) 

A60 H. (3b) 

k /£j j v/rg-GOl E 
3* -~VLeC2) ^5 C3c) 

and 

i » Ma =. o. (3d) 

In the same manner for the p-polarization: 

and 

ij1-

^ -tI' = °-

(4b) 

(4c) 

(4d) 
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From Eqs. (3) and (4) it is seen that only the calculation for one po

larization need be done since to change Eqs. (3) to Eqs. (4) is equiva

lent to making the substitutions 

£ - * - / / ,  / • / - >  J  €  - > / " < .  j /6— (5) 

where 

£ * e (6) 

is the complex dielectric constant. These substitutions allow us to 

consider only the case of the s-polarization, making the indicated sub

stitutions in the final results to obtain the results for the p-polari-

zation. 

The wave equation for stratified media is found in the usual 

manner by eliminating Hy and Hz from Eq. (3c) using Eqs. (3a) and (3b), 

giving 

(7) 

where the vacuum wavelength X =u/2irc and complex refractive index 

/v=-fi>r (8) 

have been used. The product function 

Ex (%>*)- YVjytfGO t9) 



18 

allows the wave equation (7) to be separated into two ordinary differ

ential equations: 

d4r 

V 
-rs = -n * 

and 

" - rv 

where r2 is the separation constant. The solution of Eq. (10) is known 

and appears in a more familiar form when 

J"1- oC = C12) 

Thus the electric field component can be expressed as 

(13a> 

Because of the symmetry of Maxwell's equations, we can also write 

H, .vkS6*-*"* 

where U, V, and W are generally complex functions of z and the parame

ters that specify the multilayer. 



19 

When z <0, we have specified that we must have a plane wave. 

Eq. (13) will be of the form of plane waves if we let 

lfl0^vQo (14) 

and, as a consequence of Eq. (12), we have 

S&) - consent (is) 

which is an expression of the law of refraction (Snell's law) for strat

ified media. When N(z) is complex, 0(z) is also complex. The real part 

A 
of 0 is the usual angle of refraction, and the imaginary part gives the 

surfaces of constant amplitude. Thus, in a medium with a complex index 

of refraction, the wave will be inhomogeneous, and will be attenuated. 

The specific z dependence of the fields must now be determined. 

Substituting Eqs. (13) into Eqs. (3) gives the following relations be

tween U, V, and W: 

jllSA? - —A 

and 

_ ; tJC f"Q W f £ U]|. 

<U * L 

Solving Eqs. (16) for V gives 

5 •[•¥>»-*«o]r-o 

(16a) 

fl6b) 

(16c) 

(17) 



which together with Eq. (11) gives a pair of wave equations which 

must be solved to find the components of the electric and magnetic 

field vectors. 

Since U and V both satisfy second-order linear differential 

equations, the solutions may be expressed as a linear combination of 

two particular solutions. These solutions must also satisfy the 

first-order differential equations (16) which can be written as 

Thus if Ui and U2 are particular solutions as are Vi and V2, then 

substitutions into Eqs. (18) shows that 

and 

/V2co/© nr 

d z " T  u  

42. , i 2£ u. V. 

(18a) 

(18 b) 

(19a) 

and 

These equations can be combined to show that 

(20) 

which implies that the determinant 

(21) 



for the particular solutions is constant and invarient. 

Let the values of U and V as a function of a be expressed in 

terms of the incident medium fields U(0) and V(0) as 

Ucz) ~ 17,(2)17(0; + Ui(z)Vio) 

and 

V Ca> = V, GO +V7.(z)'Vccb 

or, in more compact matrix form, 

_ /U,(sO V2(*AfV(o)\ 

\v(2>; " V2(h)J\vc)/ ' 

At z = 0, the initial conditions 

U,(o) = Va (0) = 1 

~ V,.-t<d ' (d) *> o 

must hold. That is to say, two identical vectors are related by the 

unit matrix. Since the determinant (21) must have a constant value, 

the matrix (23) must always be unimodular. 

Since we assumed that each layer would be homogeneous, then 

in the region 0 < z < hj, the values of £(z) and y(z) are constant 

implying that N(z) and 0(z) are also constant. With this restriction, 

the basic wave equations (11) and (17) become 

I?" + v = 0 C2Sa) 

and 

(22a) 

(22b) 

(23) 

(24a) 

(24b) 
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0 Aie^S.fv-O. 

(25b) 

The general solution of Eq. (25a) may be written: 

O <?) = A <*» (2S& 2 a,̂ ) + (26) 

where A and B are constants (within the layer) whose values are 

chosen to satisfy (24). The value of A must be 1 if we let the 

particular solutions be 

u,(a) = (^MZ C^b) (27a) 

and 

Q. C2) - S N, z . 

Since U and V are related by Eq. (18b), we find that 

' T f  £ z )  = •  - 6 4 * "  ( Z — M  2  C 2 8 a )  

and 

Cz) = 5̂- N, 2 6̂  

(27b) 

(28b) 

where we take the value 

U tf, Co* &, (29) 

so that the initial conditions (24) will be satisfied. 

Thus, we can say that the fields at z = 0 and z = hi are 

related by 



Uri <p, -1 k 
Si 

Si 4iM/ ̂  COO <f>, 

(30a) 

-4it® (vw)\ C30b) 

-d.„0)J lv(a>/ 

where 

'2T' -a-ja 

( v<$) 

/D, \ y (i»J 
C30c) 

and 

4S = ^ (31) 

. s-> ~ jt;- (32) 

have been substituted to simplify the notation. The quantity <|>j 

is called the effective phase thickness of the layer. 

Suppose that the fields at the next layer must be known. 

The boundary conditions (2) state that the tangential components of 

the fields must be continuous across a boundary, hence, for any num

ber of layers, 

C33) 

where the m<-lth matrix is multiplied from the right by the m-2... 

matrices, each of which must be of the form of C30a). Thus the 

fields in two parts of the multilayer are related by a product 

of matrices each of which depends only upon the physical properties 

J - wi-1 



of the layer. Equation (33) is related to the actual fields by Eqs. 

(13) where for y = 0, we get: 

(34) 

For the p - polarization, we can use the substitutions of Eq. 

(5) to eliminate a similar derivation and get 

where 

(35) 

and where 

/ Coo S: — / 

Tg -/ ~W I C3S) 

J w A- *+*4*} c*&4j-

fj~ -4*- C*o ©. . C37) 
eJ J 

Definitions of the Optical Properties 

The frequencies of the electromagnetic fields discussed here 

are on the order of 1015Hz. Therefore, the observable quantities 

cannot be the instantaneous magnitudes of the fields, but rather time 

averages of energy densities. 

We are interested in using interference filters to change the 

amount of light which is normally reflected or transmitted by a surface. 

We define the reflectance as the amount of radiant energy contained 

in a plane wave which propagates away from the origin in the space 

z < 0 in Fig. 1 relative to the amount of energy which propagates 



toward the origin in the same region of space. By considering only 

the energy in a plane wave, we are excluding light which could be 

scattered by possible irregularities in the surface. The amount of 

energy in an electromagnetic wave which crosses a unit area normal to 

the direction of propagation in a unit time is given by the time 

average of the Poynting vector21: 

< P >  =  6 i ( T x  H * )  C38) 

where £ is along the direction of propagation, the * denotes the 

complex conjugate, and Re means the real part of the complex quantity. 

We have assumed that the light is in the form of plane waves 

so that the electric and magnetic field vectors are related by 

] T  -  - f X  £  ( 3 9 )  

where p is a unit vector in the direction of propagation. Substitut

ing Eq. (39) into (38) gives 

*,2 -* 
(40) 

If we let Eg1" and E0" be the electric field strengths for the 

incident and reflected waves respectively, then according to the def

inition above, the reflectance is given by 

r - JiM - \M 

k£>l " iE;r ' (41) 

We have postulated that the medium beyond zm extends indef

initely. This is a way of saying that any other interfaces which are 

present will not contribute to the interference phenomena. For a def

inition of the transmittance, we will say that it.is the fractional 

<p> »& 2r 



amount of energy which is transmitted into the substrate medium. Thus, 

using an analogous argument, the transmittance is given by 

@i |e:T (42, 

/*« TWr 

*4* 
where E is the electric field in the substrate medium. The refrac-

m 

tive index of the incident medium has been assumed to be real. This 

is necessary because of our assumption that there is a plane wave in

cident from z = which would be attenuated if there were absorption. 

In addition, we will need to separate the total field on the side of 

incidence into incident and reflected fields. This can be done only 

when the medium in which the waves propagate has a real index23. 

The field components along the coordinate axes were derived 

above. Because the field components are related to each other by Eqs. 

(13) and (16), we can deal with only the tangential components of the 

fields to compute the reflectance and transmittance. Thus we let 

e,® - ( K  +  e»~) C43a) 

Hj(o)= (C-Fo" K t43b) 

and 

C43d) 

where sq and sm are given by Eq. (32). The total fields are related 

by Eq. (34) above. It is now apparent, however, that the algebra 
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will be simplified if we express the fields at z = 0 in terms of 

those in the substrate medium. This is easily done now simply by 

multiplying on the left the inverse matrices in Eq. (34). The inverse 

matrices may be found in the usual manner, or more simply by noting 

that an inverse matrix of a layer is one with a negative thickness. 

Thus 
m-1 

where 

j'j (44a) 

n-a4 

<4** <j>̂  

We denote the elements of the product matrix by m^j, so that combin

ing Eqs. (43) and (44), we get 

E/+ Fp" ~ [w„ -h Sm3 E"^ (45a) 

and 

(f; - Ec ) = [>*> + C45b) 

so that 

f?= 

(vnn 4 yrt^ Sp 

+ W rz, 4"  ̂ -f- Mzz 2 

and 

T = ^ tf* to) 

(46) 

(47) 

Another quantity which is of related interest is the phase change on 



reflection. The phase change can be observed, for example, by inter

fering two beams, one of known phase. We will define the phase change 

on reflection as the argument of the complex quantity within the brack

ets of Eq. (46). Thus the phase change is the phase of the reflected 

wave relative to the incident wave defined in terms of the electric 

field vectors. 

At this point in the derivation, the optical properties for 

the p-polarization could be derived by noting that the substitutions 

in Eq. (5) yield mathematically correct results. These substitutions 

are now equivalent to using the elements of the product matrix in Eq. 

0.36) and replacing Sj by pj in Eqs. (46) and (47). 

Let us examine the solutions for the cases of nonmagnetic films 

(y=l) with which we will be concerned below. For angles of incidence 

near zero, Sj = Nj and pj =* 1/Nj . Although a plane of incidence is 

not strictly defined, we see that the phase change on reflection will 

be different by ir radians for the two polarizations. This difference 

in phase is the main discrepancy between the results given by Berning2"4 

and Jacobson23. From Eqs. (S) and (41) it is seen that this is a con

sequence of the inconsistent definition of the phase change. In the 

case of the s-polarization, it has been defined in terms of the elec

tric field components, and in the case of the p-polarization, the mag

netic field components. To be consistent, we must define the observed 

optical properties in terms of the electric field vectors for both po

larizations. In direct analogy to Eqs. (43), we say that 



Ej<0)=- E+t-C 

— H* (0 = Mo (£o ~Eo) 

E"s(0- £»r 
and 

—• H, far*) ~ Mv» j 

where the minus sign for the magnetic fields is a consequence of the 

vector equation (39). The reflectance and transmittance for the 

p-polarization are then found in a manner identical to that above. 

When this is done, the phase change is the same for both polarizations 

when 0o = 0. 

For computational purposes, there are some changes in notation 

which can be made for convenience. First, in order to simplify com

putations at all angles of incidence, the effective index is introduced. 

This is either 

= ©j- - (48a) 

or 

A(f  ̂ *44* &S **" (48b) 

depending on the polarization. To simplify the notation, we will use 

the symbols Nj and <j>j to denote both normal and non-normal incidence 

cases, where it is assumed that the proper effective index values are 

used when applicable. It is also convenient to change the basis vec

tor in Eq. C35) so that it will conform with Eq. (34). The similarity 

transformation 
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T = r"1 = (r o) (49) 

will interchange Ey and -Hx. This now allows the product matrix for 

both polarizations to be computed from 

/ Od <j>j l//J. <fs 

CO-3 tfij 
(50) 

where the effective phase thickness <j)j is given by Eq. (31) and the 

effective indices Nj are given by Eq. (48a) or (48b) depending on the 

polarization of the wave. The reflectance and transmittance are com

puted from 

(m.. 4-m.^ //L I n_ — (m.. 
T?= M = 

and 

T-
A/m) 

(™>. K)no - (tfk+wwQ 

(WM + frtsMn) »o + (ma., 4 

2. 

(51) 

fit (52) 
( ̂11 ~̂ )̂Ẑ r»)y}o 2) W 

This computational scheme is identical to that given by Berning24. 

These are the fundamental optical properties of multilayers with 

which we shall be concerned. 

The reflectance and transmittance defined above differ 

slightly from those normally measured in the laboratory because multi

layers are often supported on relatively massive substrates which may 

be transparent to the wavelength light being measured. The above re

sults neglect the back side of the substate. There is thus a possi

bility for light to be internally reflected within the substrate which 

will cause the measured values to differ from those computed according 
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to the above formulae. If we assume that the substrate is thick in 

comparison to the coherence length of the light, then the intensities 

(radiant energies) of the internally reflected beams may be added. If 

R2. is the reflectance from the multilayer into the incident medium, and 

Ti is the transmittance into the substrate, then it can be shown that24. 

1?H= + 
T. Ri . C53) 

1— S, $2. 
and 

= 71 tefj 

will be the measured quantities where Si is the reflectance from the 

"back" side of the multilayer, and R2 is the reflectance of the sub-

strate-incident medium interface. 

The computational formulae, in this form, provide little in

sight into the relations between the optical properties of films and 

their indices and thicknesses. In designing or making multilayers it 

is helpful to have an understanding of the relationship between optical 

constants and optical properties of single films. The optical prop

erties of single metal films are reviewed in Appendix B. 

Mirror Reflection Filters as Solar Blind Mirrors 

Before considering the problem of designing new metal-dielectric 

filters, we have reviewed the discrepancy between the measured and com

puted reflectances of the three-layer mirror reflection filters. These 

calculations are used to illustrate the importance of including the 

dispersion of the optical constants of the metal films, 



One of the more important changes we have made in the computa

tions has been to include the dispersion in the optical constants of 

the materials. In the infrared, it is occasionally possible to fit 

the refractive index data to classical or semiclassical formulae25. 

In the visible and untraviolet, interband transitions and other effects 

make it difficult to express indices as simple functions of the wave

length. Using tables of values with interpolation between the data 

points has been used as a better approximation to the index values 

than a constant value. We fit the tabular data to a modified Sellmeyer 

equation: 

7) ti) = A o + C55a) 

C55b) 

using an exact fit to the three nearest data points. This method of 

computing the dispersive indices can cause some discrepancies when 

changing from one set of data to another, particularly when the next 

data point causes a change in the sign of any of the "constants." 

This can be seen as an apparent discontinuous change in the computed 

optical properties which is easily corrected by using more data in the 

table. The additional data have been computed from the original table. 

The values which have been used for aluminum are given in Table 1. 

The importance of including the dispersion in the calculations 

is illustrated in Fig. 2 which shows the reflectance calculated for 

two identical filters, the only difference being the use of the dis

persive indices for the aluminum films. The design is: opaque aluminum 



Table 1 

The Optical Constants of Evaporated Aluminum 

A (nm) n k 

100 0.051 0.65 
120 0.058 1.00 
140 0.070 1.30 

160 0.084 1.60 
180 0.10 1.90 
200 0.12 2.10 

220 0.14 2.35 
240 0.16 2.60 
260 0.19 2.85 

280 0.22 3.13 
300 0.25 3.33 
320 0.28 2.56 

340 0.31 3.80 
360 0.34 4.01 
380 0.37 4.25 

400 0.40 4.45 
436 0.47 4.84 
450 0.51 5,00 

492 0.64 5.50 
546 0.82 5.99 
578 0.93 6.33 

650 1.30 7.11 
700 1.55 7.00 

100-200 ran27 

220-700 ran28 
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Fig. 2. The Effect of Dispersion on the Computed Optical Properties 

Curve A, with dispersion, Curve B, whthout dispersion. 
Design: MQDM Mq= opaque Al, nQ= 1.4, 4nDhQ= 500 nm, M = Al, w 
h^= 20 nm. Non-dispersive indices matched at 260 nm. ^ 



+ magnesium fluoride (one quarter wave optically thick at 500 nm) + 

aluminum (20 nm physical thickness). The film thicknesses for di

electric layers are given as the wavelength at which the film would 

be one quarter of a wavelength optically thick. This is done for con

venience when considering all-dielectric stacks where one often will 

use many films of different indices and thicknesses, but all of the 

same optical thickness. Since there is no quantity which corresponds 

to the optical thickness for absorbing films, we use physical thick

nesses to describe the films. The dispersion of the magnesium fluo

ride has been found to have little effect on the optical properties, 

and a constant value of 1.40 has been used for all calculations. In 

Fig. 2, the indices of the aluminum film were the values given in 

Table 1 for a wavelength of 260 nm. 

The results of nondispersive calculation are similar to the 

previous computed results.14 The experimental results, however, show 

that the high reflectance band (centered at 250 nm in Fig. 2) is 

shaped more like a Gaussian curve, and the low reflectance region is 

broader than that calculated.10 Including the dispersion does not im

prove the fit to the experimental results. 

The above results were computed with a 20 nm metal thickness. 

Hass has reported that the semitransparent metal layers which he used 

were very thin (about 5 nm),12 and if one estimates the thickness of 

the films Turner used14 from the transmittance data by comparison with 

computed data, they would be between 6 and 7 nm thick. Hass also re?* 

ported that the published optical constants for aluminum are valid only 



for thicknesses greater than 10 nm, however.29 Since the optical con

stants for very thin aluminum are not known, let us assume that they 

do not change with thickness simply to learn about the behavior of 

this hypothetical filter with very thin metal layers. The results of 

several calculations are shown in Fig. 3 where the spacer layer is 

again one-quarter wave thick at 500 nm thick and the dispersion is in

cluded. It can be seen from the figure that as the metal layer be

comes thicker and its reflectance increases, the contributions from 

the front and back metal surfaces begin to balance. When the outer 

layer is 10 nm thick, the minimum has become essentially zero. The 

filter with 20 nm thickness in Fig. 2, however balances the long and 

short wave minima better, but they are no longer near zero. 

Intuitively, these calculations are what one would expect 

since they correspond so closely to the Fizeau or Fabry-Perot inter

ferometer when viewed in reflection. There one observes narrow dark 

fringes against a light background. This is the complementary pattern 

to the transmitted fringes. We know that the two-metal-layer trans

mission filter has narrow transmission regions which roughly correspond 

to the reflection minima. Since we know that lower reflectance metal 

layers will give broader transmission peaks, it should follow that 

changing the semitransparent metal layer to one with lower reflec

tance should make the reflection minima broader. 

Natawa15 reasoned that the indices of the semitransparent 

aluminum layer were different from the bulk values, ' He, however, as

sumed however that since tjie reflectance of an opaque film was known, 



h 5 lOnm 
h « 8 nm 
hs 5nm 
h * 2nm 

1.00 

0.80 

< 0.60 

y 0.40 

o.ao 

550 300 
WAVELENGTH (nm) 

350 400 450 500 150 200 250 

• Fig. 3. The Effect of Changing the Thickness of the Semitransparent Layer 
of the Aluminum, Magnesium Fluoride, Aluminum Mirror Reflection 
Filter. 

Design: MQDM Mq= opaque Al, n^= 1.40, 4n^hp= 500 nm, M = Al. 



then adding a very thin film should not change the reflectance. He 

chose optical constants which gave a constant opaque film reflectance. 

If one thinks of the film as being made up of an aggregate of small 

spheres, then we can speak of an average refractive index, where, qual

itatively, one would expect for aluminum that n would increase while 

k would decrease as the metal film becomes thinner.30 Natawa found 

that in order to get the good long wavelength minimum, using 5 nm thick 

films, it was necessary to use a film index of N = 8.0 -i 12.9 rather 

than the usual value of 1.36 - i 6.05. Changes toward higher values 

of n and lower values of k seem more reasonable for two reasons. 

First, lower k:n ratios will give lower reflectance, and second, Turner 

found that changing the thin layer from aluminum to inconel did not 

appreciably affect the reflectance of the filter.10 Inconel has ai} 

approximate index of N = 2.5 - i 2.8 in the visible. Since the op

tical constants of chromium are better known and similar to those of 

inconel, we have computed the properties of a mirror reflection filter 

with aluminum, magnesium fluoride and chromium to show that such a com

bination will indeed produce the desired result. The reflectance of 

this combination is shown in Fig. 4. We have not computed a series of 

these curves because of considerable uncertainty in the optical con

stants over much of the range of the calculations.28 The shape of the 

reflectance spectrum is in*better agreement with the experimental re

sults. The thickness of the chromium film is about twice to four times 

that reported for experimental filters. These results indicate that 

the optical constants for thin aluminum films may tend qualitatively 
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Fig. 4. The Computed Reflectance of a Chromium, Magnesium Fluoride, 
Aluminum Mirror Reflection Filter. 

Design: MQDM Mq= opaque AL, nQ= 1.40, 4nQhD= 500 nm, M = Cr. 
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in the direction predicted by the Maxwell-Garnett theory. 

On the basis of these calculations, one would be tempted to say 

that solar blind mirror reflection filters could not be made from alumi

num and magnesium flouride. We have not, however, been able to perform 

"realistic" calculations because of the lack of optical constants for 

very thin aluminum films. There are some observations which can be 

made. It is apparent that the minimum reflectance depends strongly on 

both the optical constants and thickness of the metal film. The loca

tion of the minimum is also dependent on the thickness and indices of 

the dielectric layer. This may cause difficulty when trying to control 

the thickness of the metal film using an optical monitor. If the thick

nesses of all layers are monitored on one substrate, small errors in 

the thickness of the dielectric layer would cause large errors in the 

thickness of the metal layer. 

Admittance Properties of Multilayers and Antireflection 

Mathematical formalisms used to describe diverse physical phe

nomena appear similar in many cases. It comes as no surprise therefore 

that interference filters and passive electrical circuits are described 

by similar equations. The impedance concept used by electrical engi

neers has also been of considerable benefit in the study of multilayer 

filters. In this section, some definitions and applications of the ad

mittance will be given. The relation between the admittance and re

flectance will be considered as an aid to finding the conditions needed 

to obtain zero reflectance for the mirror reflection filter. 
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In electrical circuits, the time variation of the voltage and 

current are related in a manner similar to Eq. (3a) above. As the 

ratio of voltage to current is called the electrical impedance, we de

fine the ratio of the total electric field amplitutde to the total 

magnetic field amplitude to be the optical impedance. The admittance, 

defined as the reciprocal of the impedance, is more commonly used in 

31 
optics and is therefore given by 

(56a) 

The admittance of an infinite medium for a single plane wave is there

fore equal to the refractive index of the medium. The reduced admit-

24 
tance (as opposed to the full admittance), often is a more convenient 

quantity and is defined as 

# ̂  " /vfz) (56b) 

The admittance is not a vector or a, tensor because it does not follow 

the multiplication rules of either. The admittance is important be

cause of its relation to the concept of energy flow. From Eq. (38) we 

see that the Poynting vector and the admittance are related by 

i<p>l - glf V}* K I J « (57) 

When we speak of the admittance here, it will always be in terms of the 

tangential components of the fields. 
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From the derivations above, it can-easily be seen that the 

admittance is related to the amplitude reflectance by the conformal 

transformation 

1 - r 
y-jt7"' c58a) 

or 

y 1 " I - . (58b) 
i 4-2 

Therefore, when the admittance of a stack yQ is unity, there is no 

reflection. 

The admittance of a stack can easily be related to the product 

of the characteristic matrices by combining Eqs. (44a), (51), and (58a) 

to give 

a 1/ W*.! + wzz h 

Wljl Em ~i~ Mm 

=• Wo., -f m, Wtx 

+ A/tn ('59') 

In the case of a single interface between two media, 

AC, 
L (60) 

which is just the ratio of the full admittances. 

Let us continue the close relationship between Y and N by de

fining an admittance matrix 

V = (° I) ^ 
" uv o j  
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so that 

y". (; 
-1 ( 0  - % /  

i o 1 (61b5 

such that the characteristic matrix of a layer given by Eq. (50) can 

be written as 

= % 1 I- % C62) 

where 
CcO 4̂ ' <j>_-

? - j • jl a i c63) 

^ i- X i j  

is the two-dimensional rotation matrix (which can be complex in which 

case it represents a combination of rotation and attenuation). Thus, 

we can associate a "characteristic admittance" with the refractive 

index of the layer, and let, as above, the thickness correspond to a 

"characteristic phase thickness". 

One of the most useful aspects of the admittance is the simple 

graphical relation between the complex reflectance plane and the complex 

admittance plane.zht This relationship is given'by the Smith chart which 

provides a convenient graphical method of calculating the reflectance 

of a multilayer. It is interesting to note that the steps used in per

forming the Smith chart calculation are geometrically represented by 

Eq. (62). 

Let us investigate the conditions under which the reflectance 

of a multilayer stack is zero, and for a stack which does not have zero 

reflectance, how the reflectance can be made zero. When the admittance 



of the stack on the substrate is unity, there will be no reflectance. 

From Eq. (59), the incident and substrate media must be related to the 

product matrix elements by 

= tj c64) 

which is simply another way of saying that the wave does not encounter 

any difference in admittance and is therefore not reflected. This is 

just the idea of impedance matching in electrical terminology. 

Suppose now we wish to find a stack which will antireflect 

another stack—substrate combination. The situation is shown schemat

ically in Fig. 5. We can inquire into the general properties of stack 

A. From the discussion above it is necessary that 

. 1 <«•) 
n° +Ye 

}r Q* Ylo &->i 
* = — —— <65b> 

or 

where a„ are the elements of the product matrix of stack A. The form 

of Eq. (65b) suggest that this is related to the admittance of stack A 

measured on a substrate with index nQ. The differences between Eqs. 

(65b) and (59) are that the signs of the off diagonal elements have 

changed and the diagonal elements have been interchanged. 

When the order of the multilayer is reversed, the diagonal 

elements are interchanged. This is easily proven by letting 
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Fig. 5. Diagram Showing the Nomenclature Used 
to Describe the Antireflection Stack. 
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and 

1R-IMJfU'" W, 

be the product matrices for the normal and reversed stacks respectively. 

Let us operate on the matrix R with the similarity transformation 

t'^t-t-ih^rrxv-t 

where 

t - t *  •  ( ; ; )  

The effect of this transformation is 

T ^ T - U r J  

so that only the off-diagonal elements will be interchanged by the 

transformation 

(f RT) =TlRT"= T#f,T"1 

but, since for the characteristic matrices =» then 

7/%?"- IMj 

Thus reversing the order of the layers in a stack simply results in 

the interchange of the diagonal matrix elements. Thus when the admit

tance of the stack A, measured in the opposite direction, is given by 

Eq. (65b), the reflectance of the combination A+B will be zero. 
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The condition (65b) is referred to as the complex conjugate 

matching theorem when the stack A has no absorbing films. This theorem 

states that the admittance of the reverse stack A must be the complex 

conjugate of the load admittance Yg to antireflect the load.4 The complex 

conjugate theorem holds only for dielectric films because, for these 

films, the diagonal elements are always pure real numbers, and the off-

diagonal elements are pure imaginary. In the more general case, one 

can only say that the load admittance must match the reversed stack ad

mittance with the off-diagonal matrix elements multiplied by -1. 

We have shown the conditions for matching two absorbing stacks 

so that there will be no reflectance. Since for the general case it 

is somewhat more difficult to find the solution, we shall consider 

some special types of stacks which will simplify the admittance matching 

problem. 

The Pauli Expansion Matrix 

In the previous section, relations between matrices and ad

mittance or impedance were noted as an aid to understanding the nature 

of conditions for controlling the flow of radiant energy. In this 

section, we will investigate certain symmetry properties of multi

layer stacks, drawing on the formalism of quantum physics. This is 

an interesting change from the usual situation in that quantum tech

niques are being used to describe a classical situation. 

One of the most powerful ways of investigating the symmetry 

properties of multilayers was first suggested (although not this 
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purpose) by Herpin.20 The symmetry properties can be better understood 

if we consider expanding the characteristic matrix, Eq. (50), in terms 

of the Pauli spin matrices.32 Such an expansion can be performed for 

any 2x2 matrix with unit determinant. Therefore we let 

IMj - +• \«R% + 

=• ~\± + R - &  

where 

is the unit matrix and 

c<̂  = Cio) , ̂  = (o-i) 

are called the spin matrices which may be combined to form the "vector" 

• 

matrix CO". It is easily seen from Eq. (50) that for a single layer 

that the components of the vector it are given by 

and 

3* - 0  

with 

~} — Coo <£>. 
71o , 



The product of two matrices can be shown to be 

W' CVUtiVTQa + (\A2 +^2?1«-A1xA2)-c3!: C67) 

We can think of the layers and stacks therefore as possesing a type 

of magnitude which is the coefficient of II , and a "direction" which 

,—& 
is the vector which is dotted into CP". These magnitudes and directions 

are not simply related to the amplitudes and directions of the field 

vectors, however. 

Let us review briefly the relations between the components 

of the expansion matrix and the amplitude reflectance and admittance. 

These relations are: 

r  =  j i  ( f l o N j • +  

and (Wo+^ })}+.(/}*-A^8 

IX 

^0 "j" + (\c 

Because these matrices have a unit determinant, the magnitude 

of the vector X (which is almost always complex) is not arbitrary. 

In fact, 

A? -

or 

V  - X - A  -  1 .  
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All single layer films form a group characterized by tho fact that the 

z component of ? is zero. Two films (except when one is of zero thick

ness or identical to the other) can be characterized by the presence of 

the z component. When A0 is real and it is pure imaginary, this forms 

the group of all dielectric stacks. We could also classify stacks 

according to planes or quadrants in which jt lies. 

There are, however, two important classes of symmetry which will 

be used here. We shall call these stacks reversible and antireversible 

stacks. The z component of the vector jt determines the group to which 

a stack belongs. We define a reversible stack as one which can be re

versed without changing its optical properties. From the discussion in 

this and the previous sections, it can be seen that reversible stacks 

have no z component for the .vector t. All other stacks must be anti-

reversible. Single film or no film stacks are therefore reversible. 

Double layer stacks are antireversible. We also can speak of accidental 

and intentional reversibility. The former occurs, through chance, when 

a randomly ordered set of films happens to be reversible. We shall be 

interested in intentionally reversible stacks. 

The vector diagram in Fig. 6 indicates the method which can 

always produce a reversible stack with a minumum number of.layers. We 

consider two layers A and B. Multiplying the matrices together using 

Eq. (67) shows that the product vector is a sum of three vectors shown 

in the figure. If the stack is now reversed (B + A) the cross product 

will be reversed, giving the reversed vector "K". If the stack AB is 
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Fig. ,6. Vector Diagram Showing the 
Formation of Reversible Stacks 
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combined with its reverse BA, the resulting stack ABBA will always 

be reversible, regardless of the form of A and B. The argument can 

be generalized to include two stacks rather than two films. A special 

case of the stack is the single film. Thus a single film combined 

with its reverse (itself) is reversible. So that two or more re

versible stacks which are combined will also be reversible. Reversible 

symmetry provides some simplifications in the understanding of the 

properties of multilayers. 

Herpin's Theorem for Reversible Stacks 

Herpin26 stated the following theorem (author's translation): 

"Any combination of n films is equivalent to an appropriate combination 

of two films, but is not equivalent, in general, to a single film." 

He did not pursue the idea, however. Epstein19 noted that the stack 

pqp, "the symmetrical stack," was equivalent to a single film, and 

demonstrated the usefulness of the concept for designing dielectric 

multilayer stacks. In this section, we will pursue the concept of 

equivalence as applied to general reversible stacks. It will be 

demonstrated that any reversible stack is mathematically equivalent to 

something which has properties similar to a single film, and can be 

completely described by two quantities. 

We showed, by an argument based on the Pauli expansion matrix, 

how a reversible stack could be formed by combining any stack with its 

reverse. Specifically, if we let 

)M * ;U 
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be a general stack and 

I R ~  A 4 L  

be its reverse, then the reversible stack will be represented by 

lhlR=( JZ+A'«-2?r) U + 

But since then neither not ̂  X will 

contain a z component. The combination is therefore similar to a 

single film in this respect. 

Since the reversible stack is in the same group as the single 

layer, we can make an identification with single layer properties. ' 

Epstein^and others refer to the quantitites which characterize the 

equivalent layer as the "equivalent index and thickness." Here, we 

will call these quantities the"equivalent characteristic admittance 

and phase thickness." The reason for the difference in the nomenclature 

is to emphasize that, in general, the equivalent admittance and phase 

thickness are not related by a real constant as they must be for a single 

film. The equivalent admittance is analogous to the admittance matrix 

(61) and the equivalent phase thickness is related to the rotation 

matrix (63). These quantities therefore relate to energy flow at the 

boundaries of the stack (layer) and to phase relations (and attenuations) 

between the boundaries. One is unable, using only the equivalent ad

mittance and thickness, to have any knowledge about the inside of the 

equivalent layer. 



The matrix for a reversible stack will therefore be of the 

form 

M- fa 

In direct analogy with Eqs. (61) - (63) we define the equivalent 

characteristic admittance and phase thickness in terms of these 

matrix elements to be: 

X - • fef 
and 

+ i f = OO-CL1 (jn̂ ) 

where v is a positive, real number, and if is a negative real number. 

These restrictions insure the conservation of energy and attenuation 

of the transmitted wave respectively. 

One of the most useful properties of the concept of equivalence 

is seen for p repeated periods of the reversible stack. From Eq. (62) 

we se that ^ 

(/AW/kJ= )ilr = % $E% 

vi f Cc«ri* \v _ 

,r* f̂i/j£ 
Also, when the diagonal matrix element for the combination ABBA is 

compared with the diagonal element for the complimentary combination 

BAAB, it is easily seen that the equivalent phase thicknesses are 

identical, only the equivalent admittance has changed. 



The computation of the equivalents is straight forward from 

the reversible stack matrix elements. They can also be expressed in 

terms of the indices and thicknesses of two component films a and b 

aranged abba. After considerable manipulation, these are 

Ccra 2> — Geo2<k. ^ (68) 
s 

-&>sa g<4 Cko%(bh -h <%- a42-f/^2 
(69) Y 

5 OczQ.fik, -h ̂ (a4va42) 

where either or both of the films may be absorbing. In general both 

Yg and are complex. In the special case of all-dielectric stacks, 

the quantities are either both real or both imaginary. 

Since reversible stacks may be represented by their equivalents, 

we may now ask the conditions under which a stack will antireflect a 

particular load. The condition from Eq. (65b) is 

\/ 4uU<$>s -h 7lo 
*jl — : ; ~ 

&& <?b. —t y2 <2^ fk 
re. 

or 

Solutions to this equation are not easily seen except in certain cases. 

If cos$„ = 0, then Yr is real, then the equivalent admittance which 
E b 

is the geometrical mean between the incident and substrate admittances 

will give the condition for no reflectance. In the general case, it 

is far simpler to evaluate Eq. (65b) and search for the desired solution. 

We shall discuss this method for a particular reversible stack, the 

(DMD) stack. 



Applications of DMD Stacks to Ultraviolet Filters 

In this section, a discussion of the optical properties of 

the reversible DMD stack is given. The stack is of both theoretical 

and practical interest. One of the problems associated with thin 

metal films is that oxygen, present in the atmosphere, tends to 

change their properties. One method of making a stable filter is 

to sandwich the metal layers between more stable materials. In the 

ultraviolet, aluminum and magnesium fluoride are interesting materials 

because of their indices and because the dielectric is a very stable 

material. Some observations concerning the optical properties of 

these, stacks are presented. 

A series of calculations was carried out for DMD stacks for 

different metal thicknesses and numbers of periods. The published 

values of the optical constants for aluminum in Table I were used, 

and all computations included the dispersion of these indices. The 

substrate is assumed to have a value of 1.46, corresponding to fused 

silica. In all cases, the thickness of the dielectric films were con

stant (one quarter wave optically thick at 250 nm) and a constant 

value of the index of 1.40 has been used. Some sample results are 

shown in Figs. 7 and 8, where the reflectance and transmittance are 

plotted in opposite directions, and the "resolution" of the calculations 

is indicated by the wavelength separation between the points. 

In Fig. 7, the number of periods p is varied for metal layers 

which are lOnm thick. It can be seen that a relatively broad high-
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reflection band is formed in the neighborhood of 250 nm and that the 

band becomes sharper and approaches a limiting width as the number of 

periods is increased. The thickness of the metal layers is changed in 

Fig. S for 5-period stacks. Two changes in the form of the reflectance 

can be noted. Both the width of the high reflection band and the back

ground reflectance (long wavelength) decrease with decreasing metal 

layer thickness. From these calculations, a good solar blind mirror 

could be made with a metal thickness of 4.3 nm and 8 or more periods. 

The reflectance for this type of filter is shown in Fig. 9. From our 

discussions above, this filter may not be feasible because of possible 

thickness-dependent changes in the indices of refraction for the very 

thin metal films. 

Some observations regarding the form of the spectral reflectance 

curves can be made without invoking detailed mathematical methods. 

(A more rigorous and quantitative description of the properties of 

these filters is presented later.) This discussion is based on a 

standing wave concept. The (DMD)^ stack is viewed as a regular 

pattern of very thin partially transparent layers separated by moder-" 

ately thick transparent "spacer" layers. The metal layers are assumed 

to be so thin that they can be regarded as surfaces without thickness. 

When the wavelength of the light is such that the spacer 

layers are exactly a half wave thick, or an integer multiple thereof, 

the layers are said to be absent. That is to say, the net reflectance 

and transmittance will be just that of a single DMD period with a metal 
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thickness which is the sum of the thicknesses of the individual layers. 

In Figs. 7 and 8, the internal dielectric layers are one half wave thick 

at 250 nm, and it is easily seen that, as 'more layers are added, the 

reflectance at this wavelength approaches the reflectance of opaque 

aluminum. 

In discussing optical cavities of filters with spacer layers, 

a transmission maximum is associated with a spacer thickness of one 

half wave. In this case, we can say that the nodes in the wave are 

located at the surfaces of the cavity. When the reflecting ends of 

the cavity are metal layers, there is a phase change on reflection 

which has the effect of changing the condition for a node at the sur

face. With metals such as aluminum, the lowest order standing wave 

occurs at longer wavelengths, making the spacer layer appear to be 

thicker than it actually is. When making such a filter, it is 

necessary to deposit a thinner layer than one would expect from the 

oversimplified theory. This wavelength is referred to as the effec

tive half-wave wavelength postion. It is most easily seen in Fig. 7 

for the two-period case at a wavelength near 350 nm. Since the 

electric field is small at this wavelength, there will be little re

flectance, causing a minimum in the reflectance. Because of the 

rather complicated nature of real metal films, the reflectance minimum 

and transmittance maximum do not occur at the same wavelength. 

Another condition can be discussed in a qualitative manner. 

When the nodes in the wave are moved away from the surfaces, there will 



be a condition when the antinodes are at the metal surfaces, giving 

the maximum response from the metal layers. This is called the 

effective quarter-wave postion. This cannot be observed easily from 

the figures, but can b.e inferred from the consideration that it 

should occur at twice the effective half-wave wavelength and the 

effective 3/4 wave position at 2/3 the effective half-wave wavelength. 

These values (in reference to Fig. 7) are 600 and 227 nm respectively. 

In Fig. 7, it can be seen that the reflectance at these two wavelengths 

is' roughly the same, as would be expected at first glance. The diff

erences can be attributed to the fact that the relative thicknesses 

of the metal layers are different at these two wavelengths, and of 

greater importance, the optical constants are different. Since the 

metal layers have their greatest effect at these effective quarter-

wave positions, then changes in the metal thicknesses should also be 

most strongly seen as changes in the reflectance at these wavelengths. 

This is easily seen in Fig. 8 where the metal thicknesses are changed. 

In summary, the properties of the DMD stack can be described 

as a high reflection band centered around the actual half-wave position. 

This high reflection band is bordered on either side by the effective 

half and full-wave positions which give a low reflection region. Both 

the width of the high reflection band and the reflectance at long wave

lengths are controlled by the reflectance at the effective quarter-wave 

positions. These will be moderately high for thicker metals giving 

a wide reflection band together with high long wavelength reflectance. 

For the thinner metals, the long wavelength reflectance will be low, and 

the reflection band will be narrower. 
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The type of behavior described for the DMD stack is similar 

to that of an all-dielectric stack. It is therefore tempting to try 

to draw an analogy between the two types of stacks. The conventional 

all-dielectric Fabry-Perot type of interference filter is made from 

two reflecting stacks separted by a spacer layer. The computed pro

perties of a DMD Fabry-Perot filter are shown in Fig. 10 where the 

region of transmission in the center of the band is as would be expected. 

This result could have several interesting applications. For example, 

if it were to be used as a reflection filter, the "hole" which has 

been placed in the reflection band could be used to remove an unwanted 

response from a sharp spectral line. If the filter could be used with 

two detectors, the background, in reflection, could be compared with 

the spectral line, in transmission. 

The Single Film Equivalents for DMD Stacks 

The concept of an equivalent film for reversible stacks has 

been discussed in general terms. The conditions under which a stack 
v 

can be represented by a single film have been determined. Stacks of 

films based on the DMD period have reversible symmetry. A discussion 

of the numerical values of the equivalent film properties and their 

wavelength dependence are given. . The discussion is limited to the 

properties of this stack with the optical constants of aluminum and 

magnesium fluoride films. Since the dispersion of the optical constants 

is of such great importance, all computations are for the dispersive case. 

We also assume, as above, that the indices of the thin metal films do 

not depend on the film thickness. 
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The forms which the equivalent film properties, the equiv

alent phase thickness x + and the equivalent admittance v + -IK, 

assume are of interest in themselves. These are shown in Fig. 11 

and 12 for metal thicknesses of 10 nm and 5 nm respectively. At 

first glance, the similarity between the equivalent admittance and 

the refractive indices in a region of anomalous dispersion26 is quite 

remarkable. The signs of the equivalents are largely a consequence of 

the sign conventions used here, and a need for internal consistancy. 

With this sign convention, a medium with a refractive index whose 

imaginary part is greater than zero is not allowed. A surface with 

an admittance whose imaginary part is greater than zero causes no 

problems, however. The numerical' values of the equivalent film pro

perties shown in Fig. 11 are the main reasons for changing the termi

nology which has been accepted in the past so as to prevent confusion 

over the meaning of the equivalent film properties. It is also inter

esting .to observe that the phase thickness and admittance of the equiv

alent film are not related by a real constant as they must be for a 

real film. At longer wavelengths, this relation holds approximately, 

however, .and can be useful in designing or describing these stacks. 

The wavelength dependence of the equivalent film properties 

is in the opposite sense of the dispersion of the refractive indices 

of a material near the region of anomalous dispersion.26' We can in

quire whether there are stacks of films with equivalent admittances 

whpse dispersion would bear a closer resemblance to the dispersion of 
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of the indices of real materials. Considering the vector diagram in 

Fig. 6, we can argue qualitatively that the wavelength dependence should 

be reversed if the x-y plane could be viewed from the other side, since 

the vector contains the equivalent admittance information. Changing 

the direction of the z-axis is equivalent to changing the order of the 

single period. The effect of this change is shown in Fig. 13 for the 

conjugate stack MDM, where the total thicknesses of the two materials 

are the same as those in Fig. 12 (each metal layer is 2.5 mn thick, and 

the center dielectric layer is A/2 optically thick at 250 nm). It is 

easily seen that the changes in the equivalent film properties are 

close to the above predictions. 

There is also a strong similarity between the equivalent 

film properties for metal-dielectric stacks and all-dielectric stacks. 

Since the same theory is used to describe the properties of each, 

this observation is not surprising. An anology can be drawn between 

the DMD stack and the (H/2 L H/2) all-dielectric stack where H and L 

represent quarter-wave high and low index films. This association 

is probably valid in a limited number of cases of metal and dielectric 

indices. In the case considered here, the real part of the metal index 

is small compared to the dielectric index. The all-dielectric counter

part is called a "low-pass" stack since it does not reflect the low 

frequencies or long wavelengths. This agrees in substance with the 

optical properties observed above. 

Most computations for metal films are difficult because of 

the complex numbers which are involved, and the lack of periodicity 
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which is characteristic of dielcctric films. Calculations with the 

equivalent film properties are similarly complicated. With all-

dielectric stacks, the equivalent film properties are useful because 

of the ease with which calculations can be done on a slide rule or 

using graphical methods. The equivalent film properties allow 

relatively easy calculations with the Smith chart since the equivalent 

admittance gives the surface reflectance, and the equivalent phase 

thickness gives the proper rotation and attenuation of the amplitude 

reflectance vector. In some cases,we have found that the calculations 

will go off the chart (i.e. the real part of the admittance is less 

than zero, or the reflectance is greater than unity). This type of 

behavior merely indicates that one cannot describe the optical pro

perties within the stack on the basis of the equivalent film properties. 

Calculations have been done which indicate that the attenuation associ

ated with the imaginary part of the equivalent thickness will bring 

the reflectance and admittance into their proper domains of validity. 

These deviations i;rom the normal calculations are an unfortunate in

convenience, however. 

One use of the equivalent film properties which has been help

ful is the concept of the reflectance of an infinite number of periods. 

This quantity allows a rapid evaluation of a stack without a large 

number of calculations. This quantity is given simply by the Fresnel 

reflectance for the equivalent film interface with the incident medium. 

It gives the limiting reflectance which was observed from the parametric 

calculations discussed above. One can get a feeling for the reflectance 



quite quickly from considerations similar-to those given in Appendix B, 

or the reflectance can be found easily using a desk calculator. The 

infinite stack reflectance for DMD period's with 5 nm and 10 nm metal 

thicknesses are shown in Fig. 14 for an incident medium of air. For 

comparison, the infinite stack reflectance for the conjugate MDM 

stack is shorn in Fig. 15. It can be noted that the long wavelength 

reflectance is different from what would be expected on the basis of 

the analogy to all-dielectric high- and low-pass stacks discussed above. 

The analogy appears to hold only in the immediate vicinity of the 

high reflection band, where the relation between the two stacks is as 

predicted. At longer wavelengths, the effects of dispersion become 

significant, and the absorption in the thin metal films has changed. 

On the basis of the infinite stack reflectance, the MDM stack appears 

to be better suited to the solar blind mirror problem. It should be 

noted that the metal layers are only 2.5 nm thick, and they are un

protected from oxidation. For this reason, this example is of academic 

interest only. 

One of the most useful applications of the equivalent film 

properties of all-dielectric stacks has been to calculate the width 

of the high reflection band?3 This type of calculation would be help

ful in the case of metal-dielectric stacks, particularly as they are 

discussed for applications to the design of reflection filters. In 

the all-dielectric case, the definition of the high reflection band 

can be based on the properties of the infinite stack reflectance. 

The equivalent admittance for the all-dielectric case is either pure real 
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or imaginary. The high reflection band is' therefore defined as the 

region where the equivalent admittance is imaginary. It is easily 

seen that such a definition will not be applicable in the more general 

case considered here. In the all-dielectric case, the limits of the 

high reflection band can also be defined in terms of the region where 

the wave is attenuated on passing through the equivalent film. The 

two results are identical. The condition for attenuation is that the 

equivalent thickness is imaginary, leading to the condition 

| floods |  >i. 

This condition can also be applied to the case of the metal-dielectric 

stack considered here. Using Eq. (68), the high reflection band'will 

be given by 

2]0-r*)l <| 

where 

A/a, ~ Ms 

 ̂ aa. 

is the Fresnel amplitude reflectance for the interface reflectance 

between a and b in the abba period, and where 

is the sum or difference of the total phase thickness of the layers 

in the single period. There is no simple solution for Eq. (70), for 

the general case. When <j> = <f>, , the solution is given by 
cl D 

c ™  C I  > l r '  



This result has been given in a different' form before?3 and although 

the expression does not apply strictly to the case of the DMD stack, 

it does give an approximate indication as to the width of the high 

reflection band. To find the width, the expression must be evaluated 

at the two limits. If one assumes that the high reflection band 

is centered around the wavelength where the total dielectric layer 

is one half-wave thick, then the high reflection band limits will be 

removed from this point by the magnitude of the reflectance, not for 

the interface,"but for the metal film itself in the dielectric medium, 

for the cases discussed here. The bandwidth values obtained in this 

manner are not exact, but do give reasonably good approximate results, 

and do indicate what changes can be expected when the different stack 

parameters are changed. For example, the high reflection bandwidth can 

be increased by any one of the following changes: increasing the metal 

thickness, decreasing the real part of the metal index, or increasing 

the dielectric layer index. When exact bandwidth values are needed, 

it is better to ..evaluate the infinite stack reflectance than to try to 

solve Eq. (70) by graphical or numerical techniques. 

It is interesting to note that the maximum reflectance for 

these stacks does not occur at the center of the high reflection band, 

but, is located at longer wavelengths. As one might expect, it is 

difficult to locate this point with any generality, and the location 

of the point where this maximum occurs is simpler in the case of numeri

cal evaluation. Expressions for this wavelength have been derived, but 
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in general are too complicated to be of any use. The form of the high 

reflection band is rather strongly a function of the indices of the 

metal layers in the DMD stack. It is generally possible to get the 

high reflection region with any absorbing film. The reflectance at the 

point where the toal dielectric layer thickness is \/2 is not always 

high, however. The equivalent admittance at this wavelength is found 

from Eq. (69) as 

The equivalent phase thickness at this wavelength is also a relatively 

simple expression: 

These values can be seen in Figs. 11 and 12 at 250 nm. The reflectance 

of the infinite stack is therefore given by 

Thus highly reflecting metal layers with a high ratio of k^ to n^ 

will give high reflectances at the wavelength where the dielectric 

films are one half wave optically thick. When the reflectance of 

the stack is not high at this wavelength, however, there is still a 

high reflectance region which can be found for some metal layer 

thickness. This high reflectance region corresponds to the maximum 

reflectance of the DMD stacks discussed here. In the case where the 



layer reflectance is low, the high reflectance band will be relatively 

narrow, however. 

In trying to design solar blind mirrors using DMD stacks, it 

has been found that the high reflectance band is generally formed 

without further consideration. The main problem is reducing the 

background reflectance. This can be achieved with equivalent admit

tance values which are close to unity. When the wavelength is large 

compared to the thickness of the layers, the equivalent admittance 

given in Eq. (69) may be evaluated by expanding the trigonometric 

functions to the first order in the thickness. The result is that 

Because of the complex metal index in this expression it is now obvious 

that the long wavelength reflectance will be small only for very thin 

inetal layers. Using this long wavelength approximation, the required 

thicknesses for the films are always complex or negative. Since the 

reflectance at "long wavelengths does not need to be absolutely zero, 

only small, the parametric numerical evaluation approach which was 

discussed above would be the most suitable means of finding the designs 

for stacks of the form (DMD)^. 

Another approach to the design of solar blind mirrors could 

be considered. To this point, the properties of single stacks with 

only two materials and two thicknesses have been considered. The 

considerations have been based on either infinitely thick stacks, 



or stacks which are on a glass substrate. "The infinitely thick stack 

cannot be realized in practice, and it would even be desirable to 

use only a minimum number of layers for ease in fabrication. For 

these reasons, the problem of antireflection with DMD stacks is con

sidered in detail. There are two ways in which an antireflection 

stack can be designed. First, a given substrate or load can be anti

ref lected by applying a stack of films on the side of incidence. 

Second, for a given stack, a suitable load can be found which will 

cause the given stack to be an antireflection stack. It was shown 

above that the conditions for antireflection in the case of all-

dielectric stacks is simply that the admittance of the load and anti-

reflecting stacks be complex conjugate pairs. In the more general 

case, relations between the load admittance and the matrix elements 

of the reversed stack were found in Eq. (65b) which would produce an 

antireflected stack. 

Let us consider, first, the load admittance which would be 

antiref lected by-.different DMD stacks. This load admittance is 

shown in Fig. 16 for DMD stacks with one and two periods, and a metal 

thickness of 10 nm. The admittance is plotted on the complex reflec

tance plane with some of the coordinates of the admittance contours 

shown. This type of plane is referred to as the Smith chart. The 

numbers in the figure refer to the wavelength in nanometers for these 

stacks. One of the more interesting aspects of this figure is that a 

DMD stack cannot be used at certain wavelengths to antireflect any load. 
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Fig. 16. The Load Admittance Required to Antireflect the 
Stacks (DMD)1 and (DMD)2. 

n = 1.40, 4nJiD= 250 nm, M =. Al, h^ = 10 nm. 
All wavelengths are shown in nm. 



This is shown by the curve leaving the unit circle on the reflectance 

plane. Under these conditions, even though the admittance is defined, 

\ 
it is not related to any realizable situation, since the reflectance 

must be greater than unity. Another way of stating this is that the 

absorption in the stack is so large that no light can be returned to 

the incident medium to interfere destructively with the reflected 

component causing no net reflectance. In this case, when the wave

length is longer than. 544 nm or 384 nm for the single and double periods 

respectively, there will always be some net reflectance. That these 

loads will be antireflected can be inferred from Figs. 3 and 16 where 

a dielectric thickness slightly greater than a quarter wave would 

produce an antireflection coating for an opaque aluminum film whose 

admittance (the film index of G.12 - i 2.1) is close to the point where 

the wavelength in Fig. 16 is 200 nm. Also, it can be seen from this 

figure that the minimum in the reflectance of the two-period stack 

shown in Fig. 7 is a result of placing the stack on a glass substrate 

(n = 1.46). This minimum reflectance will be at a wavelength slightly 

greater than 350 nm. The load admittance which would be antireflected 

is plotted again in Fig. 17 for one- and four-period stacks with 5 nm 

thick aluminum layers. For the four-period stack, it can be seen that 

the absorptance is too great in the center of the high reflection band 

to antireflect any load. For three periods, it is possible to anti-

reflect another DMD stack in the center of the high reflection band 

when a phase matching layer is used. This result was shown in Fig. 10. 
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17. The Load Admittance Required to Antireflect the 
Stacks (DMD)1 and (DMD)^. 

nQ= 1.40, 4nDhQ= 250 nm, M = Al, hM = 5 nm. 

All wavelengths are shown in nm. 



It is interesting to note that even though it is impossible to anti-

reflcct any load •with the four-period stack for wavelengths longer than 

\ 

485 ran, the reflectance is still moderately low. As was shown above, 

this will be true even for an infinitely thick stack, which, of course, 

could not be used to antireflect any load. Another point to be noted 

is that as more periods are added, the dispersion in the admittance 

of the load which could be antireflected increases. This explains 

why, as more periods are added, the reflectance minima become more 

numerous and sharper as shown in Fig. 7 above. 

An ideal solar-blind mirror could be designed by finding a 

load whose admittance followed the antireflection contour in all regions 

except where the high reflection band is needed. This will gnerally 

be impossible to fulfill exactly since the "sense of rotation" on the 

complex reflectance plane is clockwise for the required load, whereas 

the sense of rotation is counterclockwise for most interference coatings 

as the wavelength is increased. This can easily be seen in Fig. 18 

where the actual admittance of a DMD stack with an infinite number of 

periods has been plotted. The next best approach would be to take 

advantage, of the rather closely spaced spirals in the required load 

admittance which are found in the stacks with several periods. These 

can be placed, by adding an appropriate phase compensating dielectric 

layer, so that many wavelengths will be "nearly" matched producing a 

low reflectance over the desired region. In the case of the DMD stacks 

with aluminum, this will necessitate the use of very thin metal films. 



Fig. 18. The Admittance of the Stack (DMD) in Air. 

nD= 1.40, 4nQhD= 250 nm, M = Al, hM = 10 nm 

All wavelengths shown in nm. 



At this point, it is easy to see that the approach of 

searching for the DMD stack to antireflect a given load is the more 

difficult of the two, primarily because cif the problem of not knowing 

when the stack will absorb too strongly to be able to do any good. 

Generally speaking, it is easier to find the proper load, as this 

load will have little effect on the high reflectance band unless the 

antireflection conditions are met exactly. 

In summary, we can consider two design approaches for solar 

blind mirrors. First, we can seek the stack which has the desired 

properties by itself. An example of such a solar blind mirror was 

shown in Fig. 9 above. This design is attractive from the point of 

view of the simplicity of the design. There is one serious drawback, 

however, in the case of the aluminum and magnesium fluoride combinations 

considered here. This is that the thickness of the metal films is 

such as to cause doubt about the validity of using the published optical 

constants for the computations of the optical properties. A second 

alternative is to start with some fairly simple stack which has many 

of the desired optical properties and modify this stack by adding 

"loads" on the side of emergence such that the combination will give 

a better approximation to the solar blind mirror. If we assume that 

metal films of 7 nm thickness could be realized experimentally, we 

could start with a single DMD stack with this thickness. We know that 

by adding more stacks with the same metal thickness on the side of 

emergence, that the high reflection band will build up. We therefore 



seek stacks with thicknesses such that the long wavelength reflectance 

will be decreased. The stacks arc then built up to give the filters 

shown in Figs. 19 and 20, where the two designs end with different 

final loads. The layers and their thicknesses are given in Table 2. 

In the design in Fig. 19, the substrate is opaque aluminum which allows 

no transmittance. This would be necessary when these filters are 

deposited on reflecting objectives in order to prevent light from 

being scattered from the back surface of the element. The design is 

a modification of the mirror reflection filter discussed above. In 

Fig. 20, the design is more akin to a DMD stack and has some trans

mittance where the reflectance is loxtf. It was possible, for this 

design, to bring the background reflectance to lower values over a 

greater range of wavelengths. The long wavelength reflectance could 

be decreased still further by using thinner metal layers close to the 

side of incidence, but there is some doubt that the optical constants 

are valid for these films. It is also possible to modify the dielectric 

layer thicknesses of the first few layers to bring the long wavelength 

reflectance lower, but this tends to disturb the high reflectance band. 

Without .investigating other materials, these designs represent the best 

designs that have been found from our computations. 
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Fig. 19. The Reflectance of a Modified Mirror Reflection Filter. 

The Design is given in Table 2. 
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Fig. 20. The Computed Reflectance of a Modified (DMD) Reflection Filter. 

The Design is given in Table 2. 
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Table 2 ' 

The Design Details for the 
Modified DMD and Mirror Reflection Filters 

Mirror Reflection DMD Reflection 
Filter " Filter 
Fig. 19 Fig. 20 

Index Thickness nm Index Thickness nm 

Layer Number 

Substrate A1 - - 1.46 - -

11 1.40 325 — — 

10 A1 19 A1 7 

9 1.40 500 1.40 500 

8 A1 13 A1 11 

7 1.40 500 1.40 500 

6 A1 13 A1 10 

5 1.40 500 1.40 500 

4 A1 9 A1 8 

3' 1.40 500 1.40 500 

2 A1 7 A1 7 

1 1.40 250 1.40 250 

Inc. Med. 1.0 — 1.0 

A1 = aluminum (indices are given in Table 1) 

A1 thicknesses are physical thicknesses 

Dielectric thicknesses are quarter wave 

Optical thicknesses (4 nh)' 



CHAPTER III '• 

EXPERIMENTAL PROPERTIES OF METAL-DIELECTRIC STACKS 

We have investigated the properties of two types of metal-

dielectric interference filters to compare with the theoretical pre

dictions above. We present descriptions of the apparatus used, tech

niques developed, and the observed optical properties in this chapter. 

We mentioned above that, in the calculations, we have not 

accounted for the expected change in the optical constants with 

thickness for the aluminum layers. This was necessary because the 

optical constants for very thin aluminum films are not known. Our 

aim was to determine experimentally whether the reflectance and 

transmittance of metal-dielectric stacks could be predicted over the 

wide range needed to produce solar blind mirrors for the ultraviolet, 

and to determine whether we could produce some of the filter designs 

calculated above. 

Although aluminum is a widely used material, it remains a 

difficult material to evaporate with reproducible results. Its 

high chemical activity makes vacuum cleanliness necessary for well 

controlled properties. We. have investigated the use of a large 

vacuum coater which is free from oil pumps. This type of system 

reduces the number of hydrocarbon compounds which are generally 

present in the residual gas spectrum of oil-pumped systems. The 
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ion-pumped coater we used was free from these contaminants, and also 

-9 
had the potential for evaporations at pressures less than 10 torr. 

This system and its properties are also discussed. 

We found the limiting thickness for the aluminum layers by 

an indirect method. For films with thicknesses greater than this 

limit, the observed optical properties for several different designs 

agreed well with the computed results. We found empirically that the 

very thin films could be used to reduce the background reflectance 

of DMD stacks with thicker metal films. 

Evaporation and Vacuum 

In this section, we give a short discussion of the effects of 

vacuum environment on the evaporated thin films. Most thin film 

interference filters have been prepared by vacuum evaporation. 

Chemical coating and sputtering have also been considered. We have 

felt that evaporation is preferable because of higher film purity, 

more precise control of the thicknesses of the films, and better 

v 

reproducibility. In this process, the evaporant is heated in vacuum 

to form a vapor. The vapor strikes a relatively cool surface.(the 

substrate) and condenses to form a thin solid layer. The essential 

parts of a vacuum coater are: a means of producing the vacuum, a way 

of heating the evaporant, and, if the film thickness is important, a 

method for monitoring the thickness during deposition. 

One of the early reasons for evaporating in vacuum was to 

allow the vapor to reach the substrate without hitting too many air 

molecules along the way. For some types of coatings, a vacuum is 



undesirable (for example, tin oxide coatings are prepared by evapo

rating stannous chloride in air). Aluminum, however, is an active 

substance, especially so in its molten or vapor state. To obtain 

pure aluminum coatings, the evaporation must be performed using 

techniques which prevent contamination of the films. Considerable 

work has been done to determine the best way.to prepare aluminum 

films.29 Tine current method is to evaporate in vacuum where the pres

sure is less than 10 ^ torr using rates greater than 60 nm/sec 

onto a substrate at room temperature. 

At such high rates, thickness control becomes a serious 

problem. There are basically three ways of controlling the thick

ness. First, a certain amount of material can be evaporated to 

completion. The accuracy using this technique is poor at high evap

oration rates where splatter and changes in the vapor distribution 

can cause differences in the final film thickness. Also, this 

technique requires many evaporation sources when depositing multi

layers. The secQnd possibility is to evaporate at a particular rate 

for a certain amount of time. This is difficult because evaporation 

rates are difficult to control precisely. Stopping the evaporation 

at a certain time usually requires a mechanical shutter of some 

type, and at high rates of evaporation, uncertainties in the timing 

of the shutter can cause thickness errors. The third and most common 

technique is to monitor the thickness during deposition by observing 

a parameter which depends on the film thickness. With this method, 

too, a mechanical shutter shutter is generally used to stop- the 



evaporation and can be a source of error "at high evaporation rates. 

To get a feel for the accuracy required, consider that at the 

"minimum" rate of evaporation, a 5 nm thick film will require a total 

evaporation time of O.OS sec. For an accuracy of 1% of the total 

thickness, the shutter would have to be accurate to O.S ms. Consid

ering that the shutter must operate in vacuum, this accuracy would 

be difficult to realize. Also, if human reaction time in included 

in the estimate, thickness tolerances must be unrealistically large. 

If we assume that during the evaporation process, the quantity 

which is of primary concern is the ratio of the number of desired 

molecules which strike the surface to the number of impurity mole

cules from the residual gas which strike the same, surface, then a con

stant evaporation rate to pressure ratio would produce the same 

results. Such a source of contamination would affect the entire film 

as opposed to a surface contamination which changes the properties of 

the atoms near the surface of the film after the evaporation has been 

completed. It would therefore be highly desirable to evaporate at 

the lowest pressures possible to be able to reduce the evaporation 

rates so.that the film thicknesses could be controlled. 

To investigate the possibility of using lower evaporation 

rates, we have considered three quantities related to thin film 

deposition in vacuum. The mean free path has previously been used 

to indicate the vacuum tolerances. It also gives some indication as 

to changes in the composition of the vapor before it reaches the sub

strate. Second, the number of atoms which strike the surface in the 



vacuum per unit time can be compared to minimum evaporation rates 

to allow for acceptable internal purity of the film. The third 

quantity of interest is the time required to form a monomolecular 

layer in vacuum assuming that all of the residual gas atoms stick 

to the surface. This gives an indication of the time in which the 

surfaces of the films remain pure. These quantities are listed in 

Table 3 for different pressures. The residual gas has been assumed 

to be nitrogen at room temperature. We have assumed that all of the 

nitrogen atoms striking the surface stick to form the monolayer. It 

Table 3 

Some Vacuum Properties of Nitrogen 

Pressure 
(torr) 

Mean 
Path 

Free 
(cm) 

Molecules Striking 
Surface (cm 2sec *) 

Monolayer 
Time (sec) 

760 6 x o
 1 

CD
 

3 x 1023 3 x 10~9 

O
 1 t-»
 

5 x lO-2 4 x 1019 2 x 10"5 

10"6 5 x 103 4 x 10 l k  2 x 10° 

10"10 5 x 107 4 x 1010 2 x 101* 

After Dushman34 

can be seen from the table that one would expect to be able to pro-

-9 
duce reasonably pure films at pressures below 10 torr with little 

probability of interactions between the- vapor and the residual gas 

4 
during evaporation since the mean free path is about 10 times normal 

evaporation distances. For evaporation rates greater than 0.4 nm/min, 



the bulk contaminations will be less than those obtained at 60 nm/sec 

at 10 torr. After evaporation, there will be a period of about 

thirty minutes when the film surface will 'remain with less than one 

monomolecular layer of contamination. 

The Vacuum System 

In an attempt to get the best possible aluminum films with 

moderate evaporation rates, we used an ultrahigh vacuum system. Most 

of the system was built by Varian Associates, Inc. The system uses 

no oil pumps. The chamber is a cylinder 60 cm diameter by 150 cm 

high. The major components are shown in the schematic diagram of 

Fig. 21. Rough pumping from atmospheric pressure is accomplished 

with a gas aspirator pump followed by cryogenic sorption pumps. 

This combination of pumps was used to bring the system to a pressure 

of approximately 10~^ torr in 2 hours. At this point, the system is 

sealed from the roughing pumps, and the remainder of the pumping was 

accomplished by a 500 liter/sec ion pump and a cryogenic titanium 

sublimation pump with a rated speed of 10,000 liters/sec for nitrogen. 

When the system was clean, the chamber could be pumped to pressures 

-11 
below 5 x 10 torr in 24 hours, including a 16 hour bakeout at 

approximately 250°C. After two years of use without; major cleaning, 

the system was still capable of reaching pressures below 2 x 10 ̂  

torr. 

After the initial bakeout cycle, the only major gases which 

could be detected with the partial pressure gauge were nitrogen and 

hydrogen. Under these conditions, we were able to produce aluminum 
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Fig. 21. Schematic Diagram of the Ultrahigh Vacuum System. 



films of exceptional quality (from the points of view of low scatterin 

and high reflectance) under controlled conditions. 

The two most important means of evaporating materials in 

vacuum are to heat the evaporant by resistance heating where a high 

current is passed through a filament made of a refractory metal which 

is in contact with the evaporant, or by electron bombardment, where 

the evaporant is heated when a moderately high current stream of 

electrons at high potentials is focussed on the evaporant, heating 

the material principally by energy transfer through collisions. With 

a filament evaporation source, there is a possibility of film contam

ination caused by chemical interactions between the hot filament and 

the evaporant. Films evaporated from an electron beam source are 

claimed to be pure since only a small portion of the evaporant is 

vaporized at one time. We used the electron gun in this research 

primarily for reasons of film purity and uniformity of the deposition. 

The electron "gun" we used consists of a filament source of electrons 

and a water-cooled hearth for holding the evaporant. The electrons 
v 

emitted by the filament are focussed by crossed electric and magnetic 

fields on one of five hearths. 

In this research, all of our samples were less than 50 mm 

across. With a distance from the source to the substrate of about 

65 cm, we obtained uniform depositions using the electron beam source. 

Thus, we did not need to rotate the substrates to obtain even distri

butions . 

The intense heat required to evaporate most materials gen



erates a large amount of gas from both the*evaporant and the walls 

of the system. The increased amount of gas can be a problem if the 

pumps in the system are unable to handle the load. The gas load can 

be reduced by evaporating at lower temperatures and hence rates, or 

by suitably outgasing the system and the evaporant. With the typical 

gas loads we experienced, our pumping capacity would have to be in-

7 
creased to approximately 10 liters/sec in order to be able to 

evaporate at the higher rates at pressures below 10 ^ torr. Out

gasing the materials is a difficult and time consuming process in this 

system. To be relatively free from gas, the evaporant must be 

held near its evaporation temperature for prolonged periods while 

the pumps remove the gas. During this time, the substrates were 

protected by the shutter placed between the source and the substrate. 

In outgasing the material, too little heat leaves a large amount of 

unwanted gas, and too much heat can evaporate all of the material on 

the hearth. We have been able to completely outgas the crucibles 

-9 
so that evaporation can take place below 10 torr, but this process 

requires nearly ten days. 

The beam current needed to evaporate the aluminum was con

siderably reduced if the aluminum was held in a crucible which did not 

all.ow as much heat to flow to the hearth. A crucible material which 

we have used with moderate sucess is HDA (a boron nitride - titanium 

diboride substance produced by Union Carbide Company). This material 

has a high melting point, low thermal conductivity, and does not 

react chemically with molten aluminum. It is hygroscopic and has an 
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unusually large thermal coefficient of expansion. The crucible must 

therefore be haivdled with care to minimize water contamination and 

must be heated slowly to prevent fracture.' One problem which has been 

observed and remains unsolved is that aluminum apparently develops a 

charge during evaporation, and some of the liquid aluminum is 

pulled over the side of the crucible by the electric field. When 

the aluminum strikes the cold hearth, the crucible is suddenly cooled, 

and fractures in a catastrophic manner. Changes in the shape or sur

face properties of the crucible have not helped, and we have been forced 

to change crucibles frequently in order to prevent crucible 

failures. 

Although aluminum is relatively easy to outgas, dielectric 

materials are more difficult. The low thermal conductivity of many 

dielectric materials makes it difficult to heat the entire charge 

without evaporating some material. We have found that magnesium' 

fluoride seems to move away from the beam during outgasing as if 

a negative charge^developed in the liquid and was repelled by the 

electron beam. We have investigated different forms of the material 

from fine,powders to large crystals, and have tried to premelt the 

evaporant in a vacuum furnace, but have found no substitute for the 

extended outgasing cycle, if low pressure evaporations are necessary. 

We have investigated a variety of crucible materials for the 

magnesium fluoride, but have had the best results when the evaporant 

was placed directly on the hearth of the electron gun.' We have also 

found that it is necessary to extend the shields between the hearths 



to prevent the materials from mixing with eachother before evapor

ation. 

The operation of the ion-pumped coater is similar to most 

conventional coaters with one exception. In starting an ion pump 

there is commonly a glow discharge that occurs at pressures above 

10"4 torr. We have found that this discharge can cause some contam

ination of the substrates. Starting the ion pump only after the pres

sure is below 7 x 10 ^ torr eliminates the discharge. Occasionally 

the roughing pumps are unable to' bring the pressure low enough to 

prevent the discharge, so the throat of the pump was partially 

covered with a plate at ground potential to confine the discharge to 

the lower part of the chamber. 

The Film Thickness Monitor 

One of the major problems with making multilayer filters is 

the ability to control the thicknesses of the layers. The procedure 

which we have used in this research was to monitor the thickness of 

the layers during deposition, and stop the deposition when the thick

ness had reached the desired value. There are many different means 

of monitoring the thickness during deposition. It is important, 

however, that the quantities of interest be measured. We speak, for 

convenience, of film thicknesses in terms of their quarter wave 

thicknesses for dielectrics or the physical thickness of metal films 

in units of nanometers. What we mean is that the film must have a 

certain reflectance, transmittance and phase change when it is in 

the multilayer stack. Because we are interested in optical properties 
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in this research, we elected to monitor the reflectance and infer the 

thickness from this measurement. 

Generally speaking, the optical system for the monitor is 

used only to transmit energy from the source to the detector, and 

the quality of images need not be considered. It is important that 

the optical components be good enough so that the measured light is 

free from stray reflections which would contribute erroneous signals 

to the measurements. 

One major restriction has been imposed by our use of an 

ultrahigh vacuum system. We have found that first-surface mirrors 

crack and peel in the vacuum system regardless of overcoating. This 

damage becomes apparent after several cycles. Instead of using mirrors 

in the optical system, we have used right angle prisms. 

A schematic diagram of the optical system we used is shown 

in Fig. 22. The light from the source S is imaged on the pinhole D^. 

This light is then chopped mechanically at 90 Hz, and the pinhole 

is then imaged on the monitor plate G by the lens L^ after being 

bent by total reflection within the prism P^. The light reflected from 

the monitor plate is returned through the opposite side of the 

chamber and imaged on the entrance slit of a monochromator. An E.M.I. 

9558Q photomultiplier was used to sense the intensity of the light at 

.the exit slit of the monochromator. There are three important com

ponent locations for any monitor system. The light must be chopped 

at the source in order that it may be distinguished from light of 

constant intensity generated by the evaporation source within the 
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Fig. 22. Schematic Diagram of the Optical Thickness Monitor. 
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chamber. Second, the monochromator or spectral filler must be 

positioned just ahead of the photomultiplier so that the total in

tensity of the background light will not saturate the detector. 

Finally, an aperture stop must be used in the exit beam to prevent 

stray light from reaching the detector. Its size is chosed to be 

smaller than the image of the monitor plate. This configuration 

provided a stable image of the pinhole reflected from the monitor 

substrate. 

The accuracy of film thickness measurements during evaporation 

is also dependent on the monitor electronics. The change in reflec

tance with thickness for single layers can take one of two forms 

depending on the material. For dielectric layers, the change in 

reflectance appears nearly sinusoidal, with extreme values at the 

multiple quarter wave thicknesses. For metal layers, the reflectance 

rises nonlinearly with increasing thickness. When monitoring quarter 

wave stacks, it is possible to monitor to a specific value of the 

absolute reflectance, but monitoring to extrema in the reflectance 

is more convenient and gives the desired results. When monitoring 

metal-dielectric stacks, it is essential to be able to monitor to 

a specific value of the absolute reflectance. For this reason, our 

monitor electronics had to be linear and accurate over the range of 

expected reflectance changes. A typical requirement for a JDMD evapo

ration was to evaporate from a reflectance of 0.0S2 to a minimum at 

0.053 for the first layer,- and then evaporate to 0.620 for the metal 

layer which is not an inflection point. In order to have the best 



sensitivity, it is necessary that the scale be expandable without loss 

of the absolute values of the reflectance. 

The electronic circuit which was developed for this purpose 

is shown in Fig. 23. The circuit is built on an assemblage of 

seven operational amplifiers. The signal from the photomultiplier 

is a negative current consisting of a small dc current added to the 

90 Hz monitor signal and possible noise. The current signal is 

converted to a voltage which is the product of the input current and 

the resistor chosen at the preamplifier (#7). The 90 Hz signal is 

separated from the remaining signals by the active filter (#6) for 

which the central frequency and quiescence are initially adjusted 

for the best rejection consistent with stable operation. This signal 

is inverted by the buffer circuit (#2) and amplified by the ac ampli

fier (#3) . The amount of amplification is adjusted during operation 

by the 500 kft ten-turn potentiometer to give maximum signal without 

distortion. The absolute value circuits(#4 and #5) produce' a dc 

voltage which is proportional to the peak to peak difference in the 

ac signal. The dc signal passes through an amplifier (#8) and is 

added to a positive or negative dc bias signal for presentation on 

a strip chart recorder. By proper adjustment of the full scale, 

zero level, and gain potentiometers, a range of reflectance values 

from 1.0 to 0.01 could be recorded at full scale on a ten-inch chart. 

Electronic noise can be distracting while monitoring the thickness. 

We have generally observed noise levels less than 10 mV or 0.1% of 

full scale of the chart recorder. 
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Laboratory Procedures 

One of the most important aspects of the coating procedure is 

the cleaning of the substrates. It is desirable that atomically clean 

surfaces be produced for the best adhesion of the films and freedom 

from contamination. The procedure we used v/as developed on the premise 

that clean water will leave no residue on the.surface. We always 

started with substrates which had no coatings on them. Because of 

the unusually high adhesion of films prepared in ultrahigh vacuum, we 

found it best to polish old films off the surfaces rather than trying 

to remove them chemically. The freshly polished surfaces were scrubbed 

by hand in a solution of warm water and Alconox. Hie substrates were 

then handled only with stainless steel tongs for the remainder of the 

process to prevent the oils from our hands from getting on the surface. 

The substrates were rinsed in distilled deionized water until they 

appeared clean. Then they were further rinsed in an ultrasonic bath 

using several (usually five) changes of distilled water. They were 

periodically checked for signs of grease or dirt on the surface which 

could be observed easily by noting the interference pattern on the 

surface caused by the thin water layer. P.oorly cleaned substrates 

were rejected at the first sign of dirt and recleaned. The clean 

substrates were stored for a short time in hot distilled water. 'The 

substrates were dried and loaded into the chamber at the last possible 

moment. Drying and loading into the substrate holder was done in a 

laminar flow hood (Microvoid Co.) to. prevent dust from settling on 

the clean surfaces. Drying was done by running heated clean air from 
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a dryer over the surface to blow off excess water and evaporate the 

remaining traces of water. The substrates were finally checked under 

an intense light for spots or dust and loaded into the chamber just 

before closing it. 

The pumpdown procedure was discussed briefly above. The 

gas aspirator pump was used to remove about one third of the air 

from the chamber. Use of such a pump was advisable since it helped 

to remove some of the rare gasses which were difficult to remove with 

the other pumps on the system. The four cryogenic sorption pumps 

were then sequentially used, always in the same order. When the 

pressure in the system was below 7 x 10 ^ torr, the system was sealed 

and the ion punyp, which was rarely let up to atmosphere, was started. 

At this time, a pressure-controlled bake cycle was started for 16 to 

24 hours. The bake cycle was terminated automatically by a timer. 

After the four cryogenic pumps had been used, they were baked and 

evacuated into the first pump in preparation for the next cycle. The 

final pressure was attained by turning on the titanium sublimation 

pump with the liquid nitrogen shroud filled. 

We could run the system under either ultrahigh vacuum con

ditions or normal high vacuum. The former required that all of the 

seals of the system be metal. This involved using a main bell jar 

seal of copper and required that the bell jar be closed with a series 

of 32 bolts which had to be sequentially torqued to insure a leak-

free seal. For many evaporations we found it possible to reduce the 

bake cycle time and use a Viton gasket for the main bell jar seal. 
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Lower vacuum tolerances allowed the complete cycle time to be re

duced from two weeks to three days. The majority of the research 

reported here was done under the reduced vacuum requirements. Evapo-

-5 -S 
rations were done at pressures between 10 and 10 torr. 

Regardless of the pressure range used, all materials had to 

be outgased in vacuum before evaporation to prevent overloading 

the ion pump. The materials were heated initially with low beam 

currents so that the pressure would stay below 10 ^ torr. The beam 

current was gradually increased and the maximum pressure was 

decreased until the material could be evaporated at the desired 

pressure. The partial pressure gauge was used to determine when the 

material was properly outgased. For aluminum in an HDA crucible, 

the absence of appreciable amounts of water vapor was found to be a 

suitable criterion. The dielectric materials used, principally mag

nesium fluoride, showed an emission of oxygen if not fully outgased. 

Current settings required for outgasing or evaporation were inconsis

tent, and we had^to judge the proper temperatures by eye from the 

amount of light emitted by the material. 

The current required to evaporate the materials depended, 

among other things, on the number of times the crucible had been 

used since filling. When we could see that evaporation was taking 

place, the shutter was opened and the evaporation continued until 

the desired thickness was attained. The rate of evaporation was 

estimated by the rate of change in the reflectance and controlled 

by changing the beam current. For this reason, the evaporation rates 
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which we used may have varied by as much as a factor of two during 

evaporation. After the shutter had been closed, it was necessary to 

allow the evaporant to cool until it no longer glowed to prevent con

tamination of the following layer. Three to five minutes were re

quired for complete cooling. These procedures were repeated for each 

layer. 

In devising the monitor system, we attempted to remove as much 

dependence on human judgement as possible. We chose to monitor each 

metal layer on a separate substrate, and to combine the dielectric 

layers on a single monitor slide. Because there were only six moni

tor slides available each cycle, we had to limit the number of DMD 

periods to five or less. Monitoring the metal layers on separate 

substrates was thought to be necessary because of the uncertainty in 

the optical constants of the very thin films which we have investi

gated. Also, as we indicated above, the reflectance as a function of 

the thickness of a metal layer on a multilayer stack is complicated. 

To keep from compounding errors, we monitored the metal layers only 

on uncoated substrates. Early attempts to monitor the entire filter 

on one monitor slide gave results which were not reproducible. 

Knowing the starting and final reflectance values for the film to be 

monitored from our computations, we could predict the change in chart 

recorder voltage by measuring the voltages corresponding to the zero 

reflectance and the starting reflectance. For example, for an expected 

reflectance- change from 0.08 to 0.48, we generally made this change 

correspond to a change from 0.16 to 0.96 of full scale. 



109 

After the evaporation was completed, it was necessary to wait 

about twelve hours before opening the vacuum system to allow the 

cryogenic shroud to return to room temperature so that moisture in 

the air would not condense on it. The system was always vented with 

dr.y nitrogen gas for cleanliness, and remained open only long enough 

to prepare the next experiment. The speed in changing the system from 

one experiment to the next was necessary to be able to get rapid 

pumpdowns with the rather temperamental pumps in this system. 

The coated substrates were stored in plastic boxes while 

the system was being cycled. The reflectances and transmittances were 

measured within one day after being exposed to air. On one occasion, 

we measured the same filter several times starting about twenty 

minutes after the system was opened. For the period of about four 

days, we could not detect changes in the optical properties greater 

than the probable errors in the measurements. 

The transmittances for all samples were measured on a Perkin-

Elmer Model 450 double-beam spectrophotometer. Even though this is 

a double-beam instrument, it was necessary to record both the zero 

and 100% .transmittance values as a function of wavelength for each 

filter to be able to obtain the best accuracy. We built a simple 

comparison reflectometer attachment to measure the reflectance. The 

comparison mirror was coated with aluminum using conventional tech

niques in an oil-diffusion pumped system. The optical constants of 

aluminum were used to compute the reflectance of reference mirror. 
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The absolute reflectance was inferred from the ratio of the sample 

to reference mirror reflectances. We estimate that the accuracy of 

the measurements is +_ 0.03 on an absolute' scale. 

Experimental Properties of Mirror Reflection Filters 

In order to- examine the validity of the calculations which 

were described above, and to learn about the-properties of the mater

ials, we made several of the filters discussed above. We consider 

the experimental properties of the mirror reflection filter first. 

The measured reflectance of a mirror reflection filter with 

a semitransparent aluminum film and magnesium fluoride spacer is 

shown in Fig. 24. We tried to get a thickness of 10 nm for the 

aluminum layer, but comparing the measured results with the computed 

results in Fig. 3 above, indicates that the thickness was about S nm. 

As the experiment was conducted, it was impossible to measure this 

thickness after evaporation. To protect the thin aluminum layer from 

oxidation, a thin ( about 45 nm thick) layer of magnesium fluoride 

was added on the""side of incidence. According to our calculations, 

this should not change the reflectance by more than the measurement 

error. 

The close correspondence between the computed and measured 

reflectances indicates that, our calculations in Chapter II using the 

optical constants in Table 1 are correct. Our experimental results 

cannot be compared with the earlier measured results9'11 since we 

have used a semitransparent aluminum film which was about twice as 

thick as those previously used. 
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We demonstrated theoretically that changing the semitrans-

parent metal layer front aluminum to chromium would produce a narrower 

high reflection band and a broader low reflection region. Figure 25 

shows the measured reflectance of a mirror reflection filter using 

chromium for the semitransparent metal layer. The reflectance of 

this filter corresponds to the computed reflectance shown in Fig. 4 

above. There are two differences: first, the peak reflectance is lower 

than predicted, and second, the position of the peak is shifted toward 

longer wavelengths. The shift of the peak wavelength could be at

tributed to monitoring errors, but the decrease in the peak reflectance 

cannot. The increased absorption may be due to absorption in the 

dielectric layer. We have, from time to time, observed some absorp

tion in the magnesium fluoride which we have attributed to contam

ination from the metals. A mixture of aluminum and magnesium fluo

ride produces a strongly absorbing film. The mixing of the materials 

has been attributed to insufficient shielding between the hearth 

positions of the^electron gun as discussed above. The increased 

absorption in the dielectric film causes the positions of the maxima 

and minima in the reflectance to be changed causing errors in mon

itoring the thickness. Also, and perhaps more important, the phase 

change on reflection at the metal-dielectric interfaces will be 

changed causing the observed reflection spectra to be shifted. 

The close resemblance between Figs. 25 and 4 lead us to 

think that the indices of very thin aluminum films change in the 

manner predicted by the Maxwell-Garnett theory16 which states that 
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the metal film acts like a number of small sphere::, of metal imbed

ded in a dielectric medium. The theory predicts the "indices" as a 

function of the relative volumes of metal- and dielectric. For certain 

ratios3 it is possible that the real part of the index may be factors 

of 2 to 5 times that of the bulk metal indices while the imaginary 

part would be decreased by a small amount.30 This would correspond 

in substance with our observations. Theoretical calculations have 

agreed in form with the observed optical constants, but the numerical 

values do not coirrespond very well. Because aluminum optical constants 

for very thin films have not been measured, and the theory as it exists 

is too uncertain, it is difficult to make further comments about the 

mirror reflection filter properties v/ith very thin aluminum films. We 

have demonstrated that the computed values of the reflectance can be 

obtained for moderately thick semitransparent aluminum films. 

Experimental Properties of Single DMD Stacks 

The. best designs for solar blind mirrors which leere found 

N 
required very thin metal films. The thickness of the film was con

siderably below that which has been reported to have the thick film 

optical constants.29 Measurements of the optical constants of very 

thin films are difficult at best, and in the case of aluminum problems 

are greater than for some of the more chemically stable films. The 

oxide layer which forms rapidly on the surface of the aluminum film, 

even in vacuum, is a source of considerable difficulty. In general, 

three parameters must be known to be able to determine the optical 
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constants of a metal film at any wavelength.- One parameter which 

should be used is the thickness. Measurements of 5 mn thick films 

are at best difficult. Mien there is oxidation, thickness measure

ments are sub j ect to large errors. 

We have investigated the properties of single period DMD 

stacks for different metal thicknesses in an effort to find the thick

ness of the film where the optical constants begin to change. Tne 

important feature, here, is that the films are considered in an 

environment similar to that used in the filter. We do not attempt 

to measure the indices or thicknesses of the metal films, but only 

determine the minimum thickness needed to be able to use the published 

optical constants. 

We evaporated a number of single DMD periods with different 

metal thicknesses. The "thickness" of the metal layer was chosen by 

evaporating to a certain value of the reflectance. Computations of 

the reflectance versus thickness for aluminum v/ere used as a guide. 

The reflectance ajid tx-ansmittance of the DMD period were then measured 

and compored against values computed from the thick-film optical 

constants. (Table 1). Figure 26 shows a plot of the computed reflec

tance against transmittance of DMD periods where the quarter wave 

thicknesses of the dielectric layers and the measurements were at 

400 nm. The measured values (crosses) were then compared with the 

computed values. The divergence of the points from the curve indi

cated that the minimum thickness Was about 9 nm. 'This value is 

in agreement with that previously reported by Hass.17 These metal 
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films were prepared at a pressure of approximately 3 x 10 torr and with 

an evaporation rate of approximately 10 nm/min. 

In making these stacks, we attempted to get certain thicknesses, 

based on our computations, and for thicknesses greater than 9 nm, this 

was indeed possible as inferred from the reflectance and transmittance. 

Under less than ideal conditions, it was possible to observe a decrease 

in the reflectance of the aluminum films after the evaporation has 

been stopped. These changes were not observed in this system for the 

thicker films, but when the films were thinner than S nm, and the pres

sure was above 10"^ torr, it was possible to observe the change in re

flectance. The time required for cooling the sources in making metal-

dielectric stacks can be used to advantage to determine whether the 

properties of the metal layers will remain as predicted from the optical 

constants. 

A lack of knowledge of the thickness prevents us from making 

measurements of the indices of the thin films. That the optical con

stants may change- in the manner predicted by the Maxwell Garnett 

theory can be inferred from Fig. 26. One would expect that the absorption 

in the extremely thin metal films would be greater as a consequence 

of the expected change in the indices, and this can easily be observed 

in Fig. 26. Another interesting property of the single DMD stack is 

that there is a thickness region where the transmittance does not 

change significantly. This type of effect is well known for single 

films of silver in the visible region of the specturm. With silver, 

there is actually a rise ill the transmittance as the film thickness 
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increases. No such change has been observed for aluminum films, how

ever. The DMD configuration helps to enhance this effect. 

During the evaporation of the dielectric layers, it is possible 

to observe the minimum in the reflectance when the films arc one 

quarter wave thick. From this measured value ana the refractive index 

of the substrate, we can determine the film index. The value which 

we have observed at 400 nm is 1.39±0.01 which is in agreement with 

the accepted value for this material.35 

Experimental Properties of Multiple DMD Stacks 

Design possibilities for ultraviolet filters with more layers 

based on the DMD period have been discussed. Application of these 

designs to solar blind mirrors may not be optimum using aluminum and 

magnesium fluoride with present-day techniques ana coating chamber 

facilities. The "minimum" thickness for aluminum films has been found 

to be twice that required for the best designs. It has not definitely 

been established whether the present limitations are due to techniques 

or basic physical properties of the thin film materials. 

We have investigated the properties of the multiple period DMD 

stacks to compare with the theoretical predictions. Such comparisons 

allow us to draw conclusions about the validity of the calculations, 

the properties of the materials, and the feasibility of using DMD 

stacks in filters which may not require the low reflectance at long-

wavelengths. 

Filters with one to four periods have been made with 10 nm 

metal thicknesses. The properties of the single period were discussed 
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above, and the measured reflectance and transmittance were in agree

ment with the theoretical predictions. An example of the two-

period stack is shown in Fig. 27. This result is in excellent agree

ment over the entire measured range with the computed result shown in 

Fig. 7 above. The absolute value of the differences between the 

theoretical values and the measured values is less than 0.03 which 

is only slightly larger than the estimated experimental error. The 

differences, although slight, are thought to be real. There may be 

some residual absorption in the dielectric layers because of partial 

mixing of the materials during evaporation as discussed above. It 

is also possible that the aluminum-magnesium fluoride interfaces are 

not as abrupt as assumed in the calculations. Since the aluminum is 

chemically active, it is possible that there is some mixing at the 

surface, forming a transition layer which is rather strongly absorbing. 

The form of the dielectric material in its vapor phase is not known and 

may, during the initial stages of condensation, form an "unexpected" 

compound. 

The filters described here have all been made with approximately 

the same .evaporation rates and pressures described in the previous 

section so as to be certain that the properties of the films would be 

close to those predicted by the calculations, fte found that there is 

less monitor noise when using visible light. We monitored all metal 

thicknesses in reflection at a wavelength of 400 nm, and all of the 

dielectric layers at 500 nm, also by reflection. These wavelength 

values were used primarily for convenience since the thickness and 
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reflectance values had been memorized, allowing the operator to con

centrate on the deposition. It has been reported that it is difficult 

to get the proper transmittance for metal1 films when they are monitored 

in reflectance,36 but we have experienced no difficulties in this regard. 

The measured optical properties of the 3 and 4 period DMD 

stacks are shown in Figs. 28 and 29 respectively. Several of the 

features described above can be clearly seen from these results. As 

the number of periods is increased, the peak reflectance rises, and 

the high-reflection band becomes sharper. Since there is no transmittance 

at long wavelengths, the reflectance is not decreased by adding more 

periods to the stack. The exact features of the three- and four-period 

stacks were not as close to the theoretical predictions as we observed 

for the two-period stack. One of the main sources of difficulty was 

thought to be small errors in the thickness of the dielectric layers. 

If one cannot judge the inflection points in the dielectric monitor 

curve to better than an uncertainty of ±0.0003 absolute reflectance, an 

error in the optical thickness of a quarter wave layer of ±5% is expected. 

With the scale expansion features of our monitor system, this represents 

a reasonable estimate. We have recently attempted to simulate an evap

oration monitor to determine whether this is a reasonable limit or not, 

and preliminary results indicated that the probable error in the optical 

thickness is only about 1%. In Fig. 30, we have compared the computed 

optical properties of a four-period stack with some 5% optical thickness 

errors against the case without errors. A comparison of Figs. 28 and 

29 indicates that errors have been made. 
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Another source of error is the residual absorption which is 

more evident in the stacks with many periods. We have tried to 

simulate this absorption by changing the optical constants of the 

aluminum by small amounts, but the results indicate that changing 

the real part of the index by as much as 5% has little effect. The 

large number of variables make such studies little more than guessing 

games, however, and further investigations along these lines were not 

attempted. 

Empirical Filter Designs 

The primary aim of this research has been to investigate the 

properties of metal^dielectric interference filters. The investigation 

was focused on the problem of producing solar-blind mirrors whose pro

perties could be chosen from computations of the optical properties 

using known optical constants. It was hoped, then that these filters 

could be produced under carefully controlled conditions to insure re

liable results. We have succeeded in computing and producing filters 

v 
whose reflectances and transmittances are closely related to the 

predicted optical properties. The most attractive design which we 

have found could not, however, be made due to the lower practical 

thickness limit of the aluminum films themselves. 

That good solar-blind mirrors can be made from only aluminum 

and magnesium fluoride has, however, been demonstrated by Turner and 

others. Their designs were found strictly through empirical reasoning 

and a large number of laboratory observations. We had hoped to learn 
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through this research the details of how these empirical designs 

work so that improvements could be made, or needed changes in the 

filter characteristics could be predicted. We have been able to 

give little insight into this problem. The missing link appears to 

be the optical constants of the very thin aluminum films. These filters 

have generally been produced in diffusion pumped evaporators using 

relatively slow evaporation rates for the semitransparent aluminum 

films. We feel certain that these films are therefore not pure aluminum 

and the "optical constants" may differ from those which would be 

measured in ultrahigh vacuum. Until the optical properties of these 

very thin aluminum films are better understood, little theoretical 

design progress can be made. 

We have, as a matter of curiosity, tried to make a multiple 

period DMD stack using thin aluminum films. The thickness of the 

aluminum, again being determined from the reflectance expected theoret

ically for a particular thickness. The measured reflectance and 

transmittance ar,e shown in Fig. 31 for a five-period stack. The"black-

ness"of the filter with visual examination was exciting, but the low 

ultaviolet reflectance was discouraging. We have attempted to use 

the thin stack on top of a thicker stack in hopes of reducing the 

visible reflectance while maintaining the high ultraviolet reflectance. 

These efforts have not, however, been successful. A representative 

reflectance curve is shown in Fig. 32 where there are three periods 

with 10 nm thick aluminum, and one period with thin aluminum. Al

though the background reflectance is lower, the peak reflectance has 
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also been brought down by about the same amount, resulting in a less 

efficient filter with the same relative characteristics. That the 

optical constants of the very thin aluminum become more like chromium 

is further substantiated by comparing this result with the computed 

reflectance shown in Fig. 33 for a triple layer DMD and a DMD period 

with 10 nm thick chromium added on the side of incidence. Although 

the numerical agreement is not exact, the similarity in effect is 

a fairly convincing demonstration of the direction the optical con

stants change toward. • 
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CHAPTER IV 1 

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE RESEARCH 

This research has considered the properties of metal-dielectric 

interference filters. Several useful properties have been found for 

multilayers of the form (DMD)P. When p, the number of periods, is mod

erately large (i.e. 5 to 10 periods), the stack forms a high reflection 

band around the regions where the total optical thicknesses of the di

electric layers are one half wave. This reflection band could be used 

to make a reflection filter to isolate a relatively broad band of wave

lengths. When the metal layers are thin, the filter becomes a solar-

blind mirror with low reflectance throughout the visible portion of 

the spectrum. 

In the course of the investigation, it has been necessary to 

develop techniques to describe the properties of stacks' which contain 

many metal layers, and to design such stacks to perform certain func

tions. It was found that it is possible to generalize some of the 

techniques which have been used in the past for all-dielectric stacks 

for. use with the metal-dielectric stacks. These techniques have been 

shown to be a considerable simplification for this complex problem. 

These methods now allow the thin film designer several new degrees 

of freedom which have not previously been available. 

The use of ultrahigh vacuum for multilayer production has been 
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investigated. By using this type of system, it has been possible to 

produce interference filters containing aluminum layers using low 

evaporation rates so that better thickness control could be obtained. 

This type of system is considerably different from the type which is 

normally used. It offers several advantages along the lines of clean

liness, better control of the residual gases, and lower pressures for 

evaporation. For. these advantages, however, one must sacrifice speed 

in cycling the apparatus. This disadvantage would seem to the author 

to be sufficient to prevent widespread use of ultrahigh vacuum systems 

in industrial production of optical multilayer coatings. 

For this research program, the use of this type of system has 

been beneficial. It has been demonstrated through several examples 

that it is possible to produce the metal-dielectric interference fil

ters with optical properties which agree substantially with the com

puted properties. This is particularly interesting in the case of the 

aluminum - magnesium fluoride - aluminum mirror reflection filter 

since it represents the first time that this agreement has been re

ported. A thickness below which the optical constants change has been 

measured for aluminum films. In this case, the aluminum film was 

protected between dielectric layers to prevent the spontaneous forma

tion of oxide films on the surface. The measured minimum thickness 

value of about 10 nm for films evaporated in the ultrahigh vacuum sys

tem was in agreement with the previous value for films evaporated in 

an ordinary diffusion-pumped system, indicating that the value may 

be a fundamental property of the material. 
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One of the starting, goals of this -research was to apply the 

general findings to the production of a solar blind mirror with pro

perties which represented a significant improvement over the mirror 

reflection filters which had previously been made. A theoretical 

design has been found, but because of limitations imposed by the 

materials, the design could not be realized experimentally. Empir

ical modifications of the starting design were partially successful, 

but have not produced an improved design. Using the techniques devel

oped in this research together with measurements of the optical con

stants of very thin films, an improved design may be possible. 

Suggestions for Future Research 

The optical constants of an absorbing film can generally be 

determined from a knowledge of two of its optical properties and its 

thickness. Interferometric techniques have been developed to measure 

the thickness, but these measurements are limited in sensitivity and 

accuracy, when the films become very thin. In addition, for very thin 

films of aluminum, one must be concerned about changes in the thick

ness due to the presence of an oxide layer.12 A DMD period was used 

in this research to overcome the oxidation problems and to allow us 

to measure the optical constants for the film in the environment in 

which it would be used in a filter. We have found, through our cal

culations, that reasonably accurate values of the indices could be 

obtained from the optical properties of the DMD stack with a knowledge 

of metal layer thicknesses. 

Two other techniques which are not based on the DMD stack 
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have come to mind. It should be possible to obtain a fairly large 

amount of data at one wavelength using a crystal oscillator thickness 

monitor to determine the film thickness from its mass during evapora

tion and measuring the optical constants from the reflectance and 

transmittance as the film is being deposited. The monitor system 

developed in this research could be used for these measurements. The 

crystal thickness monitor could be used to drive the x-axis of an 

x-y recorder to obtain reflectance and transmittance curves as a 

function of the thickness similar to those shown in Appendix B. A 

computer program could be developed to search for the correct index-

thickness values from these data. 

Another technique which should be pursued is to use an all-

dielectric stack as the load for the thin metal film during deposition. 

Measurements of the reflectance vs. thickness would be useful for 

determining the properties of the film. For this technique, one would 

design the all-dielectric stack so that a film with the expected 

optical constants^would antireflect the stack for a certain thick

ness . Different thicknesses would be investigated with different 

stacks. Because of the present limitations in the available dielec

tric materials, the, method would be limited to wavelengths longer 

than 200 nm, however. 



APPENDIX A v 

THE DERIVATION OF THE CHARACTERISTIC MATRIX 

" FROM ASSUMED WAVE FUNCTIONS 

The characteristic matrix of a layer can be derived in a very 

simple manner from an assumed form of the electromagnetic waves. In 

this appendix, the derivation is done for the case of normal incidence. 

Within the j th layer of the multilayer, we assume that there 

will be waves which propagate in the + z and -z directions. The 

total electric and magnetic fileds will then be given by 

F® - e * + 

and 

V 

where the time dependance elfi't is assumed. The total fields therefore 

are related to the reflected and transmitted electric fields by 

. /e«y p 

Because of the boundary conditions, the total fields must be equal 

across a boundary (the total fields are the tangential components at 

normal incidence). Therefore, 
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(72) 

where ^ and HL ^ are measured in the (j-l)th layer at the boundary 

at Zj. At the other side of the j th layer, the transmitted and re

flected fields will change by factors of e and e+^3 respectively 

where <J>j is the phase thickness as defined in Eq. (31) of the text. 

Thus, 

(73) 

where both sets of fields are in the same layer. The reflected and 

transmitted fields can now be changed back to the total fields by the 

inverse of the matrix in Eq. (71) which is 

1 r '  - * 0 -%)•• 
The relations between the total fields separated by a layer are found 

by combining Eqs. (71) through (74) giving 

^ • o \ A  M \ ( t s  

AA -d 

jw "  c. ° e i v  ~ M - j  vn>. 
so that after multiplication of the matirces, we get 

---A - ( * "  b  Yu 
J [c^s c*o4j J\rti 

The matrix in Eq. (75) is identical to the matrix in Eq. (51) in 

the text. 

(75) 



APPENDIX B; 

PROPERTIES OF SINGLE METAL FILMS 

*. 

The formulae derived in the text for.multilayers could be 

expressed for single metal films, but their forms are sufficiently 

complicated so that little insight is gained by examining the mathe

matics. Let us rather consider a more phenomenological approach and 

consider some of the properties as they depend on the various parameters 

which affect the optical properties. We will briefly consider the 

optical properties for films in air, examining the dependence of these 

properties on the thickness and indices of the films. 

The optical properties depend on the surrounding media, the 

angle of incidence, and the film constants; its indices n and k, and 

its relative thickness h/A. The complex index of refraction is given 

-

pj- A-i-k. 

where n and k are called here the real and imaginary parts of the index. 

The optical constants are related to the complex dielectric constant 

through Eq. (8) in the main text. Both n and k are real positive 

numbers. 

When k = 0, we speak of "dielectric" (non-absorbing) films. 

Since there is no absorptance, the transmittance and reflectance are 
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related by T = 1 - R. The reflectance of the film varies with the 

film thickness in a nearly sinusoidal fashion (if the film index is 

not too different from the incident medium and substrate indices). 

The extreme values occur when the phase thickness of the film is an 

integer multiple of 4Y. These thicknesses are called the multiple 

quarter wave thicknesses. 

When k / 0, we speak of metal or absorbing films. General 

comments about metal films are difficult to make because of the greater 

number of variables involved. To illustrate some of the properties, 

the reflectance R and the transmittance (1 - T) have been shown in 

Fig. 34 for a series of films with different indices as a function of 

the relative film thickness kh/A. By plotting the optical properties 

this way, the distance between the curves at any thickness gives the 

value of the absorptance. The reflectance is always the lower curve. 

The index values have been arranged so that k increases along the 

direction of the ordinate and n increases along the abcissa. The arrows 

along the thickness scale indicate equal physical thickness values. 

When k>n, the patterns are similar, the transmittance decreasing 

nearly exponentially, and "the reflectance increasing uniformly. When 

k = n, there is a slight maximum in the reflectance which indicates 

that it is just possible to get some interference between the light 

reflected off the front of the film and the back. When k<n, the inter

ference phenomena become obvious, being damped out only when there is 

too little light returning from the back side of the film. The 
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Fig. 34. The Reflectances and Transmittances of Different 
Absorbing Films. 
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oscillations in the transmittance are damped out first because the 

interfering component has had to traverse the film three times as 

opposed to only twice for the reflected wave. In all cases, it is 

For these thicknesses, the reflectance tends toward that of the bulk 

metal (a film of infinite thickness). Its limiting reflectance is 

given by Eq. (51) in the text with the film index as the substrate, 

and using the matrix elements of the unit matrix (a film of zero 

thickness). Thus 

The contours of constant reflectance will be circles on the complex 

index plane with the centers of the circles on the axis of the real 

part of the index. It is seen that small values of n^ together with 

large values of k^ will give high values for the reflectance. For very 

low reflectance, the metal index must be close to that of the incident 

medium (if they are exactly equal, there is no surface optically and 

no reflectance). 

The variation of the optical properties of films of constant 

thickness with different indices is more difficult to describe. For 

very thin films where there are no interference effects, the variation 

of the reflectance and transmittance is shown in Fig. 35 for films 

which are only 0.05 wavelengths thick. Again the films are assumed 

to be in air. In this figure, the absorptance is represented by the 

seen that when kh/X>4, the transmittance has decreased nearly to zero. 

n0+-A/rt (&%+»%)* 4-&S 
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perpindicular :distance from the line R + T'= 1. The dashed line in 

the figure represents an absorptance of 0.5. The circles represent 

intersection points for the lines of constant n and constant k values. 

Additional values which are not included in the network are also in

dicated to shciw that there is a maximum absorptance under these con-
i ' 

ditions for any film. For thicker films, it is possible to have more 

absorption. The decrease in transmittance with increasing values of 

k is easily seen in this figure also. For thicker films, the network 

of index values moves toward higher reflectance and lower transmittance 

when k>n, but ;for the lower k/n ratios, the contours become irregular 

due to interference effects. It can be seen in Fig. 35 that for very 

thin films, there is the maximum absorptance when the values of k and 

n are approximately equal. 
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