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PREFACE 

About 1970 the newly founded Optical Sciences Center at the 

University of Arizona attracted a group of people, including Drs. Aden 

Meinel, Bernhard Seraphin, Dean McKenney, and Victor Wells, whose varied 

backgrounds in optics, solid state physics, and materials science were 

ideally suited for exploring the diverse technological problems encoun

tered in the utilization of solar energy. As a result of my own previous 

knowledge and experience with thin film coatings, I became involved in 

research under the direction of Dr. B. 0. Seraphin to extend thin film 

technology into the realm of high temperature applications for photo-

thermal solar energy conversion. The basic approach employed a 

semiconductor-on-metal design and sought to exploit the high temperature 

processing of chemical vapor deposition for fabrication of the spectrally 

selective surfaces. The investigations of the optical properties of 

chromium oxide films and the stabilization of silver films at elevated 

temperatures evolved as a natural consequence of this particular program. 
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ABSTRACT 

A two-part investigation has been conducted of the structure 

and optical properties of reactively evaporated chromium oxide films 

and of the stabilization of thin silver films against agglomeration at 

elevated temperatures. The importance of these investigations lies in 

the extension of thin film technology to the fabrication of spectrally 

selective surfaces for efficient absorption and retention of incident 

flux in photothermal solar energy conversion. 

In the first portion of the study, a series of chromium oxide 

films was deposited by the reactive evaporation of chromium in air 

or oxygen bleeds at pressures of 2 x 10"4 torr. Deposition rates were 

varied between 1.3 nm/min to >400 nm/min in order to vary the degree 

of film oxidation. Auger analysis of the film composition confirmed 

the correlation between increasing oxidation and decreasing deposition 

rate. Transmission electron microscopy revealed a granular film 

structure, while electron diffraction showed a polycrystalline film 

for high deposition rates changing to microcrystalline ot amorphous 

films for decreasing deposition rates. A normal incidence reflectance 

and transmittance method was combined with film thickness measurements 

using FECO interferometry to determine the optical constants between 

0.4 ym and 2.4 ym for films with different degrees of oxidation. Slow 

deposition rates produced films of low absorptance with n - 1.9 - 2.0 

and k < 0.04. Both n and k increased with increasing deposition rates 

and decreased oxidation. Values of n for intermediate film compositions 

xiii 
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were greater than those of chromium. The optical constants were 

interpreted in terms of the Maxwell-Garnett theory, and the effects of 

surface oxide layers and compositional inhomogeneities were examined. 

In the second part of this study, the agglomeration of thin 

silver films on Pyrex and stainless steel substrates was studied 

and techniques were examined to prevent or control the phenomenon 

during the chemical vapor deposition of silicon-on-silver coatings for 

photothermal conversion. Starting from a previous approach in which 

a thin layer of reactively evaporated chromium oxide was deposited on 

top of the silver, the study was extended to other stabilizer materials 

as well, including Cr203, A1203, Si02 and MgO. Stabilized samples with 

the silver layer either under or between thin stabilizer layers were 

heated at 500 C in air or vacuum or at 650 C in He. The sample 

transmittance on Pyrex was measured at 0.6328 ym after different 

annealing times. Results showed no preference among the stabilizer 

materials for samples annealed in vacuum or He, while AI2O3 and Si02 

proved superior in air. CVD silicon layers deposited from silane on 

chromium oxide stabilized films were heavily whiskered and matte in 

appearance, while those deposited on Al203 stabilized silver were 

smooth and specularly reflecting. 



CHAPTER 1 

INTRODUCTION 

Application of spectrally selective surfaces for the utiliza

tion of photothermal solar energy conversion requires the extension 

of previous coating technology into the realm of high temperatures. 

Although this advancement is straightforward in principle, the basic 

incompatibility of extremely thin layers and high operating tempera

tures gives rise to a number of basic materials science problems. 

Since photothermal conversion is the most advanced of the solar energy 

conversion techniques, the identification, investigation and solution 

of these materials problems will result in earlier, widespread applica

tions of spectrally selective surfaces with a resulting increase in the 

operating temperatures and thermal efficiencies of most systems. In 

the following we will examine two problems that are of primary importance 

in the fabrication and optimization of two of the more promising coatings 

for spectrally selective surfaces. The first problem is the measurement 

of the optical properties of reactively evaporated chromium as a function 

of the degree of film oxidation. The second involves the stabilization 

of highly reflective silver films against agglomeration at temperatures 

in the range of 650 C. 

The effective collection, absorption and retention of the 

solar flux requires the design and production of suitable surfaces 

1 
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having the appropriate optical and physical characteristics. This is 

most conveniently done by applying a thin coating to a material with 

good heat transfer characteristics. Numerous techniques exist (as we 

will describe later) for the fabrication of such surfaces. However, 

previous coating technology concerned with optical applications was 

primarily a room temperature technology. The extension of previous 

materials and methods to the high temperature applications of photo-

thermal solar energy conversion has opened a Pandora's box of real 

and potential materials problems. Materials that are stable at room 

temperature often deteriorate, oxidize, or interact with one another 

at elevated temperatures. Diffusion effects may become significant 

as temperatures increase, and long operating lifetimes make this 

problem more acute because the optical performance may suffer. Stresses 

resulting from differences in thermal expansion coefficients between the 

substrate and coating may lead to mechanical failure of the coating. 

In short, the application of solar energy has necessitated extensive 

studies of both old and new materials that will allow optical coating 

technology to be extended into the high temperature realm. 

As the result of extensive research and development efforts, 

two systems have emerged that offer the promise of superior optical 

performances in a coating whose production cost is within the range of 

economic acceptability. The first of these systems is the so-called 

black chrome coatings that will find widespread application in the 

low and intermediate temperature range. These coatings consist of a 

mixture of chromium and chromium oxides on a metallic base. Generally, 
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the coatings are deposited by conventional electroplating techniques 

onto nickel-plated metallic substrates (McDonald, 1975; Peterson and 

Ramsey, 1975), although similar types of coatings can be deposited by 

standard evaporation techniques as well. 

The second system is the semiconductor-on-metal approach for 

high temperature application. This coating takes advantage of the 

intrinsic absorption of a semiconductor at wavelengths below the 

absorption edge, while at longer wavelengths where the semiconductor 

is transparent, an underlying metal film reduces losses due to reradia-

tion of thermal energy from the converter. This system has been 

successfully implemented using silicon-on-silver films and has demon

strated excellent performance at temperatures in excess of 500 C 

(Seraphin, 1973-1976). 

Despite the initial successes, with both of these systems, 

numerous questions and problems have arisen during their development. 

Some of them have been resolved, frequently by temporary or ill under

stood solutions, while others await further investigation before they 

can be understood. In the present study, we will describe the results 

of an investigation of two problems that evolved from the previous 

work on selective surfaces for photothermal Conversion. 

In the first section we describe our investigation of the 

optical and physical properties of reactively evaporated chromium 

oxide films. Chromium oxide has evolved into an important material 

in the development of spectrally selective surfaces. Chromium oxide, 

used here to denote any composition of chromium and oxygen that may not 
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even be stoichiometric, is the key constituent in the black chrome group 

of selective blacks and in many thin film coatings. In addition, chromium 

oxide has found application as a diffusion barrier, absorber layer and 

silver film stabilizer layer (see below) in the silicon-on-silver coat

ings. Yet despite its current importance, little is known about the 

optical properties or range of properties of chromium oxide films. Both 

the electroplated and evaporated coatings have been developed by empirical 

methods with relatively few measurements of the optical characteristics 

of the component films. A significant amount of work needs to be done 

to correlate the film preparation with the resulting optical properties, 

to determine the interplay between optical interference and absorption 

in the complete coating, and to study the structural and chemical changes 

that might result from prolonged exposure to high temperatures and vary

ing amounts of oxygen. Without this information, these coatings may 

fail at some future date due to some unforseen mechanism, whereas 

detailed studies of the basic properties will enable us to optimize 

photothermal converter coatings with regard to their optical, mechanical 

and environmental properties. 

The second problem we will examine concerns the agglomeration 

of silver films at elevated temperatures. This problem is of crucial 

importance to the successful fabrication of silicon-on-silver absorbers 

using the techniques of chemical vapor deposition (CVD). In our develop

ment of these coatings, the silver layer was deposited by vacuum evapora

tion and the thick (-1.5 ym) silicon layer and silicon nitride antire-

flection layer were subsequently CVD deposited at temperatures in the 
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range of 650-750 C. These high deposition temperatures are beneficial 

since the coating is subjected to temperatures in excess of the intended 

operating temperature. Thus, any potentially disastrous failures can 

be expected to occur during this stage, thereby guaranteeing the integrity 

of the coatings during subsequent operation. 

However, it has been observed on numerous occasions that silver 

films break up into islands, i.e., agglomerate, when subjected to 

temperatures of about 300 C or above, even though the melting point of 

silver is 960 C. This agglomeration prior to deposition of the silicon 

layer causes substantial increases in the thermal emittance of the 

completed coating with values in excess of 0.20. This is a three to 

four-fold increase over coatings in which the silver layer retains its 

specular reflectance characteristics and results in a marked decrease in 

the thermal efficiency of the absorber. Although other highly reflecting 

metals exist, such as gold, copper or aluminum, they are plagued by low 

melting points (aluminum at 660 C), prohibitive cost (gold) or unusually 

high diffusion rates at elevated temperatures (copper). Thus, it becomes 

essential to prevent the agglomeration of the silver film until the sili

con layer can be successfully deposited. 

In a previous solution to the problem (Seraphin, 1973-76;Raymond 

1974), it was found that a thin layer of reactively evaporated chromium 

oxide deposited on top of the silver film was frequently sufficient to 

inhibit the agglomeration of the silver film during deposition of the 

silicon. In addition, this thin layer acted as a diffusion barrier 

between the silicon and silver layers at high temperatures. Thicker 
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layers helped to augment the diminished absorption at wavelengths beyond 

the absorption edge of the silicon layer. Thus, chromium oxide also 

played an important role in these coatings as well as those of black 

chrome. 

Again, however, basic information was unavailable regarding the 

material's properties and any breakdown of this temporary solution could 

readily jeopardize the future utilization of these high temperature 

coatings. It was necessary to examine the effect of the preparation 

conditions on the stabilizing ability of the chromium oxide films, to 

determine if there was any relation between the optical properties of 

the films and their ability to stabilize thin silver films, and to 

investigate the suitability of other materials for stabilizer films. 

Our studies will provide new information regarding the prepara

tion and physical properties of chromium oxide absorber films and will 

firmly establish the range of deposition parameters for these films. 

More importantly, we will determine the optical properties of chromium 

oxide films in terms of the relationship between the optical constants 

and the degree of oxidation of the films. These data will subsequently 

allow the controlled deposition of absorbing films with known optical 

characteristics. 

In turn the preceding results will greatly facilitate analytical 

investigations of coatings that contain chromium oxide as a key component. 

Optimization of the spectral characteristics of these coatings will help 

to eliminate much of the empiricism that has characterized previous work 

with this family of materials. Further analysis should also clarify the 
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relative contributions made by intrinsic absorption, interference, and 

textural or scattering mechanisms in the overall performance of a photo-

thermal converter. 

The stabilization studies aim to prevent the morphological changes 

that frequently occur when thin metal films are subjected to elevated 

temperatures. Since metal films for the suppression of infrared radia

tion are a necessity in practically all spectrally selective photothermal 

converter coatings, the control or solution of the agglomeration phenome

non takes on added importance. Successful techniques for stabilizing 

metal films will extend the benefits of these highly reflecting materials 

to elevated temperatures without the loss of optical and structural 

properties that have characterized previous efforts. 

In the following chapters, we will describe the results of our 

investigation of the optical properties of reactively evaporated chromium 

oxide films as a function of the deposition parameters and of the high 

temperature stabilization properties of several materials in combina

tion with silver films. In Chapter 2 we will give a brief review of 

some of the fundamental concepts of spectrally selective surfaces for 

photothermal solar energy conversion, while in Chapter 3 we describe 

the experimental equipment and analytical techniques used in the studies. 

In Chapter 4 we discuss the origin of the refractive index of a material 

and some methods for determining the complex refractive index of a thin 

film. In Chapters 5 and 6 we describe the preparation, evaluation and 

optical constant measurements of reactively evaporated chromium oxide 

films. In Chapter 7 we give a more detailed account of the agglomeration 
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problem, and in Chapter 8 we present the results of our experimental 

investigation of the efficacy of chromium oxide and other oxides as 

stabilizer films for opaque silver films. Finally, we conclude with 

a chapter giving a review of the major results of our studies and dis

cuss their significance to the larger goal of producing spectrally 

selective surfaces with high conversion efficiencies. 



CHAPTER 2 

FUNDAMENTAL CHARACTERISTICS OF SPECTRALLY SELECTIVE 
SURFACES FOR PHOTOTHERMAL SOLAR ENERGY CONVERSION 

In this chapter we will discuss the basic tenets of the collec

tion and conversion of the solar flux into thermal energy with the goal 

of maximizing the overall conversion efficiency of the process. We will 

examine some of the physical processes involved and the basic concepts 

of heat balance. From this we will arrive at the spectral profile for 

an ideal selective surface and will give expressions for determining how 

well practical surfaces compare with this ideal. We will then discuss 

methods for obtaining spectral selectivity in real surfaces and, finally, 

will detail some specific systems that currently offer great promise for 

future applications. Our purpose in reviewing these points is to provide 

a proper perspective for our own work described in the following chapters, 

but no attempt is made to provide a comprehensive treatment of selective 

surfaces. 

Incident Solar Flux 

The sun effectively acts as a blackbody radiator with an 

effective temperature of 6000 K. Above the earth's atmosphere, the 

spectral distribution of flux is that of a corresponding blackbody 

with 97% of the energy contained in the wavelength range of 0.3 ym 

to 3.0 ym. This spectral distribution is altered somewhat in traversing 

9 



10 

the atmosphere. Wavelengths in the ultraviolet region are absorbed by 

ozone in the upper atmosphere, while much of the energy beyond approxi

mately 2.0 ym is absorbed by water vapor, etc. In addition, for pur

poses of solar energy considerations, we must consider that this flux 

passes through more than one standard atmosphere since the sun is seldom 

directly overhead. Although the choice is somewhat arbitrary,' computa

tions are frequently based on an air mass of 2.0 for a terrestrial 

surface normal to the sun's rays. In this case approximately 97% of 

the solar energy lies in the spectral region of 0.37 ym to 1.7 ym. 

The spectral distribution is shown in Fig. 2.1 and the various atmo

spheric absorption bands are visible. 

The maximum power incident at ""sea level is slightly over 

1 KW/m2. However, it is frequently well below this value because of 

cloud cover, atmospheric pollutants, time of the day, etc. In addition, 

the sun is unavailable for use at least 50% of the time due to the 

earth's axial rotation. Recently efforts have been increased to 

accurately measure the solar insolation falling on different geographic 

locations. 

Another consideration is the relative contributions of the 

direct beam, circumsolar and diffuse solar radiation incident on a 

collector system. Low temperature systems utilizing flat plate 

collectors collect flux from the entire hemisphere. However, high 

temperature systems must utilize focusing optics to increase the flux 

density on the absorber surface. In general, these systems only utilize 

the direct solar flux component in the imaging system, although recent 
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modifications have relaxed this requirement somewhat (Winston, 1974; 

Meinel, McKenney, and Beauchamp, 1975). 

Energy Balance 

The basic considerations of a photothermal solar energy system 

are summarized schematically in Fig. 2.2. In the simplest systems, 

such as the flat plate collector, the incoming solar flux falls directly 

on the converter surface. In more complex systems the solar flux is 

often collected over a relatively large area and is focused onto a 

converter of much smaller area. The increased ratio of flux densities 

at the absorber relative to a system without auxiliary optics is termed 

the concentration ratio and is an important means of achieving higher 

operating temperatures in any practical system. At the absorber, the 

system gains energy through direct absorption of the incident solar 

flux Wi which is converted into heat. Losses, and hence lower overall 

thermal efficiencies, result from reflection W2 at the absorber surface, 

reradiation of infrared radiation W3, and by convection and conduction. 

In a well-designed system, convection and conduction can usually be 

minimized by the proper use of cover plates and insulation, while 

reflection losses are minimized simply by maximizing the absorption. 

The maximum stagnation temperature Tg of the absorber is reached 

when no heat is extracted. Thermal equilibrium dictates that the solar 

flux input equals the reradiated output. Extraction of heat at a 

temperature T^TS results in a lower equilibrium converter temperature* 

and the heat can be used to drive a Camot cycle producing useful work 

W5 and waste heat'Wg at a temperature T2. The overall efficiency of 
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the system ESy.g is given by: 

E = ^ (2.1) 
sys W0 

where Wq is the total solar energy intercepted by the collector and W5 

is the equivalent work produced by the system. The maximum efficiency 

of the Carnot cycle is given by the usual expression: 

T1 - T2 
ECarnot ^T~~ * C2,2) 

Ideally, our goal is to eliminate all thermal losses in the 

system so that the maximum amount of heat is available for conversion 

by a Carnot engine. At this point, we must turn our attention to the 

radiative losses which constitute the major loss mechanism at elevated 

temperatures. 

As the temperature of a blackbody absorber increases, the amount 

of energy radiated increases in accordance with Planck's blackbody law 

(Siegel and Howell, 1972): 

2tt CXA-5 

W(A,T) = r 2  3-, 
e (C2/AT) 

where T is the absolute temperature, A is the wavelength, W is the power 

radiated per-unit area per wavelength interval, and Ci and C2 are con

stants. The total power radiated per unit area by a blackbody over all 

wavelengths is given by 

W(T) = aT4 (2.4) 
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where a is the Stefan-Boltzmann constant. However, for real surfaces 

that do not possess the radiative properties of a blackbody radiator, 

the emitted power is modified by the spectral emissivity e(A) at each 

wavelength. In systems for which the convection and conduction losses 

are negligible, it is the radiation losses that ultimately determine 

the maximum stagnation temperature of the converter and hence the 

maximum operating temperature of the system. Thus, minimization of 

the thermal emittance in conjunction with high solar absorptance values 

is necessary at all but the highest concentration ratios. This leads 

us to the characterization of spectrally selective surfaces described 

in the next section. 

Ideal Selective Surfaces 

Fortunately, the incident solar flux is confined almost 

entirely within an extended portion of the visible spectrum, whereas 

the reradiated thermal energy is primarily at longer infrared wavelengths. 

In Fig. 2.3 we see the flux levels and reradiated power for several 

values of solar flux concentration and for blackbodies at different 

temperatures (Peterson and Ramsey, 1975). It is readily apparent that 

at low operating temperatures and low concentrations the two distribu

tions are quite separate, while increased flux concentration or oper

ating temperature increases the spectral overlap. 

Our goal is to tailor the optical characteristics of the absorber 

surface so that we maximize the total amount of solar flux absorbed 

while simultaneously minimizing the energy lost via reradiation. From 
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simple thermodynamic considerations and Kirchhoff's law for opaque bodies 

(Siegel and Howell, 1972), we are led to the generalized photothermal 

converter spectral profile shown schematically in Fig. 2.4. The wave

length at which the solar flux incident on the absorber equals the power 

emitted by the surface is defined as the cut-off wavelength. At wave

lengths shorter than the cut-off wavelength, the incident solar spectral 

power exceeds the radiated spectral power and the converter surface 

should have zero reflectance, i.e., unit absorptance. At longer wave

lengths, where the radiated thermal losses are greater than the solar 

input, the surface should have unit reflectance, i.e., zero emittance. 

The spectral location of the cut-off wavelength shifts to shorter 

wavelengths for increased operating temperatures, while it shifts to 

longer wavelengths for increased concentration ratios (Schmidt, 1965). 

Ideally, the profile should have a step function characteristic, although 

this can only be approximated in actual practice. In addition, the 

temperature of the converter can be maintained constant for solar input 

levels above a minimum value simply by controlling the rate of heat 

removal. This assures that the radiated energy remains at a constant 

value. However, the solar input to any system can undergo wide varia

tions during normal operation because of cloud cover, etc. This intro

duces corresponding changes in the cut-off wavelength for maximum 

collector efficiency. Thus, in actual practice the ideal spectral 

profile must be compromised to fit the anticipated range of operating 

conditions. 
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Figures of Merit for Selective Surfaces 

Turning our attention to real surfaces rather than ideal ones, 

we need to be able to evaluate and compare a wide range of spectrally 

selective coatings for photothermal conversion. Although their spectral 

characteristics may vary widely, their purpose is identical, i.e., 

maximize the solar absorptance and simultaneously minimize the thermal 

reradiation. With this in mind we can define two fundamental quantities, 

the solar absorptance as and the thermal emittance e, given by: 

A(X,T)HCX)dX 

= _2_ 

H(X)dA 

(2.5) 

and 

e(T) = 

e(X,T)W(X,T)dX 

W(X,T) dX 

(2 .6)  

where A(A,T) is the spectral absorptance of the surface, H(X) is the 

spectral solar irradiance, e(A) is the spectral emittance of the surface, 

and W(X,T) is the blackbody radiation function. Both quantities express 

the fraction of the energy absorbed or radiated relative to the maximum 

values possible. Depending upon the collector configuration, each of 

these quantities may have an angular dependence that may also have to 

be included in the calculations. Although A(X,T) and e(X,T) usually 

have a dependence on temperature, their values are often assumed constant 
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over the temperature range in question. This assumption must be care

fully justified in each case or appreciable errors may result when 

performing system calculations for an actual system. 

In many applications, the solar flux is incident at or near 

noimal incidence on the converter surface. Frequently the solar 

absorptance is evaluated for this case and is properly termed the normal 

total solar absorptance. On the other hand, the heated surface radiates 

into the entire hemisphere above and we must determine the hemispherical 

total emittance. However, since it is difficult to make spectral mea

surements over the full range of incidence angles, reflectance measure

ments are usually made at (near) normal incidence and the normal total 

emittance is computed from these values. Thus, it is important to 

ascertain which quantities were actually measured when specific values 

are quoted for various converter surfaces. 

Benefits of Spectral Selectivity 

Since spectrally selective surfaces will undoubtedly be more 

costly to produce than simpler nonselective surfaces, it is interesting 

to compare the effectiveness of a blackbody absorber to that of an 

ideal spectrally selective surface for each value of flux concentration 

and converter temperature. This comparison is shown in Fig. 2.S as a 

function of collector operating temperature and flux concentration ratio. 

As we readily see, nonselective surfaces are much less efficient than 

selective surfaces at low concentration ratios and they are inherently 

limited to lower maximum operating temperatures. Both of these problems 
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can be overcome by increasing the solar flux concentration, but this 

places greater requirements on solar tracking as the concentration ratio 

increases. Ultimately at high concentrations (>1000), there is little 

difference in the thermal efficiency between a blackbody and a selective 

absorber since the maximum amount of energy lost by reradiation is only 

a small fraction of the energy input. This is the principle used in 

the central receiver concept (Hildebrandt et al., 1972; Trombe and 

LePhat Vinh, 1973). 

For a given rate of solar input and no losses other than those 

due to radiation, a spectrally selective surface will eventually come 

to equilibrium at a temperature given by (Drummeter and Hass, 1964), 

T = ~ [a/e(T)] 1/k (2.7) 

where H is the total solar irradiance, X is the concentration ratio, and 

a is the Stefan-Boltzmann constant. From this expression, we see that 

a higher operating temperature for a fixed concentration ratio requires 

increased values of a/e(T), i.e., we require an increased spectral 

selectivity of the converter surface. It is also essential to absorb 

the largest fraction of the incident flux in order to maximize the 

overall thermal efficiency of the system. We conclude that large values 

of both a and a/e(T) are desirable, although individual system operating 

parameters may determine which should receive more emphasis for a 

practical converter surface. 

Based on the above analysis, we see that spectrally selective 

surfaces are essential to generate moderate or high temperatures in low 



23 

to medium concentration systems. This will be especially important in 

systems utilizing nonfocusing, low concentration collectors (Winston, 

1974; Meinel, McKenney, and Beauchamp, 1975). 

Methods for Obtaining Spectral Selectivity 

In the previous sections of this chapter, we established both 

the specifications and the benefits of spectrally selective surfaces 

in photothermal solar energy conversion. At this point we turn our 

attention to the problem of fabricating collector surfaces whose optical 

properties approximate as nearly as possible the optimum spectral 

profile previously discussed. This is one of the key areas of devel

opment, since any solutions that will have future impact on the field 

must combine sound, well-established technology with economy of pro

duction and longterm use. 

Several methods can be utilized to obtain the required spectral 

selectivity of the absorber surface. Each exploits a different physical 

principle or a combination of principles. The first, and ideal solution, 

is to find or create a single material whose intrinsic properties yield 

the desired spectral characteristics. At present, no such material is 

known, although some materials such as HfC (Turner, 1974), LaB0 and 

SiP2 possess spectral properties that are a first approximation to those 

desired (Seraphin and Meinel, 1975). The possibilities and limitations 

of heavily doping semiconductors or shifting the plasma frequency of 

metals have also been recently discussed and reviewed (Seraphin and 

Ehrenreich, 1975). 
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Since no single material provides the desired spectral selec

tivity, we proceed to the tandem absorber concept which is the next 

simplest design. In this approach, the low infrared emittance is 

obtained by using an opaque layer of a highly reflecting metal (Hass, 

Schroeder, and Turner, 1956). This is subsequently overcoated by a 

layer of semiconductor with an appropriate bandgap in order to maximize 

the solar absorptance. An additional antireflecting layer is added to 

maximize the solar flux entering the absorber layer. This approach has 

the advantages that it relies primarily on the intrinsic properties of 

the individual component materials, is insensitive to small impurity 

levels and is unaffected by small variations of layer thicknesses. 

A third, more complex alternative uses multilayer interference 

coatings. At wavelengths over the solar spectrum, high absorptance is 

obtained by interference effects among several thin films of materials. 

The optical thickness of the films is such that they have little or no 

effect at the longer infrared wavelengths and the overall reflectance 

is dominated by that of the substrate or an opaque metal layer. These 

coatings usually have films of precisely controlled thicknesses, deposited 

in the sequence: opaque metal/dielectric/semi-transparent metal/dielec

tric. They function as a tuned cavity-plus antireflection layer and 

have been successfully employed in making dark mirrors (Hass, Schroeder, 

and Turner, 1956), the Honeywell AMA (Schmidt and Janssen, 1964), and 

other similar coatings. 

A fourth technique employs textural effects and/or multiple 

scattering to achieve spectral selectivity. Materials that can be 
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deposited as a dense matte of whiskers and rods often have high absorption 

in the solar spectrum due to multiple reflections and light trapping 

effects. In the infrared where the wavelength of light is longer than 

the overall size of the surface features, the surfaces appear quite smooth 

and highly reflecting with a consequent reduction of the infrared emit-

tance. This effect has been used with rhenium (Seraphin, 1974), tungsten 

(Cuomo, Ziegler, and Woodall, 1975), and lead sulfide on aluminum 

(McMahon and Jasperson, 1974). In a somewhat analogous manner, disper

sions of metallic or absorbing particles in a dielectric medium can 

provide absorption at shorter wavelengths by multiple scattering among 

particles, while retaining higher reflectance at longer wavelengths 

(Sievers, 1974). 

Numerous combinations of these techniques afford other possibili

ties for generating the desired spectral selectivity. In fact, most 

absorber coatings utilize more than one physical process, although one 

usually dominates. In all cases, the ultimate goal is to produce an 

absorber whose optical and physical properties are close enough to the 

ideal to allow efficient absorption, retention and utilization of the 

solar flux. 

Specific Spectrally Selective Systems 

During the last twenty years since Tabor (1955) and Gier and 

Dunkle (1955) clearly established the relationship between spectral 

selectivity and system performance, numerous efforts have been made to 

utilize the various mechanisms described in the last section to fabricate 
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photothermal converter surfaces. Tabor (1963, 1964) and his colleagues 

made extensive early studies with varying degrees of success. However, 

they clearly identified and solved many of the scientific and practical 

problems associated with the actual production of such surfaces and 

coatings. 

In the last few years, two distinct coatings have come into 

prominence that offer excellent possibilities for resolving some of 

the problems of earlier coatings and materials. The first coating falls 

into the category of the selective blacks which were first studied 

extensively by Tabor (1963, 1964). In these coatings chemical treat

ment or electroplating techniques are used either to change the chemical 

composition of the surface layer of the substrate or to add a surface 

coating on an appropriate substrate. These coatings have the potential 

of being relatively inexpensive and easily applied to large substrate 

areas. One of the most promising of these selective blacks is the 

black chrome coating (Tabor, 1963; Andreyeva and Samartsev, 1967; 

Peterson and Ramsey, 1975). This is an electroplated coating of CrO 
A 

deposited onto a nickel layer. The actual coating is thought to be a 

mixture of chromium in a matrix of Cr203 (Wehner, 1975) and results in 

values of a = 0.95 and e = 0.2 at 350 C (Mattox, 1975). The excellent 

performance of this absorber results from the optical inhomogeneity of 

the CrO layer which has been shown by Auger analysis to be chromium-
X 

rich near the substrate and more heavily oxidized near the outer sur

face. This profile is achieved by varying the plating current in a 

carefully controlled manner. Although the coating could have widespread 
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application at low and intermediate temperatures, the entire process 

has resulted from extensive empirical studies, and relatively little 

is known about the optical properties of the chromium oxide layer. 

In addition studies have shown that changes in the optical properties of 

the coating result at temperatures in excess of 300 C (Masterson and 

Seraphin, 1975). Studies need to determine whether this results from 

oxidation or structural changes and whether these changes can be 

prevented. 

A second coating that shows great promise for operation at 

elevated temperatures in excess of 500 C is the silicon-on-silver coating 

developed by Seraphin (1973-76) and colleagues. The arrangement of the 

various layers is shown in Fig. 2.6. An appropriate high temperature 

substrate is first coated with a surface passivation layer (in this 

case Cr203) and an opaque silver layer is deposited by vacuum evapora

tion. A thick silicon layer (~1.5 ym) and a silicon nitride layer having 

a quarter wave optical thickness in the visible are deposited at tempera

tures in the range of 650 C to 540 C using chemical vapor deposition 

techniques. It has been found necessary to evaporate a thin layer of 

chromium oxide on top of the silver layer in order to prevent agglomera

tion of the silver during the high temperature CVD processing. 

Conceptually, the optical performance of the stack is determined 

by the silicon and silver layers. At wavelengths below the absorption 

edge, the silicon layer absorbs the solar flux by virtue of its intrin

sic absorption in this spectral region. Conversely, at longer wave

lengths beyond the absorption edge, the silicon layer is transparent and 



Fig. 2.6. Layer Arrangement in the Silicon-oh-silver 
Tandem Absorber Coating. 

(Seraphin, 1973-1976) 
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the optical properties of the coating are dominated by the high reflec

tance of the silver layer, thereby producing a low thermal emittance in 

the infrared. The silicon nitride layer serves to antireflect the 

silicon layer across the solar spectrum. These coatings have measured 

values of a 3 0.80 and e « 0.08 - 0.12 at 500 C, and have endured exten

sive thermal cycling and testing at temperatures in this range. 

Once again chromium oxide, this time reactively evaporated, plays 

an important role. First, a thin layer only a few hundred Angstroms 

thick is used to stabilize the silver layer against agglomeration during 

the CVD process. Failure to prevent this phenomenon results in a coating 

with nonspecular reflectance, resulting in emittance values of greater 

than 0.20 at 500 C. Thus, stabilization of the silver layer is essential 

to retaining the low emittance of this novel coating. Second, this thin 

layer acts as an effective barrier against diffusion of the silver into 

the silicon layer. Finally, it may be possible to use a thicker layer 

of reactively evaporated chromium oxide on top of the silver to supple

ment the absorption of the silicon at wavelengths near the absorption 

edge. This would allow us to increase the solar absorptance and to 

position the wavelength at which the coating changes from high absorp

tance to high reflectance. 

From the foregoing discussion is is readily apparent that 

chromium oxide, used in the general sense of a compound containing 

chromium and oxygen, is a key element in spectrally selective coatings 

for photothermal solar energy conversion. In the selective blacks, 
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this material serves as the primary absorber layer, while in the silicon-

on-silyer coating it functions as a silver stabilizer, diffusion barrier 

and potentially as an added absorber layer. Yet despite its fundamental 

importance to spectrally selective coatings, the properties of chromium 

oxide are relatively unexplored. This is an extremely undesirable situa

tion. Certainly, systematic and thorough empirical investigations are 

quite capable of yielding an excellent and useable product, as evidenced 

by the early work on photosensitive surfaces for detectors. However, in 

any situation where a device may find widespread technological applica

tion, as indeed photothermal solar energy converters eventually will, 

it is essential that we gain a fundamental understanding of the relevant 

materials and processes. Only in this manner can these coatings be 

optimized and the relevant problems be identified and conclusively 

resolved. 

In view of this demonstrated need, we have undertaken a study 

of the optical properties of chromium oxide as a function of its prepara

tion conditions. Specifically we have sought to measure the complex 

index of refraction at wavelengths across the useable solar spectrum 

for a variety of film compositions. In addition we have examined the 

agglomeration of silver films at temperatures up to 650 C. Although 

the agglomeration of metal films at elevated temperatures has been 

observed for over a century, it is only recently with the high tempera

ture processing and use of optical coatings and electronic microcircuits 

that there has been a renewed interest in this problem. Since the prob

lem is most acute with silver, the understanding and prevention of the 



31 

agglomeration is essential in order to take full advantage of the excel

lent optical properties of silver even when the fabrication or operating 

temperatures exceed the usual values for agglomeration. In the following 

chapters, we present the results of these investigations in the manner 

previously outlined. 



CHAPTER 3 

EXPERIMENTAL EQUIPMENT AND METHODS 

As previously stated, our goal was to study the optical 

properties of reactively evaporated chromium oxide films and the 

stabilization of thin silver films at elevated temperatures. The 

chromium oxide studies required us to reactively evaporate a set of 

films under a variety of deposition conditions that produced films 

with various degrees of oxidation. Determination of the optical 

constants of the films required accurate measurements of the film 

thicknesses and of the reflectance and transmittance of the films as 

a function of wavelength. In addition, we wanted to investigate the 

film structure and composition as a function of the deposition condi

tions . 

The stabilization studies also required the deposition of a 

variety of silver-stabilizer combinations under controlled deposition 

conditions. Both the deposition techniques and the materials proper

ties were examined. We then needed to evaluate the resistance of the 

various film combinations to agglomeration at high temperatures. 

Since we intended to use these stabilized silver films as reflectors 

in the fabrication of silicon-on-silver coatings for high temperature 

photothermal converters, the stabilized films needed to be subjected 

to the actual silicon CVD process. 

32 
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In the remainder of this chapter, we will provide general 

descriptions of the materials and equipment that were used to deposit 

the films and to make the various physical and spectral measurements. 

Additional details will be given in the appropriate sections of the 

following chapters. 

Vacuum Systems 

The majority of the films that we examined were deposited by 

vacuum evaporation techniques. Two separate vacuum systems were used. 

The first was a 45.7 cm diameter Pyrex bell jar system (Edwards Model 

EC18) that was evacuated by a 15.2 cm diameter diffusion pump. The 

high vacuum pressure was measured with an ionization gauge. The 

chamber was equipped with resistance heated sources and a 2 KVA power 

supply with multiple voltage taps. A shutter was used to cover the 

sources during heating and to terminate film deposition. The sub

strates were held in a flat plate tool about 45 cm above the sources 

which resulted in coatings whose thicknesses were uniform to within 

two percent over the substrate area where measurements were subsequently 

made. A nichrome wire substrate heater was also available. 

The second vacuum system was a large stainless steel box 

coater (manufactured by Edwards) measuring approximately 70 x 100 x 

64 cm. The chamber was pumped by two six-inch diameter diffusion 

pumps with Freon cooled baffles to prevent backstreaming. The chamber 

pressure was monitored with an ionization gauge. Gas bleeds of air 

or oxygen were controlled by an automatic pressure controller 
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(Granville-Phillips Model 03). The evaporation source was a four-

position electron beam gun (Temescal Model TIH-270) with a 10 KV 

electron beam power supply (Temescal Model CV-210) with automatic 

beam sweep circuits. A source shutter was used. The substrates 

were held in a 22 cm diameter rotating workholder about 38 cm above 

the source and offset about 10 cm from the centerline of the source. 

A stationary mask located directly below the substrates increased 

film thickness uniformity to less than two percent variation across 

the substrates. A nichrome wire dome heater was centered about the 

drive shaft for the substrates and permitted substrate temperatures 

in excess of 400 C if desired. 

Monitoring Systems 

In practically all film deposition processes, it is necessary 

to monitor some physical property of the film as it is deposited. 

The bell jar coating system was equipped with a standard modulated 

beam optical monitor system (Edwards Model MBP-2B). Either the 

reflectance or transmittance of the growing film could be monitored. 

With absorbing films it was preferable to monitor the transmittance, 

since the reflectance tends to level off after a certain film thick

ness, while the transmittance is still decreasing steadily. A narrow 

bandpass optical interference filter centered at 0.45 pm was used to 

isolate the monitoring wavelength. 



35 

Film deposition in the box coater was monitored with a quartz 

crystal thickness monitor (Sloan Instruments Model DTM-3). In this 

technique, the resonance frequency of a thin AT-cut quartz crystal 

changes as a film is deposited on the surface of the crystal. The 

frequency change, which is usually measured by beating the signal 

from the crystal against a local reference oscillator, is proportional 

to the mass deposited on the crystal. In turn, the frequency change 

can be calibrated to give the film thickness (Glang, 1970). The output 

signal from the monitor was recorded on a chart recorder and deposi

tion rates were manually controlled by adjusting the electron beam 

gun power to obtain a trace of constant slope on the recorder. 

Substrate Choice and Surface Preparation 

The choice of suitable substrate materials was primarily 

influenced by our requirements for subsequent thermal testing to 

temperatures as high as 600 C. Three different materials were util

ized: stainless steel type 304 (nominal composition, %: C - 0.08 max, 

Mn - 2.0, Si - 1.0, Cr - 18.0 to 20.0, Ni - 8.0 to 12.0, Fe - remainder), 

Pyrex glass and fire-polished microscope slides. The first two materials 

readily survive high temperatures and allow coating evaluation on both 

metallic and glassy substrates. The microscope slides with their very 

smooth surfaces enabled us to discriminate between film imperfections 

due to the deposition process and those originally in the substrates. 
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All substrates were approximately 5 x 5 cm before coating. 

After coating the glass substrates were often scribed and broken into 

smaller pieces for testing. The SS-304 samples (1.587 mm thick) were 

individually ground and polished on a high speed polishing machine 

using standard optical workshop techniques. In order to minimize the 

large number of fine scratches and sleeks that often occur on metal 

surfaces, a Corfam-covered lap was used in the final polishing stage. 

This procedure produced highly polished, highly specular surfaces with 

no major surface imperfections when viewed under a high power optical 

microscope. The Pyrex samples (3.175 mm thick) were a polished plate 

glass that had a number of microscopic surface pits and scratches. 

In order to be certain that these had no effect on our results, some 

of these substrates were further polished to remove these imperfections. 

The microscope slides were used as furnished. 

Substrate Cleaning 

Prior to actual film deposition, all substrates were thoroughly 

cleaned using the following procedure: 

1. Polished substrates were thoroughly flushed in acetone to 

remove any residual wax from the polishing operations. 

2. The substrates were scrubbed under running tap water using 

cotton and liquid detergent (Liquinox). 

3. The substrates were immediately placed in holders in an 

ultrasonic cleaner and were covered at all times with distilled water 

(typical resistivity 1 Megohm). 
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4. A small amount of liquid detergent (iLiquinox) was added to 

the water and the substrates were ultrasonically cleaned for 15-30 

minutes. 

5. The substrates were cleaned twice more in the ultrasonic bath 

in plain distilled water. When changing the bath water, we stored the 

substrates in a separate dish of distilled water so they would never 

dry off. 

6. After washing, the substrates were blown dry with a forceful 

stream of dry nitrogen. 

7. The substrates were examined under a bright light to detect 

any gross contamination or streaking. 

8. Finally, we stored the clean substrates in a sealed, dead 

air space until ready for use. 

Spectrophotometric Measurements 

Our analysis of both the chromium oxide films and the stabilized 

silver films required extensive spectrophotometric measurements. All 

of our measurements were made on commercially available equipment. 

Measurements in the wavelength region of 0.35 - 2.7 pm were made on a 

Perkin-Elmer Model 450 spectrophotometer. The instrument employs a 

double monochromator using quartz prisms and a tungsten source over the 

spectral range of interest. Photomultiplier detectors are used to 

0.75 pm and lead sulphide cells to 2.7 pm. All measurements were made 

in a double beam mode of operation. Transmittance measurements at 

normal incidence were made relative to air. Reflectance measurements 
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on semitransparent films were made with and without a flat black paint 

sprayed on the back surface of the substrate. All measurements were 

corrected for multiple reflections in the substrate. 

Our measurements from 2.5 - 15 ym were made on a Perkin-Elmer 

Model 137 spectrophotometer. This is a double beam NaCl prism instru

ment with a thermocouple detector. Reflectance measurements were made 

relative to aluminum at an incidence angle of approximately ten degrees. 

Film Thickness Measurements 

Highly accurate measurements of film thicknesses were essential 

for our determination of the refractive indices of chromium oxide films. 

Initially measurements were made by the Fizeau (or Tolansky) method in 

monochromatic light (see Pliskin and Zanin, 1970 for details) using a 

Sloan Instruments Angstrometer. However, even small variations in sub

strate surface figure over the measurement area (-2x2 cm) were suffi

cient to introduce considerable uncertainties for film thicknesses in 

the range of 20-100 nm. 

Subsequently, film thickness measurements were performed using 

Fringes of Equal Chromatic Order (FECO) in order to gain increased 

accuracy (Bennett, 1964; Bennett and Bennett, 1967; Pliskin and Zanin, 

1970). A schematic of the method is shown in Fig. 3.1. The film to 

be measured is deposited on an optical flat which is shadowed by a 

thin wire or bar in order to form a channel. After deposition, the 

efitire surface is overcoated with a highly reflecting opaque silver 

film. A plane parallel cavity is formed between the overcoated 
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Fig. 3.1. Schematic of Apparatus for 
Producing Multiple Beam Fringes 
of Equal Chromatic Order (FECO). 

After Pliskin and Zanin (1970). 
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substrate with the channel and a second flat with a partially trans

mitting silver film. The cavity is illuminated with collimated white 

light and the reflected light is focused on the slit of a constant 

deviation spectrometer. The resulting dispersed spectrum exhibits a 

series of fringes at wavelengths that satisfy the resonance condition 

in the cavity (Bennett, 1964), 

MA = 2nd - (^r)(ei + g2) (3.1) 

where M is the fringe order number, A is the wavelength, d is the 

spacing between the two flats, and and 32 are the phase changes on 

reflection at the two boundaries of the cavity. There are different 

sets of fringes on the channeled and unchanneled areas and these lead 

to two values of d. The film thickness is then obtained as the differ

ence between these d values. 

Our measurements were made on a Hilger & Watts FECO instrument 

that combines a constant deviation spectrometer (Model D9003) and 

an Interference Microscope especially designed for the interferometer. 

Quartz flats (~A/10) were used for film deposition and a channel was 

formed by shadowing with a 0.558 mm diameter wire. The wavelengths of 

the fringes were measured from the calibrated drum on the spectrometer. 

Our procedures for interferometer alignment, data taking, and 

subsequent analysis to account for dispersion by the phase change on 

reflection in the cavity are detailed by Bennett (1964). Proper inter

ferometer alignment is essential and we found it imperative to let the 
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interferometer come to equilibrium after it was finally aligned. If 

this was not done, we observed a small, slowly varying drift in the 

fringes which usually stabilized after about fifteen minutes. By 

exercising proper care, we were able to measure film thicknesses to 

an estimated accuracy of ±2 nm, which was limited by our ability to 

determine spectral position on the wavelength drum. 

Film Composition Profiles 

In some cases we analyzed the composition of our films using 

Auger Electron Spectroscopy (AES). This was used to ascertain both 

the degree of homogeneity of the chromium oxide films as deposited 

and the changes that occurred during subsequent annealing studies. 

AES allows analysis of the elements present in the top few atomic 

layers of a surface. The surface of the sample is bombarded with a 

beam of 2-3 KeV electrons that cause secondary electrons to be emitted 

from the surface atoms. Some of these electrons, called Auger electrons, 

are characteristic of the emitting atoms. The process can be summarized 

in Fig. 3.2. In Step 1 an incident electron strikes an inner shell 

electron and ionizes the atom (Step 2). In Step 3, an electron from 

a higher energy level drops down to fill the inner shell vacancy. The 

atom must now rid itself of the binding energy difference between the 

two levels, i.e., Ea - E^. This can be done by ejecting an Auger 

electron from an energy level such as c (Step 4). The electron loses 

an energy Ec during escape plus some additional energy to overcome the 

work function. Steps 3 and 4 can also occur for electrons in the same 

shell. The resulting energies of the Auger electrons are specific for 
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each element and allow us to determine what elements are present in 

the surface layers. Since at least two shells are required for this 

radiationless process, AES can detect all elements except hydrogen 

and helium. If an ion beam is used to mill down through the film 

during the AES analysis, we obtain a compositional depth profile 

through the film. The details of AES are presented in several recent 

articles (Chang, 1971; Ferrante et al., 1973; Harris, 1974; Stupian, 

1974). 

Chemical Vapor Deposition 

All of our silicon film depositions onto stabilized silver 

films were done by chemical vapor deposition (CVD) methods (Feist, 

Steele, and Readey, 1969) using a commercial reactor (Applied Materials 

Model AMH-704). This was a horizontal reactor in which the substrates 

rested on a silicon carbide coated graphite susceptor that was heated 

from below by radiation from high intensity lamps. The silicon was 

deposited on the heated substrates by the pyrolosis of silane in a 

helium carrier gas according to the equation: 

SiH4 h®at Si + 2H2+ 

Previous work in this reactor had demonstrated that we could 

deposit specular silicon films on Pyrex over a wide range of parameters, 

and these values were used in the present study as follows: 

1. Substrate temperature: 580 C to 700 C. 

2. Silane (SiHi*) flow rate: 15 to 200 cc/min 
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3. He carrier gas flow rate: 1.5 to 25 JL/min. 

4. Si deposition rates: 0.03 to 0.25 ym/min 

The optical thickness of the growing silicon film was monitored 

by measuring the emittance of the film-substrate combination at a wave

length of 2.0 vim using a PbS detector (Seraphin, 1973-76). This system 

was analogous to a conventional optical monitoring system except that 

the substrate or stabilized silver film functions as the light source 

and the emittance is modulated by the growing film. The output was 

recorded on a chart recorder, and the maxima and minima of the pseudo-

sinusoidal trace corresponded to increments of a quarterwave optical 

thickness of the growing film. 

Thermal Testing of Stabilized Films 

After deposition of the various silver-stabilizer layer 

combinations, we subjected the coated samples to elevated temperatures 

for increasing periods of time in order to test their resistance to 

agglomeration. Three separate heating methods were employed to examine 

the effect of different atmospheres as follows: 

1. Some of our samples were heated in a commercial CVD reactor 

in reactor grade helium at temperatures of 400-750 C. The samples were 

heated to the desired temperature in a few minutes, remained at tempera

ture for the specified time, were cooled to 300 C in the reactor and 

then removed to cool in air. 
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2. In another test we placed our samples on holders in a quartz 

cylinder which was sealed and evacuated to a pressure of about 10~2 torr. 

A high temperature kiln, preheated to the desired temperature, was then 

lowered over the quartz cylinder. The samples were heated to the 

desired temperature, remained there for the desired time, the kiln was 

then raised, and the substrates were cooled in vacuum. 

3. Some of our samples were tested in air by placing the samples 

on a copper block resting on a hot plate. The temperature was monitored 

by a thermocouple attached to a blank stainless steel substrate placed 

next to the specimen. The block and specimen were covered with an 

aluminum foil shield to prevent excessive cooling by radiation or con

vection. 

Measurement of Degree of Film Agglomeration 

The degree of agglomeration of a film is a difficult quantity 

either to define or to measure. Usually some physical property of the 

film is monitored as the films are heated. Since one stage of the 

agglomeration process is the formation of holes in the metal film, we 

utilized the increased transmission of such films as a measure of 

the degree of agglomeration. 

The transmission of the silver samples after various stages 

of heating was measured using the apparatus shown schematically in 

Fig. 3.3. Light from a He-Ne laser passes through a tuning fork chopper 

and then a negative lens to expand the beam to a diameter of about 2 cm 

at the sample position. The sample is placed immediately in front of 
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of Heat Treatment. 
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the integrating sphere port in order to collect any and all light trans

mitted and/or diffracted by the sample. The light intensity is measured 

with a two inch end-on photomultiplier tube and the output signal is 

measured on a lock-in amplifier. 

Although the increases in transmitted light may not be in direct 

proportion to the open area in the films (because of diffraction edge 

effects on submicron pinholes), this system did allow us to detect and 

to follow the changes that occurred because of annealing. 

Transmission Electron Microscopy 
and Electron Diffraction 

Some of the reactively evaporated chromium oxide films were 

examined by transmission electron microscopy. All micrographs were 

obtained using a 200 KeV Hitachi electron microscope using 150 KeV 

electrons and magnifications of 20-50,000 at the film plane. Selected 

area electron diffraction patterns were also made in the same instru

ment to examine sample crystallinity. These techniques are thoroughly 

discussed by Murr (1970). 

The chromium oxide films to be examined were deposited on 

optical flats precoated with opaque silver. We removed the chromium 

oxide films by taking advantage of the fact that chromium and its 

oxides are insoluble in nitric acid, whereas silver is very soluble. 

We placed the coated flats face up in a dish and added distilled water 

until the films were covered. Nitric acid was then dripped onto the 

film surface. The chromium oxide films quickly floated free. The 

unsupported films were then transferred immediately to a second dish 
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containing distilled water where any remaining acid was removed. The 

films were then picked up on 200 mesh copper grids and were allowed 

to dry in air. This technique was convenient and simple, and no films 

exhibited indications of having dissolved in the acid. 



CHAPTER 4 

ANALYTICAL BASES FOR THE REFRACTIVE INDEX AND THE 
METHOD OF INDEX DETERMINATION 

In this chapter we will lay the analytical groundwork for both 

the origin of the refractive index of solids and the methods for mea

suring these quantities for real materials prepared in thin film form. 

The Refractive Index of Single 
Materials and Mixtures 

In this section we will briefly examine the interaction of 

the electromagnetic fields with the atoms and molecules that make up 

matter. We will start first at the macroscopic level and will later 

proceed to an examination of the interaction at the microscopic level. 

Once we have an understanding of how the refractive index arises for 

a material composed of only one species of atom or molecule, we will 

then examine some of the elementary theory regarding the refractive 

index of mixtures of different solids. 

Macroscopic Properties of Solids 
and Maxwell's Equations 

Throughout this investigation we are chiefly concerned with 

the optical properties of solids and the propagation of electromag

netic fields and the individual atoms and molecules, it is first 

useful to investigate the origin of the refractive index in a macro

scopic description of wave propagation. 

49 
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The relationships among the various electromagnetic quantities 

are given by Maxwell's equations in their macroscopic form CBorn and 

Wolf, 1964): 

div D = 4tt p (4.1) 

div $ = 0 (4.2) 

curl ® - -||| t4-3' 

- « • (4-4) 

where E is the electric field, H is the magnetic vector, B is the 

magnetic induction, S is the electric displacement, p is the free 

charge density, J is the current density due to free charge, c is the 

velocity of light in vacuum and t is time. 

In addition, we also have the constitutive relations that 

relate these various field quantities to the material properties of 

the medium: 

5 = eJ (4.5) 

t = yft (4.6) 

J = at (4.7) 

where e is the dielectric constant, y is the magnetic permeability and 

a is the conductivity of the homogeneous, isotropic medium. 

Now let us assume that there is no free charge or current in the 

system, i.e., p = 0 and J = 0. Now by taking the curl of Eq. (4.3), 

substituting from Eqs. (4.4) and (4.5), and using the vector identity 

curl curl = grad div - V2 (4.8) 
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we obtain the following equation for E: 

a2? 

C2 at2  

A similar expression is readily derived for 

V21i - -2-4 = 0 . (4.9) 

c*.w) 

These expressions have the general form of wave equations and imply 

that Is and ft travel with a velocity given by 

v = , (4.11) 
v^ep" 

but this is just the usual manner of defining the refractive index 

(c/v) of the medium in which the fields are propagating. Similar wave 

equations are obtained for the case of absorbing media (Macleod, 1969), 

but the wave velocity now becomes a complex quantity due to the absorp

tion. This leads us to define a complex index of refraction 

N = n - ik • (4.12) 

where n is termed the refractive index and k is the extinction coef

ficient that denotes the attenuation of the propagating wave. In a 

similar manner we can define a complex-dielectric constant 

e = ei - ie2 • (4.13) 
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Then from the wave equations for 1; and S, we find that the complex 

refractive index and the complex dielectric constant are simply-

related by the expression 

N2 = e . (4.14) 

In general, both the complex refractive index N and complex dielectric 

constant e are functions of the oscillation frequency of the fields as 

we will see in the next section. 

Microscopic Origin of the Refractive Index 

As we mentioned earlier, the refractive index arises from the 

interaction between the external electric field and the individual atoms 

or molecules that comprise the solid. In this section we establish the 

relationship between the macroscopic properties of the material and the 

microscopic properties in terms of a simple bound oscillator model. 

When an electric field is incident on a molecule of a solid, 

the electronic charge is displaced relative to the positive charge on 

the nucleus. This in turn creates an induced dipole moment on the 

molecule given by 

P = (4.15) 

where a is the molecular polarizability, p is the dipole moment and ̂  

is the local field. Note that we must use the local field, not the 

external field, and that in general the two fields differ because of 

the induced polarization field. 
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Now we wish to derive an expression for the polarizability. 

This can be done by considering the electrons to be bound to an atom 

in much the same way as a small mass bound to a large mass by a spring. 

This is the classical Lorentz model of an atom. Thus, the electric 

field displaces the electron from its equilibrium position which gives 

rise to a restoring force. 

The motion of the electron in terms of the oscillating field 

can be expressed in terms of the following differential equation of 

motion (Wooten, 1972, p. 43) 

m —j + mr — + mo> 2r = -eE. (4.16) 
dt2 dt o i 

where r is the displacement of the electron from equilibrium, m is the 

electron mass, e is the electronic charge, T is a damping term and ajQ 

is the resonance frequency associated with the restoring force. Now 

if we assume that the local field has a frequency dependence given by 

ela)t, then we can assume that r has a solution of the form 

-*• -*• iajt ... . 
r = rQ e . (4.17) 

Substituting this into Eq. (4.16) leads to 

•+ - (e/m)is 
ro - fro 2 - • C4a8' 

When multiplied by the electronic charge, the induced dipole moment is 

given by ~er0> i.e., 

J = Ce2/nOSft (419) 

(uj 2 - o)2)+io)r 
o 
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Thus, the polarizability of an atom is frequency dependent and is 

given by 

a - — [(^o2 " <»2) " ia)rl (4.20) 
m Cu)02 - w2)2+ o)2r2 ' 

In addition we see that the polarization is out of phase with the 

driving field. 

From Maxwell's equations we have the usual definition of d 

given by 

ft = t + 4tt? (4.21) 

where ? is the macroscopic polarization, i.e., the dipole moment per 

unit volume. If there are Nv dipoles per unit volume, then 

P = Nvp = NvaE£ . (4.22) 

By combining Eqs. (4.6), (4.21) and (4.22), we finally obtain the 

following relationship between the microscopic polarizability and the 

dielectric constant 

r i 
e a 1 + 47rNya 1e£' (4.23) 

|E| 

At this point it becomes apparent that we need to know the 

relationship between the local field and the external field. Two 

general cases can be discussed (Wooten, 1972; Klein, 1970). For metals 

we can argue that the conduction electrons are essentially unbound and 

that the electrons only feel the external field. This is the Drude 

model in which it is assumed that = E and uj = 0. In the second 
Z o 
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case the local and external field are related by 

% * (4.24) 

where the correction term is the Lorentz field. This Lorentz model 

is applicable to dielectrics where the polarization can play an impor

tant role. Using the Lorentz approximation in Eq. (4.22) we find 

N a 
* _ —* * (4.25) 

1 - 4fNv" ' 
3 

Combining this with the definition of 

5 = t + 4irP (4.26) 

we obtain an expression for e in terms of a 

4irNv.a 

e = 1 + ^ 4irNva • • ̂ 7) 

1 " 3 

In the case of a metal where the local field and the external field 

are taken to be equal, Eq. (4.27) is changed slightly to 

e = 1 + 4irNva • (4.28) 

Using this simplified Lorentz model of an electron on a spring, 

we have been able to relate the microscopic polarizability of the 

individual molecules to the macroscopic dielectric constant, which in 

turn is related to the measurable optical constants by 

n = ih [(ei2+ ez2)h * ezl^ (4.29) 
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k = {h [Ce 12 + E22)^ - ei]}'5 (4.30) 

The frequency dependence of ei and z<i for metals and dielectrics 

and the corresponding variations of n and k are treated in detail else

where (Wooten, 1972; Klein, 1970). 

Index of Refraction of Mixtures and Composites 

In many situations we have mixtures of compounds on an atomic 

scale or we have small particles of one substance interspersed in 

another. In these cases, we would like to know the refractive index 

or dielectric constant of these substances. 

Equation (4.27) can be put into the following alternate form 

for a pure substance: 

fri " • C4-3» 

This is the well known Clausius-Mosotti (Lorentz-Lorenz) expression. 

In a substance composed of more than one type of molecule, this expres

sion can be readily extended to the Clausius-Mosotti equation for mix

tures (Bdttcher, 1 9 7 3 ) .  

If we now substitute the equation for the pure substance [Eq. (4.31)], 

we obtain 

e-1 4ir r \i —o = -=- ) N .a. . 
e+2 3 h vi l 

i 
(4.32) 

e-1 
e + 2  

(4.33) 
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where the subscript i refers to the individual substances and is 

the mole fraction of the i*-*1 substance in the mixture* 

In a similar manner we can ask for the dielectric constant of 

a dispersion of spheres of dielectric constant in a medium of 

dielectric constant e^. This problem was solved by Maxwell-Garnett 

(1904, 1906) for the case of metal spheres in a dielectric matrix. 

In this case the metal particles are assumed small relative to the 

wavelength of light and yet large enough that the bulk dielectric 

constant can be used. In a manner similar to the above, the following 

expression (termed the Maxwell-Garnett equation) is obtained for the 

dielectric constant e of the mixture, 

e - e . e - e, 
d m d 
— = q — (4.34) 

e + 2e, e + 2 e ,  
d m d 

where e and e, denote the dielectric constants of the metal and 
m d 

dielectric respectively and q is the volume fraction of the metal. 

Since the dielectric constant e of the mixture, and the effective 

optical constants n and k are related by 

s = (ne - ike)2 , (4.35) 

the effective optical constants of the mixture can be expressed as 

functions of the optical constants of the components and the volume 

fraction. 

We have examined this relation for the effective optical con

stants using an approach described by McKenney and DeBell (1970). 



A grid of constant n and k values for the metal is transfoimed by the 

Maxwell-Garnett relation and replotted in ne - ke space. Two differ

ent cases were analyzed, In the first, we assumed that the dielectric 

component was vacuum (or air) with an index of 1.0 and varied the 

volume fraction q. This corresponds to a film whose density is less 

than that of the bulk material. In the second case, we assumed that 

the dielectric had an index of 2.0 and again varied the volume frac

tion of metal. 

The results for these two specific cases are shown in Figs. 

4.1a and b. In Fig. 4.1a we show the effective optical constants with 

n^ = 1.0 and q = 0.90. We note that very small changes in q can give 

very large changes in the effective optical constants of the film. In 

general, the values of ne and kg can be either larger or smaller than 

iijjj and km. However, for a film with optical constants of chromium, 

values of ng increase and kg decrease as q decreases below 1.0. Most 

of the changes occur for 0.6<q<1.0 (McKenney and DeBell, 1970). Ulti

mately as q continues to decrease, the entire grid must collapse to 

the point ne = 1.0, kg = 0.0 which corresponds to no film. 

In Fig.4.lb we show the effective optical constants for 

n^ = 2.0 and q = 0.90. With the substitution of the dielectric for 

air or vacuum, the changes in ng and kg occur much more gradually as 

q decreases below 1.0. In this case most of the changes take place 

in the range 0.3<q<1.0. This system eventually collapses to the point 

ng = 2.0, kg = 0.0 corresponding to a film of pure dielectric. 
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Fig. 4.1. Equivalent Refractive Indices ng and kg 

Calculated from the Maxwell-Garnett Theory. 

a. A film composed of absorbing spheres 
immersed in air (n^ .= 1.0) and volume 
packing fraction q = 0.9. 
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Fig. 4.1. Continued. 
Equivalent Refractive Indices. 

b. A film composed of absorbing spheres 
immersed in a dielectric (n^ = 2.0) 
and a volume packing fraction q = 0.9. 
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The Maxwell-Garnett theory given above relies on two fundamental 

assumptions: (1) the particles are spherical in shape; and (2) the 

optical constants of the metal particles are given by those of the 

bulk. In practice, neither of these assumptions is str ctly valid 

and numerous refinements have been formulated. The effect of non-

spherical particle shapes is usually analyzed in terms of ellipsoidal 

inclusions in the film, since the depolarization factors can be 

explicitly calculated and the case of spheres is simply a special case 

of the more general theory. This analysis shows that the shape of the 

particles, and not their size, is important for determining the optical 

constants of the mixtures (Polder and van Santen, 1946; Cohen et al., 

1973; Jacobsson, 1975). Taking this factor into account Cohen et al. 

(1973) arrive at the following modified expressions, first for metal 

particles in a continuous dielectric matrix, 

e - e , e - e , 
i = q — i (4.36) 

Lme * U-V'd V«+C1"Vcd 

and second for dielectric particles in a continuous metal matrix 

e - e e , - £ 
2 = (1-q) -2 2 . (4.37) 

L,e + (1-L,)e LjE, + (1-L,)g 
d  v d ' m  d  d  v  d J  i n  

The symbols retain their usual meanings with q denoting the volume 

fraction of the metal, and 1^ and are the depolarization factors 

that depend on the shape of the ellipsoids (Landau and Lifshitz, 1960, 

p. 26; Bottcher, 1973, p. 80) and 0<L<1. For the case of spherical 
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particles L = 1/3, and the expressions reduce to the usual Maxwell-

Garnett theory. For other values of the depolarization factor, the 

effective indices of the film are substantially influenced by both 

the shape and orientation of the particles in the matrix. 

We must also examine the assumption that the optical constants 

of the constituents are the same as those of the bulk. When the 

particle size is much larger than the mean free path of the electrons, 

the optical constants will be nearly those of the bulk, whereas, when 

the particle size becomes less than the mean free path, the conduction-

electron relaxation time will decrease. The overall effect is to 

increase the imaginary part of the dielectric constant for the metal 

(Cohen et al., 1973). 

Although the Maxwell-Garnett theory contains numerous simplify

ing assumptions, it provides a good beginning for understanding the 

optical properties of films containing .mixtures of different materials. 

In any event, this theory makes us well aware that the optical constants 

of a composite film can be substantially different than any of the 

constituents. 

Refractive Index Measurements 

In the first half of this chapter, we have examined the origin 

of the refractive index of simple solids and mixtures in terms of a 

simple oscillator model. In the second half of this chapter, we will 

give expressions for calculating the reflectance and transmittance of 

a thin film on a supporting substrate. Using these expressions as a 
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starting point, we will then examine methods for measuring n and k for 

real films and will detail one such technique based on measurements of 

the film reflectance and transmittance at (near) normal incidence. 

Reflectance and Transmittance of a Thin Film 

The general problem of calculating the reflectance and trans

mittance of a thin film multilayer is really one of propagating electro

magnetic fields through a layered structure by application of the 

appropriate boundary conditions. From electromagnetic theory we know 

that the total tangential components of the E and H fields must be 

continuous across an interface. Application of this principle to the 

general thin films problem leads to an elegant method in which the 

fields in the substrate and incident medium are related by a product of 

2x2 matrices, where each film is represented by a single matrix 

(Macleod, 1969). This method is particularly suited for computer pro

grams and cases where the design contains a large number of films. 

In the present investigation we are concerned with the reflec

tance and/or transmittance of only a single film on a substrate. In 

this case it is easier, and we gain more insight from the resulting 

analytical expression, if we simply sum the multiple reflectances with

in the film. The case is illustrated in Fig. 4.2. Now by carrying out 

the infinite sums of the reflected and transmitted beams, we arrive at 

the following expressions for the amplitude reflectance and transmit

tance of the film (Heavens, 1955; Macleod, 1969): 

-i26 
ri + r9e 

r = — Six C4-38) 
l+r1r2e"l2° 
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* 4. -iS 
t = hhl (4.39) 

, -i26 
l+ri^e 

where rj., r^, t\ and t2 are the usual Fresnel coefficients and the phase 

thickness 6 of the film is 

S = 2tt Nd/A . (4.40) 

Although these equations are simple in principle, they can 

become rather cumbersome algebraic expressions when explicitly written, 

expecially if both the film and substrate are absorbing (Heavens, 1955, 

p. 76; Berning, 1963). The reflectance and transmittance are then 

obtained in the usual manner from 

R = rr* (4.41) 

T = tt* (4.42) 

where * denotes the complex conjugate. 

In the case of nonabsorbing films, the phase thickness 6 is 

real. The reflectance and transmittance are then periodic functions 

of the optical thickness of the film. For absorbing films, 6 becomes 

a complex quantity. In this case the oscillations in R and T are 

damped in proportion to the magnitude of the extinction coefficient k. 

As the film thickness increases steadily for a film having a nonzero 

value of k, the film transmittance eventually drops to zero and the 

reflectance approaches a constant value equal to that of the air/film 

interface. 
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. 4.2. Diagram Showing the Multiply Reflected 
Beams from Which the Reflectance and 
Transmittance of a Single Layer Thin 
Film are Obtained by Coherent Summation. 
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Both the reflectance and transmittance of a single film depend 

only on the parameters n, k, and d/A for a given incident medium and 

substrate. In addition, we should note that R and T are single valued 

functions of these same parameters, whereas we will subsequently dis

cover that the reverse is not true. 

General Methods for the Determination 
of the Refractive Index 

In the last section we presented analytical expressions that 

allowed us to calculate the reflectance and transmittance of a thin 

absorbing film on an absorbing or non-absorbing substrate. All of the 

relevant film parameters such as thickness, wavelength and refractive 

index were known. Now we turn our attention to the reverse problem, 

i.e., we wish to determine the optical properties of the film, namely 

N = n - ik, by making appropriate measurements of the film-substrate 

combination. This latter problem is much more difficult than the 

former, since it is not always possible to obtain exact solutions in 

closed form for n and k. 

In recent years numerous articles have appeared reviewing the 

available methods for determining the optical parameters of thin films 

(Abeles, 1963; Heavens, 1955, 1964; Humphreys-Owen, 1960). Practically 

all of the methods involve measurements of the changes undergone by a 

light beam that is reflected and/or transmitted by the film-substrate 

combination. These changes are in turn related to the optical constants 

of the film and its thickness. At first glance it appears that there 

are an endless number of methods for determining the film parameters. 
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Some methods simultaneously determine the refractive index and thick

ness of the film, while others require an independent measurement of 

the film thickness. The problem is severely compounded by the fact that 

the film can be either absorbing or non-absorbing and similarly for the 

substrate. Many of the methods are useful only for certain combinations 

of these film-substrate properties. Thus, the choice of a particular 

method might well influence the choice of an absorbing or non-absorbing 

substrate or, conversely, the requirement of a particular substrate 

might dictate the particular method. The numerous methods for deter

mination of the refractive index are usually grouped on the basis that 

reflection or transmission changes the amplitude (or intensity), phase, 

or polarization state of the incident beam. These are briefly summar

ized as follows. 

Polarimetric methods such as ellipsometry measure the amplitude 

ratio and the differential phase change for the p- and s-polarization 

components of the refracted beam. This is expressed analytically as 

i9 

-LeJ- 5-JL = e
lAtani|> . (4.43) 

Irs| i0
s 

e 

The measurements are made at non-normal incidence and values of A and 

if> are used to evaluate (1) n and k for an absorbing film of known thick

ness, d, or (2) n and d for non-absorbing film. If A and 4> are mea

sured at two angles of incidence, then n, k, and d can be calculated 

from an over-determined set of equations (Archer, 1962). 



68 

Although these polarimetric methods offer extremely high sensi

tivity and accuracy, they require polarizing optics (polarizers, 

analyzers, compensators, wave plates) over the spectral range of inter

est. In addition, the measurements are often extremely laborious, 

although recent advances in automated systems have greatly alleviated 

this problem (Aspnes and Studna, 1975; Stobie, Rao and Dignam, 1975). 

A second group of methods is based on spectrophotometric mea

surements of the sample as a function of wavelength. Hymphreys-Owen 

(1960) has examined the sensitivities of two groups of methods for 

opaque films or materials which require either two reflectance measure

ments, or one reflectance measurement and the measurement of the 

Brewster angle, i.e., the incidence angle at which the reflectance of 

the p-polarized component is a minimum. These methods require measure

ments of either reflectance ratios or absolute reflectance values at 

non-normal incidence angles. In contrast to methods in which the 

optical constants at a specific wavelength are determined from reflec

tance measurements at the same wavelength, Robinson and Price (1953) 

utilized reflectance measurements over an extended wavelength range 

and a Kramers-Kronig analysis to calculate the reflectance amplitude 

and phase at a specific wavelength. The optical constants are readily 

calculated from these results (Moss, Burrell and Ellis, 1973). The 

disadvantage of this method is that the reflectance must be determined 

both in and outside the spectral region of interest since the values of 

n and k at one wavelength are influenced by the reflectance values at 

all wavelengths. 
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For a semitransparent film on a non-absorbing substrate, the 

film thickness introduces a third unknown parameter into the analysis. 

This can be solved in two different ways. In the first case a third 

measurement is made in order to provide a completely determined set of 

equations in n, k and d. Bouchard (1966) has utilized measurements of 

R , R and T at non-normal incidence (where R and T refer to the rebec
s' p p 

tance and transmittance of the sample and p and s refer to the polari

zation components), whereas Nestell and Christy (1972) measured R and 

T at normal incidence and at 60 degrees incidence angle. Ward and 

Nag (1970) have overdetermined the problem by measuring Rg, R^, Tg, 

at one incidence angle. In the second approach, the film thickness is 

measured independently and measurements of R and T then permit n and k 

to be determined (Bennett and Booty, 1966; Hass and Waylonis, 1961; 

Nilsson, 1968; Hadley and Dennison, 1947). 

The advantage of the R and T methods lies in the fact that no 

analysis needs to be performed concerning the polarization state of the 

reflected or transmitted beams. In the worst condition, only a polar

izer or some other method (e.g. pile of plates) of producing the 

required p- or s-polarized beam is required and even this can be elim

inated by making the measurements at normal incidence. On the other 

hand, it may be necessary to make absolute reflectance measurements to 

a fairly high accuracy, i.e., on the order of ±1% or less in order to 

obtain a corresponding accuracy of the optical constants. 

Heavens (1964) discusses some additional special methods of 

determining the optical constants and/or film thickness based on 
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critical angle methods (Hunter, 1964) or polarization interferometry. 

These methods require precision reflectance methods over a wide range 

of incidence angles or the use of special polarizing components. As a 

result, these methods will not be discussed further. 

After examining the numerous techniques that were available 

for determining the optical constants, we needed to examine our own 

experimental conditions to see what method was most appropriate. In 

our own study, we wanted to determine the optical constants over the 

fairly broad spectral range of 0.35 - 2.4 ym. These wavelengths were 

based on our interest in the solar flux that lies within this range. 

We also required a method that gave reasonable sensitivity for n and 

k from films that were relatively thin, i.e., in the thickness range 

of 20 - 100 nm. Based on our own preliminary results of evaporated 

CrO films, the optical properties ranged from those of a dielectric 
a 

to those of a metal. In addition, since the films were deposited by 

reactive evaporation techniques, it .was possible that our films might 

contain refractive index inhomogeneities. Analysis showed that since 

the reflectance of an absorbing film was more readily affected by 

inhomogeneities than the transmittance, we did not want a method that 

relied solely on reflectance measurements. 

On the basis of these requirements, R and T methods were 

preferred over the polarimetric or interferometric methods. The 

reflectance and transmittance of our films could easily be measured 

at normal incidence on a commercial double-beam spectrophotometer over 

the spectral range of interest. In addition we decided to use an R 



and T method that used a separate measure of the film thickness, d, 

for two reasons. First, Ward, Nag and Dixon (1969) have shown that in 

methods that determine n, k and d simultaneously from various R and T 

measurements, the film thickness parameter must often be constrained 

to values close to the known value or inconsistent results were ob

tained. Second, any refractive index inhomogeneities or surface oxide 

films could well affect any analytical evaluation of d. Thus, it was 

preferable to measure d separately to eliminate any ambiguities. In 

summary, although the polarimetric methods often yield the greatest 

sensitivity and highest accuracy, these advantages were offset by the 

ease of measurement and widespread applicability of the R and T method 

which is described in the next section. 

The R and T Method at Normal Incidence 

It was earlier shown that if the optical constants and thick

ness of a film are given, then the reflectance and transmittance of a 

thin film on a specified substrate are uniquely determined and are 

single valued functions of n, k and d/A. We now wish to examine the 

inverse problem, i.e., given the reflectance R and transmittance T of 

a film-substrate combination and assuming that all other relevant param

eters such as substrate index are known or can be readily measured, 

how do we find the refractive index N =» n - ik for the film. 

The usual approach is to try to find explicit expressions for 

n and k in terms of R, T and d/X, where we assume that d has been mea

sured by an alternate method. We find that, although explicit (albeit 



rather cumbersome) expressions are available for R and T in terms of 

n and k, it does not appear that explicit expressions for n and k as 

functions of R and T can be derived, at least not without resort to 

various approximations such as low absorption, high absorption, etc. 

Indeed to whatever extent possible, we would like to eliminate any 

approximations in our evaluation of n and k. Instead, we want our 

results to be limited only by our ability to make accurate measurements 

of the reflectance, transmittance and film thickness, and not by any 

approximations to the analytical expressions. 

Two approaches are available. The first method relies on using 

graphical techniques. A series of plots or graphs are drawn using the 

exact expressions for R and T in terms of n and k while keeping d/A 

fixed (or some similar combination of parameters). However, since it 

is not possible to provide graphs for every possible value of n, k and 

d/X, it is necessary to interpolate to obtain values of n and k that 

correspond to the measured values of R, T and d/X. A second method 

circumvents this problem by using a high speed computer and any of a 

number of interative techniques. Initial values of n and k are combined 

with the known value of d/X to compute exact values of R and T from the 

expressions previously given. The resulting values are then compared 

with the measured values of R and T. Small changes are then made in 

n and k and new values are calculated for R and T. The changes in the 

optical constants, An and Ak, are chosen to reduce the differences 

between the measured and calculated values of R and T. The problem is 

solved when particular values of n and k yield values of R and T that 
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are acceptably close to the measured values. Although this eliminates 

the need for a large set of graphs, we find that this technique may 

converge to values of n and k that satisfy the expressions for R and T, 

but which are not the correct values for the film being measured. Thus, 

in actual implementation of this method, it is necessary to use a combi

nation of the graphical and computer techniques. 

At this point we wish to examine some of the graphical solutions 

to our problem. Based on our previous results, we can write the expres

sions for the reflectance and transmittance of an absorbing film on a 

non-absorbing substrate in the form 

R = R (n,k; n ,n ,d/A) 
o s 

T = T (n,k; n0,ns,d/X) 

where nQ and ns are the refractive indices for the incident medium and 

substrate, d is the thickness of the films and A is the wavelength of 

interest. It is assumed that all of these parameters are known for 

a specific case in question and only n and k for the film are to be 

determined. 

Now let us assume a specific value for R. Then by choosing a 

value for n, we can use an iterative procedure to calculate the corre

sponding value(s) for k that satisfies our equation for R. In a simi

lar manner we can determine a whole continuum of (n,k) pairs that 

yield this value of R and we can plot the results as a line in the n-k 

plane. If we choose different values for R, we can repeat the process 
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until we have adequately filled the n-k plane with contours of constant 

reflectance. In a completely analogous manner, we can choose specific 

values for the film transmittance and generate a set of contours in the 

n-k plane that give the possible values of n and k appropriate to a 

value of T. This approach has been discussed by Nilsson (1968) and 

Nestell and Christy C1972) and is the method that we adopted for our 

own studies. Hadley (1955) used a similar presentation in which the 

value of k was initially chosen and contours of constant n values were 

plotted in the R (or T) vs. d/X plane. The former methods have the 

advantage of clearly showing the dependence of R and T on n and k, 

whereas the last method emphasizes the dependence on d/X. For our 

particular use, insight into the optical constants of the film was of 

greater benefit and we used plots in the n-k plane. 

Using the method outlined above, we constructed a series of 

plots of R and T contours in the n-k plane for values of d/X equal to 

0.025, 0.05, 0.075, 0.10 and 0.15. These plots are shown in Fig. 4.3. 

All of these plots were calculated with the aid of a programmable desk 

calculator. A program was written to calculate R and T as a function 

of the various parameters, and the solutions for n and k were found 

by trial and error. Although this was somewhat tedious, we were easily 

able to follow any R and T contour. This was particularly useful for 

larger values of d/X where the contours are more involved. 

Using the plot for d/X = 0.10 as an example, we can make several 

interesting observations about this method. Contours of constant T are 

reasonably parallel to the n-axis. This demonstrates that the 
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Fig. 4.3. Contours of Constant Reflectance and Trans-
mittance of a Single Layer Film on Glass 
(ns = 1.52) as a Function of n, k, and d/X 
of the Film. 

a. d/X = 0.025. 
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Fig. 4.3, Continued. 
Contours of Constant Reflectance and Transmittance. 

b. d/X = 0.05. 
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Pig. 4.3, Continued. 
Contours of Constant Reflectance and Transmittance. 

c. d/X = 0.075. 
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transmission of a thin film depends primarily on the value of the 

extinction coefficient k as would normally be expected. Only as k 

assumes smaller values, do we observe an increasing influence of n. 

However, as d/X takes on smaller values, the lines of constant T 

become more tipped in the n-k plane and changes in n have a more 

pronounced effect on film transmittance. In all cases, an increase in 

k for a given value of n and d/A results in a decrease in the trans

mittance. For the case where k and d/X are constant, the transmit

tance generally decreases with increasing values of n. However, 

exceptions to this rule are noted for low k values (weakly absorbing 

films) where large film thicknesses are needed before interference 

effects are eliminated. 

Contours of constant reflectance are arcs in the n-k plane 

and are generally concave toward the n-axis. As values of d/X increase 

from very small values, the curves for small and intermediate values 

of R break up into two unconnected curves in the n-k plane. This 

occurs when the optical thickness of the film (nd/A) exceeds a quarter 

wave optical thickness (nd = A/4) and higher order interference occurs 

in the film. Unlike the case for transmittance, the reflectance of a 

film can increase or decrease along lines of constant n or k. 

In the next section we will discuss the method for using these 

plots along with the advantages and limitations of the R and T'method. 

Utilization and Sensitivity of the R and T Method 

In principle, the use of the R and T method to determine the 

refractive index of a film is a relatively straightforward exercise. 
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Once we have measured the thickness of the film and the reflectance 

and transmittance at the desired wavelength, we merely locate the inter 

section of the corresponding R and T contours on the graph with the 

appropriate value of d/X. However, a quick examination of the R and T 

plots (see Fig. 4.3d for d/X = 0.10) shows that we can obtain multiple 

solutions for values of n and k. Thus, although our equations for R 

and T are single valued functions of n, k and d/X, the inverse expres

sions for n and k are multivalued functions of R, T and d/X. The 

solutions tend to occur in pairs, as we see in Fig. 4.3d, where there 

are two (n,k) solutions for a film with T - 0.03 and R = 0.60, and 

there are four such solutions for a film with T = 0.20 and R = 0.30. 

This problem becomes more apparent for increasing values of d/X, where 

the optical thickness of the film substantially exceeds a quarter wave. 

The problem of multiple solutions has been addressed by several 

investigators (Juenker, 1965; Nilsson, 1968; Nestell and Christy, 1972) 

In many situations there is no difficulty in choosing the correct solu

tion, since we often have a small n--large k solution solution and a 

large n--small k solution. For metals, the small n--large k solution 

is usually chosen, whereas for a dielectric at long wavelengths the 

large n—small k solution is usually correct. However, at wavelengths 

at or below the onset of interband transitions, we find that the dielec 

trie behaves more like a metal and we eventually require the small n--

large k solution. This behavior is shown schematically in Fig. 4.4. 

The accuracy with which we can determine n and k is understand

ably linked to the accuracy with which we can measure R, T and d. In 
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Fig, 4.4. Schematic Showing the Spectral 
Variation of the Optical Constants 
in the n-k Plane for a Typical 
Metal and a Typical Insulator. 

After Nilsson (1968). 
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addition, we also note that the accuracy of n and k depends on the 

angle at which the R and T contours intersect in the n-k plane. In the 

small n--large k and large n--small k regions, the R and T contours 

intersect at large angles. Since the effect of experimental errors in 

the measured values of R and T is to add width to the contours in ques

tion (Nestell and Christy, 1972), the solutions of n and k are still 

well located in the n-k plane. However, for values located within the 

shaded region of Fig. 4.4, we note that the R and T contours intersect 

at very low angles. Thus, any experimental errors in R and T can 

cause a rather large uncertainty in the optical constants, especially 

in the value for n. Nestell and Christy (1972) have shown how measure

ments at non-normal incidence can be used to increase the sensitivity 

in this region, while Nilsson (1968) has examined the sensitivity of 

several combinations of front and back surface reflectance, transmit-

tance and phase changes. 

As we discussed previously, the actual calculation of n and k 

from the measured experimental data is facilitated by the use of an 

iterative computer program. However, it is essential that the program 

converges to the correct solution for n and k. This can usually be 

guaranteed by first examining a graph with the approximate value of 

d/X, finding all possible solutions and then giving the computer pro

gram initial values of n and k that are close to the correct solution. 

Thus, a combination of graphical and computer techniques usually 

provides the best approach to the problem. 



CHAPTER 5 

SAMPLE PREPARATION AND EVALUATION 

Once we had decided to measure the optical constants using the 

R and T method for measurements at normal incidence, we first wanted to 

prepare some sample films of known materials to test our measurement 

and evaluation techniques. Upon successful completion of this stage, 

a sample set of CrOx films was prepared under a wide range of oxidizing 

conditions and their optical constants were determined. In the first 

part of this chapter we describe the preparation of both the calibra

tion films and the test set of CrO films. In the second part of the 
A 

chapter, we present the measurement techniques and raw data for our 

films, and we discuss the reduction of this data to obtain the optical 

constants of the films. 

Preparation of the Thin Film Samples 

In this section we present detailed information regarding the 

materials and deposition techniques for the films we analyzed. 

Materials Evaporated 

The objective of our investigation was to determine the optical 

properties of chromium oxide films formed by the reactive evaporation 

of chromium under various degrees of oxidation. However, because of 

the very reactive nature of chromium, we realized there might be 

84 
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difficulties in obtaining films of uniform composition. In order to 

properly develop our experimental technique and to ascertain the limita

tions of our equipment and measurements, we made some initial studies 

on both absorbing and non-absorbing films whose optical properties have 

been well established. 

Zinc sulfide (obtained from Eastman Kodak Co.) and lead fluoride 

(obtained from E. Merck) were chosen for the non-absorbing materials 

since they had moderate values of refractive index and the zinc sulfide 

exhibits some dispersion at visible wavelengths. Silver (99.99% purity, 

obtained from Cerac, Inc.) was examined as the absorbing material. This 

was chosen first, because it is a strongly absorbing metallic material, 

and second because an opaque silver film is frequently used as the high 

reflectance layer that reduces the infrared emittance in the tandem 

absorber coating. 

The CrO^ films were chosen because of their demonstrated uses 

and importance to the fabrication of selective absorber coatings. It 

was our goal to deposit films that ran the full gamut of material prop

erties, from "completely" unoxidized films that were highly metallic 

in nature, to heavily oxidized films that were dielectric in character. 

All of these films were deposited from high purity chromium metal 

(99.999% purity, obtained from Electronic Space Products, Inc.). 

Film Deposition 

All of the films we examined were evaporated in the 18 inch 

(~45 cm) diameter belljar system previously described. The substrates 
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were positioned on a non-rotating flat plate located approximately 

45 cm above the evaporation sources. Since we were concerned with 

making measurements on films deposited over only a 6 x 6 cm area, this 

geometry was expected to produce a film thickness variation of less 

than one percent (Holland, 1966). This variation would have no mea

surable influence on our results. 

All films were deposited onto 5x5 cm, flame-polished slides 

that had been cleaned using the procedure given earlier in Chapter 3. 

In addition a 31 mm diameter x 6 mm thick fused silica flat was also 

included for subsequent film thickness measurements. The flats had 

an optical surface figure of approximately A/10 at visible wavelengths. 

The flats were precoated with aluminum or silver (usually the latter) 

prior to their use in order that they could later be chemically stripped 

and reused. 

The substrates and optical flat were arranged in the substrate 

holder as shown in Fig. 5.1. The film was deposited simultaneously 

onto two substrates (A and B) and the optical flat. Substrate A 

received only the film to be examined. Substrate B was first coated 

with an opaque silver film, either in the same deposition run while 

substrate A and the flat were protected from the vapor by a moveable 

shutter, or in a separate evaporation immediately preceding the evapora

tion run of the test film. (Using this procedure, we observed no dif

ferences in reflectance between two samples that were simultaneously 

coated with the same test film, but which had been presilvered either 

prior to, or during, the same run.) 
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Fig. 5.1. Diagram Showing the Position 
of the Substrates and Optical 
Flat in the Substrate Holder 
During Film Evaporation. 
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The two substrates were separated by approximately 2 cm and 

two fine wires were laid between the substrates as shown. The wires 

were made of piano wire measuring 0.56 mm in diameter. The wires were 

first flattened on opposite sides by taping the wires to a flat block 

and polishing with fine crocus cloth affixed to a second flat block. 

The process was repeated on the other side. The precoated optical flat 

was then carefully laid on top of the wires. During the evaporation, 

the wires shadowed the flat from the evaporant and created two channels 

in the film which were subsequently used during film thickness measure

ments. The flattened wires were preferred over the original round form 

since the evaporant was unable to "creep" under the wire and a sharply 

defined channel resulted. 

The films were optically monitored in reflectance or transmis

sion during deposition by a light beam incident on substrate A immedi

ately adjacent to the flat (as denoted by the circled X in Fig. 5.1). 

Transmittance monitoring was used most frequently, especially for the 

absorbing films, since the reflectance curve often leveled off when 

film absorption suppressed interference effects. However, the trans

mittance could easily be followed until the film became opaque. All 

O 
films were monitored through a narrow-band filter (80 A FWHM) centered 

at 450 nm. The short wavelength increased the sensitivity since the 

transmittance varies exponentially with the magnitude of kd/A. 

The ZnS and PbF2 films were evaporated from small, resistance 

heated, canoe-shaped boats of tantalum and molybdenum. The Ag was 

evaporated from a Ta strip having a rectangular depression. Prior to 
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deposition, the chamber was pumped to pressures of less than 1 x 10-5 

torr and the evaporation charge was thoroughly outgassed. The films 

were deposited onto unheated substrates at pressures in the low 10"5 

torr range at rates given in Table 5.1. 

Table 5.1. Film Thickness and Deposition Rates for Reactively 
Evaporated Chromium Oxide and Chromium Films 

Sample Deposition Film Gas Deposition 
Number Rate (~nm/min) Thickness (nm) Bleed Pressure Ctorr) 

TF-172 4.3 78 Air 2 X 10-4 

TF-173 13.5 51 Air 2 X 10"14 

TF-189 1.3 74 Air 2 X 10" 4 

TF-190 17.6 79 °2 2 X 10" 4 

TF-193 8.2 41 Air 2 X 10" 4 

TF-194 8.5 36 Air 2 X 10" 4 

TF-195 44.0 22 None 1 X o
 1 cn
 

TF-196 230 38 None 1 X 10" 5 

TF-198 1.7 46 °2 + 2 X 10" 4 

t Substrate temperature 200 C. 

The reactively evaporated chromium oxide films were evaporated 

under slightly different conditions. The chromium was evaporated from 

small canoe boats of Ta, W or Mo. The chamber was pumped to less 

than 1 x 10"5 torr and the Cr was outgassed. If Cr films were desired, 

then the source was brought up to temperature and the film was 
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deposited while the pressure was maintained constant by slight manual 

adjustments of the bleed valve. The degree of film oxidation was 

varied by altering the evaporation rate of the chromium. Slow evapora

tion rates yielded films that were heavily oxidized while faster rates 

yielded films with a greater concentration of chromium. 

Two approaches were taken in the preparation of the CrOv test 

set. In the first case, several samples were deposited at different 

rates, but the deposition was terminated when the transmittance reached 

about 0.09. In the second case, the films were evaporated over a wide 

range of rates in order to assure films with the broadest range of 

chromium to oxygen ratio. 

A summary of the CrO films deposited, the evaporation rates, 

chamber pressures, gas bleeds, etc., is given in Table 5.1. 

Investigation of Film Deposition 
on Different Materials 

For most materials deposited by physical deposition techniques, 

the rate of film formation on different substrate materials depends 

almost entirely on the arrival rate of the evaporant at the substrate 

surface. However, in certain cases the so-called sticking coefficient 

for the arriving species may exhibit substantial variation as a function 

of substrate temperature or substrate material. In our determination 

of the optical constants using the R and T method at normal incidence, 

it was essential that the film thickness for the film deposited on glass 

was identical to that deposited on a silver or aluminum film. Since the 

film thicknesses were measured on films deposited on the precoated 
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optical flats, whereas all R and T measurements were made on substrates 

A and B, any variations in the sticking coefficients would result in 

incorrect thickness measurements and a corresponding error in the mea

sured optical constants of our films. 

Zinc sulfide, one of the most widely used optical coating 

materials, is well known to exhibit a large variation in sticking 

coefficient with temperature and a somewhat lesser dependence on sub

strate material. In view of this, we used an uncoated optical flat 

for the ZnS runs while retaining the Ag coating on substrate B. How

ever, only photometric measurements from substrate A were subsequently 

used (as described in a later section). Since all of our film deposi

tion was on unheated substrates, this effect was assumed negligible for 

our experiments. Thorough substrate cleaning was also necessary. An 

improperly cleaned substrate included in one run exhibited visually 

noticeable variations in reflectance over its surface after coating 

with ZnS. Well-cleaned substrates and reference flats had a completely 

uniform appearance after coating and exhibited no measureable varia

tions among substrates and flats coated in the same run. 

Lead fluoride and silver are also extensively used coating 

materials. Since no variations of the sticking coefficients have been 

reported, we assumed that the film thickness on the precoated flat was 

the same as on substrates A and B. 

No prior information was available regarding the sticking 

coefficients of reactively evaporated chromium oxide films. We felt 

this might be a problem at the higher chamber pressures and low 
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deposition rates during evaporation of these films. This was examined 

by coating portions of a flat with aluminum or silver, while leaving 

the remainder of the surface uncoated. We then coated the entire sur

face with a slowly deposited, highly oxidized chromium oxide film that 

was shadowed using two wires as usual. We then coated the entire sur

face with a rapidly evaporated Ag coating in a separate run and made 

repeated film thickness measurements in all three areas of the flat. 

No film thickness variations, other than those normally encountered 

using the FECO technique, were observed. On the basis of these results, 

we concluded that the sticking coefficients of chromium oxide films 

show no dependence on the substrate material, at least for those 

examined. No investigation was made of any temperature dependence since 

the substrates were always maintained at the same temperature. 

Evaporation Techniques 

In order that we could obtain reliable results for the measured 

optical constants of our films, it was necessary to use evaporation 

techniques and procedures that yielded films with the greatest homogene

ity possible. This compositional uniformity was important because 

virtually all methods for measuring the optical constants of thin films 

(including the R and T method) are founded on the assumption that the 

film is a homogeneous layer bounded by plane parallel surfaces. Only 

recently with the advent of thin film optical waveguide devices have 

inroads been made into measuring the refractive index profile in an 

inhomogeneous film. Even these techniques, which rely on mode 
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propagation within the film, are limited to low-loss film materials 

(Tien and Ballman, 1975). 

The lead fluoride and zinc sulfide films were evaporated at 

approximately 2 x 10"5 torr at moderate rates of 20-30 nm/min. The 

evaporation source was brought up to the desired temperature (with the 

source shutter closed) by appropriately setting the Variac controlling 

the source voltage, and was then allowed to "soak" at this setting 

until both the source and the evaporation material was thoroughly out-

gassed. Only at this point was the shutter opened and the film 

deposited. 

The silver films were deposited using essentially the same 

procedure. However, since the most highly reflecting metal films are 

obtained using high deposition rates, the source voltage was increased 

substantially after the silver was melted and outgassed just prior to 

opening the shutter. Silver films were deposited at rates of approxi

mately 3-10 nm/sec. 

Evaporation of the chroumium oxide films proved to be less 

routine. Initially the chrome pellets were evaporated from a basket 

source of tungsten wire. This commonly used technique was unacceptable 

because we were unable to obtain high deposition rates, the evaporation 

would often stop at low deposition rates, and electrical shorting of 

the coils by the chromium was often quite serious. 

We then tried chromium plated tungsten rod sources that have 

been extensively used in the microelectronics industry. Although these 

resulted in a noticeable improvement in both the deposition rate and 
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control, the relatively small amount of material on each rod and the 

low utilization of material, combined with the source-to-substrate dis

tance of ~45 cm, did not allow us to deposit films of sufficient thick

ness . 

As a result of these problems, we switched to small canoe-

shaped sources of tungsten, tantalum or molybdenum for the chromium 

evaporation. This provided several benefits. First, the sources 

readily held three to five chrome pellets approximately 5 mm in diameter, 

thereby providing more than adequate material for even the thickest 

films. Second, the V-shaped cross section of the source directed most 

of the evaporant in the direction of the substrates with a resultant 

increase in deposition efficiency. Third, the source could be used for 

a number of evaporation runs. 

During our initial evaporations with this source, the deposi

tion rate, as evidenced by the transmission monitor curves, exhibited 

considerable variation during an evaporation. A typical result is 

shown in Fig. 5.2 where the film transmittance at X = 0.45 vim is shown 

as a function of deposition time. For films of moderate to high 

absorptance, the transmittance trace curve should decrease as a reason

ably exponential function of time, whereas for very nonabsorbing films 

the transmittance should vary in a sinusoidal manner. The erratic 

deposition was undoubtedly caused by the limited contact area between 

the chrome pellets and the source, combined with the more rapid oxida

tion of the source material at the elevated pressures used during the 

reactive evaporation. 
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Most of this problem was eliminated by the following procedure. 

When new chromium was added, we raised the source temperature well 

above the intended evaporation point with the gas bleed valve closed 

and the chamber pressure at the lowest attainable value. This caused 

local melting of the chromium in direct contact with the source and 

increased the area from which material was being evaporated. The 

source temperature and the bleed valve were set at the desired values, 

the source was allowed to stabilize, and the film was evaporated. The 

deposition rates were much more uniform as shown in Fig. S.2, but the 

deposition rate was not always repeatable from run to run for the same 

source settings. This was attributed to differences in the chromium-

source contact areas. However, for purposes of this study, the precise 

deposition rate was not as important as the resulting film uniformity. 

Data Collection and Evaluation 

In the following sections we will discuss the measurements made 

on the various films and the reduction of these data to obtain the 

refractive index values of the films. 

Sample Measurements 

Because of the possibility of additional film oxidation upon 

exposure to the atmosphere, all sample measurements were begun as soon 

as possible after"the films were removed from the evaporator. For sub

strate A that contained only the sample film on the glass substrate, 

the reflectance and transmittance of the sample was measured over the 

wavelength range of 0.35 - 2.5 pm. All reflectance measurements were 
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made relative to an opaque aluminum film reference. The aluminum was 

deposited at about 10"5 torr at deposition rates on the order of 20 

nm/sec in order to attain films with the maximum reflectance. The 

reflectance values assumed for the aluminum reference were those of 

Drummeter and Hass (1964, p. 337). 

All spectral measurements were corrected for the effect of the 

uncoated second surface of the substrate. Because of the low reflec

tance of this surface, a two-beam approximation of the multiple reflec

tions between the coated and uncoated surfaces of the substrate was 

used for this correction. As a further check on the reflectance of 

the coated surface, the back surface of the substrate was sprayed with 

black paint and the reflectance re-measured. Excellent agreement was 

obtained between the reflectance values measured using these two methods. 

The spectral reflectance of the film simultaneously deposited on silver 

(substrate B) was also measured over the same spectral range. 

The optical flats were overcoated with an opaque layer of 

silver and the film thickness was measured using the FECO interferometer. 

The thickness value used was an average of three individual measurements 

made at different points on the optical flats. The film thicknesses 

were determined to within an estimated accuracy of ±2.5 nm. 

The measured data for the films whose refractive indices are 

reported in the next chapter are presented in Appendix A. 

Data Reduction 

The measurements of reflectance, transmittance and film thick

ness were used to determine the refractive index of N = n - ik of the 
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films using the R and T method previously described. Approximate 

values of n and k were first determined at a couple of wavelengths 

by utilizing the R and T plots whose d/X values were closest to those 

of the film. The appropriate physical solution for n and k was chosen 

from the multiple solutions that were analytically permitted. This 

procedure was facilitated by knowledge of whether the film was either 

heavily absorbing or highly transparent, since the permitted solutions 

usually fall in the large n—small k or small n—large k regions. 

These refractive index values were used as initial values in the 

subsequent iterative methods to obtain more refined values of n and k. 

Both manual trial-and-error methods on a small, programmable 

desk calculator and automatic methods programmed on a CDC 6400 

computer were used. In the manual method, the calculator computed 

values of R and T given parameters for the film, incident medium and 

substrate, and the experimental value of d/\. Values of n and k were 

quickly determined by alternately adjusting the value of k to match 

the film transmittance and adjusting n to obtain the appropriate 

reflectance value. 

A computer program entitled OPTPROP (Appendix B) written in 

the FORTRAN language was used to perform these calculations automati

cally. The program was based on the Newton-Raphson technique (Carna-

han, Luther, and Wilkes, 1969) for solving a system of nonlinear 

equations. A certain amount of care was required in choosing the 

initial values of n and k or the program might converge to the wrong 

solution (Nilsson, 1968). In general, it was best to choose starting 
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values that were not in regions of the n-k plane that were between 

possible solutions as determined graphically. Details of this program 

are given in Appendix B. 

Methods for Choosing Among Solutions 

In the determination of the optical constants of most metals 

and dielectrics, it is a relatively simple process to choose the proper 

solution of n and k. However, for films whose n and k values are 

approximately equal, the solutions to the R and T method approach each 

other in the n-k plane, and there is often some ambiguity regarding the 

correct solution. A similar difficulty has been pointed out by 

Heavens (1955, p. 192). This problem can be resolved by making addi

tional reflectance or transmittance measurements at non-normal incidence 

angles (Nestell and Christy, 1972), but no methods were previously 

available for resolving this dilemma from normal incidence measurements. 

During the course of our data reduction, it became apparent 

that the film deposited on silver could serve a dual function. First, 

the reflectance of this combination indicated the suitability of our 

films as an absorber layer in a tandem absorber-reflector design. 

Second, the film-on-silver combination could also be used to supplement 

the R and T curves plotted in the n-k plane. 

In the same manner that we constructed the R and T plots for a 

glass substrate, we constructed contours of equal reflectance in the 

n-k plane for films deposited on an opaque silver film as shown in 

Figs. 5.3 to 5.5. In addition to the necessity of making a separate 

plot for each value of d/X, we must also make separate curves at each 
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wavelength since the substrate index is now dispersive. The optical 

constants for the opaque silver films were the values given by 

Drummeter and Hass (1964). 

Several observations can be made regarding the reflectance of 

films deposited on highly reflecting metals such as silver. As seen 

in Fig. 5.4 for a wavelength of 0.6 Pm and d/X = 0.05, an opaque silver 

film with high reflectance can be perfectly antireflected at this wave

length by a film 30 run thick having optical constants of n a 3.043 and 

k = 0.664. In this case the light that traverses the film, reflects 

at the film-silver interface and traverses the film a second time, 

arrives at the front surface with just the right amplitude and phase 

to interfere destructively with the wave reflected from the air-film 

interface. In essence, this corresponds to a film with an effective 

optical thickness of a quarter wave, wherein the phase changes on 

reflection at the two film boundaries compensate for part of the 

required tt phase difference between the two beams. 

Unlike the contours of constant R and T on glass, the solutions 

for constant R on silver form closed contours in the n-k plane. For 

values of reflectance up to approximately 0.50 - 0.60, the contours 

approximate circles that enclose the zero reflectance point, but whose 

centers shift to higher values of k for increasing values of R. For 

values of R greater than about 0.60, the contours become larger 

distorted ovals, and finally, for values of R approaching that of bare 

silver, the contours begin to enclose the entire n-k plane. This 

figure (5.4) also clearly shows the sensitivity of the reflectance at 

the quarter wave position to small amounts of absorption, i.e., small 
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k values, in the overlying film. This proves useful in determining 

whether small k values (less than 0.10) that result from R and T 

measurements are valid or whether they result from spectrophotometric 

errors. 

The effects of increased film thickness are shown in Figs. 5.4 

and 5.5 for values of d/X = 0.05 and 0.10 at a wavelength of 0.6 pm. 

As the film thickness increases, the zero reflectance point shifts to 

smaller values of n and another zero reflectance point is observed at 

larger values of n. This second zero reflectance point corresponds 

to the third order interference condition. Because of the increased 

value of n, the value of k has decreased in order to reduce the attenua

tion of the beam returning from the second interface. Further 

increases in film thickness would introduce additional solutions for 

zero reflectance and each would have a family of surrounding reflec

tance contours. 

The importance of these reflectance curves on silver is best 

illustrated by the following example. Suppose we are trying to measure 

the optical constants of a film where d/X = 0.025 at a wavelength of 

1.5 ym. Assume that the measured values of reflectance and transmit-

tance of the film on glass are R » 0.50 and T » 0.20. From the R-T 

plot for d/X = 0.025 in Fig. 4.3a, we see that there are two possible 

solutions for the optical constants: Solution A - n = 1.46, k a 4.22, 

and Solution B - n = 4.81, k = 1.70. Without some other knowledge of 

the film material, it may not be possible to decide which of the two 
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solutions is correct for the film in question. However, the optical 

constants for the two solutions yield the following calculated reflec

tance values of the film on silver: Solution A - R(Ag) = 0.865, and 

Solution B - R(Ag) = 0.409. Hence, an actual measurement of the 

reflectance of the film deposited on opaque silver, coupled with the 

large difference between the two calculated reflectance values should 

readily identify the correct optical constants of the film. 

This procedure can also be done graphically by simultaneously 

considering the reflectance contours on silver (Fig. 5.3) and the trans

mittance (or reflectance) contours on glass (Fig 4.3a). It is readily 

apparent that all films having small values of n and large values of 

k must have a high reflectance on silver, whereas films with small 

values of k and large values of n must have substantially lower reflec

tance values on silver. Thus, the intersection(s) of the measured 

transmittance contour on glass and the measured reflectance contour on 

silver provides an additional solution(s) that eliminates ambiguities 

among solutions for the optical constants. 

It should be noted that the contours of transmittance on glass 

and reflectance on silver often have near orthogonal intersections in 

the n-k plane for various values of d/X. This is especially true for 

small values of d/A and is particularly useful in the regions where 

n » k, where the normal incidence R and T method usually exhibits its 

lowest sensitivity. In principle, this method can be used to obtain 

the optical constants n and k, and the film thickness d. However, in 

the present study we have only used the reflectance plots on silver to 
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discriminate among possible solutions for the optical constants of the 

films, since the film thickness was measured independently. 



CHAPTER 6 

RESULTS AND DISCUSSION OF REFRACTIVE 
INDEX MEASUREMENTS 

In the preceding chapters we described the techniques used to 

deposit the chromium oxide films and the methods that were subsequently 

employed to determine the optical constants of the films from the re

flectance, transmittance and film thickness measurements. We also 

described a method for choosing between different solutions of the 

optical constants by referring to the reflectance of the same film 

deposited simultaneously on opaque silver. In the present chapter, 

we will present the measured optical constants for the materials we 

evaporated, first for relatively well characterized films of lead 

flouride, zinc sulfide and silver, and second for our sample set of 

chromium oxide films. In addition, we will examine some measurements 

of film homogeneity using Auger spectroscopy and some investigations 

of the film structure using transmission electron microscopy and 

selected area electron diffraction. We will also examine how the 

optical constants of our films are influenced by errors in the reflec

tance, transmittance or film thickness, by the effects of surface films 
i 

and inhomogeneities, and by film composition and structure. 

Experimental Results of the Optical Constants 

The main purpose of our investigation was to determine the 

optical constants of reactively evaporated chromium oxide films 

107 



108 

deposited under different oxidizing conditions. Because of the highly 

reactive nature of these films and the possibility of film inhomo-

geneities, we measured the optical constants of nonabsorbing films of 

lead fluoride and zinc sulfide and absorbing films of silver in order 

to verify our experimental methods and analysis. The results of these 

measurements are given in the following sections. 

Results for Lead Fluoride and Zinc Sulfide Films 

Lead Fluoride and zinc sulfide films were chosen as typical 

dielectric materials with moderate values of refractive index and no 

absorption in the spectral region of interest. The lead fluoride 

films were evaporated at 1 x 10"5 torr from a molybdenum canoe boat. 

[Platinum boats were preferred to prevent reduction by the hot source 

material (Ritter, 1975), but were unavailable.] The measured optical 

constants for a typical film 71 nm thick are shown in Fig. 6.1. The 

refractive index n rises from 1.72 at wavelengths near 2.0 ym to approx

imately 1.9 at 0.4 ym. Although we obtained values of k as large as 

0.04, these values were random from wavelength to wavelength and could 

easily result from spectrophotometric errors of less than one percent. 

Based on the reflectance of this film on opaque silver, we concluded 

that there was no measurable absorption in these films. The results 

of Bennett, Ashley and Bennet (1965) are plotted for comparison and the 

two sets of data are in good agreement. 

The zinc sulfide films were evaporated from tantalum boats 

at 1 x 10"5 torr on room temperature substrates. The measured refrac

tive index is shown in Fig. 6.2. Zinc sulfide has a fairly high 



PbF2 

X X- X- -X 
n 
•X • X • 

— 

x_ Bennett, Ashley and 
Bennett (1965) 

1 1 1 « ' 1 

0.3 0.6 0.9 1.2 1.5 1.8 2.1 2.4 

X(um) 

Fig. 6.1. Measured Refractive Index for 
Evaporated Lead Fluoride. 



110 

ZnS 

3.0 _ 

A 

2.5 p . * 

n 

x 
• * . « • ft • "O • • • q . 

2.0 - K -Hall and Ferguson (19SS) 

o- -Czyzak et al. (1957) 

A. -Hall (19S6) 

1.5 ~ 

( J I | I I 

0.3 0.6. 0.9 1.2 1.5 1.8 2.1 2.4 

\ (win) 

Fig. 6.2. Measured Refractive Index 
for Evaporated Zinc Sulfide. 



Ill 

refractive index value for a nonabsorbing material in the visible with 

n varying between 2.27 at 2.0 ym to values in excess of 2.45 at 0.35 ym. 

Our results are in good agreement with those attained earlier by Hall 

and Ferguson (1955), Hall (1956) and Czyzak et al. (1957). Based on the 

same analysis used on the lead fluoride films, we concluded that these 

films were nonabsorbing at wavelengths above 0.4 ym. 

Results for Silver Films 

We also determined the optical constants of silver in order 

to test the R and T method for highly absorbing films. Siver is a 

free electron type metal that is easy to evaporate and has the advan

tage that its oxide is not very stable. Figure 6.3 shows the optical 

constants of silver measured from a 23 nm thick film evaporated at a 

rate of 140 nm/min from a tantalum dimple boat at a pressure of 

2 x 10"5 torr. 

The optical constants we obtained for silver are in good agree

ment with Schulz (1954) and Schulz and Tangherlini (1954) at wavelengths 

in the visible portion of the spectrum. However, our values for both 

n and k in the infrared are higher than those of Dold and Mecke (1965). 

These differences may result from actual differences in the films them

selves, or they could be due to small errors in the measured values of 

film thickness or reflectance and transmittance. 

Our measurements of the optical constants of zinc sulfide, lead 

fluoride and silver clearly established the soundness of our spectro

photometry measurements and experimental techniques. This was a 
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necessary step since we used a commercial spectrophotometer and an opaque 

aluminum film as a reflectance standard. More importantly, this assured 

us that we could accurately determine the optical constants of our 

chromium oxide films to within the limits imposed by possible film 

inhomogeneities and the inherent sensitivity of the reflectance and trans

mittance method. 

Two limiting cases must be mentioned for which some uncertainties 

arise. For highly absorbing metals, the films must be relatively thin in 

order to obtain measurable transmittance values. Thus, at longer wave

lengths, the d/X value is small and small errors in measurement can 

result in appreciable errors in n and k. Examination of the R and T 

plots in the n-k plane for small d/X values given in Chapter 4 shows that 

in the small n-large k region, small'measurement errors in film trans

mittance and film thickness have a large effect on values of k, whereas 

small errors in the measured reflectance introduce large errors in n. 

The error bars on n at 0.6 and 1.4 vim in Fig. 6.3 assumed simultaneous 

errors of ±2% in R and ±0.1 T in T, while the error bars on k assumed 

variations of ±3 nm in the measured thickness. The effects of measure

ment errors of this magnitude are easily seen. 

For nonabsorbing or very weakly absorbing films, small errors 

in the reflectance or transmittance measurements lead to small values 

of the extinction coefficient, typically less than 0.10. Some question 

may arise whether or not these values are real. However, the reflectance 

of the film on silver will often indicate whether there is some 
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absorptance in the film, since even low values of k will cause a notice

able decrease in the reflectance when compared to a film with no absorp

tance. 

Results for Chromium Oxide Films 

The results of the optical constants measurements of the zinc 

sulfide, lead fluoride and silver films clearly demonstrated that 

reliable measurements could be made using a commercial spectrophotometer 

and an opaque aluminum film as a reflectance standard. Only for films 

having very high reflectance or very low transmittance values did we 

anticipate any difficulties. 

Having established our ability to measure the optical constants 

of homogeneous films using the R and T method, we prepared approximately 

a dozen samples of reactively evaporated chromium oxide films. The 

deposition rate ranged from very low values (1.3 nm/min) for highly 

oxidized films to substantially higher rates (-40 nm/min) for more 

metallic films. In addition several chromium films were deposited at 

high deposition rates using no gas bleed in order to measure the optical 

constants of the metal itself. In this manner we hoped to obtain a 

wide range of film compositions that were representative of this family 

of materials. This expected range of compositions was subsequently 

confirmed by Auger analysis. 

The measured optical constants for a representative set of 

these samples are plotted in Figs. 6.4 and 6.5. They are arranged in 

general order of decreasing oxidation or, equivalently, increasing 
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values of k. The deposition parameters and film thicknesses were listed 

previously in Table 5.1, page 89. 

Several observations can be made regarding these films. Very 

slow deposition rates yield films that are very weakly absorbing 

dielectrics as shown in Fig. 6.4a. The refractive index is about 1.9 

in the IR and increases to values slightly above 2.1 in the visible. 

The extinction coefficient is quite low with values below 0.05. Although 

the exact values are somewhat uncertain, the lower reflectance of these 

films deposited on silver, compared to calculated values for similar 

films with no absorption, indicated the presence of low levels of film 

absorption. 

As the deposition rate is increased, both the refractive index 

and the extinction coefficient increase as the fraction of oxygen 

decreases. The refractive index increases from 2.0 to values in excess 

of 4.0, while the extinction coefficient increases from values less 

than 0.04 to values as high as 3.0 as the films become more metallic. 

Only for very rapidly evaporated films deposited without any 

gas bleed do we finally obtain optical constants that are characteristic 

of a typical metal, i.e., the values of the refractive index are smaller 

than the extinction coefficient, and both increase with increasing wave

length. For th'e chromium film of Fig. 6.5 deposited at about 230 nm/min 

to a thickness of 38 nm, we find substantial agreement with the results 

obtained by Johnson (1974). However, for a thinner film deposited at 

a slower rate (22 nm thick, 44 nm/min), the refractive index is substan

tially larger, while the extinction coefficient has also increased 
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somewhat. These somewhat unusual results are entirely consistent with 

the experimental data, and the measured reflectance of these films on 

opaque silver has been used to choose the proper solution for the optical 

constants. Possible reasons for this behavior will be discussed in a 

later section. 

The dependence of the optical constants at 1.2 ym for a series 

of eight chromium oxide films as a function of deposition rate is plotted 

in Fig. 6.6. In general, both n and k increase with increasing deposi

tion rate. However, for a given deposition rate, there is often a 

noticeable variation in the optical constants of the films. 

In Fig. 6.7 we illustrate the effect of using an oxygen bleed 

instead of an air bleed during the film deposition. Film TF-190 was 

deposited at a rate of 17.6 nm/min to a thickness of 79 nm using an 

oxygen bleed to obtain a total pressure of 2 x lO-4 torr during the evap

oration. Although the deposition rate has been increased by a factor 

of almost fifteen and the oxygen bombardment rate per unit area of sub

strate has been increased nearly five-fold, the measured optical con

stants are almost identical to those of TF-189 (Fig, 6.4a, page 115). 

evaporated using slower rates and an air bleed. As expected, the 

increased deposition rate is offset by the increased oxygen availability 

and once again points out the excellent gettering capacity of chromium. 

We also investigated the effect of both an oxygen bleed and an 

elevated substrate temperature. Film TF-198 was deposited at a rate 

of 1.7 nm/min to a thickness of 47 nm using an oxygen bleed to a total 
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pressure of 2 x 10torr. The substrate was maintained at 200 C during 

the deposition. The optical constants are shown in Fig. 6.8. The 

extinction coefficient is unchanged from other well oxidized films. 

However, the refractive index has increased by 0.2 to 0.3 over most of 

the spectral range. It is possible that this may result from an increase 

in the film density which would yield a corresponding increase in the 

index for weakly absorbing film materials. 

Film Structure 

The chromium oxide films that we analyzed ranged from very poorly 

oxidized to very highly oxidized, and it was expected that the structure, 

as well as the composition of the films, might vary with the deposition 

conditions. Transmission electron micrographs were made of a chromium 

film, a moderately oxidized film and a highly oxidized film. The results 

are shown in Fig. 6.9. In Fig. 6.9a of a 22 nm thick chromium film, we 

can see that the film is quite granular with particle sizes on the order 

of a couple hundred Angstroms. A very noticeable change occurs when the 

film is partially oxidized during the deposition as shown in Fig. 6.9b. 

This 53 nm thick film was deposited at a rate of 7.6 nm/min using an air 

bleed at 2 x 10_l+ torr. The film retains its granular appearance, but 

now the size of individual features has decreased to 5 nm or less. 

Slower deposition rates (~2 nm/min) using an oxygen bleed at 2 x 10_lf 

torr total pressure leads to films such as the one shown in Fig. 6.9c. 

This film appears to have no trace of film granularity observed in the 

less oxidized films, and the fine detail in the films appears to be much 
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Transmission Electron Micrographs of Representative Chromium 
Oxide Films. 

a. Rapidly evaporated chromium, 22/nm thick 
b. Moderately oxidized chromium oxide, 53.6 nm thick 
c. Heavily oxidized chromium oxide, 79.6 nm thick. 
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less than 5 nm in size. The larger ridges and bumps that are observed 

may result from replication of substrate features during the chromium 

oxide film deposition. 

The corresponding transmission electron diffraction patterns for 

these films tend to confirm our observations. In Fig. 6.10a, the diffrac 

tion pattern for the chromium film consists of a sharp pattern of well 

defined diffraction rings. As the film is oxidized during the deposition 

we observe an increase in the width of the rings (Fig. 6.10b) correspond

ing to a decreasing grain size, and some slight changes in the ring 

diameters revealing a change in the lattice parameters of the film. By 

the time we reach the highly oxidized film (Fig. 6.10c), the diffraction 

rings have become so broad that is is nearly impossible to identify any 

ring structure at all. This diffraction pattern is indicative of a 

nearly amorphous film structure or a film with exceptionally small grain 

size. 

Compositional Uniformity of the Film 

In order to simplify the treatment of the problem, we have 

assumed that the refractive index was constant throughout the thickness 

of the film. This greatly simplified the subsequent analysis and 

allowed us to use the R and T method to measure the optical constants 

of the films. In order to check this assumption, a couple of films were 

analyzed using Auger electron spectroscopy. 

The results for a reactively evaporated chromium oxide film are 

shown in Fig. 6.11 where we have plotted the Cr:0 Auger signal ratio as 



l'ig. 6.10. Corresponding Selected Area Electron Diffraction Patterns for 

the Same Films Examined in Fi«.. 6.9. 

a. Rapidly evaporated chromium 
b. Moderately oxidized chromium 
c. Heavily oxidized chromium w 
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Fig. 6.11. Ratio of the Cr:0 Auger 
Signals as a Function of 
Sputtering Time or Depth 
in the Film. 

Sputtering rate ~3.6 nm/min. 
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a function of sputtering time as the Ar ion beam mills its way through 

the film. The sputtering rate was approximately 3.5 nm/min. The mag

nitude of the Cr:0 ratio may not be very accurate near the two inter

faces because of low signal levels for both the Cr and 0. It is 

observed that, compared to the average composition of this film, there 

is an appreciably higher chromium content near the film/substrate inter

face. By contrast, the composition at the air/film interface exhibits 

a very low Cr:0 ratio, indicating the formation of a thin surface oxide 

layer. The remainder of this film also shows an appreciable composition

al gradient. On the basis of this result, it is certain that at least 

some of the chromium oxide films contain refractive index gradients. 

This will introduce some errors in the measured optical constants for 

these films. This problem and other sources of error are examined in 

the next section. 

Effects of Measurement Errors 

The measurement of the optical constants by the R and T method 

requires accurate measurements of the film reflectance and transmittance 

at each wavelength at which n and k are desired and a measurement of the 

film thickness. As we have already pointed out, the films are assumed 

to have uniform composition, while in fact, analysis shows that the 

films may have some inhomogeneities or surface oxide films. All of these 

variables need to be examined for their influence on the measured values 

of n and k. 
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Thickness Errors 

The use of FECO interferometry allows us to make very accurate 

measurements of the film thicknesses. When proper care and techniques 

are employed, film thicknesses can be reliably measured to an accuracy 

of ±1.5 nm or less (Bennett and Bennett, 1967). The accuracy depends on 

the ability to determine the wavelength at which each fringe is located, 

the roughness of the substrates and films, the alignment of the inter

ferometer, and the thickness uniformity of the films themselves. For 

purposes of error analysis, we assumed thickness errors of ±4 nm in a 

film that was 41 nm thick and recalculated the optical constants of the 

film. The results are shown in Fig. 6.12. As we can see, even a thick

ness error of ±10% introduces changes in n of only about ±0.1, while 

changes in k are even smaller. Obviously, for films with large extinc

tion coefficients, the films would tend to be thinner in order to retain 

some measurable film transmittance. In such cases, k values would be 

more sensitive to thickness errors, but the variations still lie within 

acceptable limits. 

Reflectance and Transmittance Errors 

Errors in the measurement of reflectance and/or transmittance 

can be much more serious. In our original treatment of the R and T 

method in Chapter 4, we treated the contours of constant reflectance 

and transmittance as lines in the n-k plane. The optical constants of 

a particular film were located at the intersection points of the appro

priate R and T curves. Experimental errors or uncertainties in the 
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Film 41 nm Thick and Thickness Errors 
of ±4 nm for Sample TF-193. 
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measured reflectance or transmittance values add breadth to both of the 

contours. As a result, the optical constants no longer lie at a point 

in the n-k plane, but rather in an area bounded by the intersection of 

the two broadened R and T contours. This problem has been thoroughly-

discussed by Nestell and Christy (1972) and is clearly shown in Fig. 

6.13. In this case, they have assumed errors of ±0.005 in R and for 

T>0.1, and ±0.001 for T <0.1. As we can see, the resulting errors in 

n and k are small for the large n-small k and small n-large k regions 

in the n-k plane. However, in regions where n»k, the regions of inter

section often form long, narrow quadrilaterals that are generally 

oriented parallel to the n axis. As a consequence, the errors in n are 

usually larger than those in k and, in certain cases, the errors can 

increase to values of greater than ±0.5. 

For some of the films whose optical constants were presented 

earlier in this chapter, we analyzed the effects of spectrophotometric 

errors at three wavelengths: 0.6, 1.0 and 2.0 ym. In each case, 

hypothetical errors were introduced and the optical constants were 

recalculated. Since our spectrophotometric measurements were made 

using a commercial spectrophotometer and the reflectances were measured 

relative to an aluminum standard, somewhat larger errors were assumed 

as follows: ±0.02 for R>0.1, ±0.01 for R<0.1, ±0.02 for T >0.2, ±0.1T 

for 0.2 >T >0.1, and ±0.005 for T< 0.10. The maximum resulting changes 

in the optical constants are plotted as error bars in Figs. 6.3 to 6.8. 

For the chromium oxide films, whose optical constants were usually in 
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the range 2<n<6 and 0<k<4, the maximum changes in n and k usually occurred 

when the reflectance and transmittance errors were both in the same direc

tion, i.e., both too large or too small. This is easily seen from the 

R and T plots, since a decrease in transmittance shifts the T contour 

upwards and a decrease in reflectance shifts the R contour downwards in 

the n-k plane. The combined effect shifts the intersection to higher k 

values and lower n values. The opposite occurs for spectrophotometric 

errors of the opposite sense. It should also be noted that a given 

fixed, absolute measurement error, of say 0.01, will produce larger 

shifts in the T contours for low transmittance values than for high 

transmittance values, whereas the opposite is generally true for the 

reflectance contours. 

Scattering at the film surface or within the bulk of the film 

can also reduce the measured values of the reflectance or transmittance, 

since some of the light is scattered outside the acceptance angle of the 

detector. The problem is most noticeable at shorter wavelengths and is 

a distinct possibility for granular type films with large grain sizes. 

Effects of Surface Oxide Films 

Since chromium exhibits a strong gettering action for oxygen, 

it is expected that the chromium oxide films will form a highly oxidized 

surface layer once the films are removed from the evaporator. For a 

nonabsorbing or weakly absorbing oxide on an opaque metal film, Johnson 

(1974, p. 96) has calculated that the oxide film always decreases the 

film reflectance. The magnitude of this change can be a few percent. 
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Typical values are given in Table 6.1 for nonabsorbing and absorbing 

oxides on chromium at X = 0.496 ym. The optical constants of chromium 

are from Johnson (1974). For a semitransparent metal film, the situa

tion is exceptional!/ complex when approached on an analytical basis. 

However, graphical techniques such as circle diagrams (Apfel, 1972) 

can greatly simplify this problem. A circle diagram is a plot of the 

complex amplitude reflectance in the complex reflectance plane as a 

function of film thickness for a film of known optical constants. This 

method is exact and it readily allows us to determine the reflectance 

of a film of known optical constants and thickness on top of any sub

strate for which we know or can calculate the amplitude reflectance prior 

to the addition of the new film. 

A detailed discussion of the possibilities which can be examined 

by this technique would take us too far afield. However, the following 

general conclusions can be drawn relevant to our own particular case. 

For the general case of a nonabsorbing surface film on a semitransparent 

absorbing film of arbitrary thickness, the reflectance can either 

decrease or increase depending on the optical thickness of the semi-

transparent layer and the index of the nonabsorbing surface film. For 

the chromium oxide films that we have studied, we are concerned with 

relatively thin films (optical thickness usually less than a quarter wave) 

and with surface oxide films with an index about 2.0 and with values of 

k less than 1.0. For these cases, the surface oxide films reduce the 

measured reflectance. However, at short wavelengths where the 
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semitransparent films may exceed a quarter wave optical thickness, the 

reflectance may increase slightly. 

Table 6.1. Reflectance of Opaque Chromium with Surface Oxide Films 
of Different Index and Thickness 

X = 0.496 um = 2.75 - £3.30 
Lr 

Reflectance for Oxides with 
Refractive Indices Shown 

Oxide 
2.0-i0.0 2.0-£0.5 2.0-il 

Thickness (nm) R R R 

0.0 0.559 0.559 0.559 

0.5 0.557 0.557 0.557 

1.0 0.555 0.554 0.555 

2.0 0.550 0.549 0.549 

4.0 0.539 0.536 0.537 

6.0 0.526 0.521 0.523 

8.0 0.512 0.505 0.507 

10.0 0.497 0.486 0.489 

Any oxidation of the film converts some of the metal in the 

film to oxide. The net effect of this process is to increase the film 

transmittance, since the oxide in our case is less absorbing than the 

metal. 

The overall effect of the surface oxide films is to alter our 

assumptions of film homogeneity. For very thin films, this can be a 

severe problem. In any case the surface oxide films alter the 
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reflectance and transmittance values we would obtain for a homogeneous 

film. These produce errors in the values we subsequently obtain for n 

and k. As a result, the formation of surface oxide films requires that 

the reflectance and transmittance of the chromium oxide films be measured 
i 

immediately after removal from the evaporator. As we saw in the last 

section, decreased values of reflectance and increased values of trans

mittance are partially compensating for small changes. 

Effects of Refractive Index Inhomogeneities 

The analysis of refractive index inhomogeneities in thin films 

is remarkably more difficult than the analysis of homogeneous'thin films. 

Jacobson (1966, 1975) has thoroughly reviewed the case of nonabsorbing 

films with various refractive index profiles. The general solution to 

the problem is couched in terms of solutions to a pair of second order 

linear differential equations for the two electromagnetic fields, E and 

H. As an alternative to the rigorous solution of these equations, we 

can analyze the properties of an inhomogeneous film by subdividing the 

inhomogeneous film into a large number of homogeneous films whose indices 

approximate the profile of the original film. The homogeneous films can 

then be analyzed using the matrix method. Jacobson (1975, p.80) has 

examined the influence of the fineness of the subdivisions on the cal

culated reflectance error between the approximation and the inhomogeneous 

film. A subdivision into only ten films yielded a maximum error of 

0.002 for optical thicknesses less than half a wave. 
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Very little work has been done on extending this to absorbing 

inhomogeneous films since this introduces another variable, k, into 

the calculations and affords an endless number of index profiles. In 

order to obtain some sense of the effects that inhomogeneities can have 

for our case, we have made a couple of representative calculations. We 

first analyzed a homogeneous film of intermediate absorption having a 

refractive index of N = 3.0 - -£1.0. The reflectance, R, and transmit-

tance, T, of this film on glass and the reflectance, R', of the same 

film on opaque silver (using the optical constants N = 0.125 - i6.8 at 

1.0 um) were calculated as a function of d/X between 0.0 and 0.2. The 

results are plotted in Fig. 6.14. 

We then introduced inhomogeneities into n and k separately, 

and into n and k simultaneously. A linear profile was assumed and the 

average values of n and k for the homogeneous absorbing film were' 

retained. The magnitudes of the refractive index inhomogeneities were 

An = - 0.6 and Ak = -0.4 where the minus sign indicates a lower value 

of n or k near the air-film interface. The inhomogeneous film was 

approximated by seven homogeneous layers of equal thickness. In all 

cases, the optical thickness of the film, nd/X, remained constant. We 

then calculated the changes AR, AT and AR' that resulted when the indices 

were altered. 

The results of this process are plotted in Figs. 6.15 to 6.17. 

As we can see, the transmittance of the film on glass is practically 

the same as that of a film whose optical constants are simply the average 
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optical constants of the film. However, the reflectance of the film on 

glass or silver can increase or decrease depending on the value of d/X. 

This is in contrast to the case for inhomogeneous, nonabsorbing films 

for which this profile would decrease the reflectance (Jacobsson, 1966, 

p. 273). For inhomogeneities in both n and k, the changes in reflectance 

are quite small for small values of d/X. However, at larger d/X values, 

the reflectance can be substantially decreased relative to a film whose 

optical constants are simply the average values of the film. 

In a general sense, the R and T method will yield the average 

optical constants of the film being measured if inhomogeneities are 

present. The measured transmittance will be very close to that of a 

film with average properties and the transmittance contour on the n-k 

plane will be unshifted. However, the measured reflectance will be 

lower than that of a film with average properties and the "wrong" reflec

tance contour will be used in the n-k plane. For the range of the 

optical constants of the films in this study, the net result of these 

inhomogeneities will be to slightly increase k values at shorter wave

lengths while lowering values of n. If the inhomogeneities result in 

substantially decreased reflectance values at shorter wavelengths, the 

R and T contours in the n-k plane may not intersect, and no solution 

will be found for the average optical constants of the films. Indeed, 

this is exactly what was observed for many of the films at wavelengths 

below about 0.6 um as shown in Fig. 6.4, page 115. 
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Discussions and Conclusions 

In the previous sections of this chapter we have presented the 

results of optical constants measurements on a number of films and 

materials. Our results for the more well-known materials, such as lead 

fluoride, zinc sulfide and silver, were observed to be in good agreement 

with the results of other investigations. These results established the 

soundness of our measurements and analysis. The method was then applied 

to the family of materials formed by the reactive evaporation of chromium. 

In this section we will discuss our results, first for the heavily 

oxidized films, second for the unoxidized chromium films, and finally 

for the partially oxidized films which were the major concern in this 

investigation. 

Our results show that well oxidized chromium yields a moderately 

high index dielectric that is very weakly absorbing. The refractive 

index ranges from 1.9 to 2.1, while the extinction coefficient is less 

than 0.04. Part of this apparent absorption may be the result of 

spectrophotometric measurement errors, since even very small amounts 

of measured absorptance will result in small values of k. The reflec

tance of these films on silver is slightly lower than that of a film 

for which k = 0. This can result from either true film absorption or 

scattering within the chromium oxide film (Bennett, Ashley, and Bennett, 

1965). Although relatively little data exists on the optical properties 

of evaporated chromium oxide films, our results are in reasonable agree

ment with those of Frank and Moberg (1967) for reactively evaporated 

chromium oxide films. They evaporated chromium onto substrates at 
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300-600 C in the presence of an oxygen bleed at 2 x 10~5 torr. The 

reflectance and transmittance were measured from 0.4 to 2.5 ym for a 

film 185 nm thick. The film showed no absorption between 1.2 and 2.5 ym, 

and only moderate absorption at shorter wavelengths, with increasing 

absorption at the shortest wavelengths. The films in our study were 

less absorbing; even allowing for measurement errors, the films showed 

less than two percent absorption at wavelengths greater than 0.50 ym. 

However, the refractive index of our films was about 2.0 whereas the 

refractive index of their films was 2.40. The discrepancy between these 

two values may be due in part to the elevated substrate temperatures used 

in their study. In general, films deposited onto heated substrates 

exhibit film densities more nearly approaching that of the bulk material. 

For nonabsorbing films this increases the refractive index and may 

account for part of the refractive index differences. Indeed our film 

deposited at 200 C exhibited a higher refractive index of 2.2. Electron 

diffraction patterns in both studies indicated that the films were very 

fine grained or amorphous. 

Chromium lies at the other extreme of composition. In order to 

obtain optical constants that were in reasonable agreement with other 

studies, it was necessary to use extremely high deposition rates and low 

chamber pressures. Previous results on chromium have exhibited a wide 

range of optical constants and this is in no small part due to the high 

gettering ability of chromium for oxygen. Wolter (1965) has found that 

films deposited at about 0.1 nm/sec at pressures above 10-5 torr showed 
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a marked increase in resistivity that was traced to the incorporation of 

chromium oxides in the film. Undoubtedly, this can be minimized by 

higher deposition rates, but it should be remembered that high purity 

chromium films can be difficult to obtain. 

Our results for the optical constants of chromium (see Fig. 6.5, 

page 12]) show that n is lower than k at wavelengths below about 1.5 ym, 

while at longer wavelengths they are more nearly equal. Our results are 

in reasonable agreement at shorter wavelengths with those of Johnson 

(1974) and Johnson and Christy (1974). Values of k are nearly the same, 

while our values of n are slightly smaller. At longer wavelengths, there 

is good agreement between values of n, while our k values are lower. 

These results in the visible are also in agreement with those of 

Bashara and Peterson (1966) who made ellipsometric measurements and 

those of Harrison (1973) who used a psuedo Brewster angle technique to 

determine the optical constants. In certain cases we found results 

(Henderson and Weaver, 1964) that reported values of n less than unity. 

Our analysis indicates these low values probably result from an incor

rect choice of the proper optical constants from the R and T method. 

As we have previously pointed out, this ambiguity can usually be avoided 

by noting the reflectance of the same film on silver. 

It is also worth noting that the optical constants of chromium 

are different from those of a free-electron metal. In a free-electron 

metal most of the optical properties result from interactions between 

the electromagnetic field and the "free" electrons in the partially 

filled conduction band. This results in values of n much less than unity 
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and k values greater than unity at wavelengths longer than the plasma 

frequency (Wooten, 1972, pp. 52-65). At long wavelengths in the 

infrared, n increases faster than k until n k. However, for chromium, 

both n and k have approximately equal values. This is undoubtedly 

related to the fact that chromium is a transition metal with an un

filled d band. As a result of this electronic structure, the inter-

band transitions lie at low enough energies that they make a signifi

cant contribution to the optical properties of the transition metals 

even at wavelengths well into the infrared (Lenham and Treherne, 1966). 

This is to be contrasted with a free electron metal such as silver 

where interband transitions become negligible for wavelengths beyond 

the blue region of the spectrum. 

Between the extremes of well-oxidized chromium oxide and pure 

chromium films, there is an infinite variety of film compositions. 

The Cr:0 ratio, and hence the optical properties, can be varied by 

controlling the deposition rates, residual gas and chamber pressure 

during evaporation. As we progress from highly oxidized films to 

those that are less oxidized, we note a steady increase in the values 

of both n and k. In all cases except that of very rapidly evaporated 

chromium with no gas bleed, values of n were found to be larger than 

those for k. Values of n varied between 2.0 and 6.8, while values of 

k varied from 0.02 to 4.0. The values of n and k tended to remain 

reasonably constant in the wavelength region investigated, except for 

very low oxidized films in which both n and k increased with wavelength. 
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Upon first examination, these values of n and k seem a bit 

unusual, especially the large values of n. Analysis of the trans

mission electron micrographs shows that the films appear to have a 

granular structure, and may well consist of a mixture of chromium 

metal with one or more of its oxides. This would be consistent with 

electroplated black chromium which has been shown to be a mixture of 

chromium and Cr203 (Wehner, 1975). Although additional work is 

required before any similar conclusions can be drawn for reactively 

evaporated chromium oxide films, the likely existence of such a multi-

component film would account for many of the properties of our films. 

As we have previously seen in Chapter 4, the Maxwell-Garnett 

theory and its modifications show that the effective optical constants 

of a mixture of different materials depends on the optical properties 

of the individual components, their volume fractions, and the indivi

dual particle shapes and orientations. Although a detailed analysis 

is impossible for our specific case, the theory indicates that the 

optical constants of a metal-dielectric mixture can deviate substan

tially from those of the individual components. As we have previously 

observed, the addition of a dielectric to a metal often results in 

decreased values of k and increased values of n relative to the optical 

constants of the metal. This model is consistent with the behavior 

of our films for compositions that were metal-rich, and provides 

strong evidence that the fims possessed a composite structure. 



CHAPTER 7 

AGGLOMERATION OF THIN METAL FILMS 

In the preceding chapters we presented the results of our 

investigation of the optical properties of reactively evaporated 

chromium oxide films having different degrees of oxidation. In the 

next two chapters we will describe the results of a study to prevent 

the agglomeration of evaporated silver films during the high tempera

ture deposition of silicon using chemical vapor deposition (CVD) tech

niques. In this chapter we will describe the agglomeration problem 

and its consequences for the successful fabrication of spectrally 

selective surfaces for solar energy conversion. In addition, we will 

describe a previous solution to this problem and our own approach to 

examine the stabilization phenomenon in greater detail. In the next 

chapter we will present the results of annealing tests on a variety 

of thin film stabilizer combinations for silver and the deposition of 

CVD silicon on these stabilized films. 

Description and History of the Agglomeration Phenomenon 

During the last several decades, thin films deposited by a 

variety of techniques have found widespread technological use. In 

the field of optics, films of highly reflecting metals are ideally 

suited for coatings on mirrors and diffraction gratings, in beam

splitters, and in thermal control coatings. In addition, the high 
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electrical conductivity of metal films has led to their extensive use 

as thin film interconnections in electronic microcircuits. In the 

current discussions we will concern ourselves with the optical applica

tions of thin metal films and in particular with their application to 

spectrally selective surfaces. 

First, we must examine the nature of the agglomeration problem. 

For many metals, such as silver, the maximum reflectance of thin metal 

films is achieved by deposition onto unheated substrates using high 

deposition rates at low chamber pressures. This produces films with 

fine grain and very smooth surfaces on well polished substrates. How

ever, when these films are raised to elevated temperatures, they often 

undergo marked morphological changes with resulting alterations in the 

optical properties. These changes can be divided into three major 

categories. First, as the films are heated, small bumps or "hillocks" 

are observed to grow on the surface of the film. Second, small holes 

appear in the film, and finally, the film separates into an island or 

droplet structure and is said to have agglomerated. After completion 

of this process, the film is no longer continuous and it is highly 

textured. 

Although the agglomeration phenomenon was first recognized by 

Faraday (1857) over a hundred years ago, it has only been within the 

last decade that the process has received thorough investigation. 

Hillock formation has been extensively studied on films of gold 

(Pennebaker, 1969), silver (Presland, Price, and Trimm, 1972), lead 

(Lahiri and Wells, 1969; Lahiri, 1970), aluminum (d'Heurle, Berenbaum 
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and Rosenberg, 1968; Lahiri and Wells, 1969; Santoro, 1969; Sato et al., 

1971; Herman, Schuster, and Gerber, 1971) and tin (Scharnhorst, 1969). 

It is generally agreed that differences between the expansion coeffi

cients of the metal film and the substrate lead to thermally induced 

compressive stress in the films at elevated temperatures. In turn, 

this stress provides the driving force for hillock growth. Possible 

mechanisms for stress relief cited by the above authors include grain 

boundary diffusion, secondary recrystallization, creep, sliding, and 

surface diffusion. Once hole formation has occurred, the subsequent 

agglomeration is due to surface tension, which reduces the total 

energy of the system by minimizing the surface area of the metal drop

lets or islands. 

Effects of Agglomeration on the Properties 
of Selective Surfaces 

In the last section, we briefly described the agglomeration 

process, its stages and driving forces. In this section, we must 

examine some of the consequences of this phenomenon in the fabrication 

and use of spectrally selective surfaces, particularly those deposited 

using CVD methods. 

Most designs for spectrally selective surfaces employ an 

opaque metal film or substrate to provide high infrared reflectance 

and low thermal emittance. This requirement becomes increasingly 

important at high operating temperatures where thermal radiation becomes 

the major source of heat loss. Opaque films of copper, silver, alumi

num and gold all provide very high reflectance in the infrared, 
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typically in excess of 0.98 for all wavelengths beyond 3.0 ym. However 

the melting point of aluminum is only 660 C and is too low for high 

temperature applications of 500-600 C. Gold is simply too costly, 

while copper is often avoided because of its high diffusion coefficient 

in most materials. These considerations lead us to silver as our 

choice foT the highly reflecting metal layer. 

The profitable use of silver films has previously been restrict 

ed because of its propensity to agglomerate. The melting point of 

silver is 961 C, which is quite satisfactory for most high temperature 

photothermal applications. However, unlike most metals which exhibit 

agglomeration only at temperatures close to their melting points, 

silver has been observed to agglomerate at temperatures as low as 

221 C (Presland, Price, and Trimm, 1972). 

This agglomeration of thin silver films at elevated tempera

tures can be a significant problem in the fabrication and long term 

use of the silicon-on-silver converter coatings. As we have previously 

pointed out, a thin, opaque, highly reflecting layer of silver is 

first evaporated onto an appropriate substrate, such as SS-304. The 

surface of the substrate has previously been oxidized or coated to 

prevent the subsequent diffusion of the silver into the substrate by 

either bulk or grain boundary diffusion. The next process involves 

deposition of a silicon absorber layer approximately 1.5 ym thick. 

This layer is deposited by thermal decomposition of si lane (SiHi+) 

using CVD techniques at substrate temperatures in the range of 

650-700 C. These temperatures are well in excess of the agglomeration 
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temperature of the thin silver film. Thus, the fabrication process may-

lead to coatings with agglomerated reflectors and excessive emittance 

values. In addition, the photothermal converter is intended for long 

term operation at temperatures above 500 C and any agglomeration of the 

silver reflector over this longer period must also be prevented. 

The specular reflectance of a CVD silicon film deposited 

directly onto an unstabilized silver film is shown in Fig. 7.1. The 

reflectance was measured relative to a freshly evaporated opaque silver 

film. At the wavelengths where the silicon film is an odd multiple 

of a quarter-wave optical thickness, the reflectance is reduced due 

to interference effects. At the half-wave points, we would expect 

the reflectance to equal that of the uncoated silver since the silicon 

film is non-absorbing in the infrared. Instead we note that the 

reflectance is approximately 20 percent below the anticipated value. 

Analysis showed that this resulted from agglomeration of the silver 

film during the heating cycle in the CVD reactor prior to the actual 

deposition of the silicon. The roughened surface of the silver, 

coupled with the high index of the silicon layer, leads to a loss of 

specular reflectance of the films and an increased scattering of the 

incident radiation. The increased scattering levels are not necessar

ily detrimental to the performance of the coating, since we are really 

interested in the hemispherical emittance of the coating in the infrared 

and not just the specular reflectance at near-normal incidence. How

ever, independent measurements of silicon on agglomerated silver films 

revealed that the hemispherical emittance approached values of 0.20 



UN ST AB.ILIZ 

0>.rO(cioi r SlllCQN 

7 8 9 10 U 
WAVELENGTH (MICRONS) 

12 13 

Fig. 7.1. The Infrared Reflectance of Silicon Films Deposited 
onto a Stabilized and Unstabilized Silver Reflector 
Relative to a Freshly Evaporated Ag Film. 

in 



158 

at a temperature of 250 C, whereas the same coatings deposited on 

stabilized silver films (described below) had emittance values of 

about 0.07 (Beauchamp, 1975). On the basis of these results, it is 

apparent that the decreased specular reflectance is attributable to a 

marked increase in the coating's absorptance and equivalently its 

thermal emittance. This effect would be even more drastic on a non-

metallic substrate, such as glass, where any exposed areas of the 

substrate would further increase the emittance. 

We conclude that agglomeration of the silver layer results in 

a coating with decreased spectral selectivity (a/e) and a concomitant 

reduction of the overall thermal efficiency of the absorber. Thus, 

it is imperative that we examine methods to prevent the silver agglomer

ation during the high temperature processing required for the CVD 

deposition of the silicon absorber layer. 

A Special Solution 

During early work on the silicon-on-silver tandem absorber 

coating, attempts were made to stabilize the silver films using stand

ard thin film techniques (Seraphin, 1973-76). It is well known that 

silver films adhere poorly to glass and other oxides, probably because 

silver does not form a very stable oxide. The adhesion of silver is 

usually improved by evaporating a thin layer of chromium as a binder 

layer between the substrate and silver. Now if agglomeration was 

viewed as an imbalance between surface tension and adhesion to the 

substrate, it was hypothesized that a thin layer of chromium might 

improve the adhesion and stabilize the silver film. 
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Subsequent experiments showed that a thin layer of chromium 

either underneath, or on top of, the silver failed to solve the prob

lem. Although some improvements were noted, the films often developed 

bubbles or peeled when heated to elevated temperatures. However, if a 

thin overcoat was evaporated using a slow rate at an elevated chamber 

pressure, the silver films were stabilized at elevated temperatures 

and retained their specular reflectance characteristics after the CVD 

silicon layer was applied (see Fig. 7.1, page 157). Undoubtedly, this 

stabilizer layer was highly oxidized and was actually some form of 

chromium oxide rather than chromium (Raymond, 1974). 

Although this method provided a temporary solution to the 

agglomeration problem, no detailed study had been made of stabiliza

tion techniques. In view of the importance to high temperature appli

cation of metal films, we conducted a more thorough investigation of 

chromium oxide and other materials as potential stabilizer films for 

silver. 

Experimental Approach 

Efforts to stabilize silver films can be categorized under 

two general approaches. In the first approach, a second material is 

incorporated into the silver film during its deposition. This method 

has been used to prevent hillock formation in aluminum films (Sato et 

al., 1971). However, in almost all cases, except possibly for alloys 

of silver with copper, gold, aluminum or other highly reflecting metals, 

the high infrared reflectance of the silver film is lowered. In addi

tion, many of the alloys have lower melting points. 
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In the second approach, which we have followed, efforts are 

made to stabilize the silver by depositing thin films of other 

materials above and/or below the silver layer. This method offers 

the possibility of retaining the high infrared reflectance of the sil

ver, thereby leading to absorber coatings with low thermal emittance. 

In the present investigation, we deposited chromium oxide and 

silver films under a wide range of deposition conditions and configura

tions. Individual samples of various film combinations were then heated 

at elevated temperatures for different periods of time under three 

different conditions; (1) in air at 500 C, (2) in low vacuum 

(~10-2 torr) at 500 Cxand (3) in He at 645 C which simulates the CVD 

deposition cycle. The samples were then examined visually and under a 

microscope. The transmittance of each sample at 632.8 nm was measured 

after each annealing period as a measure of the amount of hole forma

tion in the films. In addition, samples were also coated with silicon 

and the reflectance of these coatings was measured in the infrared for 

any evidence of agglomeration. We also examined the use of other stable 

oxide films of magnesium oxide, silicon dioxide, and aluminum oxide in 

order to determine any material dependence. The results of these 

studies are detailed in the following chapter. 



CHAPTER 8 

EXPERIMENTAL RESULTS OF STABILIZATION 

In the following sections of this chapter, we will present 

the experimental results of the various stabilizer materials and 

techniques that we examined. In the beginning sections, we will 

discuss the results from a qualitative or semiquantitative point of 

view. In the later sections we will present quantitative results 

of our annealing studies. We will then present the results of CVD 

silicon deposition onto these stabilized silver film combinations. 

Our results will be discussed and anlyzed in terms of their signifi

cance to the fabrication of selective surfaces by chemical vapor 

deposition (CVD) techniques. 

It is best to point out that the term CrOx will refer to films 

that were reactively evaporated from pure chromium (99.999%), and 

their degree of oxidation is only known in general terms. On the 

other hand, the term Cr203 refers to films evaporated directly from 

this refractory material, and the composition of the deposited films 

is assumed to be reasonably that of the starting material. 

Unstabilized Silver Films 

Prior to presenting our results on stabilized silver films, 

it is instructive to make some initial Observations on unstabilized 

films. Opaque silver films were deposited on Pyrex and polished 
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stainless steel (#304) substrates using standard thermal evaporation 

techniques and moderate deposition rates (5.0 - 10.0 nm/sec) at pres

sures of 10"5 torr. Pyrex and steel represent typical glassy and metal 

substrates with low and high thermal expansion coefficients respectively. 

Some of the polished stainless steel substrates were subsequently 

heated in air prior to film deposition at temperatures of 500-700 C 

for periods of 5-20 minutes. This created a thin surface film of iron 

and chromium oxides which inhibits later grain boundary diffusion of 

the silver into the substrate at elevated temperatures. In addition, 

we examined silver films deposited on Pyrex that had been precoated 

with a ~50 nm-thick layer of AI2O3, since it has been reported (Hass 

et al., 1975) that, unlike most dielectric materials, AI2O3 adheres 

well to silver films. 

These films were then heated in air for periods of two minutes 

and of thirty minutes at 500 C. Under visual examination, all of the 

films exhibited a moderately diffuse reflectance after two minutes of 

heating, while after thirty minutes the films looked very milky and 

appeared almost translucent on glass. The specular reflectance of 

these films before and after heating is shown in Figs.8.1 and 8.2. 

In all cases the visible reflectance is rapidly degraded because of 

increased surface scattering, while only a small decrease in reflec

tance is observed at longer infrared wavelengths. After thirty minutes, 

the agglomeration is complete. The specular reflectance on glass is 

severely diminished at all wavelengths. On stainless substrates, the 
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a. As-deposited, opaque silver film 
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c. After thirty minutes 
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metallic substrate helps to retain some of the IR reflectance, but the 

losses are still unacceptable. 

Photomicrographs in reflected light of several typical films 

after complete agglomeration are shown in Fig. 8.3. In all cases the 

film has broken up into spherically shaped droplets, thereby minimizing 

the energy of the film resulting from surface tension. The droplet size 

is quite uniform over any given substrate, and most particle sizes fall 

in the 0.5-4 ym range. As seen in the photographs, the average particle 

size ranges from about 1 ym on AI2O3 to about 2 ym on polished stainless 

steel with intermediate values on Pyrex. Quite interestingly, the 

silver films on AI2O3 agglomerated faster than on the other substrates, 

despite the superior adhesion previously reported between these 

materials (Hass et al., 1975). 

CrOx Stabilizer Films 

Based on the initial success with CrOx stabilized silver films, 

we conducted a thorough examination of silver films overcoated with 

reactively evaporated CrOx layers. The films were deposited on both 

Pyrex and air-oxidized stainless steel substrates. The silver films 

were deposited at high deposition rates (5-10 nm/sec) on room tempera

ture substrates at pressures of 10"5 torr. In order to ascertain the 

effect of the degree of Cr0x film oxidation on the stabilization of the 

silver film at elevated temperatures, we varied the deposition rate, 

total chamber pressure and gas bleed (either air or oxygen) to obtain 

films ranging from highly metallic to well-oxidized. The films were 



Fig. 8.5. Optical Micrographs of Agglomerated Ag Films Deposited on 
(a) Pyrex, (b) polished, unoxidized SS-304 and (c) AI2O3 
coated Pyrex. 
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deposited on unheated substrates and film thicknesses ranged from approxi

mately 10 nm to 100 nm. 

A qualitative assessment of the CrOx film absorption was given 

by the hue of the CrOx-on-silver combination. Well oxidized films 

appeared very light yellow or reddish-yellow, whereas less oxidized 

films produced highly saturated hues of blue or gold in reflectance. 

Examination under a high power optical microscope revealed surfaces 

with highly specular reflectance and some intermittant specks of partic

ulate matter. 

We heated the samples in He in the CVD reactor at 645 C for 

seven minutes to simulate the heating cycle prior to deposition of the 

silicon layer, and several general observations were made. First, all 

of the samples except the most highly oxidized CrOx films exhibited 

noticeable changes in reflectance and hue. This is shown in Fig. 8.4. 

Prior to heating, the reflectance in the short wavelength visible 

spectrum was very low, but climbed rapidly to the high values of Ag in 

the near infrared (NIR) and infrared (IR). After heating, the reflec

tance increased by twenty to thirty percent in the visible, while ex

hibiting only a slightly decreased NIR and IR reflectance. Second, we 

observed numerous scattering points of 1-10 unt diameter when the films 

were viewed in reflectance under the optical microscope, and in a few 

cases, some cracks were seen in the CrOx film. Third, most of the 

scatterers transmitted light when viewed in transmission through Pyrex 

indicating holes in the silver film. From this we inferred that many 

of the pinpoints in reflection resulted from light scattered at the 
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edges of these holes. Fourth, we found that the film adhesion after 

heating, as measured using the standard Scotch tape test (Strong, 1935), 

was remarkably high for silver on glass, and only small areas near the 

pinholes were removed for most films. By contrast, unheated films were 

often removed easily. Auger analysis did not reveal any penetration of 

either chromium or chromium oxide into the silver film. The cause of 

the improved adhesion is unknown but it is conjectured that the silver 

atoms may form a bond with the chromium in the CrOx films. This could 

occur with either the chromium in the oxide or with any free chromium 

that may exist in the mixture. 

The results of Auger analysis of a CrOx film on silver before 

and after the heat cycling in He are shown in Fig. 8.5. The Auger 

signal amplitudes as a function of the sputtering time with an Ar beam 

provide an in-depth profile of the chromium and oxygen content of the 

films. Although no calibration samples were available for this mate

rial, the variations in the relative concentrations are readily appar

ent from the ratio of the chromium and oxygen Auger signals. Compari

son of the profiles before and after heating confirms that the CrOx 

films were further oxidized by oxygen impurities in the He gas (oxygen 

content approximately 10 ppm). Both the film homogeneity and thickness 

also increased. These results indicate that oxygen readily diffuses 

through the CrOx films since prolonged heating produced no further 

changes in the chromium to oxygen Auger signals. 

We observed that the CrOx overcoated silver films on Pyrex 

often turned hazy at the Ag/Pyrex interface after thermal testing. 
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This indicated that the adhesion for the silver to the Pyrex was less 

than to the top CrOx film and that significant self-diffusion of the 

silver was occurring at the lower boundary. This hypothesis was con

sistent with the well known fact that silver exhibits strong adhesion 

to chromium films but poor adhesion to many oxides. 

Based on these assumptions, the previous work was repeated for 

silver films sandwiched between two layers of CrOx. Although some 

slight improvement in the film stability was observed upon heating 

in He at 645 C, this film configuration behaved essentially like the 

CrOx-on-silver combinations. The haze at the lower silver interface 

was eliminated and most films passed the tape test for adhesion. Once 

again, any film removal was greater for the as-deposited films than 

for those subjected to heating. 

We observed no significant variations between the overcoated 

and sandwiched configurations. Neither film thickness nor preparation 

condition seemed to have any marked influence. In both cases, the 

stability of the silver film was greater than for an unprotected film. 

As a result, we next examined stabilizer film materials that were 

directly, rather than reactively, evaporated. 

Cr203 Stabilizer Films 

In view of the fact that the CrOx films were undergoing addi

tional oxidation during the high temperature cycling, we questioned 

whether the increasing volume of the CrOx film might affect the stabil

ity of the silver film, either through increased stress or cracking. 
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In order to evaluate this point, we evaporated stabilizer configura

tions of silver between layers of electron beam evaporated Cr2C>3. The 

Cr203 films were deposited using an O2 bleed at total pressures of 

1.5 x 10_lt torr in order to try to retain film stoichiometry. Deposi

tion rates were low, typically 5-8 nm/min, and the film thicknesses 

were varied between 10 nm and 100 nm. 

Initially we deposited the films at room temperature. However, 

microscopic examination revealed they were often cracked or cracked 

upon heating, probably from a combination of intrinsic stress and dif

ferential thermal expansion. The following sequence was subsequently 

found to yield acceptable films without any cracking. First, the bottom 

Cr203 layer was evaporated onto substrates heated at temperatures as 

ligh as 300 C. The substrates were then cooled to nearly room tempera

ture and the silver layer was deposited at high rates. The substrates 

were reheated to about 100-125 C and the top Cr203 layer was deposited. 

An oxygen bleed was used for the Cr203 deposition, while the silver 

films were deposited with no bleed at pressures less than 1 x 10-5 torr. 

The reflectance in the NIR and IR was essentially that of the bare 

silver for a Cr203 thickness of 40-80 nm. 

Although the Cr203 films exhibited no cracking, the results 

of heating in He were almost identical to those of the Cr0x films. 

In all cases, there was a rapid initial appearance of transmitting pin

holes on Pyrex. Films on Pyrex and stainless steel appeared identical 

when viewed with reflectance microscopy. 
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Other Metal Oxide Stabilizer Films 

Although the CrOx and Cr203 stabilized silver films still 

exhibited some morphological changes during heating, both the severity 

and rate of these changes were substantially reduced when compared to 

unstabilized silver films. Based on these results, we extended our 

investigation to additional metal oxide films. Only high melting 

point, highly stable oxides were evaporated using electron beam evapora

tion, namely AI2O3, Si02 and MgO. All of these materials were deposited 

on stainless steel and Pyrex substrates in a sandwich configuration 

using the oxygen bleeds and heating sequence previously described for 

Cr203. Film thicknesses ranged from 40-80 nm. 

After heating in He at 645 C, these stabilized films exhibited 

features that, at least visually, were very much like those observed 

with Cr203 and CrOx. On the basis of these preliminary results, we 

attempted to obtain a more quantitative measure of the changes as 

described below. 

Transmission Studies of Annealed 
Stabilized Silver Films 

As we described in a previous section, the morphological 

changes of the silver films take place in three stages: hillock forma

tion, hole formation, and finally agglomeration. Since the transmis

sion of the silver films increases during hole formation, we utilized 

this to characterize the changes that were.occurring in the films at 

elevated temperature. 
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We deposited stabilized silver films on 5 x 5 x 0.32 cm 

Pyrex substrates using the sandwich configuration, i.e., metal oxide/ 

silver/metal oxide. The substrates were then cut into quarters. Each 

type of stabilized sample was then heated for successive periods of 

time in one of three different atmospheres at the specified tempera

tures: (1) in air at 500 C; (2) in He at 645 C in the CVD reactor 

to simulate actual deposition conditions, and (3) in a low vacuum of 

approximately 10~2 torr at 500 C. The transmission of each sample at 

632.8 nm was measured after each stage of annealing using the integra

ting sphere apparatus described in Chapter 3. All samples were placed 

directly in front of the entrance to the integrating sphere in order 

to collect all transmitted energy. Optical photomicrographs of each 

sample in transmitted light were taken after three intervals during 

the first hour of annealing. 

The results for five different stabilizer materials (Cr0x, 

Cr203, MgO, Si02 and AI2O3) are shown in Figs. 8.6 to 8.8. The samples 

heated in air exhibited a rather wide range of behavior. Both the 

Cr0x and Cr203 stabilized silver films showed rather rapid and large 

increases in their transmittance after only 15 minutes at temperature. 

After a few hours at 500 C, the films were completely agglomerated. 

Transmission photomicrographs of a Cr0x stabilized film are shown in 

Fig. 8.9 after heating for 15, 60 and 180 minutes in air. It is 

apparent that these silver films did not agglomerate into the silver 

droplets as previously shown in Fig. 8.3, page 166. The entire film 

turned a deep orange color and it appeared that some interaction 
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Fig. 8.9. Transmission Photomicrographs of a CrO stabilized Ag Film after Annealing 
in Air at 500 C. 

a. 15 minutes. 
b. 60 minutes. 
c. 180 minutes 
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occurred between the CrOx and the silver. Similar results were observed 

with the Cr203 stabilized films. By contrast, silver films stabilized 

with the other oxides exhibited a slower rate of increase in trans

mission with Si02 providing the best stabilization. The AI2O3 stabilized 

film exhibits two different rates of change of transmittance, in con

trast to the other films. To a first approximation, we found that the 

transmittance varied as t for Cr203 and CrOx films, as t2 for MgO 

films, and as t1/5 for the SiO films where t is the time in minutes. 

The AI2O3 varied initially as t1/5 and later changed to t'2 after a 

short period of an even higher rate. 

In direct contrast to the samples heated in air, we found that 

those heated in He at 645 C or at 500 C at 10"2 torr exhibited much 

smaller variations among the stabilizer materials. For the AI2O3, 

Si02 and MgO stabilizer films, the transmittance varies approximately 

1, 
ast4 (see Fig. 8.7). Initially, the CrOx and Cr203 stabilized films 

show the same time-dependence, but after two hours the rate of change 

appears to be decreasing. In Fig. 8.8 we see that the transmittance of 

the samples remained fairly constant when annealed in vacuum. It is 

uncertain whether the measured variations are real or are the result 

of measurement errors, spatial variations on the sample, etc. However, 

it is important to note that no major changes have occurred even after 

44 hours at 500 C. These results point out the importance of the 

atmosphere in which the films are annealed. 
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CVD Deposition of Silicon on 
Stabilized Silver Films 

The primary goal of the preceding investigation was to examine 

techniques for preventing the agglomeration of the silver films during 

the CVD deposition of the silicon absorber layer, thereby preserving 

the high (specular) reflectance and low thermal emittance of the silver 

film. In order to test the suitability of each stabilizer material and 

configuration both during and after actual deposition conditions, we 

deposited between 0.5 and 1.5 ym of silicon on the various stabilized 

films. 

The samples were coated in the commercial CVD reactor described 

in Chapter 3. The deposition of silicon by the pyrolosis of silane in 

He carrier gas was typically done at a temperature of 645 C at deposi

tion rates of about 0.15 ym/min. 

Quite surprisingly we found that all of the Si films deposited 

on Cr0x stabilized silver films were poorly reflecting and had a matte 

appearance. Spectrophotometric measurements revealed that the specular 

reflectance in the IR was often less than 20 percent. Optical micros

copy showed that these films were covered with a thick jungle of 

silicon whiskers and rods that grew up from the film surface and 

destroyed the specular reflectance. 

Scanning electron micrographs indicated that the rods were 

very uniform with diameters of about 1 ym. SEM photographs of a 

heavily textured region and an isolated surface feature are shown in 

Fig. 8.10. We were unable to find any combination of substrate 
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Pig. 8.10. Scanning Electron Micrographs of Nonspecular 
Silicon Films Grown on CrO Stabilized Ag. 

x 

a. A matte region heavily covered with 
Si whiskers. 

b. An isolated surface feature. 
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temperature, deposition rate or si lane concentration that yielded Si 

films of acceptable optical and/or structural quality. 

Similar results were obtained on silver films stabilized with 

Cr203 films. Although small areas were sometimes specular, the remain

ing areas were always heavily structured. 

In order to determine if there was any interaction between the 

Cr203 and the Si, we deposited CVD Si on Pyrex substrates previously 

coated with evaporated Cr2C>3 at elevated temperatures. In direct contrast 

to the previous cases, Si films deposited on these substrates were 

completely specular with no whiskers or rod growth. This result clearly 

indicated no chemical interaction between the Cr203 and Si. 

These morphological problems were not encountered in the older 

experimental CVD reactor that was originally used for the silicon 

deposition on CrOx stabilized silver films. However, it was known that 

there was no purging system on the silane line, and the system had some 

air leaks, as evidenced by deposits of whitish, powdery Si02 in the 

silane flow meter. We hypothesized that during the initial Si deposi

tion, the silane that first contacted the hot substrates may have con

tained enough oxygen to form an initial deposit of Si02 by the reaction: 

SiHit + O2 -*• Si02 + 2H2 

This hypothesis was tested by masking half of the substrate 

coated with stabilized silver and evaporating a 50 nm thick film of 

Si02 on the other half using an electron beam gun. We then coated these 
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samples with CVD Si in the usual manner. The half without the SiC>2 

grew the usual whiskery, matte films, However, the half coated with 

the Si02 layer always yielded high-quality, specular Si films. In some 

manner, the Si02 layer appeared to prevent the nucleation of the Si at 

selected sites and promoted the uniform nucleation necessary for good 

film growth. The efficacy of the Si02 layer was demonstrated for films 

as thin as approximately 10 nm and worked for both Pyrex and stainless 

steel substrates. We also found that a thin layer of Si3Nif deposited 

in the CVD reactor on top of the chromium oxide stabilized silver also 

allowed the deposition of high-quality Si films. 

The IR specular reflectance of a Si film on 0^03 stabilized 

silver both with and without the intermediate Si02 layer is shown in 

Fig. 8.11. The increased reflectance with the Si02 layer is readily 

apparent. In addition, the fact that the reflectance of the coating 

is essentially that of the silver at wavelengths where the Si film 

is a multiple of a half-wave optical thickness indicates no strong 

absorption in the Si film and no agglomeration of the silver film at 

deposition temperatures as high as 750 C. 

We also deposited CVD Si on silver films stabilized using 

MgO, Si02 or AI2O3. All of these materials yielded Si films superior 

to those using CrOx or Cr203 stabilizers. Figure 8.12 shows a photo

graph of Si deposited on silver stabilized with Cr203, Si02, MgO and 

AI2O3, all on pyrex substrates. The sample with Cr203 had a matte 

surface as previously described. Films on MgO and Si02 stabilized 

silver exhibited a specular film over most of the surface with some 
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Fig. 8.11. The Measured Infrared Specular Reflectance of CVD Silicon 
Deposited on Cr203 Stabilized Silver. 

a. Without an intermediate Si02 layer. 
b. With an intermediate Si02 layer. 
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Fisj. 8.j: Photographs of CVD Silicon Films Deposited on Silver. 

a. Stabilized with Cr203 on Pyrex substrates 
b. Stabilized with SiC>2 on Pyrex substrates 
c. Stabilized with MgO on Pyrex substrates 
d. Stabilized with AI2O3 on Pyrex substrates 
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whisker growth near the edges. The best Si films were obtained on 

AI2O3 stabilized films. The optical properties and morphology of 

of these films were indistinguishable from the high quality Si normally 

obtained on bare Pyrex substrates. In all cases the IR reflectance 

of the Si on Ag layers was undiminished by the presence of the stabilizer 

layers. This is undoubtedly due to their very small thickness-to-

wavelength ratio at these longer wavelengths. 

Discussion and Conclusions 

The original goal of our investigation of agglomerated silver 

films was to develop a method and to examine materials that would 

prevent the agglomeration of the silver film during heating for the 

CVD deposition of the silicon absorber film. In large measure, this 

effort has been successful. Starting from a previous, little under

stood technique of overcoating the silver film with a thin layer of 

reactively evaporated chromium oxide, we have shown that this basic 

approach can be quite effective in preventing any appreciable morpho

logical changes in the silver layer. However, some of our additional 

observations were quite unexpected. 

In agreement with other studies (Andrade, 1935; Presland, Price, 

and Trimm, 1972), we observed that the silver films agglomerated by 

first roughening or forming hillocks, then forming holes, and finally 

agglomerating into hemispherical droplets or islands. The size of 

the islands appeared to depend on the original film thickness, being 

larger for thicker films. In addition, we demonstrated that the 
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agglomeration was essentially the same for films on substrates of 

Pyrex, slide cover glass, oxidized and unoxidized stainless steel and 

Pyrex coated with a film of AI2O3. In all cases, the top surface of 

the silver films roughened, indicating substantial movement of surface 

atoms or bulk diffusion that was unaffected by the substrate materials 

examined. 

In each case, the stabilizer films were observed to retard the 

rate at which these morphological changes took place. But in all 

cases, the silver atoms retained at least some mobility as evidenced 

by the formation of holes in the silver film. 

Initially we felt that the stabilization problems might be 

couched in terms of a balance between surface tension and film 

adhesion. Hopefully, if the silver films were adherent to the top 

stabilizer layer, this would prevent the migration of the surface atoms 

and would prevent any agglomeration. In view of our results, this 

model is open to question. Both the CrOx and AI2O3 films were reason

ably adherent to the silver. However, neither of these materials was 

able to prevent subsequent hole formation in the stabilized silver 

films. In fact, although the adhesion of the CrOx was greater than 

that of the AI2O3 when measured with the Scotch tape test, the CrOx 

stabilized films agglomerated most quickly when heated in air. 

One noticeable result was the large variations in hole growth 

rates for stabilized films annealed in air compared to those annealed 

in the CVD reactor or in vacuum. Decreased air pressure or an inert 

gas atmosphere appeared to have an important effect on the rate of hole 



188 

formation. Films annealed in a vacuum of only about 10"2 torr exhibited 

almost no changes in the number of holes formed, in stark contrast to 

films heated in air. It is known that the surface energy or surface 

tension of a material can be greatly affected by the adsorption of 

foreign atoms onto the surface. In the case of silver only two atmo

spheric species, oxygen and water vapor, are readily adsorbed onto the 

surface of silver (Jalger, Mercer, and Sherwood, 1969). The effect is 

to lower the surface energy of the silver and thereby increase the 

possible surface mobility of atoms. 

Presland, Price, and Trimm (1972) found that for silver films 

on glass, the time period before the onset of hole formation during 

annealing was linearly dependent upon the logarithm of the partial 

pressurem of oxygen present in the system. They hypothesized that 

compressive stress developed in the films during heating could be the 

driving force for subsequent agglomeration. However, since they found 

that agglomeration only took place when oxygen was present, it was 

concluded that the presence of oxygen increased the surface diffusion 

rate of the silver and/or lowered its surface energy. Previously 

published data (Rhead, 1965) indicated that the increase in the sur

face diffusion coefficient was not sufficient to account for the mass 

transfer involved for the initial hillock formation. 

They then derived an expression for the diffusion flux from 

the film surface to a hillock and showed that hillock growth would 

occur for 
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where y is the surface energy, a is the compressive film stress and 

rQ is the size of the nucelating sites. On the basis of this analysis, 

they concluded that the adsorption of oxygen on silver sufficiently 

lowered the surface energy to enable the formation of hillocks. Once 

the hillocks were formed and hole formation began, surface tension 

completed the agglomeration. 

Similar effects might also be relevant in the present case. 

The stabilizer films may be acting as a diffusion barrier to oxygen, 

thereby slowing down the rate at which oxygen arrives at the surface 

of the silver film. Simple analysis based on the estimated partial 

pressures of oxygen in the three annealing atmospheres failed to show 

any conclusive results. Diffusion rates of oxygen through thin evap

orated films are not generally known since the preparation conditions 

would undoubtedly be a key factor. Film defects may be an important 

parameter since it was observed that the silver film always showed 

hole formation along any fine cracks that appeared in the stabilizer 

film. These cracks provide ready access for oxygen molecules and 

clearly point out the need for a continuous layer on top of the silver. 

Indeed, we have observed no additional changes in the silver film once 

the thick silicon layer has been added. 

One trend that did manifest itself during this study was that 

materials that tend to evaporate in stoichiometric form appear to make 

better stabilizer films. Both SiC>2 and AI2O3 show little decomposition 

during evaporation, while Cr203 and CrOx films have shown an increased 

oxygen content after annealing. 
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Our results have clearly demonstrated the beneficial effects 

of the stabilizer layers. Surface roughening of the silver film in 

the CVD reactor has been lengthened from a period of a few minutes to 

at least several hours. In addition, although some holes appear in 

the silver film, the intermediate regions appear to retain a smooth 

surface with the stabilizer film. Thus, the reflectance of the silver 

remains very near its original value even after coating with silicon. 

The silicon layer growth problem was unexpected. However, 

it is definitely related to the silver layer/stabilizer combination. 

This was clearly demonstrated for Si deposition on Cr203 stabilized 

layers. There was no difficulty in depositing Si on Pyrex coated 

with Cr203, but the addition of the silver layer made acceptable 

deposition virtually impossible. This appears to rule out a chemical 

reaction between the stabilizer material and the silicon. 

During this part of the study we found that a thin layer of 

Si02 or Si3Ni+ deposited on top of the previous stabilizer layer was 

sufficient to allow the deposition of excellent CVD Si films. It is 

possible that these materials filled in film defects or microcracks 

and prevented these from serving as active nucleation sites for whisker 

or rod growth during subsequent silicon deposition. 

Several mechanisms are thought to be responsible for whisker 

growth (Evans, 1972). These include the following: the growth by an 

axial screw dislocation which favors nucleation at the step; the vapor-

liquid-solid (VLS) mechanism for growth from a vapor; the structural 
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anisotropy mechanism; and the additive or poison induced whisker growth 

in solutions. Only the last mechanism is definitely ruled out for our 

case. Certainly the surface of the stabilizer layer might contain a 

large number of microscopic steps and ledges that could serve as 

preferential nucleation sites. This could lead to initial whisker 

growth that would continue to be favored if a screw dislocation in the 

growing whisker provided a continuing nucleation site on the end of 

the whisker. In the VLS method a localized impurity reacts with the 

vapor to cause a liquid droplet on the surface. This then serves as a 

preferential nucleation site for vapor molecules while freezing occurs 

at the bottom of the droplet in contact with the solid. This leads to 

whisker growth with a liquid droplet on the end. The eutectic tempera

ture of a silicon-silver alloy is approximately 830 C and would appear 

to rule out this mechanism. However, it is known that small fluctua

tions in system temperature can lead to large variations in whisker 

diameter. The rods or whiskers we observed during silicon deposition 

did possess changes in diameter along their length, and thus this 

mechanism cannot be ruled out. The final mechanism of structural 

anisotropy is also possible. For crystallites with significantly 

different surface energies on different crystallographic faces, there 

would be preferential growth on certain faces that could lead to whis

ker growth. Evaporated films, such as those we used for stabilizer 

layers, usually deposit as small crystallites. But we would require 

a substantial difference in crystallite formation on silver than on 

Pyrex to explain the vagaries of the rod growth in the two cases. 
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However, the fact that both Si02 and Si3Nlt are amorphous, glassy mate

rials on which specular silicon films were readily grown requires us 

to retain this as a possible mechanism. 

The exact cause of the rod and whisker growth is presently 

unresolved. However, we have found that by using AI2O3 for the stab

ilizer layer or subsequently overcoating with SiC>2 or SisNt,., we can 

obtain stabilized silver films that yield silicon-on-silver solar 

absorber coatings with high infrared reflectance. 



CHAPTER 9 

SUMMARY 

In the preceding chapters we presented the results of an 

investigation of two fundamental material science problems generated 

by the application of thin films to photothermal solar energy conver

sion. We have seen how the overall thermal efficiency and the maximum 

operating temperatures of photothermal converters can be substantially 

increased by providing the collector with a spectrally selective sur

face. This surface must have high solar absorptance to maximize the 

solar flux input to the system, while it must have a low thermal emit-

tance at infrared wavelengths to minimize thermal radiation losses from 

the collector. 

Recent research on these spectrally selective coatings has led 

to the development of two promising candidates, namely the electroplated 

black chromium coatings and the silicon-on-silver tandem absorber coat

ing. In the black chromium coatings, thin films of chromium oxide on 

opaque nickel have been used to empirically develop a coating having 

high solar absorptance and moderate spectral selectivity. 

Evaporated films of chromium oxide have also found potential 

application as a supplementary absorber layer in the silicon-on-silver 

coatings. Surprisingly, little is known about the optical properties 

of the chromium oxide films that are a key component in these coatings. 
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This situation has made it mandatory to investigate the optical and 

structural properties of chromium oxide films as a function of their 

preparation and degree of oxidation. In addition, the development of 

the silicon-on-silver coatings has once again pointed out the frequent 

incompatibility between very thin films and very high temperatures, 

as seen in the agglomeration of opaque silver films during the high 

temperature deposition of the silicon absorber film by chemical vapor 

deposition. Further investigation of this phenomenon and of techniques 

for its prevention was necessary for the successful fabrication and 

utilization of the silicon-on-silver spectrally selective coating. 

In the first part of this study, we examined the optical and 

structural properties of chromium oxide films as a function of their 

preparation conditions. The films were deposited by the reactive evap

oration of chromium from resistance heated boats of tungsten, tantalum 

or molybdenum at a pressure of approximately 2 x 10"^ torr using air 

or oxygen bleeds. The deposition rates varied between 1.3 nm/min and 

~200 nm/min to form a series of films with varying degrees of oxidation. 

Subsequent Auger analysis of the film compositions confirmed the relation 

between increasing evaporation rate and decreasing oxygen content. 

Compositions ranged from films of chromium to films with a chromium to 

oxygen ratio equal to that of evaporated C^O3 films. Transmission elec

tron microscopy showed that the rapidly evaporated chromium films were 

composed of grains with a size on the order of 20 nm, while slow evap

oration and increased oxidation resulted in grain sizes less than 5 nm. 

This trend was borne out by transmission electron diffraction analysis 
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which showed a sharp, well-defined pattern for the chromium films, while 

4 
increasing film oxidation yielded patterns with broadened or diffused 

diffraction rings indicative of a fine-grained or amorphous structure 

respectively. 

The optical constants of the films were determined at wave

lengths between 0.4 vim and 2.4 ym using a method based on normal inci

dence reflectance and transmittance measurements combined with separate 

film thickness measurements made using FECO interferometry. Highly 

oxidized films exhibited values of n between 1.9 and 2.0 for films 

deposited onto unheated substrates using either air or oxygen bleeds, 

whereas the index rose to 2.1 for films deposited on substrates at 

200 C. The extinction coefficient k was less than 0.04 in both cases. 

As the deposition rate increased and the oxygen content decreased, both 

n and k increased to moderately high values with n>k. Only for films 

deposited at extremely high rates (>200 nm/min) with no gas bleeds did 

we obtain films whose optical constants were comparable to those pre

viously reported for chromium. The results have been interpreted in 

terms of the Maxwell-Garnett theory. 

In the second part of our investigation, we examined some 

materials and techniques for the stabilization of opaque silver films 

at elevated temperatures. Examination of heated films confirmed the 

three stages of the agglomeration process: hillock formation, hole 

formation, and finally agglomeration. Deposition onto different sub

strates (oxidized and unoxidized polished stainless steel, Pyrex, and 
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AI2O3 coated Pyrex) revealed no appreciable differences in the final 

degree of agglomeration. 

Based on a previous approach to this problem that utilized a 

thin layer of reactively evaporated chromium oxide on top of the silver, 

we conducted a thorough analysis of the effects of the film deposition 

conditions on the stabilizing action. The silver layer was deposited 

either under or between the stabilizer layer(s). Evaluation at 500 C 

in either vacuum or air, or at 650 C in He, indicated poor stabiliza

tion in air, fair stability in He, and good stability in vacuum. Depo

sition of silicon on these layers yielded films with dense whisker 

growth which persisted despite variations of film thickness, degree of 

oxidation, or evaporation rate. However, a thin film of evaporated 

Si02, AI2O3 or CVD silicon nitride on top of the chromium oxide elimin

ated the whisker growth almost entirely. 

We also investigated the stabilizing action of other high melt

ing point oxides in comparison to the reactively evaporated chromium 

oxide films. Transmission measurements of silver films stabilized with 

Cr203, Si02, AI2O3, and MgO after different annealing times in air, He 

or vacuum revealed that all of the materials were good stabilizers for 

films annealed in vacuum. In He at 650 C, all of the films showed 

similar, slow deterioration. In air, Si02 and AI2O3 provided the best 

protection. In view of the fact that the oxygen content of the annealing 

atmosphere is known to have an important effect on the agglomeration of 

the silver films, we concluded that the ability of oxygen to diffuse 
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through the films by bulk diffusion or through cracks and imperfections 

may be the primary factor in the stabilization action of these films. 

Subsequent deposition of smooth, specularly reflecting CVD silicon films 

was most successful on silver films stabilized with aluminum oxide. 



APPENDIX A 

MEASURED REFLECTANCE AND TRANSMISSION DATA 
FOR THE CHROMIUM OXIDE FILM SAMPLES 

In Table A.l we present the spectrophotometric data for each 

of the chromium oxide samples whose refractive indices were reported 

in Chapter 6. The sample number, film material and film thickness are 

given. Additional deposition data were given in Table 5.1, page 89. 

The measured reflectance and transmittance of the films on glass, 

Rglass TglassJ ancl t*ie reflectance on opaque silver, RAg, are given 

for wavelengths from 0.4 ym to 2.4 ym. All data are corrected for back 

surface reflectance from the substrate. These measured values were 

subsequently used to calculate the optical constants of each film at 

the appropriate wavelength according to the method given in Chapter 5. 
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Table A.1. Spectrophotometric Measurements for Chromium Oxide 
Sample Set. 

a. Sample TF-172 

Film Material : Cr0x Film Thickness: 78 nm 

A (urn) glass 
T ! glass %L 

0.40 0.174 0.074 0.185 

0.45 0.182 0.109 0.250 

0.50 0.177 0.163 0.320 

0.55 0.171 0.232 0.370 

0.60 0.183 0.298 0.380 

0.65 0.230 0.328 0.370 

0.70 0.283 0.344 0.340 

0.80 0.336 0.359 0.245 

0.90 0.372 0.366 0.150 

1.0 0.391 0.392 0.095 

1.2 0.396 0.428 0.280 

1.4 0.382 0.474 0.590 

1.6 0.359 0.511 0.760 

1.8 0.337 0.544 0.845 

2.0 0.313 0.580 0.885 

2.2 0.292 0.613 0.915 

2.4 0.270 0.640 0.935 
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Table A.l, Continued. 
Spectrophotometric Measurements Chromium Oxide. 

b. Sample TF-173 

Film Material: CrO Film Thickness: 51 nm 
a 

X(ym) glass 
T i glass Ra Ag 

0.40 0.394 0.018 0.365 

0.45 0.419 0.023 0.385 

0.50 0.442 0.028 0.393 

0.55 0.462 0.036 0.397 

0.60 0.474 0.045 0.395 

0.65 0.499 0.054 0.387 

0.70 0.518 0.061 0.380 

0.80 0.538 0.073 0.355 

0.90 0.533 0.083 0.320 

1.0 0.555 0.090 0.300 

1.2 0.556 0.102 0.310 

1.4 0.549 0.113 0.385 

1.6 0.540 0.116 0.475 

1.8 0.543 0.112 0.560 

2.0 0.545 0.121 0.635 

2.2 0.546 0.123 0.685 

2.4 0.555 0.123 0.735 
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Table A.l, Continued. 
Spectrophotometric Measurements Chromium Oxide. 

c. Sample TF-189 

Film Material: CrO Film Thickness: 74 nm 
A 

X (ym) 
R i glass 

T i glass V 

0.40 0.208 0.709 0.780 

0.45 0.228 0.735 0.900 

0.50 0.232 0.752 0.915 

0.55 0.225 0.767 0.910 

0.60 0.212 0.778 0.895 

0.65 0.202 0.787 0.880 

0.70 0.186 0.797 0.880 

0.80 0.163 0.810 0.910 

0.90 0.144 0.829 0.930 

1.0 0.130 0.843 0.945 

1.2 0.107 0.864 0.950 

1.4 0.092 0.889 0.965 

1.6 0.082 0.905 0.975 

1.8 0.074 0.915 0.970 

2.0 0.068 0.919 0.970 

2.2 0.065 0.919 0.970 

2.4 0.061 0.926 0.970 
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Table A.l, Continued. 
Spectrophotometric Measurements Chromium Oxide. 

d. Sample TF-190 

Film Material: CrO Film Thickness: 79 nm 
A 

A (um) 
R i glass 

T ! glass 
Ra 
_Ag. 

0.40 0.145 0.618 0.725 

0.45 0.198 0.709 0.795 

0.50 0.226 0.719 0.825 

0.55 0.235 0.735 0.830 

0.60 0.231 0.743 0.800 

0.65 0.225 0.749 0.780 

0.70 0.210 0.758 0.79-

0*80 0.193 0.775 0.860 

0.90 0.171 0.800 0.905 

1.0 0.154 0.819 9.940 

1.2 0.128 0.845 0.950 

1.4 0.109 0.873 0.960 

1.6 0.095 0.897 0.970 

1.8 0.085 0.906 0.970 

2.0 0.077 0.914 0.970 

2.2 0.072 0.917 0.975 

2.4 0.067 0.921 0.975 



203 

Table A.l, Continued. 
Spectrophotometric Measurements Chromium Oxide. 

e. Sample TF-193 

Film Material: CrO 
A 

Film Thickness: 41 

A (Vim) R i glass T i glass 
RA 
-Ag. 

0.40 0.324 0.161 0.170 

0.45 0.361 0.179 0.150 

0.50 0.394 0.192 0.120 

0.55 0.415 0.211 0.095 

0.60 0.427 0.228 0.090 

0.65 0.431 0.242 0.095 

0.70 0.425 0.254 0.132 

0.80 0.378 0.289 0.260 

0.90 0.375 0.313 0.415 

1.0 0.369 0.338 0.570 

1.2 0.328 0.383 0.750 

1.4 0.306 0.417 0.845 

1.6 0.280 0.452 0.905 

1.8 0.269 0.480 0.935 

2.0 0.249 0.505 0.950 

2.2 0.237 0.522 0.960 

2.4 0.227 0.545 0.970 
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Table A.l, Continued. 
Spectrophotometric Measurements Chromium Oxide. 

f. Sample TF-194 

Film Material: CrO Film Thickness: 36 nm 
X 

X(pm) 
R i glass Tglass K _Ag. 

0.40 0.398 0.124 0.270 

0.45 0.423 0.133 0.260 

0.50 0.438 0.143 0.240 

0.55 0.445 0.154 0.215 

0.60 0.453 0.167 0.210 

0.65 0.449 0.180 0.215 

0.70 0.441 0.191 0.235 

0.80 0.416 0.222 0.335 

0.90 0.409 0.239 0.430 

1.0 0.400 0.258 0.545 

1.2 0.371 0.290 0.715 

1.4 0.350 0.316 0.820 

1.6 0.329 0.340 0.885 

1.8 0.318 0.357 0.920 

2.0 0.307 0.371 0.950 

2.2 0.299 0.387 0.960 

2.4 0.292 0.397 0.975 
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Table A.l, Continued. 
Spectrophotometric Measurements Chromium Oxide. 

g. Sample TF-195 

Film Material: Cr Film Thickness: 22 nm 

A (vim) 
R ! glass ^glass 

0.40 0.562 0.053 0.505 

0.45 0.599 0.053 0.530 

0.50 0.619 0.054 0.530 

0.55 0.633 0.061 0.510 

0.60 0.618 0.070 0.495 

0.65 0.616 0.078 0.480 

0.70 0.610 0.085 0.480 

0.80 0.577 0.103 0.495 

0.90 0.571 0.113 0.510 

1.0 0.550 0.124 0.555 

1.2 0.499 0.147 0.650 

1.4 0.478 0.163 0.755 

1.6 0.469 0.167 0.815 

1.8 0.469 0.169 0.865 

2.0 0.469 0.168 0.885 

2.2 0.481 0.165 0.910 

2.4 0.486 0.162 0.920 
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Table A.l, Continued. 
Spectrophotometric Measurements Chromium Oxide. 

h. Sample TF-196 

Film Material: Cr Film Thickness: 38 nm 

X(ym) ^glass 
T i glass -Ag. 

0.40 0.543 0.033 0.510 

0.45 0.570 0.032- 0.540 

0.50 0.585 0.034 0.540 

0.55 0.586 0.040 0.525 

0.60 0.589 0.047 0.515 

0.65 0.588 0.054 0.500 

0.70 0.586 0.058 0.495 

0-80 0.569 0.076 0.500 

0.90 0.559 0.084 0.505 

1.0 0.545 0.094 0.535 

1.2 0.506 0.113 0.625 

1.4 0.486 0.124 0.725 

1.6 0.481 0.128 0.790 

1.8 0.481 0.127 0.830 

2.0 0.484 0.123 0.855 

2..2 0.490 0.119 0.885 

2.4 0.493 0.115 0.890 
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Table A.l, Continued. 
Spectrophotometric Measurements Chromium Oxide. 

i. Sample TF-198 

Film Material: Cro^ Film Thickness: 46 run 
(Oxygen bleed, 
200 C substrate) 

A(ym) 
R i glass 

T , 
glass Ra 

A£. 

0.40 0.232 0.550 0.660 

0.45 0.269 0.600 0.685 

0.50 0.275 0.639 0.680 

0.55 0.263 0.668 0.685 

0.60 0.248 0.692 0.690 

0.65 0.229 0.711 0.710 

0.70 0.217 0.722 0.765 

0.80 0.194 0.757 0.915 

0.90 0.170 0.785 0.970 

1.0 0.147 0.807 0.990 

1.2 0.118 0.842 0.990 

1.4 0.099 0.867 0.990 

1.6 0.085 0.891 0.990 

1.8 0.076 0.901 0.990 

2.0 0.069 0.911 0.990 

2.2 0.062 0.914 0.990 

2.4 0.057 0.920 0.990 



APPENDIX B 

COMPUTER PROGRAM FOR CALCULATING n AND k 

In this appendix we will provide a general description of the 

computer program OPTPROP that was used to calculate the optical con

stants of our films. The program was written in the FORTRAN language 

and was run on the CDC 6400 computer. The program is quite general 

and the user can choose among several modes of operation depending 

upon the specific combination of film measurements that have been made. 

In its general form, the program calculates the optical con

stants N and K and the film thickness DF of a single film on an 

absorbing substrate. The values are calculated from the measured 

values of the reflectance RG and transmittance TG of the film on a 

glass substrate and the reflectance RM of the film on an opaque metal 

film or metal substrate. The incident medium is assumed to be air, 

and the wavelength LAMBDA, the index of the glass substrate NS, and 

the complex refractive index of the opaque metal film NSM are entered 

as known data. 

As we pointed out in Chapter 4, the reflectance and transmit

tance of a film are a function of the three variables N, K, and d/X. 

Thus, in principle, our measurements of RG, TG and RM are sufficient to 

enable us to calculate the optical constants and thickness of the film. 

Based on initial values of N, K and DF, the program calculates values 
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of the film reflectance RGCALC and transmittance TGCALC on glass and of 

the reflectance RMCALC on the metal. These values are then compared 

to the measured values giving a series of three nonlinear equations in 

three unknowns. This system of equations is solved by successive 

iterations using the well known Newton-Raphson technique (Carnahan et al., 

1969). 

In actual practice this general approach does not always con

verge to a solution, particularly with regard to the film thickness 

(Ward and Nag, 1970). As a result, the film thickness is often mea

sured separately and entered as a fixed quantity in the program data. 

The program offers three modes of operation as follows: 

MQDE=0.0 Calculates N, K, DF given RG, TG, RM 

MODE-1.0 Calculates N, K given TG, RM, DF 

M0DE=2.0 Calculates N, K given RG, TG, DF 

MODE=2.0 was used throughout most of our work. 

The program input is organized around the data for each sample. 

The first input card contains an identification number IDNO, initial 

values of the complex refractive index NFO of the film (obtained with 

the aid of the graphical plots), and an initial film thickness DFO. 

This is followed by a separate card for each wavelength at which the 

optical constants are to be calculated. Each card contains the wave

length, substrate indices and the measured values of the reflectance and 

transmittance (depending upon which mode is being used). Data for each 

sample are terminated by a single blank card, while two successive blank 

cards terminate the program. The input data format is as follows: 
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Card Format Data 

1 (15, 4F10.6) IDNO, NFO, DFO, MODE 

2 (7F10.6) LAMDA, NS, NSM, RG, TG, RM 

•  •  • • • • « •  
•  •  « • « • • •  

last blank 

The fully labeled output data for each sample number includes 

the input data as well as the optical constants and the corresponding 

calculated reflectance and transmittance values of the film at each 

input wavelength. Since measurement errors or film inhomogeneities 

may lead to input data for which there is no solution for the optical 

constants, the total number of iterations ITER is also printed. A 

maximum of twenty-one iterations is permitted at any one wavelength. 

In the following pages we give a complete listing of the 

program 0PTPR0P followed by a representative example of the program 

output. 



P R O G R A M  O P T P R O P  ( I N P U T , O U T P U T )  
c P R O G R A M  T O  C A L C U L A T E  T H E  n P T I C A L  C O N S T A N T S  A N O  T H I C K N E S S  O F  A  S I N G L E  
c  F I L M  G I V E N  T H E  M E A S U R E O  R E F L E C T A N C E  A N O  T R A N S M I T T A N C E ( R G  A N O  T G )  O N  
c  A  G L A S S  S U B S T R A T E  A N O  T H E  R E F L E C T A N C E  O N  A  » E T A L  F U C  ( R M )  
c S O L V E S  T H R E E  N O N L I N E A R  E Q U A T I O N S  I N  T H R E E  U N K N O W N S  U S I N G  T H E  N E l t T C N -
c  R A P H S O N  I T E R A T I O N  ( S G E — A P P L I E D  N H 1 6 S I C A L  M E T H O O S ,  C A R N A M A N ,  E T .  A L •  
c PAGE 319 

C  C A N  R U N  I N  T H R E F  > " 0 0 * 5  
C  M O O E  0 . 0  C A L C U L A T E S  N,K,D G I V E "  P f i , T G , R M  
C  M O O E  1 . 0  C A L C U L A T E S  N . K  r . I V F u  T G , R » , 0  
C  M O O E  2 . 0  C A L C U L A T E S  N . K  G I V F N  R < ! , T C , 0  

D I M E N S I O N  A < 3 > ,  9 < 3 ) , C ( 3 > , i m , f ( 2 ) , F < 2 >  
C O M P L E X  N S * » N F , P O S N C , D N F , C N S ( 0 N F N , D N F K , P O S C N F f , P C S D N F K , O E L T A N F  
COMPLEX NFD 
R E A L  N O , L A M P D A , N S , N F K , N F K , D A » P N , D A M P K . M O D E  

C  I D E N T I F I C A T I O N  N U M 9 F R  l I O N C )  M U S T  B E  I N T E G E R  . G E .  1  
< J 5  M C O E - O . O  

R E A D  1 0 0 » I 0 N O »  N ' - 3 ,  O F C ,  M O O F  
1 0 0  F O R M A T  < 1 5 .  4 F 1 0 . 6 )  

N F « N F O  
O F « O F O  

c  T E S T  F O R  E N O  O F  O A T A  
I F  ( I O N Q  . G E .  1 )  G O  T O  I C S  
C - 0  T O  2 1 0  

C  P R I N T  O U T  I N I T I A L  G R O U P  V A L U E S  
1 0 5  P R I N T  1 3 0 ,  I D N H ,  N F ,  O F . M n p e  
1 3 0  F f l R H A T t  1 H 1  .  1 0 X . ? 3 H t n F N T I F I C A  T T O N  N U M B E R *  .  I  5  ,  /  / 1 I X  ,  2  6 H I N I T I  A L  F I L  

1 "  I N D E X  N >  . - F l O . * ,  , F 1 0 . *  / l l *  . 3 0 H I N I T I A L  F I L "  T H I C K  
2 H E S S  C U H  •  , F 1 0 . 6 , 5 * , 7 M M 1 0 ' ;  •  . F 6 . 1 / / )  

C  C H A N G E  F I L M  I N D E X  T O  TH? F O R M  N - I K  
N F « C O N J G ( N F )  

C  E N T E R  W A V E L E N G T H ,  S U B S T R A T F  I N I U C E S .  A N O  M E A S U P E O  R E F L E C T A N C E  A N O  
C  T R A N S M I T T A N C E  V A L U E S  

1 1 0  R E A O  1 2 0 ,  L A » B O A ,  M S .  K ' S " .  R « ,  T * ? »  R M  
1 2 0  F O R M A T  ( 7 F 1 0 . 6 )  

: F  ( » s  . I F .  o . o < m >  i n  T "  0 5  
P R I N T  U C J ,  N S . N S " .  = J .  T ' - .  » • »  

1 * 0  F O R M A T  I 1 H 0 ,  1 0 X ,  1 S M S U « S T R A T =  I N D I C E S  ,  5 X , 1 2 H G L A S S  N «  , F 1 0 . 5 /  
1 3 < > X , 1 2 H ( 1 E T A L  , F I ( ! . 5 , 5 * » 1 M K .  , F 1 0 . 5 /  1 1 X , S H R G L A S S *  , F 8 . f t , 1 0 X ,  
2 6 H T G L A S S "  ,  F B  .  6 , 1 0 *  .  P H R  M E T  A L  •  , F 8 . 6 >  

C  C H A N G E  M E T A L  I N O F X  T T  T H E  F O R "  N - I K  
N S M . C Q N J G ( N S M )  
N F * N F O  
C F . O F O  
so • l.o 
C N S « C M P L X  ( N S . n . O )  ,  

C  C A L C U L A T E  I N I T I A L  R  A N n " r  V A L U F S  B  A S  F O  O N  I N I T I A L  D A T A  
C A L L  R A T C A L C  ( L A M 9 0 A ,NP,NF,0F , C N S , R G C A L C , T G C A l C )  
C A L L  R A T C A L C  ( L A N B O A ,  N O , N F , O F , N ^ M , R M C A L C , T M C A L C )  

C  P R I N T  H E A O I N G S  
P P I N T  1 5 0  

1 5 0  F O R M A T  ( 1 H O » 1 2 X , » 1 H L A M I > O A 1 H M |  N  K  D F ( U M »  
1  R G I C A L C I  T G ( C A L C )  P M ( C A L C )  , 2 X , W H I T E R )  

C O  2 0 0  1 * 1 , 2 0  
C DEFINE THE THPEE FOL 'ATI ' "<s  TN OF SOLVED 

FCNE «9 'C ALC - » r .  

F T H R C C - B M C A L C - R M  
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C  W E  W I L L  U S E  T O T A L  D E R I V A T I V E S #  S E T  T H E M  E Q U A L  T O  T H F  C U R R E N T  
C  V A L U E S  O F  T H E  F U N C T I O N S  A N O  S O L V E  F O R  T H E  I N C R E M E N T S  O F  n # k »  A N D  O F  
C  C A L C U L A T E  T H E  P A R T I A L S  W . R . T .  ' S I N O  A N O  P U T  I N  A  

D M O . O O O l  
D N F N - N F + O N  
C A L L  R A T C A L C  ( L A M B O A .  N n . O N F N , O F , C N S # R G O I F F , T F O I F F >  
C A L L  R A T C A L C  ( L A M U O A , N O , O N F N . O F » N S M , R 1 D I F F , T " C I F F )  
A ( 1 > « ( R G 0 I F F - P G C 4 L C > / O N  
A < 2 ) « ( T G 0 I F F - T F C U C > / O V  
A ( 3 > " < R M D I F F - R M C * L C ) / O N  

C  C A L C U L A T E  P A R T I A L S  W . R . T .  I K N F )  A N O  P U T  I N  B  
N F N « R E A L ( N F )  
N F K « A I M A G ( N F )  
O K — 0 . 0 0 1  
N F K « N F K + O K  
O N F K ' C I P L * ( N F N . N F K I  

7  C A L L  R A T C A L C  ( L A * 8 D A . N O . H N C K , O F , C N S # R G O I F F , T G O I F F )  
C A L L  R A T C A L C  I l A M 9 D A , N P ,  O N S K , O F . N S M . R M O I F F , T M D I F F )  
B ( 1 ) « ( R G 0 I S F - R G C A L C ) / O K  
B ( 2 ) " ( T G 0 I F F - T G C A L C ) / 0 "  
B < 3 ) « < R M 0 I F F - R M C - L C I  / O *  

C  T E S T  T O  S E E  I F  T H E  T H I C K N F ? S  I S  T O  R E M A I N  C O N S T A N T  
I F  ( M O O E - O . 5 )  1 5 1 , 1 5 1 . 3 0 0  

C  C A L C U A L T E  P A R T I A L S  W . R . T .  O F  A N O  P U T  I N  C  
1 3 1  0 1 * 0 . 0 0 0 1  

O O - O F + O I  
C A L L  R A T C A L C  ( L A M ^ Q A . N O . N F , 0 0  ,  * " N S . P G D I F F , T G  0 1  f  F )  
C A L L  R A T C A L C  ( L A * f f t O A , N O # N F » 0 0 , N S M , R M O I F F , T M O I F F )  
C ( 1 ) " ( R G 0 I F F - H G C 4 L C ) / O I  
C t 2 ) » ( T G C I F F - T 3 C A L C : t Z l  
Cl31-l?10lFr-Z»C\L")/"I 

C  W A N T  S U M  O F  T O T A L  C I F F F R E N T I A L S  A N O  F U N C T I O N  V A L U E  T O  G O  T O  Z E R O  
C  S O L V E  T H E S E  T H R E E  E O U A T I O N S  F O R  D E L T A N ,  O F L T A K ,  O E L T A O F - — E L I M I N A T E  
C  N »  T H E N  K  A N O  G E T  S O L U T I O N *  F O P  C H A N G E S  I N  T H E  V A R I A B L E S  
C  O E F I N E  S O M E  O F  T H E  R E S U L T I N G  C O E F F I C I E N T S  

0 ( 1 ) « A ( 1 ) « F T W 0 - A ( 2 ) » F 0 M -
E < 1 ) « A U ) « 9 ( 2 ) - A (  ? l  • < > ( 1  )  
F I l l ' A I I I ' C I J t - i n i K n  )  
C ( 2 > » A < l ) * F T H » = = - . \ C I « f " ' M F  
E ( 2 l - A ( l ) » R ( ? ) - i ( ' ) l » : l ( T  )  
F ( 2 ) - A ( 1 ) » C ( 3 ) - A C 5 I * C ( I »  
G « E ( 1 ) » 0 ( 2 ) - P ( 2 ) » 0 ( l )  
H . 6 « U * F ( 2 ) - F ( 2 ) * F ( 1 )  

C  C A L C U L A T E  T H E  I N C P E M E N T S  
O E L T A O F » - G / H  
C E L T A K « { - 0 ( 1 ) - F ( l )  * O c L T  A  O F ) / F  f  1 >  
O E L T A N . f - F n N F - K D ' T r L T S K - C  ( 1  ) » P S L T A 0 F ) / A ( 1 >  

C  C H E C K  T O  S E E  T H A T  T H E  I N C P f H E N T S  A » E  N U T  T O O  L A R G F  
1 6 1  I F  < A 6 S ( 0 F L T A N ) . L T . O . 3 l  G O  T O  1 6 *  

I F  < O E L T A N )  1 6 2 , 1 6 2 , 1 6 3  
1 6 2  D E L T A N . - 0 . 3  

G O  T O  1 6 *  
1 6 3  O E L T A N a O . 3  
1 6 4  I F  ( A B S ( O E L T A K ) . L T . O . ? )  G O  T O  1 6 7  

I F  ( O E L T A K )  1 6 5 #  1 6 5 ,  1 6 * >  
1 6 5  D E L T A K . - 0 . 3  

G O  T 1  1 6 7  
1 6 6  O E L T A K . 0 . 3  
1 6 7  I F  ( A r f S t n F L T l C . F )  . L T . O . C O ? n )  < - , n  T O  1 7 0  

I f  I D H T A B F )  I t . I t *  . ! ' • * >  
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1 6 6  O f L T A 0 F " - 0 . 0 0 3 0  
G O  T O  1 7 0  

1 6 9  D E L T A D F - 0 . 0 0 3 0  
C  C H E C K  T H A T  K  . L T .  Z E R O  A N D  N  . S T . 0 . 0 0 0 1  

1 7 0  I F < { A I K A G < N F ) * O E L T A I O . G T . O . O )  D E L T A K " — A I M A G C N F )  
'  I F  ( < R E A L ( N F ) + O E L T A N I  . I T . 0 . 0 0 0 1 )  O E L T A N  —  ( R E A L ( N F » - O . O O O U  

C  C A L C U L A T E  N E W  V A L U = S  F O R  F I L *  P A R A M E T E R S  
D E L T A N F « C " P L X ( D E L T A N , O F L T A K  )  
N F « N F + O E L T A N F  
O F » O F * t ) E L T A D F  

C  C A L C U L A T E  N E W  V A L U E S  O F  R G C A L C . T r t C A L C . R M C A L C  
C A L L  R A T C A L C  ( L  4 * 1 8 0 4  »  N 1 , N F  . O F  , C  N S » R G C A L C  .  T G C A L C  )  
C A L L  R A T C A L C  ( L A 1 8 0 A # N P , N F , O F , N S 1 # R « C A L C > T U C A L C )  
P O S N F - C O N J G ( N F )  

C  T E S T  F O R  C 0 N V E R G E " C E  O F  N , * , n F  
I F  ( A 8 S ( D F L T A C P ) . L T » 0 . C 9 2 0 1  . A N O . A 8 S < O E L T A K > . L T . 0 . 0 0 2 0 1  . A N D .  

1  A B S ( O E L T A N ) . L T . 0 . 0 0 2 0 1  1  G O  T n  2 2 0  
2 0 0  C O N T I N U E  
2 2 0  I H I . E 0 . 2 1 )  G O  T O  2 2 2  

N F Q « P O S N F  
2 2 2  P R I N T  l B O » L A > I B O A . P a S N F , O F , R G C A L C » T G C A L C # R « C A L C , I  
1 B 0  F O R M A T  l l l X r 7 < F 1 0 . 5 , 2 X ) , I W / )  

C  G O  R E A D  M O R E  O A T A  
G O  T O  1 1 0  

3 0 0  C O N T I N U E  
I F  ( M O O E - 1 . 5 )  3 0 5 . 3 0 5 . 4 0 0  

C  C A L C U L A T E  I N C F E ' E N T S  W I T H  F t X E T  F I L  • *  T H I C K N E S S  G I V E N  T G  A N O  R »  
3 0 5  0 E L T A N . < B m * F T H R E 6 - B I 3 ) * F T v a > / ( B t 3 ) « A ( 2 ) - B < 2 ) » A ( 3 > >  

0 E L T A K n ( - F T w a - A ( 2 ) « 0 E L T A N I / « { » )  
G E L  T A D F « 0 . 0  
G O  T O  1 6 1  

* 0 0  C O N T I N U E  
C  C A L C U L A T E  I N C R F " E N T S  W I T H  F  T * E H  C T L «  T H I C K N E S S  G I V E N  R G  A N O  T G  

C E L T A N . ( B ( l ) « F T W 0 - 8 ( 2 l » F 0 N F ) / ( A ( l ) » B ( 2 ) - A ( 2 ) * R 1 1 » )  
O E L T A K « < - F O N E - A ( 1 ) # D E L T 4 N > / 8 / 1 )  

P E L T A 0 F » 0 . 0  
G O  T O  1 6 1  

2 1 0  C O N T I N U E  
FNO 

S U B R O U T I N E  R A T C A L C  ( L A M B O A , N O . N F . D F , N S . R , T )  
C  S U B R O U T I N E  T O  C A L C U L A T E  R  A > I O  T  F Q 9  4  S I N G L E  F I L M  O N  A N  A B S O R B I N G  O R  
C  N O N A B S O R B I N G  S U B S T R A T E  G I V F M  M n . N S ,  f ) F ,  N F  
C  P R O G P A M  B A S E D  O N  E O U A T J O M S  G  I V p  N  B Y  B E R N I N G  I N  P H Y S I C S  O F  T H I N  F I L " S V l  

R E A L  N U M . D E M O f l f N I . L A ^ P O A  
C 0 1 P L E X  P H I F , A , 3 , C , E 0 , n n , N S f N F  
P I  «  3 . 1 4 1 5 9 2  * > 5 4  

C  C A L C U L A T E  T H E  C O M P L E X  B H J S F  T H i r x - I S S '  O F  T H E  F I L H  
P H I F  •  2 . 0  * P I * N F * 0 F / L 4 n n n 4  

C  C A L C U L A T E  T H E  1 A T R I X  C O E F F I C I E N T S  F ( 1 R  T H E  F I L "  
A - C C O S ( P H I F )  
8  »  C f P L X  ( 0 . 0 , 1 . 0 )  
B  •  ( 8 * C S I N ( P H I F ) ) / N  =  

C  •  N F » N F « B  
C  C A L C U L A T E  T H E  E  A N O  H  F I < = L C S  A T  T H E  T O P  S U R F A C E  

E O  •  A + N S * 3  
H C  •  C  * N S  *  A  

C  C A L C U L A T E  B  4 h 0  T  
fi." " C4P.F (po-cn/rn) 
D E N O *  »  C A B S  { F 1 * <  H O / N P }  )  
R » < N U H » N U M ) / < O E N O H « O E N O * |  
T  •  C * . 0 » R E A L < N S > > / ( N 0 » 0 E N 0 " * 0 5 N 0 M )  
R E T U R N  
E N D  
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I D E N T I F I C A T I O N  N U M B E R "  1 9 3  

I N I T I A L  F i l l  I N D E X  N "  
I N I T I A L  F I L M  T H I C K N E S S  < U M >  

3 .  < . 0 0 0 0 0  K "  
•  . 0 4 1 1 0 0  

.620000 

S U f S T R A T E  I N D I C E S  

R G l A S S "  . 2 2 7 0 0 0  

G L A S S  " 4 .  1 . 5 2 0 0 0  
, M E T A L  N »  . 6 P O O O  

T G L A S S •  . 5 4 5 0 0 0  

L A M 3 D A U f )  
2 . 4 0 0 C 0  

1 
3 . 5 8 0 2 2  

K 
•05494 

OCdiH) 
. 0 4 1 1 0  

K "  1 3 . 6 0 0 0 0  
R M E T A L "  . 9 6 0 0 0 0  

R G t C A L C )  
. 2 2 7 0 0  

T G ( C A L C )  
. 5 4 5 0 0  

B H ( C A L C )  I T E R  
. 9 2 4 7 6  6  

S U B S T R A T E  I N D I C E S  

R G L A S S "  . 2 3 7 0 0 0  

C L A S S  N .  1 . 5 2 0 C 0  
M E T A L  N «  . 6 0 0 0 0  

T G L A S S "  . 5 2 2 0 3 0  

L A M 3 0 A  < U M  
2 . 2 0 3 0 0  

M 
3 . 5 0 9 9 7  

K 
. 0 8 5 5 7  

OF(UM) 
. 0 4 1 1 0  

K >  1 3 . 4 0 0 0 0  
R M E T A L "  . 9 5 8 0 0 0  
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